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Over the past 20 years, a large body of evidence has emerged that the phloem is more 
than just a system for resource distribution in plants. The current data indicate that the 
phloem serves to unite the functions of the circulatory and nervous systems of animals. 
In addition to resources, the phloem distributes hormonal signals and a broad spectrum 
of protein- and RNA-based messages throughout the plant that regulate a variety of 
physiological and developmental processes. Besides chemical signalling, several modes of 
electrical signalling are propagated along the phloem. Signals and resources collectively 
coordinate development and growth of the plant and direct plant responses to changes 
in the biotic and abiotic environment. Moreover, phloem cells produce a vast arsenal of 
defence substances, but can also be exploited by pathogenic bacteria to suppress systemic 
host defence. Given its ubiquitous distribution in land plants, the phloem is the integrative 
tissue par excellence.

The experimental evidence for the diverse roles of the phloem has been generated in 
diverse sub-disciplines of plant biology including developmental biology, molecular 
biology, cell biology, plant physiology, and phytopathology. It is our intention to provide 
a platform for scientists involved in these varied aspects of phloem research to bring their 
results together recognising the fact that phloem-based functioning at a holistic level is 
more than the sum of its parts.

Centre:
RH414- and ERTracker Green-stained Cucurbita maxima phloem tissue showing two sieve tube sections 
(unstained) with red sieve plates. Large yellowish-white dots represent autofluorescent chloroplasts.

Upper left:
RH-414-stained Vicia faba phloem tissue showing several  
sieve tubes, two of which contain fusiform forisomes. Yellowish-white dots are autofluorescent chloroplasts.

Upper right:
A Vicia faba sieve element-companion cell complex isolated by enzymic cell-wall degradation and stained 
with RH414 and ER-Tracker Green.

Lower left:
Anilin-blue stained tomato phloem strand. Bright blue horizontal strips are the sieve plates, the blue 
dots are the plasmodesmata between sieve element and companion cell complex.

Lower right:
Localization of ER (stained with ER-Tracker Green)  
in a horizontally oriented, central sieve tube (a sieve plate in the very centre) flanked by two companion 
cells in a staggered position.

http://www.frontiersin.org/plant_science
http://www.frontiersin.org/Plant_Physiology/researchtopics/Phloem_the_integrative_avenue_/1004


Frontiers in Plant Science March 2014 | Phloem: the integrative avenue for resource distribution, signalling and defence | 4

Table of Contents

07 Phloem: The Integrative Avenue for Resource Distribution, Signalling and Defence
Aart J. E. van Bel, Ykä Helariutta, Gary A. Thompson, Jurriaan Ton, Sylvie Dinant, 
Biao Ding and John W. Patrick 

10 Phloem Parenchyma Transfer Cells in Arabidopsis – An Experimental System to 
Identify Transcriptional Regulators of Wall Ingrowth Formation 
Kiruba S. Arun Chinappa, Thi Thu S. Nguyen, Jiexi Hou, Yuzhou Wu and  
David W. McCurdy

16 Phloem RNA-Binding Proteins as Potential Components of the Long-Distance 
RNA Transport System  
Vicente Pallas and Gustavo Gómez

22 Systemic Regulation of Mineral Homeostasis by Micro Rnas 
Julia Kehr

28 Viral and Cellular Factors Involved in Phloem Transport of Plant Viruses
Clémence Hipper, Véronique Brault, Véronique Ziegeler-Graf and Frédéric Revers 

52 The Plant-Specific Dof Transcription Factors Family: New Players Involved in 
Vascular System Development and Functioning in Arabidopsis
Rozenn Le Hir and Catherine Bellini 

62 Recovery From Stolbur Disease in Grapevine Involves Changes in  
Sugar Transport and Metabolism
Simonetta Santi, Federica De Marco, Rachele Polizzotto, Simone Grisan  
and Rita Musetti

74 Role of the Phloem in the Biochemistry and Ecophysiology of 
Benzylisoquinoline Alkaloid Metabolism
Eun-Jeong Lee, Jilian M. Hagel and Peter J. Facchini 

81 The Extrafascicular Phloem is Made for Fighting
Frank Gaupels and Andrea Ghirardo 

85 Foliar Phloem Infrastructure in Support of Photosynthesis
William W. Adams, Christopher M. Cohu, Onno Muller and Barbara Demmig-Adams 

92 11C-PET Imaging Reveals Transport Dynamics and Sectorial Plasticity of Oak 
Phloem After Girdling
Veerle De Schepper, Jonas Bühler, Michael Thorpe, Gerhard Roeb, Gregor Huber, 
Dagmar van Dusschoten, Siegfried Jahnke and Kathy Steppe 

101 Modeling the Parameters for Plasmodesmal Sugar Filtering in Active 
Symplasmic Phloem Loaders 
Johannes Liesche and Alexander Schulz

http://www.frontiersin.org/plant_science
http://www.frontiersin.org/Plant_Physiology/researchtopics/Phloem_the_integrative_avenue_/1004


Frontiers in Plant Science March 2014 | Phloem: the integrative avenue for resource distribution, signalling and defence | 5

112 Arabidopsis Thaliana—Myzus Persicae Interaction: Shaping the Understanding 
of Plant Defense Against Phloem-Feeding Aphids
Joe Louis and Jyoti Shah 

130 Intersection of Transfer Cells With Phloem Biology—Broad Evolutionary Trends, 
Function, and Induction
Felicity Andriunas, Hui-ming Zhang, Xue Xia, John W. Patrick and Christina E. Offler 

150 P-Proteins in Arabidopsis are Heteromeric Structures Involved in  
Rapid Sieve Tube Sealing
Stephan B. Jekat, Antonia M. Ernst, Andreas von Bohl, Sascia Zielonka,  
Richard M. Twyman, Gundula A. Noll and Dirk Prüfer

159 Electrical Signaling Along the Phloem and its Physiological Responses in the 
Maize Leaf
Jörg Fromm, Mohammad-Reza Hajirezaei, Verena K. Becker and Silke Lautner 

166 Minor Loading Vein Acclimation for Three Arabidopsis Thaliana Ecotypes in 
Response to Growth Under Different Temperature and Light Regimes
Cristopher M. Cohu, Onno Muller, Barbara Demmig-Adams and Walter W. Adams 

177 Phloem Development in Nematode-Induced Feeding Site: The Implications of 
Auxin and Cytokinin
Birgit Absmanner, Ruth Stadler and Ulrich Z. Hammes

191 Structural and Functional Heterogeneity in Phloem Loading and Transport
Thomas L. Slewinski, Cankui Zhang and Robert Turgeon

202 A Critical Appraisal of Phloem-Mobile Signals Involved in Tuber Induction
Paula Suarez-Lopez

209 Phloem-Mobile Messenger RNAs and Root Development
David J. Hannapel, Pooja Sharma and Tian Lin

221 Vascular Gene Expression: A Hypothesis
Angélica C. Martínez-Navarro, Santiago V. Galván-Gordillo,  
Beatriz Xoconostle-Cázares and Roberto Ruiz-Medrano

239 Metabolic Engineering of Raffinose-Family Oligosaccharides in the Phloem 
Reveals Alterations in Carbon Partitioning and Enhances Resistance to  
Green Peach Aphid 
Te Cao, Ipsita Lahiri, Vijay Singh, Joe Louis, Jyoti Shah and Brain G. Ayre  

252 Association Between Minor Loading Vein Architecture and Light- and  
CO2-Saturated Rates of Photosynthetic Oxygen Evolution Among  
Arabidopsis Thaliana Ecotypes From Different Latitudes
Christopher M. Cohu, Onno Muller, Jared J. Stewart, Barbara Demmig-Adams and 
William W. Adams

262 Source-to-Sink Transport of Sugar and Regulation by Environmental Factors
Remi Lemoine, Sylvain La Camera, Rossitza Atanassova, Fabienne Dédaldéchamps, 
Thierry Allario, Nathalie Pourtau, Jean-Louis Bonnemain, Maryse Laloi,  
Pierre Coutot-Thévenot, Laurence Marousset, Mireille Faucher, Christine Girousse, 
Pauline Lemonnier, Jonathan Parrilla and Michael Durand   

283 Electrophysiological Approach to Determine Kinetic Parameters of Sucrose 
Uptake by Single Sieve Elements or Phloem Parenchyma Cells in Intact Vicia 
Faba Plants
Jens B. Hafke, Sabina-Roxana Höll, Christina Kühn and Aart J. E. van Bel

http://www.frontiersin.org/plant_science
http://www.frontiersin.org/Plant_Physiology/researchtopics/Phloem_the_integrative_avenue_/1004


Frontiers in Plant Science March 2014 | Phloem: the integrative avenue for resource distribution, signalling and defence | 6

294 A Perspective on Photoperiodic Phloem-Mobile Signals that  
Control Development
David J. Hannapel

299 A Tale of Two Neglected Systems—Structure and Function of the Thin- and 
Thick-Walled Sieve Tubes in Monocotyledonous Leaves
C. E. J. Botha

309 Cytology of the Minor-Vein Phloem in 320 Species From the Subclass Asteridae 
Suggests a High Diversity of Phloem-Loading Modes
Denis R. Batashev Marina V. Pakhomova, Anna V. Razumovskaya,  
Olga V. Voitsekhovskaja and Yuri V. Gamalei

323 Phloem-Specific Expression of a Melon Aux/IAA in Tomato Plants Alters Auxin 
Sensitivity and Plant Development
Guy Golan, Rotem Betzer and Shmuel Wolf

333 How Phloem-Feeding Insects Face the Challenge of Phloem-Located Defenses
Torsten Will, Alexandra C. U. Furch and Matthias R. Zimmermann

345 Plant Phloem Sterol Contents: Forms, Putative Functions, and Implications for 
Phloem-Feeding Insects
Spencer Behmer, Nathan Olszewski, John Sebastiani, Sydney Palka, Gina Sparacino 
and Robert J. Grebenok

http://www.frontiersin.org/plant_science
http://www.frontiersin.org/Plant_Physiology/researchtopics/Phloem_the_integrative_avenue_/1004


EDITORIAL
published: 25 November 2013
doi: 10.3389/fpls.2013.00471

Phloem: the integrative avenue for resource distribution,
signaling, and defense
Aart J. E. van Bel1*, Ykä Helariutta2, Gary A. Thompson3, Jurriaan Ton4, Sylvie Dinant5, Biao Ding6

and John W. Patrick7

1 Department of Biology, Institute of General Botany, Justus-Liebig-University, Giessen, Germany
2 Plant Molecular Biology Lab, Institute of Biotechnology, University of Helsinki, Helsinki, Finland
3 Department of Plant Science, College of Agricultural Sciences, The Pennsylvania State University, University Park, PA, USA
4 Department of Animal and Plant Sciences, University of Sheffield, Sheffield, UK
5 Institut Jean-Pierre Bourgin UMR1318 INRA-AgroParisTech, Institut National de la Recherche Agronomique, Versailles, France
6 Department of Molecular Genetics, The Ohio State University, Columbus, OH, USA
7 School of Environmental and Life Sciences, The University of Newcastle, Callaghan, NSW, Australia
*Correspondence: aart.v.bel@bot1.bio.uni-giessen.de

Edited by:
Steven C. Huber, Agricultural Research Service - US Department of Agriculture, USA

Keywords: phloem development, phloem physiology, phloem transport, phloem-located resistance, phloem-mobile signaling, phloem structure, phloem

cell biology, electropotential waves

Research over the past 20 years has revealed new functions of
the phloem beyond resource allocation to a system that com-
bines distribution and messaging (Thompson and van Bel, 2013)
analogous to the circulatory and nervous systems in animals.
Apart from allocating resources for maintenance and growth,
the phloem distributes hormonal signals and a broad spectrum
of protein- and RNA-based messages throughout the plant to
regulate a myriad of physiological and developmental processes.
Resources and signals, collectively, coordinate development, and
growth as well as integrate responses to both biotic and abiotic
environmental challenges. The transport of organic compounds
such as sugars, amino acids, and lipidic substances through the
phloem are exploited by a vast and diverse range of pathogens
such as viruses, fungi, nematodes, aphids, and other phloem-
feeding insects. Given its ubiquitous occurrence in land plants,
the phloem seems to be the integrative tissue par excellence. The
contributions included in this research topic encompass the entire
bandwidth of known phloem functions with emphasis on the
diversity in structures and functions.

Differentiation and development of vascular cells is complex
and not well understood. Vascular development partly depends
on environmental cues that have also impacted the evolution of
vascular systems and phloem transport mechanisms. A novel phy-
logenetic approach to identify genes involved in vascular develop-
ment (Martinez-Navarro et al., 2013) shows that several vascular
genes are expressed in green algae (Chlorophyta), the ancestors
of land plants. Analysis of vascular genes in non-vascular and
ancient vascular plants indicates that coordinated expression of
gene sets led to the emergence of the present vascular system
(Martinez-Navarro et al., 2013). Representatives of the Dof gene
family are among the transcription factors involved in vascular
differentiation (Le Hir and Bellini, 2013). Nematode saliva has
the remarkable ability to induce re-differentiation of phloem cells
and their neighbors with the objective to “tap” the sieve-tube sap
(Absmanner et al., 2013).

Ample attention has been paid to the structural diversity,
particularly in the phloem-loading zone, where environmental
changes have unbuffered, and profound effects. The impact of

diverse environmental conditions on leaf structure and carbo-
hydrate processing is demonstrated with Arabidopsis ecotypes
(Adams et al., 2013; Cohu et al., 2013a,b). Within the Asteridae,
there is an immense diversity in minor-vein structures and com-
panion cells (Batashev et al., 2013), which promises a higher
variety of phloem-loading modes in dicots than previously sus-
pected (Slewinski et al., 2013). It appears that a strict subdivision
between apoplasmic and symplasmic phloem-loading species
must be abandoned, since many species dispose over the devices
to operate both modes in parallel. A structural feature of apoplas-
mic phloem loading in dicotyledons—the involvement of transfer
cells—is highlighted in two contributions: one on the evolution-
ary trends, function and induction (Andriunas et al., 2013) and
the other on transcriptional regulators of cell wall invagination
(Chinnappa et al., 2013). A physiological feature of “active” sym-
plasmic phloem loading is the size-selective transfer of sugars
through plasmodesmata, which is challenged here using math-
ematical parameters (Liesche and Schulz, 2013). In grasses, the
arrangement and ultrastructure of collection phloem suggest an
apoplasmic mode of phloem loading (Botha, 2013; Slewinski
et al., 2013). However, the functions of two principal structures in
monocotyledonous leaves i.e., thick-walled sieve tubes and trans-
verse veins remain puzzling (Botha, 2013). Thick-walled sieve
tubes may be viewed as transformed phloem parenchyma cells
(Slewinski et al., 2013) engaged in temporary storage (Botha,
2013).

Carbohydrate processing may be more homogeneous in trans-
port phloem (Slewinski et al., 2013) than in the phloem-loading
zone. Yet, permanently changing conditions require flexible and
diverse solutions for release/retrieval along the pathway (De
Schepper et al., 2013). Central to the release/retrieval concept
is the intercellular competition for sugars that is revealed with
electrical methods for in situ measurement of sucrose uptake
parameters (Hafke et al., 2013). The strong influence of environ-
mental impacts on phloem functioning at each level is addressed
in one comprehensive review by Lemoine et al. (2013).

Long-distance signaling via the phloem can be accomplished
by a variety of physiological mechanisms. Electrical signaling
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along sieve tubes affects both the physiology of distant leaves
as well as photosynthate release/retrieval (Fromm et al., 2013).
Long-distance effects of hormonal signaling on plant develop-
ment have been demonstrated by expressing melon Aux/IAA
genes into tomato plants (Golan et al., 2013). The translocation of
microRNAs through the phloem regulates and coordinates distant
processes such as mineral homeostasis (Kehr, 2013). Evidence is
emerging for remote control of developmental processes in roots
and tubers by phloem-mobile mRNAs (Hannapel et al., 2013).
However, providing unambiguous evidence for some of the key
processes implicated remains challenging and is open for debate
(Hannapel, 2013; Suarez-Lopez, 2013).

RNA-species are most likely translocated as complexes with
RNA-binding proteins (Pallas and Gomez, 2013). As RNAs,
several viruses are translocated as ribonucleoprotein complexes
(Hipper et al., 2013) which might protect the viral core against
the adverse sieve-tube environment and/or confer tagging for
invasion of specific target cells. While the viral complexes move
through sieve tubes with the mass flow, phytoplasmas with sizes
exceeding the diameters of the sieve pores—that are occluded
anyway in response to infection—may be disseminated by alter-
native mechanisms. Remarkably, some plants species are able to
overcome phytoplasma infection through the so-called “recovery
reactions” that are mediated through callose degradation in sieve
tubes (Santi et al., 2013).

The phloem contains attractants and repellents for animal
pathogens. Present work indicates that sterols serve as attrac-
tants (Behmer et al., 2013) to phloem-feeding insects that have
a deficient sterol synthesis, whereas benzylisoquinoline alkaloids
serve as lethal repellents (Lee et al., 2013). It appears that phloem
cells produce and transport an arsenal of defense compounds.
The location of these anti-insect chemicals is significant e.g.,
for genetic manipulation of plants. Defense compounds against
aphids may reside either or both in the pre-phloem pathway or
inside the phloem cells themselves (Will et al., 2013). It is pos-
tulated that the major function of the extrafascicular phloem in
cucurbits is to combat insects (Gaupels and Ghirardo, 2013). In
legumes, giant proteins bodies (forisomes) may be involved in
plant defense by rapid sieve-pore occlusion in response to an
aphid attack (Jekat et al., 2013). The interactions between plants
and aphids appear extremely complex (Louis and Shah, 2013)
which hinders the development of molecular strategies for insect
control. Nonetheless, strategies are being developed to increase
the plant resistance against aphids (Will et al., 2013), and in one
case by engineering of RFO phloem loading (Cao et al., 2013).
The strong increment of RFOs in the sieve-tubes rendered the
plants less attractive to aphids.

As with other research fields, phloem research reveals an ever
receding horizon with undreamed possibilities. This topic shows
the amazingly diverse ability of plants to cope with an infinite
number of environmental challenges by virtue of the vascular
tissues.
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In species performing apoplasmic loading, phloem cells adjacent to sieve elements often
develop into transfer cells (TCs) with wall ingrowths.The highly invaginated wall ingrowths
serve to amplify plasma membrane surface area to achieve increased rates of apoplasmic
transport, and may also serve as physical barriers to deter pathogen invasion. Wall
ingrowth formation in TCs therefore plays an important role in phloem biology, however,
the transcriptional switches regulating the deposition of this unique example of highly
localized wall building remain unknown. Phloem parenchyma (PP) TCs in Arabidopsis
veins provide an experimental system to identify such switches. The extent of ingrowth
deposition responds to various abiotic and applied stresses, enabling bioinformatics to
identify candidate regulatory genes. Furthermore, simple fluorescence staining of PP TCs
in leaves enables phenotypic analysis of relevant mutants. Combining these approaches
resulted in the identification of GIGANTEA as a regulatory component in the pathway
controlling wall ingrowth development in PP TCs. Further utilization of this approach has
identified two NAC (NAM, ATAF1/2 and CUC2)-domain and two MYB-related genes as
putative transcriptional switches regulating wall ingrowth deposition in these cells.

Keywords: Arabidopsis, phloem parenchyma, transfer cells, wall ingrowths, transcription factors

INTRODUCTION
The plant cell wall profoundly defines cell shape and function-
ing. This observation is particularly acute for transfer cells (TCs)
which develop extensive wall ingrowths to aid nutrient transport.
These cells trans-differentiate from various differentiated cell types
at sites where nutrient distribution pathways encounter apoplas-
mic/symplasmic discontinuities (Pate and Gunning, 1969; Offler
et al., 2003). The increase in plasma membrane surface area result-
ing from wall ingrowth deposition enables increased densities of
nutrient transporters to facilitate localized flux of nutrients across
these apoplasmic/symplasmic junctions.

Transfer cells are prominent at anatomical sites required for
phloem loading and post-phloem unloading processes. In species
that perform apoplasmic phloem loading, vascular cells adjacent
to sieve elements (SEs) often develop extensive wall ingrowths.
Well-known examples include companion cells (CCs) in pea
(Gunning and Pate, 1969; Henry and Steer, 1980; Wimmers and
Turgeon, 1991), phloem parenchyma (PP) in Arabidopsis (Hari-
tatos et al., 2000; Amiard et al., 2007), and both CCs and PP in
Senecio vulgaris (Pate and Gunning, 1969; Amiard et al., 2007).
In pea, the onset of assimilate export from young leaves coin-
cides with the differentiation of leaf minor vein TCs (Gunning
and Pate, 1974), and in Arabidopsis, sucrose export from leaves is
affected if wall ingrowth abnormalities occur in the PP TCs (Maeda
et al., 2006). TCs are also commonly observed in cells involved in
post-phloem unloading pathways (Patrick, 1997), particularly in
seed of cereal crops such as wheat and barley (Thompson et al.,
2001). Wall ingrowth formation therefore plays an important

role in efficient phloem loading and post-phloem unload-
ing strategies in many species, however, the genetic pathways
which regulate wall ingrowth deposition in TCs remain largely
unknown.

Transfer cell development occurs across normal developmental
windows but also in response to biotic and abiotic stress (Offler
et al., 2003). Recent studies using epidermal TCs of Vicia faba
cotyledons have established that auxin (Dibley et al., 2009), ethy-
lene (Zhou et al., 2010; Andriunas et al., 2011), and reactive oxygen
species (ROS; Andriunas et al., 2012) function as inductive signals
for TC development. Furthermore, expression profiling of epider-
mal TCs of V. faba cotyledons (Dibley et al., 2009) and endosperm
TCs in barley (Thiel et al., 2008, 2012) indicates that wall ingrowth
deposition involves differential expression of hundreds of genes.
The missing link in this developing molecular understanding of TC
biology, however, is the identity of key transcriptional regulators
which respond to inductive signals and switch on the downstream
cascades of gene expression required to build wall ingrowths. A
genetic approach is well-suited to identify such transcription fac-
tors. In this mini-review we discuss the features of PP TCs in
Arabidopsis that enabled a combined bioinformatics and reverse
genetics approach to be undertaken to discover that GIGANTEA
(GI) is a component of a pathway regulating wall ingrowth deposi-
tion in PP TCs. Further, we describe preliminary results using this
approach to identify previously uncharacterized members of the
NAC (NAM, ATAF1/2 and CUC2)-domain and MYB-related gene
families as putative transcriptional regulators of wall ingrowth
deposition in PP TCs.
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PHLOEM PARENCHYMA TRANSFER CELLS IN Arabidopsis
Transfer cells in Arabidopsis are known to occur in PP of the
minor vein network in both leaves (Haritatos et al., 2000) and
sepals (Chen et al., 2012). These PP TCs are defined as Type B
TCs (Gunning and Pate, 1969), characterized by having bulky wall
ingrowths predominantly abutting SEs and to a lesser extent CCs
(Haritatos et al., 2000; Amiard et al., 2007). These three cell types
together constitute phloem tissue of the minor vein in Arabidopsis,
with proportionate numbers of cells of each type relatively consis-
tent throughout the vein system regardless of vein order (Haritatos
et al., 2000). SEs are smaller than CCs, as is typical of collection
phloem described by van Bel (1996), and PP cells are larger than
CCs (Haritatos et al., 2000). Vein order in Arabidopsis leaves typi-
cally extends to three or four (Haritatos et al., 2000) or sometimes
to five orders (Kang et al., 2007). This number is lower than the
typically six or seven vein orders seen in most dicot species, and
may in part account for the suggestion that both major and minor
veins, being in close proximity to mesophyll tissue, are likely to
be involved in phloem loading and thus functionally defined as
“minor veins” (Haritatos et al., 2000).

A role for PP TCs in phloem loading is based on structural
and molecular observations. Prominent symplasmic connections
occur between PP and neighboring bundle sheath cells (Haritatos
et al., 2000), providing a symplasmic delivery pathway for sucrose
from photosynthetic mesophyll cells. Prominent wall ingrowths
deposited adjacent to abutting cells of the SE/CC complex infers
that the symplasmically delivered sucrose is effluxed across the
plasma membrane of PP TCs into the apoplasm (Amiard et al.,
2007). Subsequent movement of sucrose into the SE/CC com-
plex occurs via carrier-mediated uptake by SUC2, a sucrose/H+
co-transporter localized to the plasma membrane of CCs in Ara-
bidopsis (Truernit and Sauer, 1995; Gottwald et al., 2000). The
machinery responsible for sucrose efflux from PP TCs into the
apoplasm was recently identified as members of the AtSWEET
family of sugar transporters (Chen et al., 2012). AtSWEET11 and
12 function as sucrose uniporters that facilitate sucrose efflux,
and both localize to the plasma membrane of PP TCs (Chen
et al., 2012). An atsweet11 atsweet12 double mutant showed var-
ious physiological traits consistent with impaired sucrose export
from leaves (Chen et al., 2012). These authors concluded that PP
TCs participate in a two-step phloem loading strategy in Ara-
bidopsis – unloading of sucrose from PP TCs into the apoplasm,
followed by active uptake of this apoplasmic sugar into the
SE/CC complex by SUC2. Interestingly, Chen et al. (2012) pro-
pose that the highly localized deposition of wall ingrowths in
PP TCs adjacent to cells of the SE/CC complex enables restricted
delivery of sucrose into the apoplasm, thus potentially reducing
access to this apoplasmic sugar by pathogens. Others have sug-
gested that the extensive deposition of bulky and highly localized
wall ingrowths in PP TCs adjacent to SEs provides a physical
barrier to protect against infection by pathogens which com-
monly target PP cells as an entry point into the vascular network
(Amiard et al., 2007).

Haritatos et al. (2000) observed that PP TCs also form asym-
metric plasmodesmatal connections with adjacent CCs in Ara-
bidopsis veins, implying that phloem loading in this system may
also occur passively via plasmodesmatal pathways under certain

physiological conditions. This observation implies that phloem
loading strategies in different scenarios may be developmentally
plastic, switching alternately from active, apoplasmic loading, to
passive, symplasmic loading, even along a single vascular bun-
dle (Slewinski and Braun, 2010). The molecular signals that may
control such plasticity are unknown, however, the identification
by Chen et al. (2012) that the promoter for AtSWEET11 drives
expression in leaf tissue specifically in PP cells provides a valuable
addition to the molecular tool box to investigate such processes.

Arabidopsis PHLOEM PARENCHYMA TRANSFER CELLS AS
AN EXPERIMENTAL SYSTEM TO INVESTIGATE GENETIC
CONTROL OF WALL INGROWTH DEPOSITION
Importantly for genetic analysis of TCs in a model species, wall
ingrowth deposition in Arabidopsis PP TCs is responsive to vari-
ous stresses. The extent of wall ingrowth invaginations in PP TCs
of leaf minor veins was significantly increased in response to stress
caused by high-light or exposure to methyl jasmonate (Amiard
et al., 2007). Furthermore, the high-light response was reduced
in the jasmonate-deficient double mutant fad7-1 fad8-1 (Amiard
et al., 2007), implying the unexpected conclusion that chloroplast-
derived jasmonates signal wall ingrowth deposition in PP TCs in
response to oxidative stress. In support of this conclusion, a npq1-
2 lut2-1 double mutant showed increased levels of wall ingrowth
deposition compared to wild-type when subjected to high-light
stress (Demmig-Adams et al., 2013). The double mutant lacks
zeaxanthin and its isomer lutein, photoprotective agents which
suppress lipid peroxidation and most likely oxylipin (methyl jas-
monate and its precursors jasmonic acid and 12-oxo-phytodienoic
acid) formation. The absence of this suppression in the npq1-2
lut2-1 double mutant presumably leads to higher levels of jas-
monic acid when plants are switched from low to high light, thus
the observed increase in deposition of wall ingrowths in PP TCs
(Demmig-Adams et al., 2013).

Wall ingrowth deposition in PP TCs is also responsive to cold
stress. As part of their study investigating the role of tocopherols
in photoprotection, Maeda et al. (2006) reported that growth of
wild-type plants at low temperature caused increased deposition
of polarized wall ingrowths in PP TCs. In contrast, at low tem-
perature the vitamin E-deficient mutant, vte2, displayed greatly
increased levels of abnormal wall ingrowth deposition, includ-
ing loss of polarized deposition and substantial accumulation of
callose in and around the wall ingrowths (Maeda et al., 2006).
Not surprisingly, the vte2 plants showed reduced sugar export
and consequently increased levels of soluble sugar in leaves of
cold-treated plants (Maeda et al., 2006). This result indicates not
only that low temperature in itself causes increased wall ingrowth
deposition, but at low temperature the signal(s) causing local-
ized wall ingrowth deposition are lost or over-ridden in the vte2
mutant. Irrespective of this issue, however, the study by Maeda
et al. (2006) adds low temperature to high-light and exposure to
methyl jasmonate (Amiard et al., 2007) as stress signals causing
wall ingrowth deposition in Arabidopsis PP TCs. From the per-
spective of identifying transcriptional regulators of wall ingrowth
deposition, the importance of these observations is that they
enable bioinformatics approaches to be used to identify candidate
genes.
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FLUORESCENCE STAINING OF PHLOEM PARENCHYMA
TRANSFER CELLS IN Arabidopsis LEAVES
Transfer cells typically occur deep within tissue systems and con-
sequently have mostly been studied by electron microscopy, a
process which is not compatible for high throughput genetic
screening using Arabidopsis. Wall ingrowths lack lignin but are
abundant in cellulose and hemicelluloses (DeWitt et al., 1999;
Dahiya and Brewin, 2000; Vaughn et al., 2007), therefore Edwards
et al. (2010) used Calcofluor White staining of cleared leaf tissue
as a means to rapidly assess the abundance of PP TC devel-
opment across whole leaves. Staining showed strong patches of
fluorescence in terminating minor veins but also more continu-
ous, linear regions of fluorescence often seen as one or two rows
of staining within each vein (Figures 1A,B). Higher magnifica-
tion views revealed that the Calcofluor White staining showed a
distinctive mottled appearance, a characteristic consistent with
staining the patchy and tangled wall ingrowths seen in leaf PP
TCs by scanning electron microscopy (Figures 1C,D; Edwards
et al., 2010). The non-continuous staining pattern for PP TCs
along a given vein is consistent with observations by transmission
electron microscopy that not all PP cells contain wall ingrowths
(Amiard et al., 2007), a situation possibly reflecting potential plas-
ticity in phloem loading mechanisms as discussed by Slewinski
and Braun (2010). Furthermore, the ability to survey whole leaves
for the presence of PP TCs clearly established that these cells are
prominent in both minor and major veins of the vascular net-
work, an observation consistent with the conclusion that both vein
types in Arabidopsis are likely to be involved in phloem loading
(Haritatos et al., 2000).

A recent improvement for fluorescence staining to detect PP
TCs in Arabidopsis leaves has been the use of Aniline Blue rather
than Calcofluor White. Callose is an abundant component of
the electron translucent outer layer of wall ingrowths in both
epidermal TCs of V. faba cotyledons (Vaughn et al., 2007) and
Arabidopsis PP TCs (Maeda et al., 2006, 2008). Other than being
deposited in sieve plates, callose is mostly absent from other tissues
in unwounded leaves, thus giving superior signal-to-noise staining
of PP TCs compared to Calcofluor White (Figures 1E,F). Double
labeling experiments have shown that Aniline Blue gives the same
mottled patterns of staining for PP TCs as does Calcofluor White
(J. Hou, unpublished observation and see Edwards et al., 2010),
thus confirming that Aniline Blue can be used as a convenient and
high throughput fluorescence stain for wall ingrowth deposition
in PP TCs.

IDENTIFICATION OF GIGANTEA AS A COMPONENT IN THE
REGULATORY PATHWAY CONTROLLING WALL INGROWTH
DEPOSITION IN PP TCs
Combining the experimental features of PP TCs as described
above, Edwards et al. (2010) performed a hierarchical bioinfor-
matics analysis of publically available microarray datasets and
identified GI, a well-known regulator of flowering time (Koorn-
neef et al., 1991; Fowler et al., 1999), as one of about 46 genes
commonly up-regulated in leaves subjected to either high-light or
cold stress. Phenotypic analysis using Calcofluor White staining
of leaves revealed that in both gi-2 and gi-3 plants, the abun-
dance of PP TCs in veins was reduced up to 15-fold compared to

wild-type. Over-expression of GI in the gi-2 mutant background
restored PP TC abundance back to wild-type levels, whereas rescue
of wall ingrowth deposition in gi-2 did not occur after exposure
to high-light, methyl jasmonate or cold. Based on these outcomes,
Edwards et al. (2010) proposed that GI may be regulating wall
ingrowth deposition downstream of inputs from stress signals,
possibly through detoxification of ROS (see Cao et al., 2006). In
epidermal TCs of V. faba cotyledons, extracellular H2O2 is known
to act as a polarizing signal to direct aspects of wall ingrowth
deposition (Andriunas et al., 2012; Xia et al., 2012). In Arabidop-
sis, however, H2O2 is abundant in leaf vasculature, even in the
absence of stress (Mullineaux et al., 2006), hence its ability to act
as a local signal directing polarized wall ingrowth formation in PP
TCs needs further investigation.

IDENTIFICATION OF NAC-DOMAIN AND MYB-RELATED
TRANSCRIPTION FACTORS AS PUTATIVE REGULATORS
OF WALL INGROWTH DEPOSITION
Based on the successful approach used by Edwards et al. (2010), we
recently performed an extended bioinformatics analysis to iden-
tify transcription factors commonly up-regulated in leaf tissue in
response to high-light, methyl jasmonate, and cold. Phenotypic
analysis using Aniline Blue staining of leaves from homozygous
T-DNA insertional mutants from this list identified several previ-
ously uncharacterized NAC-domain (At3g04420 and At1g33060)
and MYB-related genes (At1g25550 and At1g49560) which showed
significantly reduced abundance of PP TCs in veins of mature
leaves compared to wild-type (Table 1). The levels of reduced
abundance in each line, while significant, were not comparable
to that seen for the gi-2 mutant (Table 1), indicating the possi-
bility that these transcription factors may be acting redundantly
with unidentified orthologs in controlling wall ingrowth depo-
sition. In silico expression data (eFP and Genevestigator) shows
that all four genes are expressed at very low levels in leaves, and
qPCR confirmed this observation directly for both expanding and
fully expanded leaves (J. Hou and Y. Wu, unpublished observa-
tions). Low expression might be expected for genes operating
as putative regulators of wall ingrowth deposition specifically in
PP TCs, since the number of PP TCs relative to most other cell
types in the leaf is exceedingly low (Haritatos et al., 2000; Edwards
et al., 2010), and many plant transcription factors are expressed at
low levels (Czechowski et al., 2004). Given these observations, we
are using both constitutive (CaMV-35S promoter) and PP-specific
(AtSWEET11 promoter) over-expression to test the role of these
transcription factors as regulators of wall ingrowth deposition in
Arabidopsis.

Interestingly, ectopic over-expression of vascular-related NAC-
domain6 (VND6) or VND7, both NAC-domain transcription
factors, causes trans-differentiation of non-vascular cells into
metaxylem- and protoxylem-like vessel elements, respectively
(Kubo et al., 2005), a process involving localized secondary wall
deposition. Over-expression of various MYB transcription factors
such as AtMYB46 (Zhong et al., 2007) and AtMYB83 (McCarthy
et al., 2009) also causes ectopic secondary wall formation, leading
to the conclusion that hierarchical transcriptional pathways, with
NAC-domain and MYB transcription factors acting as either first-
or second-tier “master switches,” co-ordinate the gene expression
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FIGURE 1 | Imaging of PPTCs in Arabidopsis veins using fluorescence

staining and scanning electron microscopy. Calcofluor White staining
of cleared leaf tissue (A–C) showing presence of PP TCs in a terminating
minor vein (arrow in A) and as more continuous linear strands of staining
running along major veins (arrows in B). Higher magnification reveals a
central band of mottled fluorescence (arrows in C, asterisks mark cell edges)
in a PP TC which corresponds to the deposition pattern of reticulate wall
ingrowths seen by scanning electron microscopy in these cells (arrows in D).
Staining of PP TCs by aniline blue (E, F) shows the same patterns of staining

as revealed by Calcofluor White, albeit with superior signal-to-noise
properties (see F). Punctate staining indicating the non-continuous
development of PP cells into PP TCs along a given length of vein is
particularly evident in E. The images in A–D are reproduced from Edwards
et al. (2010) and E and F are unpublished data. Staining with aniline blue was
performed identically to that of Calcofluor White, except that 0.01 (w/v) aniline
blue in 70 mM phosphate buffer, pH 8.5, was used to replace 0.05% (w/v)
Calcofluor White. Scale bars: A, B, E = 100 μm; F = 200 μm; C = 5 μm;
D = 2 μm.

programs required for localized secondary wall deposition (Zhong
et al., 2010). Building wall ingrowths in TCs is also an example
of highly localized wall deposition (McCurdy et al., 2008), thus
our finding that two NAC-domain and two MYB-related genes
are putative regulators of this process in PP TCs may indicate

evolutionarily conserved roles for members of these two large gene
families in regulating transcriptional cascades involved in localized
wall deposition. Further support for this proposition comes from
the observation that ZmMRP-1, a transcription factor which reg-
ulates basal endosperm TC development in maize, is a member of
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Table 1 | Phenotypic analysis showing reduced abundance of PPTC

staining for two NAC-domain and two MYB-related genes identified

by bioinformatics as candidate transcriptional regulators of wall

ingrowth deposition in PPTCs of Arabidopsis leaf veins.

Gene number Mutant allele % vein length showing

staining for PPTCs§

WT (Col-0) 45.3 ± 3.6

NAC-domain

At3g04420 FLAG_009F02 18.2 ± 3.8**

At1g33060 SALK_085596 27.5 ± 2.9*

At1g33060 SALK_024241 31.5 ± 4.7*

MYB-related

At1g25550 SALK_144656 16.3 ± 2.4**

At1g49560 SALK_085182 20.5 ± 2.9*

At1g49560 SALK_095775 15.6 ± 2.7**

GIGANTEA

At1g22770 gi-2 3.3 ± 1.0**†

§ This value was measured from mature, Aniline Blue-stained leaves according
to our previously published method (Edwards et al., 2010). Data is presented
as mean ± SE from two leaves from each of three plants per line. *P < 0.01,
**P < 0.001.
†Data for gi-2 taken from Edwards et al. (2010).

the MYB-related family of transcription factors in plants (Gómez
et al., 2002, 2009).

CONCLUSIONS AND FUTURE DIRECTIONS
The formation of wall ingrowths in TCs impacts on phloem load-
ing and post-phloem unloading processes in many species, with
corresponding impacts on plant development and reproduction.
Development of an experimental system to investigate PP TCs in
Arabidopsis has proven useful to identify candidate genes operating
as putative transcriptional regulators of wall ingrowth deposition
in TCs. The discovery of GI as a component in the pathway regulat-
ing wall ingrowth deposition, and identification of NAC-domain
and MYB-related genes as putative “master switches” involved
in controlling this process, provides new lines of investigation
to understand the genetic control of TC development and the
cell biology of localized wall ingrowth deposition. Ultimately,
identifying master switches which respond to various inductive
signals to coordinate wall ingrowth deposition in TCs may pro-
vide new opportunities for improving crop yield by manipulating
this process.
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RNA-binding proteins (RBPs) govern a myriad of different essential processes in eukaryotic
cells. Recent evidence reveals that apart from playing critical roles in RNA metabolism and
RNA transport, RBPs perform a key function in plant adaptation to various environmental
conditions. Long-distance RNA transport occurs in land plants through the phloem, a
conducting tissue that integrates the wide range of signaling pathways required to regulate
plant development and response to stress processes. The macromolecules in the phloem
pathway vary greatly and include defense proteins, transcription factors, chaperones acting
in long-distance trafficking, and RNAs (mRNAs, siRNAs, and miRNAs). How these RNA
molecules translocate through the phloem is not well understood, but recent evidence
indicates the presence of translocatable RBPs in the phloem, which act as potential
components of long-distance RNA transport system. This review updates our knowledge
on the characteristics and functions of RBPs present in the phloem.

Keywords: RNA trafficking, RNA-binding proteins, phloem proteins, virus transport, non-coding RNAs

INTRODUCTION
RNA-binding proteins (RBPs) not only play a critical role in many
aspects of post-transcriptional gene regulation (Glisovic et al.,
2008), but also perform key processes of plant development, stress
response, and genome organization (Fedoroff, 2002). This class
of proteins contains the well-defined sequence motifs involved in
RNA binding, of which the most widespread are the RNA recog-
nition motif (RRM) and the K homology (KH) domain, which
can be combined with each other or with other protein domains
(Alba and Pages, 1998; Lorkovic and Barta, 2002). Other less
frequent motifs are the glycine-rich motif (GRM), the double-
stranded RNA binding motif (dsRBM), the Kyprides, Ouzounis,
Woese (KOW) motif (acronym of the authors surname, Kyrpi-
des et al., 1996), the coiled coil (CC) motif and the zinc finger,
CCCH type motif. The Arabidopsis genome has been described to
encode more than 200 putative RBPs, and about 250 RBP genes
have been identified in Oryza sativa (see Ambrosone et al., 2012
for a review). Remarkably, a significant number of them have
no counterpart in animals. Thus, these plant-specific RBPs are
likely involved in plant-specific functions (Lorkovic, 2009), such
as chloroplast mRNA stability and translation, hormone signal-
ing and plant immunity (Woloshen et al., 2011). The phloem is a
plant-specific conduit (Dinant et al., 2010; Knoblauch and Oparka,
2012; Zhang et al., 2012) that delivers not only sugars, amino
acids, mineral nutrients and hormones, but also peptides, proteins
and RNAs from autotrophic to heterotrophic tissues (Lough and
Lucas, 2006; Dinant and Lemoine, 2010; Atkins et al., 2011). After
demonstrating that RNA movement possibly lies behind a range of
long-distance signals in plants (Wu et al., 2002), RNA emerged as
a non-cell autonomous information macromolecule (Lucas et al.,
2001). Different types of RNA molecules are transported through
the phloem, including the mRNAs, viral RNAs (vRNAs) and small

RNAs (sRNAs) deriving from RNA silencing machinery (Kehr
and Buhtz, 2008). The long-distance transport of certain host
non-cell autonomously acting RNAs has been shown to be a key
regulator of essential processes such as gene silencing, pathogen
defense, development, stress response, and parasitic interactions
(Kim et al., 2001; Yoo et al., 2004; Haywood et al., 2005; Banerjee
et al., 2009; Dunoyer et al., 2010; Melnyk et al., 2011; LeBlanc et al.,
2012; Kang et al., 2013). There are several mRNAs for which the
mobile nature and their systemic activity has been clearly demon-
strated. Among these, the best examples known are the RNA of
GA INSENSITIVE (GAI) involved in leaf development (Haywood
et al., 2005), the tomato mouse ears (Me) transcript (Kim et al.,
2001) responsible of a characteristic leaf shape, the StBEL5 mRNA
that, regulated by the untranslated regions (UTRs), its vascular
movement correlates with enhanced tuber production (Banerjee
et al., 2009; Cho et al., 2012) and the Arabidopsis FLOWERING
LOCUS T that contributes to systemic floral signaling (Lu et al.,
2012). Recently, phloem-mobile Aux/IAA transcripts have been
shown to be target to the root tip and modify root architecture
(Notaguchi et al., 2012). How these mRNAs, vRNAs, and sRNAs
are transported through the phloem is still an open question.
However, it is commonly accepted that without the protection
of specific RBPs, naked, cellular RNA molecules quickly fall prey
to the degradative process (Shyu et al., 2008). Although no RNase
activity has been reported in sieve tube exudates, which suggests
that there might be limited RNA degradation in the sieve tubes,
the presence of 3′–5′ exoribonuclease in the phloem of several
species has been described (e.g., Lin et al., 2009). Initial progress
was made in advancing in the knowledge of RNA trafficking in
plants thanks to studies dealing with inter-cellular and vascular
movements of plant viruses. Indeed, the first phloem RBP (the
pumpkin PHLOEM PROTEIN16, CmPP16) was identified on the
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basis of its cross-reactivity with a viral movement protein and
was demonstrated to be a functional homolog of these protein
classes (Xoconostle-Cazares et al., 1999). The similarity between
the mechanisms that plant viruses use to move systemically and
RNA transport in the phloem was immediately suggested (Thomp-
son and Schulz, 1999; Lucas et al., 2001). Increasingly more RBPs
in the phloem of different plant species have been detected and
some have been characterized in detail. Here, we update cur-
rent knowledge on the main phloem RBPs described to date for
which a potential function in long-distance RNA transport has
been suggested and/or demonstrated.

THE Cucurbita maxima PHLOEM PROTEIN 16
Increasing evidence for diverse plant-mRNA molecules being
detected in vascular tissue has led to speculate that endogenous
RNAs can traffic through companion cell-sieve element (CC-SE)
plasmodesmata similarly, to the way in which plant viruses estab-
lish systemic infection. This conceptual framework has not only
promoted the search for phloem-specific proteins whose functions
can parallel those of plant viral movement proteins (MPs), but has
also enabled the identification of the 16-kD Cucurbita maxima
phloem protein (CmPP16), a RBP with immunological cross-
reactivity and a functional similarity to the MP of the Red clover
necrotic mosaic virus (RCNMV; Xoconostle-Cazares et al., 1999).
R-CmPP16-1 was seen to bind both sense and antisense CmPP16-
1 RNA, as well as RCNMV RNA2, but failed to interact with both
single-stranded and double-stranded DNA. In this pioneer work,
microinjection experiments followed by in situ localization helped
determine that CmPP16 is able to interact with plasmodesmata to
induce an increase in the size-exclusion limit and to potentiate
its own cell-to-cell transport. Heterografting assays were used to
demonstrate that both CmPP16 mRNA and the protein are able
to move from pumpkin stock CC into the SE through plasmodes-
mata, and that they can be detected specifically in the cucumber
scion. This study provided the first evidence that an RNA-binding
phloem protein (CmPP16) can mediate RNA transport through
plasmodesmata into the phloem translocation stream by playing
a relevant role in the non-cell autonomous regulation of gene
expression in plants.

A more recent study (Aoki et al., 2005), which used a heterologs
system that permits this pumpkin phloem protein to be expressed
in rice (Oryza sativa), showed that the shoot-ward translocation of
CmPP16 appears to be passively carried by the bulk flow, whereas
the root-ward traffic of this RBP is selectively controlled. Further-
more, it has been demonstrated that CmPP16 can form stable
complexes with both the previously described phloem factors,
eukaryotic translation initiation factor 5A (eIF5A) and the trans-
lationally controlled tumor-associated protein (TCTP; see below).
According to these results, the authors proposed the existence of a
destination-selective long-distance trafficking mechanism, poten-
tially regulated by protein–protein interactions, which can mediate
the targeting of endogenous RNAs selectively to the shoot and/or
to the root. Two models for how the destination of CmPP16 move-
ment is determined were proposed by the authors (Aoki et al.,
2005): (i) a lateral transfer of CmPP16 proteins between sieve
tubes could be controlled selectively at the nodal region where
vascular bundles are cross-connected as occurs for the distribution

of photosynthate or that (ii) destination is determined by selec-
tive exit from the sieve tube system as reported for some RNAs,
specific phloem proteins, viral movement proteins, and small
solutes.

PHLOEM LECTINS: PHLOEM PROTEIN 2 AND PHLOEM
LECTIN 17
Phloem protein 2 from cucumber (CsPP2), a protein whose
apparent molecular mass comes close to 26 kDa, was the first
endogenous phloem-factor reported to bind viroid RNAs in
vitro (Gómez and Pallás, 2001; Owens et al., 2001). The lectins
belonging to the PP2 family are among the most abundant and
enigmatic proteins in phloem sap. Moreover the phylogeny anal-
yses identified PP2-like genes in species from 17 angiosperm and
gymnosperm genera, and indicated that these proteins are ancient
and common in vascular plants. Despite the differences in size
and amino acid sequences, it was reported that all these proteins
maintain cell-specific gene expression, overall domain structure,
and lectin activity (Dinant et al., 2003). Although protein accu-
mulates in SEs, in situ hybridisation experiments showed that
CmPP2 mRNA is detected only in CCs (Bostwick et al., 1992).
Consistently, the corresponding promoter sequence drove the GUS
expression predominantly in phloem tissues, although specificity
was lower than that of the specific-phloem promoters of a viral
origin (Guo et al., 2004). In Arabidopsis, the closest ortholog of
phloem lectin PP2, PP2-A1, was encoded by a gene specifically
expressed in the phloem (Dinant et al., 2003) and accumulated
mostly in the SEs (Batailler et al., 2012). Interestingly, the PP2 of
the Cucurbitaceae spp. has been shown to have the capacity to
interact with and to modify the size-exclusion limit of plasmodes-
mata (Figure 1) and to move from cell-to-cell when microinjected
into mesophyll cells of cucurbit cotyledons (Balachandran et al.,
1997). In addition, PP2 of Cucurbita maxima has been seen to
move from CCs, where it is synthesized, into sieve tubes (Golecki
et al., 1999) to translocate in the intergeneric grafts in the assim-
ilate stream toward sink tissues (Fisher et al., 1992; Golecki et al.,
1999). All together, these biochemical characteristics support the
hypothesis that members of this phloem protein family might be
involved in the long-distance movement of endogenous and/or
exogenous RNAs in plants. Indeed, immunoprecipitation exper-
iments have revealed that CsPP2 is capable of interacting in vivo
with a viroid RNA, while intergeneric graft assays have shown
that both CsPP2 and viroid RNA translocate to the scion. The
translocated viroid was symptomatic in the non-host scion, indi-
cating that translocated RNA is functional. A dsRBM, which was
identified in the predicted structure of CsPP2, was proposed to
be responsible for the RNA-binding properties of this cucum-
ber phloem protein (Figure 1; Gómez and Pallás, 2004). Viroids
are plant-pathogenic non-protein-coding RNAs, thus all the crit-
ical steps of their biological cycle must be assisted by host factors
(reviewed in Flores et al., 2005; Ding, 2009; Gómez and Pallás,
2013). The long-distance movement of viroids occurs, as in most
plant viruses, by translocation via the phloem (Zhong and Ding,
2008). Consequently, it is reasonable to assume that phloem pro-
tein(s) can interact with viroid RNA to assist its translocation to
distal plant regions. The matter of whether this type of proteins
forms part of endogenous ribonucleoprotein (RNP) complexes to
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FIGURE 1 | Schematic representation of RNA-binding phloem

proteins. (A) PP2: the position of the conserved region, proposed
to be involved in specific plasmodesmata recognition (Balachandran et al.,
1997), is indicated. The motif (dsRBM ) predicted to be responsible of its
RNA-binding activity is also shown. For the potential dsRBM sequence,
helices α1 and α2 are shown in blue, the β1, β2, and β3 sheets are
represented in red, and coils are shown in gray (modified from Gómez and
Pallás, 2004). (B) CmRBP50: the diagram indicates the location of the

four conserved RNA recognition motifs (RRM1–RRM4) that are essential
for the RNA-binding properties. The C-terminus region is highly rich in
putative phosphorylation sites (PPS), demonstrated to be critical for
RNP complex assembly, as shown (modified from Li et al., 2011).
(C) eIF5A: graphic representation containing both predicted KOW
(Kyrpides et al., 1996) and eIF5A RNA-binding motifs. kow motif
is thought to contain the hypusination site (Lysine 52′ in CmelIF5A-
isoforms, marked).

translocate host mRNAs remains controversial. The RNA binding
of CsPP2 seems to be sequence non-specific (Gómez and Pallás,
2004). In fact, 75 different transcripts have been cloned from PP2
complexes after co-IP experiments using PP2 antisera (Ham et al.,
2009), revealing that this protein binds to a broad spectrum of
mRNA species.

In a more recent work, Bencharki et al. (2010) reported that the
protein members of the PP2 family in cucumber interact with the
Cucurbit aphid borne yellows virus (CABYV), can stimulate virus
transmission by aphid and that they possess a protective activity
against virion degradation in vitro.

Another phloem lectin showing RNA-binding capability has
been identified in exudates from melon plants (Cucumis melo;
Gómez et al., 2005). This phloem protein, of 17 kDa (Cmm-
Lec17), binds to different pathogenic and non-pathogenic RNAs,
and accumulates in melon phloem sap. CmmLec17 is homolo-
gous to melon PP2 (CmmPP2), and the most obvious difference
between both proteins is that 62 amino acids are lacking in the
CmmLec17 N-terminus. Unexpectedly, no RRM is evident from
its primary structure. The central region, proposed to contain
the essential motif(s) for the interaction with plasmodesmata
receptors and to also increase their size-exclusion limits in PP2
(Balachandran et al., 1997), is highly conserved in Cmmlec17
(Dinant et al., 2003), which explains their potential to be exported
to phloem traffic. Intergeneric graft assays have demonstrated that

Cmm-Lec17 is a translocatable phloem protein capable of moving
from melon stocks to pumpkin scions. The fact that CmmLec17
mRNA is absent in phloem exudates dismisses the possibility
that CmmLec17 precursors could be exported from CCs to SEs
and thus, that the protein could be synthesized de novo in scion
tissues.

Cucurbita maxima PHLOEM SMALL RNA BINDING PROTEIN1
The biochemical analysis of pumpkin (Cucurbita maxima) phloem
sap led Yoo et al. (2004) to identify a protein of 21 kDa capable
of preferentially binding to small single-stranded RNAs (ssRNAs;
with a 1,000-fold higher affinity than dssRNAs). The protein
presented two highly repetitive sequences, HGHGPA(S)GG and
CQPANPNVGH, 16 imperfect octapeptide (P-A/S-G/W-G-H-G-
H/C-G) repeats, and three decapeptide repeats (H-C-Q-P-A-N/S-
P-N-V-G), but no highly homologous genes. The putative PSRP1
orthologs in cucumber and lupin displayed similar binding speci-
ficity, except that this phloem protein did not appear to bind
small dsRNA in lupin. Interestingly, microinjection experiments
have revealed that PSRP1 can mediate the cell-to-cell trafficking
of 25 nucleotide single-stranded, but not double-stranded, RNA
molecules, which led the authors to propose PSRP1 as a bona
fide candidate to be involved in systemic si/miRNA transport.
However, there is not genetic evidence to support the func-
tion of this protein. In addition, Dunoyer et al. (2010) recently
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demonstrated that siRNA duplexes, as opposed to single strands,
are likely to be the silencing signals between plant cells, and pos-
sibly over long-distances, thus dismissing the possibility of PSRP1
being the protein responsible for translocating the mobile silencing
signal.

PUMPKIN EUKARYOTIC TRANSLATION INITIATION
FACTOR 5A
Eukaryotic translation initiation factor 5A is a small, single
polypeptide protein (∼18 kDa) found in all eukaryotic kingdoms
(Gordon et al., 1987; Park et al., 1988; Hu et al., 2005). Originally,
it was deemed to play a role in translation initiation (Kemper et al.,
1976; Benne and Hershey, 1978), although recent results indicate
that it may participate in ribosome-related events, such as protein
folding, rather than polypeptide chains synthesis (Jao and Chen,
2006; Zanelli et al., 2006). The capacity of eIF5A to bind mRNA has
been confirmed by Xu and Chen (2001), who also identified, using
SELEX (systematic evolution of ligands by exponential enrich-
ment), the preferential sequence to which eIF5A binds (consensus
sequence AAAUGUCACAC) and the transcripts bound by human
eIF5A (Xu et al., 2004). Recently, eIF5A was demonstrated to inter-
act with the 3′UTR of the phloem-mobile StBEL5 mRNA (Cho
et al., 2012) suggesting its potential participation as a component
of the ribonucleotide complexes that function to regulate RNA
transport or metabolism. eIF5A contains a KOW motif (acronym
of the authors surname, Kyrpides et al., 1996) characterized by
the presence of an invariant glycine residue and five alternating
blocks of hydrophilic and hydrophobic residues (Figure 1). In
addition, at the C-terminal region the protein contains the eIF5A
motifs for ribosome binding, RNA-binding and translation activ-
ity. This protein is considered as a bimodular protein, capable of
interacting with protein and nucleic acid being the KOW motif
required for both type of interactions. The RNA-binding capacity
was shown to be dependent on hypusination (lysine residue mod-
ification) of the protein (Xu and Chen, 2001). The hypusinable
lysine would be contained in the KOW motif (Figure 1). Sev-
eral isoforms have been described in different plant species. In
Arabidopsis, three isoforms (eIF5A1, eIF5A2, and eIF5A3) have
been described with distinct expression patterns and apparent
different functions. AteIF5A1 is localized in senescing leaf tis-
sue suggesting that it plays a role in senescence (Duguay et al.,
2007). AteIF5A2 has been shown to be involved in both pathogen-
induced cell death and the development of disease symptoms
(Hopkins et al., 2008). The Arabidopsis eIF5A3 isoform has been
demonstrated to influence growth and responses to osmotic and
nutrient stress, and has been detected in the phloem of roots,
stems, and leaves, particularly CCs (Ma et al., 2010a). Pumpkin
eIF5A (CmeIF5A) has been isolated from phloem sap as an inter-
action partner with CmPP16 by a combination of gel-filtration
chromatography and co-immunoprecipitation experiments (Aoki
et al., 2005) and as a component of the RBP50-based RNP com-
plex (Ham et al., 2009). Ma et al. (2010b) have demonstrated its
RNA binding capability to different mRNAs, although at a lower
affinity for RNA as compared with CmPP16. In addition, hetero-
grafting experiments have revealed that some CmeIF5A isoforms
can move long-distances through the phloem and that the hypusi-
nation of CmeIF5A is not essential for it to enter the sieve tube

system (Ma et al., 2010b). The transcripts for all four CmeIF5A
isoforms are able to enter the sieve tube system, whereas only
transcripts CmeIF5A2 and CmeIF5A4 can move across the graft
union from the pumpkin stock to the cucumber scion phloem sys-
tem. Since all four CmeIF5A transcripts and the encoded proteins
were identified in the pumpkin phloem sap, this raises the ques-
tion as to why both transcripts and proteins would traffic from
CCs into the SEs. As stated by the authors (Ma et al., 2010b) it
is possible that the four CmeIF5A transcripts may be delivered
to sink tissues where translation could take place. Alternatively,
translation of these transcripts may occur in the sieve tube system
from whence they could function locally or act as long-distance
signals.

Recently, eIF5A was reported to be induced in tomato plants
infected with Citrus exocortis viroid (CEVd), although no direct
interaction with this RNA was detected (Lison et al., 2013).

RNA BINDING PROTEIN 50
Pumpkin RBP50, a polypyrimidine tract-binding (PTB) protein,
has been identified to be the core of a RNP complex present in the
phloem sap of pumpkin plants (Ham et al., 2009). In Arabidopsis,
three genes encoding proteins homologous to mammalian PTBs
have been identified. Two of these Arabidopsis PTB homologues
have been suggested to be involved in pollen germination (Wang
and Okamoto, 2009). Recently, Rühl et al. (2012) demonstrated
that these proteins can control alternative splicing and the expres-
sion of fundamental flowering regulator genes. A series of grafting
experiments and gel mobility shift assays using three previously
identified phloem-mobile mRNAs led Ham et al. (2009) to show
that RBP50 is a phloem-mobile RBP that may exhibit selective
binding to the population of transcripts (it binds GAIP and PP16-
1 transcripts, but it does not appear to interact with the RNA for
RINGP) entering the translocation stream. RBP50 has four RRM
with several Ser residues that can be potentially phosphorylated
(Figure 1). Li et al. (2011) showed that phosphoserine residues,
located at the C-terminus of CmRBP50, are critical for RNP com-
plex assembly. Several proteins have been identified as potential
components of the RBP50-based phloem RNP complex, includ-
ing eIF5A. Since, as stated above, Aoki et al. (2005) reported that
CmPP16 can interact with eIF-5A, it is possible that the proposed
RBP50- eIF-5A is not direct. Remarkably, the heterografting stud-
ies and co-IP experiments performed on phloem sap collected
from pumpkin stock, cucumber scion or ungrafted cucumber
plants revealed that specific phloem mRNAs are carried through
the phloem translocation stream within RBP50 RNP com-
plexes. This set of experiments sophisticatedly demonstrated the
existence of a CmRBP50-based RNP complex which is able to
transport a specific set of mRNAs, including those encoding
transcription factors, from mature leaves to developing tissues/
organs.

CONCLUDING REMARKS
Considerable progress has been made in the knowledge of the
RNA and protein composition of angiosperm phloem. Of the large
number of these identified macromolecules, a significant number
has been shown to perform a non-cell autonomous function,

Frontiers in Plant Science | Plant Physiology May 2013 | Volume 4 | Article 130 | 19

http://www.frontiersin.org/Plant_Physiology/
http://www.frontiersin.org/Plant_Physiology/archive


“fpls-04-00130” — 2013/5/8 — 12:45 — page 5 — #5

Pallas and Gómez Phloem RNA-binding proteins

mainly in relation to defense and developmental processes.
Almost 100 non-redundant RNA-RBPs have been detected in the
phloem sap of different plant species (Yoo et al., 2004; Gómez
et al., 2005; Giavalisco et al., 2006; Aki et al., 2008; Lin et al.,
2009), but their functions remain to be elucidated. Although
we now have a reasonable idea of how some host transcripts
and vRNAs can be transported through the phloem, the way the
silencing mobile signal reaches distal plant parts is still a mys-
tery. Genetic approaches have successfully revealed the mobile
nature of the silencing signal (Dunoyer et al., 2010; Molnar et al.,
2010), but have failed to elucidate its physical form, probably

because factors involved in its movement are essential for plant
development. Thus, biochemical approaches such as the yeast
three-hybrid system can be very convenient alternatives to try to
identify proteins that interact with phloem-mobile RNAs (Cho
et al., 2012).

ACKNOWLEDGMENTS
This study has been supported by Grant BIO2011-25018 from
the Spanish Granting Agency (Direccion General de Investigacion
Cientifica) and from the PROMETEO Programme 2011/003 from
the Generalitat Valenciana.

REFERENCES
Aki, T., Shigyo, M., Nakano, R.,

Yoneyama, T., and Yanagisawa,
S. (2008). Nano scale proteomics
revealed the presence of regulatory
proteins including three FT-Like pro-
teins in phloem and xylem saps from
rice. Plant Cell Physiol. 49, 767–790.

Alba, M. M., and Pages, M. (1998).
Plant proteins containing the RNA-
recognition motif. Trends Plant Sci.
3, 15–21.

Ambrosone, A., Costa, A., Leone, A.,
and Grillo, S. (2012). Beyond tran-
scription: RNA-binding proteins as
emerging regulators of plant response
to environmental constraints. Plant
Sci. 182, 12–18.

Aoki, K., Suzui, N., Fujimaki, S.,
Dohmae, N., Yonekura-Sakakibara,
K., Fujiwara, T., et al. (2005).
Destination-selective long-distance
movement of phloem proteins. Plant
Cell 17, 1801–1814.

Atkins, C. A., Smith, P. M., and
Rodriguez-Medina, C. (2011).
Macromolecules in phloem exu-
dates – a review. Protoplasma 248,
165–172.

Balachandran, S., Xiang, Y., Schobert,
C., Thompson, G., and Lucas, W.
(1997). Phloem sap proteins from
Cucurbita maxima and Ricinus com-
munis have the capacity to traffic
cell to cell through plasmodesmata.
Proc. Natl. Acad. Sci. U.S.A. 94,
14150–14155.

Banerjee, A. K., Lin, T., and Han-
napel, D. J. (2009). Untranslated
regions of a mobile transcript medi-
ate RNA metabolism. Plant Physiol.
151, 1831–1843.

Batailler, B., Lemaître, T., Vilaine, F.,
Sanchez, C., Renard, D., Cayla, T.,
et al. (2012). Soluble and filamen-
tous proteins in Arabidopsis sieve
elements. Plant Cell Environ. 35,
1258–1273.

Bencharki, B., Boissinot, S., Revol-
lon, S., Ziegler-Graff, V., Erdinger,
M., Wiss, L., et al. (2010). Phloem
protein partners of Cucurbit aphid
borne yellows virus: possible involve-
ment of phloem proteins in virus

transmission by aphids. Mol. Plant
Microbe Interact. 23, 799–810.

Benne, R., and Hershey, J. W. B. (1978).
Mechanism of action of protein-
synthesis initiation-factors from rab-
bit reticulocytes. J. Biol. Chem. 253,
3078–3087.

Bostwick, D. E., Dannenhoffer, J. M.,
Skaggs, M. I., Lister, R. M., Larkins,
B. A., and Thompson, G. A. (1992).
Pumpkin phloem lectin genes are
specifically expressed in companion
cells. Plant Cell 4, 1539–1548.

Cho, S. K., Kang, I. H., Carr, T., and
Hannapel, D. J. (2012). Using the
yeast three-hybrid system to identify
proteins that interact with a phloem-
mobile mRNA. Front. Plant Sci.
3:189. doi: 10.3389/fpls.2012.00189

Dinant, S., Bonnemain, J. L., Girousse,
C., and Kehr, J. (2010). Phloem sap
intricacy and interplay with aphid
feeding. C. R. Biol. 333, 504–515.

Dinant, S., Clark, A., Zhu, Y., Vilaine,
F., Palauqui, J., Kusiak, C., et al.
(2003). Diversity of the superfamily
of phloem lectins (phloem protein 2)
in angiosperms. Plant Physiol. 131,
114–128.

Dinant, S., and Lemoine, R. (2010). The
phloem pathway: new issues and old
debates. C. R. Biol. 333, 307–319.

Ding, B. (2009). The biology of viroid-
host interactions. Ann. Rev. Phy-
topath. 47, 105–131.

Duguay, J., Jamal, S., Liu, Z., Wang, T.
W., and Thompson, J. E. (2007). Leaf-
specific suppression of deoxyhypu-
sine synthase in Arabidopsis thaliana
enhances growth without negative
pleiotropic effects. J. Plant Physiol.
164, 408–420.

Dunoyer, P., Schott, G., Himber, C.,
Meyer, D., Takeda, A., Carrington, J.
C., et al. (2010). Small RNA duplexes
function as mobile silencing signals
between plant cells. Science 328,
912–916.

Fedoroff, N. V. (2002). RNA-binding
proteins in plants: the tip of an
iceberg? Curr. Opin. Plant Biol. 5,
452–459.

Fisher, D., Wu, Y., and Ku, M. (1992).
Turnover of soluble proteins in the

wheat sieve tubes. Plant Physiol. 100,
1433–1441.

Flores, R., Hernández, C., Martínez de
Alba, A. E., Daròs, J. A., and Di Serio,
F. (2005). Viroids and viroid-host
interactions. Ann. Rev. Phytopathol.
43, 117–139.

Giavalisco, P., Kapitza, K., Kolasa,
A. Buhtz, A., and Kehr, J. (2006).
Towards the proteome of Brassica
napus phloem sap. Proteomics 6,
896–909.

Glisovic, T., Bachorik, J. L., Yong, J., and
Dreyfuss, G. (2008). RNA-binding
proteins and post-transcriptional
gene regulation. FEBS Lett. 582,
1977–1986.

Golecki, B., Schulz, A., and Thompson,
G. A. (1999). Translocation of struc-
tural P proteins in the phloem. Plant
Cell 11, 127–140.

Gómez, G., and Pallás, V. (2001).
Identification of a ribonucleopro-
tein complex between a viroid RNA
and a phloem protein from cucum-
ber. Mol. Plant Microbe Interact. 14,
910–913.

Gómez, G., and Pallás, V. (2004). A long
distance translocatable phloem pro-
tein from cucumber forms a ribonu-
cleoprotein complex in vivo with Hop
stunt viroid RNA. J. Virol. 78, 10104–
10110.

Gómez, G., and Pallás, V. (2013).
Viroids: a light in the darkness of
the lncRNA-directed regulatory net-
works in plants. New Phytol. 198,
10–15.

Gómez, G., Torres, H., and Pallás, V.
(2005). Identification of translocat-
able RNA-binding phloem proteins
from melon, potential components
of the long-distance RNA transport
system. Plant J. 41, 107–116.

Gordon, E. D., Mora, R., Meredith,
S. C., Lee, C., and Lindquist, S. L.
(1987). Eukaryotic initiation factor
4D, the hypusine-containing protein,
is conserved among eukaryotes. J.
Biol. Chem. 262, 16585–16589.

Guo, H., Chen, X., Zhang, H., Fang,
R., Yuan, Z., Zhang, Z., et al.
(2004). Characterization and activity
enhancement of the phloem-specific

pumpkin PP2 gene promoter. Trans-
genic Res. 13, 559–566.

Ham, B. K., Brandom, J. L., Xoconostle-
Cázares, B., Ringgold, V., Lough, T. J.,
and Lucas, W. J. (2009). A polypyrim-
idine tract binding protein, pumpkin
RBP50, forms the basis of a phloem-
mobile ribonucleoprotein complex.
Plant Cell 21, 197–215.

Haywood, V., Yu, T. S., Huang, N. C.,
and Lucas, W. J. (2005). Phloem long-
distance trafficking of GIBBERELLIC
ACID-INSENSITIVE RNA regulates
leaf development. Plant J. 42, 49–68.

Hopkins, M. T., Lampi, Y., Wang, T. W.,
Liu, Z., and Thompson, J. E. (2008).
Eukaryotic translation initiation fac-
tor 5A is involved in pathogen-
induced cell death and development
of disease symptoms in Arabidopsis.
Plant Physiol. 148, 479–489.

Hu, Z., Chen, K., Wang, L., and Yao, Q.
(2005). Identification and character-
ization of Bombyx mori eIF5A gene
through bioinformatics approaches.
In Silico Biol. 5, 573–580.

Jao, D. L., and Chen, Y. K. (2006).
Tandem affinity purification revealed
the hypusine-dependent binding of
eukaryotic initiation factor 5A to the
translating 80S ribosomal complex. J.
Cell. Biochem. 97, 583–598.

Kang, H., Park, S. J., and Kwak, J.
(2013). Plant RNA chaperones in
stress response. Trends Plant Sci. 18,
100–106.

Kehr, J., and Buhtz, A. (2008). Long
distance transport and movement of
RNA through the phloem. J. Exp. Bot.
59, 85–92.

Kemper, W. M., Berry, K. W., and
Mrrick, W. C. (1976). Purification
and properties of rabbit reticulocyte
protein synthesis initiation factors
M2Ba and M2Bb. J. Biol. Chem. 251,
5551–5557.

Kim, M., Canio, W., Kessler, S., and
Sinha, N. (2001). Developmental
changes due to long-distance move-
ment of a homeobox fusion tran-
script in tomato. Science 293, 287–
289.

Knoblauch, M., and Oparka, K. (2012).
The structure of the phloem – still

www.frontiersin.org May 2013 | Volume 4 | Article 130 | 20

http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Physiology/archive


“fpls-04-00130” — 2013/5/8 — 12:45 — page 6 — #6

Pallas and Gómez Phloem RNA-binding proteins

more questions than answers. Plant J.
70, 147–156.

Kyrpides, N. C., Woese, C. R., and
Ouzounis, C. A. (1996). KOW:
a novel motif linking a bacterial
transcription factor with ribosomal
proteins. Trends Biochem. Sci. 21,
425–426.

LeBlanc, M., and Kim, G. and
Westwood, J. H. (2012). RNA
trafficking in parasitic plant sys-
tems. Front. Plant Sci. 3:203. doi:
10.3389/fpls.2012.00203

Li, P., Ham, B. K., and Lucas, W. J.
(2011). CmRBP50 protein phospho-
rylation is essential for assembly of
a stable phloem-mobile high-affinity
ribonucleoprotein complex. J. Biol.
Chem. 286, 23142–23149.

Lin, M.-K., Lee, Y.-J., Lough, T. J.,
Phinney, B. S., and Lucas, W. J.
(2009). Analysis of the pumpkin
phloem proteome provides insights
into Angiosperm sieve tube func-
tion. Mol. Cell. Proteomics 8,
343–356.

Lison, P., Tarraga, S., Lopez-Gresa,
M. P. Sauri, A. Torres, C., Cam-
pos, L., et al. (2013). A non-coding
plant pathogen provokes both tran-
scriptional and posttranscriptional
alterations in tomato. Proteomics 13,
833–844.

Lorkovic, Z. J. (2009). Role of plant
RNA-binding proteins in develop-
ment, stress response and genome
organization. Trends Plant Sci. 14,
229–236.

Lorkovic, Z. J., and Barta, A. (2002).
Genome analysis: RNA recogni-
tion motif (RRM) and K homology
(KH) domain RNA-binding proteins
from the flowering plant Arabidop-
sis thaliana. Nucleic Acids Res. 30,
623–635.

Lough, T. J., and Lucas, W. J. (2006).
Integrative plant biology: role of
phloem long-distance macromolecu-
lar trafficking. Annu. Rev. Plant Biol.
57, 203–232.

Lu, K. J., Huamg, N. C., Liu, Y. S.,
Lu, C. A., and Yu, T. S. (2012).
Long-distance movement of Ara-
bidopsis FLOWERING LOCUS T
RNA participates in systemic floral
regulation. RNA Biol. 9, 653–662.

Lucas, W. J., Yoo, B. C., and Kra-
gler, F. (2001). RNA as a long-
distance information macromolecule
in plants. Nat. Rev. Mol. Cell Biol. 2,
849–857.

Ma, F., Liu, Z. Wang, T., Hopkins,
M. T., Peterson, C. A., and Thomp-
son, J. E. (2010a). Arabidopsis eIF5A3
influences growth and the response
to osmotic and nutrient stress. Plant
Cell Env. 33, 1682–1696.

Ma, Y., Miura, E., Ham, B. K., Cheng, H.
W., Lee, Y. J., and Lucas, W. J. (2010b).
Pumpkin eIF5A isoforms interact
with components of the translational
machinery in the cucurbit sieve tube
system. Plant J. 64, 536–550.

Melnyk, C. W., Molnar, A., Bassett,
A., and Baulcombe, D. C. (2011).
Mobile 24 nt small RNAs direct tran-
scriptional gene silencing in the root
meristems of Arabidopsis thaliana.
Curr. Biol. 21, 1678–1683.

Molnar, A., Melnyk, C. W., Bas-
sett, A., Hardcastle, T. J., Dunn,
R., and Baulcombe, D. C. (2010).
Small silencing RNAs in plants are
mobile and direct epigenetic modi-
fication in recipient cells. Science 328,
872–875.

Notaguchi, M., Wolf, S., and Lucas, W.
J. (2012). Phloem-mobile Aux/IAA
transcripts target to the root tip and
modify root architecture. J. Integr.
Plant Biol. 54, 760–772.

Owens, R. A., Blackburn, M., and
Ding, B. (2001). Possible involvement
of a phloem lectin in long distance
viroid movement. Mol. Plant Microbe
Interact. 14, 905–909.

Park, M. H., Wolff, E. C., Abbruzzese,
A., and Folk, J. E. (1988). Posttrans-
lational formation of hypusine: bio-
genesis of translation initiation factor

eIF-4D. Adv. Exp. Med. Biol. 231,
633–640.

Rühl, C., Stauffer, E., Kahles, A., Wag-
ner, G., Drechsel, G., Rätsch, G., et al.
(2012). Polypyrimidine tract binding
protein homologs from Arabidopsis
are key regulators of alternative splic-
ing with implications in fundamental
developmental processes. Plant Cell
24, 4360–4375.

Shyu, A. B., Wilkinson, M. F., and van
Hoof, A. (2008). Messenger RNA reg-
ulation: to translate or to degrade.
EMBO J. 27, 471–481.

Thompson, G. A., and Schulz, A. (1999).
Macromolecular trafficking in the
phloem. Trends Plant Sci. 4, 354–360.

Wang, S., and Okamoto, T. (2009).
Involvement of polypyrimidine tract-
binding protein (PTB)-related pro-
teins in pollen germination in Ara-
bidopsis. Plant Cell Physiol. 50, 179–
190.

Woloshen, V., Huang, S., and Li,
X. (2011). RNA-binding proteins in
plant immunity. J. Pathog. 2011,
278697.

Wu, X. L., Weigel, D., and Wigge, P. A.
(2002). Signaling in plants by inter-
cellular RNA and protein movement.
Genes Dev. 16, 151–158.

Xoconostle-Cazares, B., Xiang, Y., Ruiz-
Medrano, R., Wang, H., Monzer, J.,
Yoo, B., et al. (1999). Plant paralog to
viral movement protein that poten-
tiates transport of mRNA into the
phloem. Science 238, 94–98.

Xu, A., and Chen, K. Y. (2001). Hypu-
sine is required for a sequence spe-
cific interaction of eukaryotic initia-
tion factor 5A with post systematic
evolution of ligands by exponential
enrichment RNA. J. Biol. Chem. 276,
2555–2561.

Xu, A., Jao, D. L., and Chen, K. Y.
(2004). Identification of mRNA that
binds to eukaryotic initiation factor
5A by affinity co-purification and
differential display. Biochem. J. 384,
585–590.

Yoo, B. C., Kragler, F., Varkonyi-Gasic,
E., Haywood, V., Archer-Evans, S.,
Lee, Y. M., et al. (2004). A systemic
small RNA signaling system in plants.
Plant Cell 16, 1979–2000.

Zanelli, C. F., Maragno, A. L., Gre-
gio, A. P., Komili, S., Pandolfi, J.
R., Mestriner, C. A., et al. (2006).
eIF5A binds to translational machin-
ery components and affects transla-
tion in yeast. Biochem. Biophys. Res.
Comm. 348, 1358–1366.

Zhang, C., Yu, X., Ayre, B. G., and
Turgeon, R. (2012). The origin and
composition of cucurbit “phloem”
exudate. Plant Physiol. 158, 1873–
1882.

Zhong, X., and Ding, B. (2008). Dis-
tinct RNA motifs mediate systemic
RNA trafficking. Plant Signal. Behav.
3, 58–59.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 07 February 2013; accepted:
20 April 2013; published online: 10 May
2013.
Citation: Pallas V and Gómez G (2013)
Phloem RNA-binding proteins as poten-
tial components of the long-distance RNA
transport system. Front. Plant Sci. 4:130.
doi: 10.3389/fpls.2013.00130
This article was submitted to Frontiers in
Plant Physiology, a specialty of Frontiers
in Plant Science.
Copyright © 2013 Pallas and Gómez.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in other
forums, provided the original authors and
source are credited and subject to any
copyright notices concerning any third-
party graphics etc.

Frontiers in Plant Science | Plant Physiology May 2013 | Volume 4 | Article 130 | 21

http://dx.doi.org/10.3389/fpls.2013.00130
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Plant_Physiology/
http://www.frontiersin.org/Plant_Physiology/archive


“fpls-04-00145” — 2013/5/14 — 21:43 — page 1 — #1

REVIEW ARTICLE
published: 16 May 2013

doi: 10.3389/fpls.2013.00145

Systemic regulation of mineral homeostasis by micro RNAs
Julia Kehr*
Department of Molecular Plant Genetics, University of Hamburg, Hamburg, Germany

Edited by:
Sylvie Dinant, Institut National
de la Recherche Agronomique, France

Reviewed by:
Ingo Dreyer, Universidad Politecnica
de Madrid, Spain
Sylvie Dinant, Institut National
de la Recherche Agronomique, France

*Correspondence:
Julia Kehr, Biocenter Klein Flottbek,
Department of Molecular Plant
Genetics, University of Hamburg,
Ohnhorstrasse 18, 22609
Hamburg, Germany.
email: julia.kehr@uni-hamburg.de

Plants frequently have to cope with environments with sub-optimal mineral nutrient
availability. Therefore they need to constantly sense changes of ion concentrations in their
environment. Nutrient availabilities and needs have to be tightly coordinated between
organs to ensure a balance between uptake and demand for metabolism, growth,
reproduction, and defense reactions. To this end information about the nutrient status has
to flow from cell-to-cell, but also between distant organs via the long-distance transport
tubes to trigger adaptive responses. This systemic signaling between roots and shoots
is required to maintain mineral nutrient homeostasis in the different organs under varying
environmental conditions. Recent results begin to shed light on the molecular components
of the complex long-distance signaling pathways and it has been proposed that systemic
signals can be transported through the xylem as well as via the phloem. Several molecules,
including nutrients, hormones, sugars, and small RNAs have been suggested to be involved
in systemic communication over long distance (Liu et al., 2009). Recent research has
shown that in the case of mineral nutrients, the nutrients themselves, but also macro-
molecules like micro RNAs (miRNAs) can act as important information transmitters. The
following review will summarize the current knowledge about phloem-mediated systemic
signaling by miRNAs during ion nutrient allocation and adaptation to mineral nutrient
deprivation, concentrating on the well-analyzed responses to a lack of potassium, sulfur,
and copper.

Keywords: nutrient, homeostasis, systemic, signaling, phloem, long-distance, transport

INTRODUCTION
Higher plants require at least 14 mineral elements that are vital
for normal growth, development, and successful reproduction.
Among these are macronutrients such as nitrogen, phosphorous,
sulfur, magnesium, and calcium that are required in relatively large
quantities (Maathuis, 2009; Ohkama-Ohtsu and Wasaki, 2010).
In addition, small amounts of the microelements copper, chlo-
ride, boron, iron, manganese, molybdenum, nickel, and zinc are
essential for all higher plants (Haensch and Mendel, 2009). Depri-
vation of even one of these macro- and microelements can cause
growth retardation and other severe physiological disorders like
chlorosis or necrosis, general symptoms that are characteristically
associated with more than one mineral deficiency. Being sessile
organisms, plants have to be capable of sensing and responding
to variations in the availability of the different mineral nutrients
in order to adapt to a wide range of environmental conditions.
They evolved specialized organs that fulfil particular functions in
nutrient and energy uptake, production, storage, and allocation.
The root system, for example, is the major uptake site of minerals
from soil, while the green shoot parts depend on mineral import
and in return provide roots with organic nutrients assimilated
during photosynthesis. The amount of mineral nutrients that can
be absorbed by roots depends upon different factors like nutri-
ent concentration, their adsorption to soil components, soil water
content, and the size and uptake capacity of the root system. Once
taken up into the plant body, the minerals are distributed between
the different organs and allocated to growth, and storage, depen-
dent on season, developmental stage, environmental conditions,

and nutrient supply. The amount of nutrients that is consumed
and can be stored differs significantly between plant organs, tis-
sues, and even cell types (Conn and Gilliham, 2010). It has been
proposed that the elemental distribution in plants is determined
by the transport pathways as well as the storage properties of cells.
The vacuoles that occupy most of the cell volume play a major role
in the storage of mineral elements (Conn and Gilliham, 2010).

In natural environments, plants often have to face depletion
or limited accessibility of one or more of the essential mineral
elements, what can severely compromise their growth. The finite
availability of inorganic nutrients is among the essential factors
reducing crop productivity and yield in agriculture. On the other
hand, elevated concentrations of certain minerals can be toxic to
plant cells. Therefore, the amounts of different mineral nutrients
have to be monitored in individual cells and organs and plants have
developed a range of strategies to keep cytosolic ion concentrations
within narrow ranges, in homeostasis, a state in which everything
within the cell is in equilibrium and allows proper functioning.
Homeostasis can, for example, be maintained and toxicity avoided
by adjusting the compartmentation of minerals between cytosol
and vacuoles.

To react to deprivation conditions, plants evolved a broad
spectrum of diverse metabolic, physiological, and developmental
adaptations. As an example, plants often allocate a greater pro-
portion of their biomass to the root system when certain mineral
nutrients are lacking.

A high number of components of the networks involved
in mineral nutrient deficiency responses have meanwhile been
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identified, including transcription factors, riboregulators, and
ubiquitin-related proteins (Rubio et al., 2009). Common and spe-
cific nutrient signaling pathways seem to exist and the responses
can be highly complex (Schachtman and Shin, 2007). To integrate
the reactions to nutrient deficiency at the whole-plant level, infor-
mation about the local nutrient status of tissues, and organs needs
to be communicated over short and long distances. When plants
face nutrient deficiencies, the root system is normally the first
organ to rapidly sense external deprivation. At such early stages,
signals from roots can inform the shoot about upcoming deficits
(Lough and Lucas, 2006; Liu et al., 2009). However, short peri-
ods of low nutrient supply will not immediately lead to deficiency
within plant cells, as they can remobilize or regain nutrients from
compartments like the vacuoles or mineral-containing molecules
(Hammond et al., 2003). After longer starvation periods when
shoots become deficient, signals from shoots can claim higher
nutrient demands in order to increase uptake by the root system
(Lough and Lucas, 2006; Liu et al., 2009).

SYSTEMIC COMMUNICATION VIA THE PHLOEM
The exchange of water, nutrients, and small and large information
molecules between the often distant organs occurs through the
vasculature that pervades the whole-plant body and thus connects
almost all plant parts. The vascular tissue consists of the tube sys-
tems of xylem and phloem that mediate long-distance transport
of water, nutrients, metabolites, and small and large signaling
molecules. Research during the past years has shown that the
phloem is involved in long-distance signaling during many devel-
opmental processes and environmental responses. For example,
the famous “florigen” (Chailakhyan, 1936), the almost univer-
sal factor(s) influencing flowering time over long-distance, is a
classic case of phloem-mediated signaling from the leaves to the
shoot apex (Zeevaart, 2008). Systemic acquired resistance (SAR),
a broad-spectrum resistance protecting plants against repeated
pathogen attacks, is another well-known example (Sticher et al.,
1997). Also the systemic propagation of gene silencing seems
to follow a similar phloem-mediated pathway (Palauqui et al.,
1997; Voinnet and Baulcombe, 1997). Recent results moreover
indicate that the phloem signaling network is also essential for
communicating the nutrient status of different organs in order to
coordinate supply with demand (Forde, 2002; Schachtman and
Shin, 2007; Giehl et al., 2009; Chiou and Lin, 2011). Therefore,
the phloem tube system is a key element for the coordination of
a number of developmental and adaptation events that rely on
an integrated response of the whole-plant on a systemic level. A
variety of small molecules like nutrients themselves, phytohor-
mones, and sugars, but recently also macromolecules could be
related to systemic signaling processes during nutrient allocation
(Liu et al., 2009).

THE ROLE OF RNAs IN SYSTEMIC SIGNALING
The recent discovery that also macromolecules like proteins and
RNAs can be transported through the phloem and may func-
tion as mobile signals (Lough and Lucas, 2006) significantly
extends the potential complexity and possibilities of phloem-
based information transfer. Indeed, endogenous RNA molecules
were identified in phloem sap more than 40 years ago (Kollmann

et al., 1970; Ziegler, 1975), but these “traces” of nucleic acids
were initially considered to be a contamination from neighboring
cells rather than an authentic constituent of the phloem trans-
port fluid. This view was based on the assumption that RNA
molecules have to act cell-autonomous and function solely at
the site of their synthesis. However, recent results suggest that
the phloem RNA population might have specific signaling or
regulatory functions. Meanwhile thousands of phloem-specific
transcripts (expressed sequence tags, ESTs; Omid et al., 2007)
and non-coding RNAs of medium (Zhang et al., 2009) and small
size (Yoo et al., 2004; Buhtz et al., 2008, 2010; Varkonyi-Gasic
et al., 2010) could be identified in phloem samples from differ-
ent plant species, including cucurbits, Brassica napus, and apple.
Evidence accumulated over the past years is also supporting the
notion that these RNA molecules are capable of long-distance
movement and can probably act as regulatory molecules in a
systemic signaling network operating at the whole-plant level
(Lucas et al., 2001; Pant et al., 2008; Zhang et al., 2009; Buhtz
et al., 2010 for a review see Lough and Lucas, 2006). Hetero-
grafting studies could, for instance, show that specific mRNA
transcripts regulate developmental programs by moving long dis-
tance and inducing phenotypic alterations in their target tissues
(Ruiz-Medrano et al., 1999; Kim et al., 2001; Haywood et al., 2005;
Banerjee et al., 2006). The roles of small RNAs in the regula-
tion of nutrient homeostasis will be discussed in the following
paragraph.

REGULATION OF NUTRIENT HOMEOSTASIS BY miRNA
TRANSLOCATION
Especially regulatory micro RNAs (miRNAs) seem to play impor-
tant roles during nutrient stress responses, as specific members of
this class of small RNAs have been found to react to ion nutrient
deficiencies. miRNAs are non-coding, endogenous small RNAs
of 21–24 nt in length that contribute to the post-transcriptional
regulation of gene expression by down-regulating the amounts of
their complementary target transcripts. They are key regulators
of plant development and are additionally involved in the orches-
tration of adaptive responses to various stress conditions (Bonnet
et al., 2006; Mallory and Vaucheret, 2006; Kehr, 2012a,b; Sunkar
et al., 2012; Baek et al., 2013). Among the well-analyzed miRNAs
are miRNAs responsive to low phosphate (P), sulfate (S), or cop-
per (Cu), respectively (Jones-Rhoades and Bartel, 2004; Sunkar
and Zhu, 2004; Fujii et al., 2005; Bari et al., 2006; Chiou et al.,
2006; Sunkar et al., 2006; Chiou, 2007; Yamasaki et al., 2007). The
current knowledge of the roles of miRNAs in the systemic regu-
lation of nutrient homeostasis will be discussed in the following
paragraphs.

PHOSPHATE NUTRITION
First indications that macromolecular signaling by miRNAs might
be involved in the regulation of phosphate homeostasis came
from the detailed characterization of the pho2 mutant in Ara-
bidopsis thaliana that over-accumulates Pi exclusively in shoots,
caused by increased phosphate uptake and enhanced root-to-shoot
translocation (Delhaize and Randall, 1995). Leaves even show
signs of severe P toxicity when transpiration is high, character-
ized by chlorosis, and necrosis of mature leaf tips, suggesting that
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this mutation abolishes the regulation of phosphate homeostasis
(Delhaize and Randall, 1995). The orthologous mutant in rice
was named leaf tip necrosis1 (ltn1) due to its P toxicity pheno-
type (Hu et al., 2011). It has been found that the pho2 mutant
carries a mutation in the UBC24 gene encoding an ubiquitin-
conjugating E2 enzyme (Aung et al., 2006; Bari et al., 2006). It
could as well be shown that PHO2 is the target of miR399 (Aung
et al., 2006; Bari et al., 2006). Overexpression of miR399 in trans-
genic plants phenocopied pho2 mutants in that it also resulted
in high shoot Pi levels in leaves and significantly reduced levels
of the target transcript (Fujii et al., 2005; Bari et al., 2006; Hu
et al., 2011). Meanwhile six members of the miR399 family have
been described in Arabidopsis (ath-miR399a-f; miRBase19) that
all seem to respond positively to phosphate deficiency, although
not to the same extent (Bari et al., 2006). Eleven members of this
miRNA family have been found in rice (miRBase19). In addition
to the increase in shoot phosphate levels, heterologous overex-
pression of Arabidopsis miR399d in tomato led to an increased
expression of P transporters and enhanced root proton exuda-
tion and thereby phosphate mobilization from soil (Gao et al.,
2010). These observations imply that miR399 is a general regula-
tor of phosphate allocation between roots, and shoots in different
plant species, and can furthermore influence phosphate disso-
lution and uptake by the root system. Recently, miR399 was
found to accumulate in phloem sap of different plant species
under P deficiency, indicating a role in long-distance commu-
nication (Pant et al., 2008). This assumption was supported by
reciprocal grafting experiments between miR399 overexpressing
and wild-type plants grown under full nutrition, demonstrat-
ing that this miRNA can move from shoot to root, but not in
the opposite direction. In addition, a reduction in the level of
PHO2 target mRNA in rootstocks could be observed, indicat-
ing that the translocated miR399 is functional (Lin et al., 2008;
Pant et al., 2008). The same results were obtained when grafts
between Arabidopsis wild-type plants and the miRNA process-
ing mutant that carries a mutation in the RNA methylase HUA
Enhancer 1 (hen1-1) were examined under phosphate deficient
conditions (Buhtz et al., 2010). hen1-1 mutants lack significant
levels of mature miRNAs, caused by a mutation in the gene cod-
ing for the enzyme that methylates miRNA duplexes and thereby
confers miRNA stability. It should be noted that the apparent
unidirectional translocation of miR399 could be caused by the
grafting system employing small seedlings that have very sim-
ple source–sink relations, with the root forming the only sink
organ to which phloem assimilate transport will be directed
(Buhtz et al., 2010).

A recent study identified an additional miRNA that increased
upon phosphate limitation, named miR2111. This miRNA resem-
bled the miR399 response in that it was almost undetectable
under full nutrition, but became highly abundant during P
limitation. Interestingly this miRNA, just like miR399, accu-
mulated in phloem sap during phosphate limitation, indicating
that it might as well be involved in long-distance communi-
cation (Pant et al., 2009). The confirmed target of miR2111
in Arabidopsis and soybean is a kelch repeat-containing F-box
protein (Hsieh et al., 2009; Xu et al., 2013). F-box proteins are
involved in the controlled degradation of cellular proteins via the

ubiquitin pathway, like the target of miR399, UBC24. Therefore,
an important role of posttranslational control of protein
abundance under phosphate deprivation has been proposed
(Hsieh et al., 2009).

SULFUR DEPRIVATION
Another miRNA, miR395, was found to be involved in react-
ing to nutrient supply, in this case to insufficient sulfur: it
strongly accumulates when sulfur levels decrease. Similar to
miR399, also miR395 occurs in large families in most plant species
(six members in Arabidopsis, 15 members in rice; miRBase19).
miR395, was shown to target the two adenosine triphosphate
ATP sulfurylases APS1 and APS4 and the low-affinity sulfate
transporter SULTR2;1 (Jones-Rhoades and Bartel, 2004; Allen
et al., 2005; Jones-Rhoades et al., 2006). APS are important for
S assimilation, while SULTR2;1 is involved in S retrieval and
translocation. It is striking that the expression pattern of miR395
resembles that of miR399, both being primarily expressed in
vascular tissue (Aung et al., 2006). Like miR399 and miR2111,
also miR395 has been found in phloem sap and is accumulat-
ing to high levels upon sulfur deficiency (Buhtz et al., 2008, 2010).
Grafting experiments using the miRNA biosynthesis mutant hen1-
1 provided strong additional evidence that miR395 is indeed
phloem-mobile and a negative effect of miR395 translocation on
the expression of some of its target genes could be validated, sug-
gesting that it can also act as a signaling molecule (Buhtz et al.,
2010).

COPPER DEFICIENCY
It was recently found that miR398 is involved in the post-
transcriptional down-regulation of copper–zinc dismutase (CSD1
and CSD2) expression during copper starvation, and this
miRNA was shown to substantially increase during Cu deficiency
(Yamasaki et al., 2007). miR398, and its complementarity to the
three target mRNAs seems to be conserved in higher, but does not
seem to exist in lower plants (Dugas and Bartel, 2008). miR398s,
are occurring as comparably small families with only three mem-
bers in Arabidopsis and two in rice (miRBase19). Expression
of miR398s could be located to vascular tissues of leaves and
roots in Arabidopsis plants (Sunkar et al., 2006; Dugas and Bar-
tel, 2008). In addition to miR398 meanwhile more miRNAs,
in particular miR397, miR408, and miR857 could be identified
that were predicted to target different laccase and plantacyanin
mRNAs, probably all reducing the amounts of these copper-
containing proteins in favor of the essential photosynthesis protein
plastocyanin (Fahlgren et al., 2007). The expression patterns of
miR398b/c resemble that of miR395, and miR399. Also in accor-
dance with miR395 and miR399, miR398 was detected in phloem
samples and shown to strongly increase in this compartment in
response to low Cu in B. napus plants (Buhtz et al., 2008). In addi-
tion to miR398 also miR397, and miR408 could be detected in
phloem samples, and their levels were responsive to the amounts
of available copper (Buhtz et al., 2010). This suggests that the
regulation of copper homeostasis might have a systemic com-
ponent, reflecting the proposed long-distance communication by
miR395, and miR399 presumably involved in sulfur and phosphate
allocation.
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NITRATE DEPRIVATION
In Arabidopsis, miRNAs are also involved in the regulation of
nitrate transport: miR393 was induced by high nitrate and controls
root architecture (Vidal et al., 2010), while miR169 is down-
regulated under low nitrogen (Pant et al., 2009; Zhao et al., 2011).
Both miRNAs were also found in phloem sap, where miR169 fam-
ily members accumulated to higher levels than in leaves or roots
(Buhtz et al., 2010). miR169, were shown to decrease in phloem
sap under N limitation, what might indicate a role in shoot-to-root
communication of the plant’s N status (Pant et al., 2009). How-
ever, whether any of the copper- or nitrate-responsive miRNAs,
or any of the other phloem-localized RNAs (Buhtz et al., 2008,
2010; Pant et al., 2009; Varkonyi-Gasic et al., 2010), implicated
with nutrient homeostasis are phloem-mobile in living plants has
not been demonstrated yet and such a conclusion would require
further experimentation.

CONCLUDING REMARKS
The finding that specific miRNAs can transmit information
regarding the nutrient status of plant organs over long distance
was as such surprising. Indeed miRNAs were long believed to only
act at the site of their transcription, in contrast to the mobile class
of short interfering (si) RNAs that is supposed to be involved in the
systemic spread of gene silencing (Alvarez et al., 2006; Valoczi et al.,
2006; Dunoyer et al., 2007; Nogueira et al., 2009). Meanwhile graft-
ing experiments provided convincing evidence that at least mature
miR395, and miR399 are phloem-mobile, while other molecules
(like miRNA precursors, hormones, or metabolites) could be
excluded as systemic signals in these specific nutrient deficiency

responses (Pant et al., 2008; Buhtz et al., 2010). However, a physio-
logical necessity of miRNA translocation from shoot-to-root was
questioned, because both mobile miRNAs can be synthesized in
roots themselves (Aung et al., 2006; Kawashima et al., 2009) and
an additional import therefore seems unnecessary. It has been
proposed that the observed miRNA translocation might serve to
rapidly communicate nutrient deprivation occurring in the shoot
to the root, in order to trigger increased nutrient uptake by roots
and the delivery to shoots. Such a mechanism would allow the
plant to coordinate mineral homeostasis between organs, and to
optimize shoot growth under nutrient limitation (Pant et al., 2008;
Buhtz et al., 2010). A model of the role of the translocation of spe-
cific miRNAs in the systemic regulation of nutrient homeostasis is
depicted in Figure 1.

Interestingly, many more miRNAs are found in phloem sap
from different species, some accumulating in this compartment
under nutrient stress similar to miR395 and miR399 (Buhtz et al.,
2008, 2010; Pant et al., 2009; Varkonyi-Gasic et al., 2010). It is
therefore likely that miRNA-mediated signaling via the phloem
plays a more general role in nutrient deprivation responses. In
addition to the nutrient dependent miRNAs, one other phloem-
abundant miRNA, the development-related miR172, was mean-
while found to systemically influence tuber formation in grafting
experiments when overexpressed, suggesting that it might as well
constitute a phloem-mobile signal (Martin et al., 2009; Kasai et al.,
2010). Given the numerous important regulatory functions of
miRNAs, detailed transport studies will be invaluable to approve
the in vivo mobility and the possible roles of additional miRNAs
in systemic regulation.

FIGURE 1 | Model of the possible role of miRNA translocation in the

systemic regulation of nutrient homeostasis during limited supply.

When the level of a specific nutrient in the soil is low, nutrient uptake by roots
as well as nutrient transport to the shoot through the xylem will decrease.
A critically low level in the shoot will lead to the biosynthesis of

nutrient-responsive miRNAs (1) that will be translocated to the root via the
phloem (2). In the root, this miRNA will post-translationally reduce the
amount of its target mRNA(s). As a consequence, nutrient uptake will be
activated (3), and also nutrient allocation to the shoot will be elevated (4) what
allows the plant to optimize shoot development under nutrient limitation.
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Phloem transport of plant viruses is an essential step in the setting-up of a complete infec-
tion of a host plant. After an initial replication step in the first cells, viruses spread from
cell-to-cell through mesophyll cells, until they reach the vasculature where they rapidly
move to distant sites in order to establish the infection of the whole plant. This last step
is referred to as systemic transport, or long-distance movement, and involves virus cross-
ings through several cellular barriers: bundle sheath, vascular parenchyma, and companion
cells for virus loading into sieve elements (SE).Viruses are then passively transported within
the source-to-sink flow of photoassimilates and are unloaded from SE into sink tissues.
However, the molecular mechanisms governing virus long-distance movement are far from
being understood. While most viruses seem to move systemically as virus particles, some
viruses are transported in SE as viral ribonucleoprotein complexes (RNP). The nature of
the cellular and viral factors constituting these RNPs is still poorly known. The topic of
this review will mainly focus on the host and viral factors that facilitate or restrict virus
long-distance movement.

Keywords: virus, long-distance movement, phloem, viral factors, host factors

INTRODUCTION
Plant viruses are obligate intracellular parasites living exclusively
in the symplast of their hosts. Virus accumulation at high lev-
els throughout the whole plant is a necessary condition for virus
survival. Massive titer of virions may facilitate virus transmission
from one plant to another, whatever the mode of propagation: by
seeds or pollen, by graftings, by mechanical wounds, or by vectors.
Viruses are dependent on their hosts to complete their life cycle
in the plant, i.e., replication, encapsidation, cell-to-cell movement,
and long-distance transport. Therefore, multiple compatible inter-
actions have to be established between viral proteins or virions
and cellular factors. The plant reacts to these invaders by devel-
oping various strategies to restrict, or even better, eradicate the
pathogens. On their side, viruses counteract these defense mech-
anisms by different ways. The result of this arm race leads to a
complete resistance of the plant, if the virus cannot overcome the
plant defenses, or to a systemic infection, eventually ending with
the host death, if the viral counter defenses are efficient enough to
bypass the plant protection system. A wide range of intermediate
situations between plant immunity and death can be encountered,
which highlights the complexity of interactions that may take place
between the virus and the plant.

Virus entry into plant cells, mostly epidermal, and meso-
phyll, is followed by virion disassembly and genome transla-
tion/replication in inoculated tissues. Then, viral transport com-
plexes move from cell-to-cell and on-going replication takes
place in the newly infected cells (Figure 1). This short-distance
movement requires modification of plasmodesmata (PD) by viral
movement proteins (MP; reviewed by Schoelz et al., 2011). Virus

transport in phloem tissues encompasses translocation from mes-
ophyll cells to sieve elements (SE) via the successive crossings of
the bundle sheath (BS), vascular parenchyma cells (VP), and com-
panion cells (CC). Once in SE, the virus is transported with the
phloem sap to distant locations, then it exits from SE to initiate new
infection sites and to disseminate efficiently throughout the whole
plant (Figure 1). To carry out cell-to-cell and long-distance move-
ments, viruses take advantage of plant existing transport routes,
including PD and phloem vasculature, and follow the source-to-
sink transportation of carbohydrates (Maule, 1991; Carrington
et al., 1996). This review introduces some general features of virus
transport in the phloem and addresses the issue of the type of viral
complexes that are transported over long-distance. We then focus
on viral and host factors shown to play a direct role in virus long-
distance movement without affecting multiplication or cell-to-cell
movement.

GENERAL FEATURES OF VIRUS TRANSPORT IN THE PHLOEM
Phloem cells structure and composition reflect their high func-
tional specialization in transporting molecules from source to sink
tissues. SE are enucleated cells, modified by selective degradation
of organelles, interconnected by wide sieve pores, and forming
a low-resistance cellular conduit for elaborated sap flux (Turgeon
and Wolf, 2009). SE are maintained alive by an intimate association
with CC characterized by a high metabolic activity (Van Bel, 2003).
Specialized PD, called Pore Plasmodesmal Units (PPUs), consist of
multiple channels on the CC side, and a single channel facing the
SE (Oparka and Turgeon, 1999). PPUs exhibit a higher size exclu-
sion limit (SEL) and are therefore more permissive than the PD
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FIGURE 1 | A general view of virus cell-to-cell and long-distance
movement in plant tissues. After inoculation, mostly into epidermal or
mesophyll cells, virions are disassembled for replication and translation of
the viral genome (1). Viral proteins, sometimes associated to cellular factors,
interact with the viral genome to form the transport complexes (virions or
RNP complexes) allowing virus movement from cell-to-cell via
plasmodesmata (1). Viral replication and cell-to-cell movement continue in

and between nucleate phloem cells, i.e., bundle sheath, vascular
parenchyma and companion cells (2). Then, the transport complexes (in the
form of virions or RNPs) are loaded into sieve elements for long-distance
movement (2), before being finally released into systemic tissues to start a
new infection site (3). The whole process requires an effective crossing of
successive boundaries between different cell types and leads to systemic
infection of the plant.

between mesophyll cells, suggesting that some macromolecules,
like proteins or RNAs, may diffuse to SE without specific regula-
tion (Oparka and Turgeon, 1999; Stadler et al., 2005). However,
such passive diffusion cannot apply to viral particles (icosahedral
or filamentous) or even to infectious ribonucleoprotein (RNP)
complexes, formed by the association of viral genome with cel-
lular and/or viral proteins as they are too large to freely move
through PPUs.

As shown in Figure 1, viral long-distance movement involves
several steps starting from the virus entry into phloem cells (BS,VP,
or CC), delivery to SE, transport along SE and exit from SE. This
process requires the crossing of successive borders, i.e., mesophyll
cell/BS, BS/VP, VP/CC, and CC/SE borders that needs the setting-
up of specific interactions between virus and host factors. In the

absence of compatible interactions, the virus will be unable to
traffic through these gates, making phloem entry, and exit highly
restrictive steps for host infection. Several studies on host/virus
interactions highlighted that viral transport can be specifically
blocked at some of these borders, suggesting precise regulation
of the PD permeability at these boundaries (Ueki and Citovsky,
2007 and references therein). The current knowledge on vascular
transport infers that virus entry occurs in all vein classes of source
leaves, while virus exit is limited to major veins of sink tissues,
suggesting different mechanisms for virus loading in and unload-
ing from the phloem (Roberts et al., 1997; Cheng et al., 2000;
Oparka and Cruz, 2000; Silva et al., 2002). Virus spread was also
shown to follow both internal and external types of phloem, lead-
ing to differential directions of transport, either upwards to young

Frontiers in Plant Science | Plant Physiology May 2013 | Volume 4 | Article 154 | 29

http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Hipper et al. Phloem transport of plant viruses

sink tissue or downwards to the roots, with the former translo-
cation being faster than the latter (Andrianifahanana et al., 1997;
Cheng et al., 2000). Finally, as source leaves preferentially serve
sinks with a direct vascular connection (referred to as orthostichy),
the viral movement is also predicted accordingly to orthostichy
(Roberts et al., 2007). Following symptom appearance and viral
accumulation, Roberts et al. (2007) demonstrated the remarkable
similarity between Cauliflower mosaic virus (CaMV) infection and
patterns of photoassimilate distribution in sink organs, indicat-
ing that virus movement can be mapped very accurately onto the
orthostichy. However, spatial and kinetic analyses of long-distance
movement of some viruses revealed that the direction and speed
of movement may be different than those of photoassimilates. For
instance, Melon necrotic spot virus (MNSV) is first transported in
melon plants from cotyledons to the roots through the external
phloem before being carried to the shoot apex through the inter-
nal phloem (Gosalvez-Bernal et al., 2008). The slower rate of virus
progression observed in some experimental cases, compared to the
speed of photoassimilates, could be explained by additional virus
unloading and amplification step in CC before being reloaded into
the SE (Moreno et al., 2004; Germundsson and Valkonen, 2006).

From a mechanistic point of view, virus cell-to-cell move-
ment strategies are increasingly well-documented, but far less is
known on viral transport mechanisms in vascular system. This
lack of knowledge mostly comes from the inaccessibility of this
deeply buried tissue, which is difficult to reach, to handle, and to
study. In addition, collecting phloem sap to identify virus phloem
partners may be challenging or even infeasible depending on the
host. At last, as the efficiency of cell-to-cell movement influences
the long-distance transport of virus, these two interconnected
processes are sometimes difficult to distinguish. Consequently,
the identification of viral and host factors specifically required
for virus long-distance transport is sometimes misinterpreted and
still represents a challenge. Nevertheless, during the last 10 years,
a growing body of data has shed light on factors involved in virus
vascular transport, in particular the viral determinants promot-
ing the long-distance spread and some host factors facilitating or
restricting this process.

VIRAL COMPLEXES TRANSPORTED OVER LONG-DISTANCE
The nature of the viral complexes transported in sieve tubes from
inoculated to non-inoculated leaves is an important question to
address to better understand the mechanisms by which viruses
invade whole plants. Two viral forms of transport have been
described: virions, protecting the genome by a shell formed by
capsid protein (CP) subunits assembly, and RNP complexes, in
which the viral genome is associated with viral and/or cellular
proteins. As described in more details in the following section, the
requirement of a functional CP for systemic movement is common
but not universal. Although this occurrence is usually associated
with the need to produce virions, the CP can also be required
to form RNP complexes. The nature of the complexes involved in
long-distance transport of different viral species is described there-
after, emphasizing the central role of the CP (see also Table A1 in
Appendix).

Viral particles have been reported to be the exclusive long-
distance moving form of different virus species belonging to

distinct genera like Potexvirus, Alfamovirus, Cucumovirus, Clos-
terovirus, Mastrevirus, Begomovirus, Dianthovirus, Carmovirus,
Necrovirus, Tobamovirus, Sobemovirus, and Benyvirus (Table A1 in
Appendix). For other virus species, although the absolute require-
ment of a functional CP for virus long-distance transport has
been demonstrated, it is still unknown whether virions, or CP-
associated RNP complexes, are involved in this process. This
concerns members in the Potexvirus, Cucumovirus, Bromovirus,
Tospovirus, Closterovirus, Curtovirus, Polerovirus, and Potyvirus
genera (Table A1 in Appendix).

Interestingly, Potato mop-top virus (PMTV, Pomovirus) was
shown to move simultaneously in the form of RNP complexes and
virions, the three RNAs of this multipartite virus being transported
in different forms (see also below in the next section; McGeachy
and Barker, 2000; Savenkov, 2003; Torrance et al., 2009, 2011;
Wright et al., 2010). Brome mosaic virus (BMV) is another example
for which systemic movement of each of the three genomic RNA
may occur in different forms, and may involve constitution of RNP
complexes with cellular factors. Gopinath and Kao (2007) showed
that BMV-RNA-3 was able to move over long-distance without
the assistance of any viral protein whereas BMV-RNA1 and RNA2
were also competent for systemic movement but needed the MP.
Whether transport of BMV-RNAs is only required for the initial
step of virus infection or is thereafter an alternative mode of virus
transport together with virions, previously shown to be required
for systemic spread, requires further investigations (Sacher and
Ahlquist, 1989; Flasinski et al., 1997). For other viruses, the viral
form that traffics in the vasculature may depend on the host plant
and the degree of virus-host adaptation. Bean golden mosaic virus
(BGMV, Begomovirus) for example, moves in N. benthamiana and
in its natural host, P. vulgaris, in a CP-dependent manner, most
probably virions, but this virus can also be transported in beans,
although less efficiently, as CP-independent RNP complexes (Jef-
frey et al., 1996; Pooma et al., 1996). A similar bi-modal process
was observed in N. benthamiana for Tomato golden mosaic virus
(TGMV), another Begomovirus (Pooma et al., 1996), and in Nico-
tiana species for the NM isolate of Tobacco rattle virus (TRV,
Tobravirus) lacking the CP encoded by RNA2 (Swanson et al.,
2002; Macfarlane, 2010).

The CP requirement for virus long-distance spread is certainly
more a general rule than an exception. Some viruses, however,
do not need the CP to move systemically. Mutations introduced
in the viral genome of Tomato leaf curl virus (ToLCV, Bego-
movirus) (Padidam et al., 1995, 1996) and Tomato bushy stunt
virus (TBSV, Tombusvirus) (Scholthof et al., 1993; Desvoyes and
Scholthof, 2002; Qu and Morris, 2002) inhibit synthesis of the
CP and formation of virions, but do not alter virus transport in
non-inoculated leaves. The presence of the CP, however, is accel-
erating virus transport resulting in more severe symptoms on the
infected plants (Desvoyes and Scholthof, 2002; Qu and Morris,
2002; Manabayeva et al., 2013). However, long-distance move-
ment of TBSV in N. benthamiana occurs independently of CP
upon root inoculation (Manabayeva et al., 2013). A very singular
case is represented by umbraviruses (Groundnut rosette virus, GRV,
and Pea enation mosaic virus-2, PEMV-2) that lack a CP-encoding
gene and move naturally in the form of RNP complexes. These
complexes are formed by the association of the viral RNA genome
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with the viral protein encoded by ORF3 and the host nuclear fib-
rillarin (see below; Ryabov et al., 2001; Taliansky et al., 2003; Kim
et al., 2007a,b; Canetta et al., 2008).

Viral encapsidation was considered for many years as a means
to protect the RNA genome from the potential harshness of the
phloem environment. Actually, no RNAse activity has ever been
found in this plant compartment (Sasaki et al., 1998; Doering-
Saad et al., 2002), but an entire machinery for a functional 26S
proteasome was identified in pumpkin sap exudates (Lin et al.,
2009). Moreover, recent proteome studies identified aminopepti-
dases and proteases in sieve tube sap of pumpkin and A. thaliana
(Lin et al., 2009; Batailler et al., 2012) suggesting that viruses may
need to develop strategies, like the recruitment of cellular factors,
to protect their virions or RNP complexes from these proteolytic
enzymes.

VIRAL DETERMINANTS WHICH FACILITATE LONG-DISTANCE
MOVEMENT
The CP is obviously the major viral determinant involved in virus
long-distance movement but several other viral proteins were also
shown to play a role in this process (reviewed in Waigmann et al.,
2004; Ueki and Citovsky, 2007). Here, we mainly emphasize recent
data on these proteins and highlight the importance of RNA
silencing suppressors (RSS) for efficient systemic spread in the
plant.

CAPSID PROTEIN
As described in the previous section, CP requirement is often
linked to the necessity to form viral particles for systemic transport.
However, CP domains distinct from those required for viral
encapsidation were reported to participate to virus long-distance
movement.

This is the case for potyviruses for which the N- and C-terminal
CP domains are dispensable for virus genome encapsidation, but
essential for virus long-distance movement (Dolja et al., 1994,
1995). In addition to being a resistance breaking determinant,
the N-terminal domain of the CP (CP-N) was shown to be a
host- and strain-specific long-distance movement determinant for
Potyviridae family members (Salvador et al., 2008; Decroocq et al.,
2009; Tatineni et al., 2011a). Similarly, the C-terminal domain of
the CP of two Tombusviridae family members, Olive latent virus-
1 (OLV-1, Pantaleo et al., 2006), and Carnation ringspot virus
(CRSV, Sit et al., 2001), was reported to be specifically involved
in systemic movement but not in particle formation, even though
virions are necessary for vascular transport of these two viruses
(Table A1 in Appendix). The most likely hypothesis regarding
the role of these CP domains in virus long-distance transport
is their exposure on the external surface of the virion allowing
them to directly interact with host factors. A recent study show-
ing that a CP domain essential for the systemic movement of
the Cucumber mosaic virus (CMV, Cucumovirus) forms a loop on
the surface of the virion reinforces this hypothesis (Salánki et al.,
2011).

Regarding the role of virus assembly in long-distance move-
ment, it has been shown for two viruses belonging to the
Tombusviridae family, the Carmovirus Turnip crinkle virus (TCV,
Cao et al., 2010), and TBSV (Qu and Morris, 2002), that particles

are dispensable for loading into vascular tissues, but are essential
for efficient vascular egress. Different molecular mechanisms may
therefore control the entry and the exit of viral genomes into and
from the SE. These data are in agreement with the fact that some
host factors (see below) specifically control viral phloem exit.

MOVEMENT PROTEIN
Plasmodesmata are small channels allowing the movement of
molecules between plant cells by forming a cytoplasmic contin-
uum known as symplasm (reviewed in Lucas et al., 2009; Maule
et al., 2011). These specialized channels used by viruses to move
from cell-to-cell, are however too small to allow passive transport
of viruses. MPs are therefore synthesized by viruses to increase
PD permeability (reviewed by Scholthof, 2005; Benitez-Alfonso
et al., 2010; Niehl and Heinlein, 2010; Schoelz et al., 2011). Inter-
estingly, some viruses like the monopartite and bipartite gemi-
niviruses, CMV, and the Red clover necrotic mosaic virus (RCNMV,
Dianthovirus) require MPs for long-distance movement (reviewed
in Waigmann et al., 2004; Ueki and Citovsky, 2007). Other studies
showed that distinct domains of the MPs are involved in virus cell-
to-cell or in long-distance transport. For instance, the C-terminus
of the non-structural protein (NSm) of the Tomato spotted wilt
virus (TSWV, Tospovirus), which is the MP of TSWV, is essential
for systemic movement (Lewandowski and Adkins, 2005; Li et al.,
2009). A similar situation is described for BMV for which the C-
terminal domain of the MP is not essential for virus cell-to-cell
movement but required for long-distance transport (Takeda et al.,
2004).

TRIPLE GENE BLOCK PROTEINS
The triple gene block (TGB) proteins, encoded by three partially
overlapping ORFs in nine genera within the Alphaflexiviridae,
Betaflexiviridae, and Virgaviridae families, and in the unassigned
genus Benyvirus, are essential for virus cell-to-cell movement
(reviewed in Morozov and Solovyev, 2003; Verchot-Lubicz et al.,
2010; Solovyev et al., 2012). Some viruses require the TGB1 pro-
tein for systemic spread (hordei-like viruses, Virgaviridae) while
other viruses (potex-like viruses, Alphaflexiviridae) are dependent
on the CP in addition to the TGB1 protein, for both cell-to-cell
and long-distance movement (reviewed in Verchot-Lubicz et al.,
2010).

TGB1 is a multifunctional protein that has, among others, the
property to bind single stranded RNA (ssRNA) and form RNP
complexes (Lough et al., 2000). This characteristic was further
studied for hordeiviruses for which RNP complexes proved to be
competent for short- and long-distance viral transport (Lim et al.,
2008). The hordeiviral TGB1 proteins differ from the potexvirus-
like TGB1 in having a longer N-terminal extension with positively
charged amino acids. This extension consists of two structurally
and functionally distinct domains, referred to as the N-terminal
(NTD) and the internal (ID) domains. TGB1-NTD is dispensable
for movement between cells, but is essential for vascular transport
(Makarov et al., 2009). The structurally disordered NTD and the
structured ID domains are both interacting with ssRNA and could
play the role of an RNA chaperone stabilizing RNP complexes in
the phloem, thereby functioning like the CP in potex-like viruses
(Makarov et al., 2009).
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Recently, TGB1-NTD of Poa semilatent hordeivirus (PSLV) was
shown to contain targeting sequences for the nucleolus and cajal
bodies (CB) (Semashko et al., 2012a). PSLV TGB1 interacts in vitro
and in vivo with fibrillarin and coilin (Semashko et al., 2012a,b),
two proteins localized respectively in the nucleolus and in CB.
As the nucleolar fibrillarin is known to play an essential role in
long-distance movement of an Umbravirus (see below), interac-
tion with fibrillarin may represent a more general mode of action
promoting viral systemic trafficking. Similar in vitro interactions
between PMTV TGB1 and fibrillarin were reported (Wright et al.,
2010; Torrance et al., 2011) but relevance of these interactions in
long-distance movement of hordeiviruses remains to be assessed
(Solovyev et al., 2012).

A very unusual and complex situation was described for PMTV
(Pomovirus genus, Virgaviridae family) regarding long-distance
transport of its three genomic RNAs. All of them require the
TGB1 to move systemically. While two of the genomic RNAs
can spread in the absence of the CP, the third RNA encoding
the CP needs the minor capsid protein (CP-RT) for phloem
transport (Torrance et al., 2009). Deletion of the N-terminal
domain of PMTV TGB1 did not affect the capacity to self-
interact, to interact with CP-RT nor with the viral RNA (Wright
et al., 2010). This domain could therefore be required for the
binding to a host factor involved in viral systemic transport
(Wright et al., 2010; Torrance et al., 2011). Together with addi-
tional observations, these data suggest that the CP-encoding
RNA moves over long-distance packaged into virions deco-
rated with both TGB1 and the CP-RT protein at one extrem-
ity (Torrance et al., 2009, 2011). This example illustrates per-
fectly the situation where a virus can reach non-inoculated leaves
using different viral forms (virus particles and CP-independent
RNP complexes) (see also “Viral complexes transported over
long-distance”).

POTYVIRUS VPg
Besides its role in virus replication (Jiang and Laliberté, 2011), the
viral genome-linked protein (VPg) of potyviruses is also involved
in virus movement. Several studies showed that VPg is the break-
ing determinant of the resistance based on virus long-distance
movement restriction. This function of the VPg was demon-
strated for Tobacco etch virus (TEV) in tobacco (Schaad et al.,
1997) and in different plant species for Potato virus A (PVA),
Nicandra physaloides (Rajamäki and Valkonen, 1999), a diploid
potato hybrid (Hämäläinen et al., 2000), and Solanum commer-
sonii (Rajamäki and Valkonen, 2002). For PVA, one amino acid
change in the central domain of the VPg is sufficient to restore
viral long-distance movement, although this resistance bypass is
host-specific (Rajamäki and Valkonen, 1999, 2002). Using grafting
experiments, it was also shown that the PVA long-distance move-
ment restriction was likely due to the absence of virus loading
into SE (Hämäläinen et al., 2000; Rajamäki and Valkonen, 2002).
The VPg is covalently linked to the 5’ end of the viral RNA and
is exposed at one extremity of the virion. It is therefore accessi-
ble for interaction with proteins and in particular with phloem
host factors involved in virus movement (Puustinen et al., 2002).
Consequently, any mutation in either the VPg or the host fac-
tors disrupting these interactions may abolish virus long-distance

movement, thereby conferring resistance to the host. This is exem-
plified by a mutation in the N-terminal part of Turnip mosaic
virus (TuMV) VPg that abolishes its interaction with the cellular
protein PVIP (see “host factors involved in phloem transport of
potyviruses”) and results in a strong delay in systemic infection
(Dunoyer et al., 2004).

POTYVIRUS 6K2
The small 6K2 protein of potyviruses is an integral membrane
protein associated toVPg in endoplasmic reticulum-derived mem-
branes (Schaad et al., 1997; Léonard et al., 2004) forming cytoplas-
mic vesicles which are viral replication sites (Cotton et al., 2009).
Rajamäki and Valkonen (1999) showed that, in addition to the VPg
(see above), the 6K2 of PVA is a virulence determinant in N. physa-
loides enabling the virus to overcome the resistance that restricts
PVA long-distance movement in this host. One amino acid change
in the N-terminal sequence of 6K2 (6K2-N) was indeed sufficient
to restore virus systemic spread. As 6K2-N is located on the cyto-
plasmic side of the membrane (Schaad et al., 1997b), it can poten-
tially interact with viral or host factors implicated in potyvirus
long-distance movement. In particular a coordinated role for the
VPg and the 6K2 proteins in PVA vascular transport can be envis-
aged. Whether the 6K2 protein from other potyviruses participates
to virus long-distance movement needs to be addressed.

UMBRAVIRUSES ORF3
Another well characterized viral protein involved in virus
long-distance movement is the Umbravirus ORF3 protein.
Umbraviruses, which do not encode a CP are unable to produce
typical virus particles (Taliansky and Robinson, 2003). Instead,
they move as filamentous RNP complexes formed by the interac-
tion between ORF3 protein and viral RNA (Taliansky et al., 2003).
ORF3 protein of GRV is able to translocate heterologous viral RNA
through the whole plant (Ryabov et al., 1999, 2001). In all cell
types, and particularly in phloem cells, ORF3 protein accumulates
in cytoplasmic inclusions containing filamentous RNP particles
(Taliansky et al., 2003). A remarkable shuffling of ORF3 protein
from the cytoplasm to the nucleus is essential for virus movement
(Ryabov et al., 1998, 2004). Indeed, the ORF3 protein traffics to
the nucleolus via a mechanism involving the reorganization of
CBs into multiple CB-like structures (CBL) and their fusion with
the nucleolus (Kim et al., 2007a,b). In these nuclear structures,
the interaction between the ORF3 protein and the nuclear protein
fibrillarin mediates the relocalization of fibrillarin to the cyto-
plasm where it is integrated into viral RNP complexes together
with the ORF3 protein (Kim et al., 2007a,b). A direct interac-
tion between the leucine-rich domain of the ORF3 protein and
the Glycine- and Arginine-Rich domain of fibrillarin was fur-
ther demonstrated (Kim et al., 2007a). Functional analysis using
ORF3 protein mutants and N. benthamiana silenced for fibrillarin
expression, revealed a correlation between the ORF3/fibrillarin
interaction, the formation of RNP complexes, and the virus long-
distance transport (Kim et al., 2007a,b). Finally, in vitro reconsti-
tuted ORF3 protein/fibrillarin/viral RNA complexes were shown
to be infectious in planta suggesting that no additional viral or
plant factor is required for Umbravirus long-distance movement
(Canetta et al., 2008).
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LONG-DISTANCE VIRAL DETERMINANTS OF PHLOEM-LIMITED VIRUSES
Closterovirus proteins
Closteroviruses form long filamentous particles bearing a tail com-
posed of several proteins involved in cell-to-cell transport (Napuli
et al., 2003; Peremyslov et al., 2004). The tail of the particle was
therefore proposed to be a specialized transport device and not
merely a protection for viral RNA. The MP Hsp70h of Beet yel-
lows virus (BYV) is one of the tail components that targets the cell
periphery and PD (Prokhnevsky et al., 2005). Hsp70 interacts with
p20, a protein which was shown, by atomic force microscopy on
BYV particles, to be also located at the tip of the tail (Prokhnevsky
et al., 2002; Peremyslov et al., 2004). This interaction may there-
fore provide a PD docking site for p20. P20 has a moderate effect
on virus local spread, whereas it is essential for virus long-distance
movement (Prokhnevsky et al., 2002). By it localization, p20 may
facilitate entry into or exit from the phloem via direct or indirect
modifications of the PPUs connecting CC and SE (Prokhnevsky
et al., 2002). P20 could also function to stabilize virions inside
the phloem sap or could eventually inactivate phloem antiviral
plant defense response (Prokhnevsky et al., 2002; Peremyslov et al.,
2004).

Another BYV protein involved in virus long-distance move-
ment is the leader proteinase (L-Pro) which functions in RNA
replication and in polyprotein processing (Peng et al., 2003). Both
non-conserved N-terminal and conserved C-terminal domains of
L-Pro seem to be involved in BYV long-distance movement. How-
ever, in contrast to the p20 protein, L-Pro is not associated to
virions and its mode of action in virus long-distance transport
remains to be determined.

In the case of Citrus tristeza virus (CTV), three non-conserved
genes corresponding to the p33, p18, and p13 proteins can be
deleted without affecting the ability of the virus to systemically
infect the more susceptible citrus trees (Tatineni et al., 2008). In
some others citrus species, one or two of these genes are essen-
tial for systemic infection (Tatineni et al., 2011b). Two additional
genes encoding p20 and p6 proteins are suspected to be required
for virus wide spread throughout citrus trees (Tatineni et al., 2008).
However, the BYV p6 homolog was considered by Alzhanova et al.
(2000) as a MP.

Polerovirus P4 and readthrough proteins
Polerovirus virions are composed of the major coat protein of
23 kDa and a minor component, the readthrough protein (RT).
This protein of about 74 kDa is a C-terminally extended form of
the CP produced by occasional suppression of the CP termina-
tion codon. It gets processed by an unknown mechanism into
a 54 kDa protein (RT∗), which is found incorporated into viri-
ons. CP, RT, and RT∗ are involved in virus long-distance transport
(Bruyère et al., 1997; Brault et al., 2000; Peter et al., 2008; Brault
and Boissinot, personal communication). Particles were detected
in PD connecting nucleated phloem cells and SE suggesting that
virions are the phloem mobile device of poleroviruses (Esau and
Hoefert, 1972; Shepardson et al., 1980; Mutterer et al., 1999).
Moreover, virions were observed in sap collected from cucumbers
infected with the polerovirus Cucurbit aphid-borne yellows virus
(CABYV, Brault and Boissinot, personal communication). Muta-
tions in the CP gene that disrupt virion formation inhibit systemic

transport (Brault et al., 2003), reinforcing the role of virus particles
in polerovirus long-distance movement. Mutations or deletions
affecting synthesis and/or incorporation of the RT∗ protein into
Potato leafroll virus (PLRV) virions reduce or completely inhibit
virus systemic movement, depending on the hosts (Peter et al.,
2008). Furthermore, the C-terminal part of the RT protein was
reported to be important to confine PLRV to the phloem tissue
(Peter et al., 2009).

P4, on the other hand, is a non-structural protein sharing
biochemical and cellular characteristics of conventional cell-to-
cell MPs like its ability to bind ssRNA, target PD, increase PD
SEL, form homodimers and be phosphorylated (Tacke et al.,
1993; Schmitz et al., 1997; Sokolova et al., 1997; Hofius et al.,
2001; De Cilia and Ziegler-Graff, personnal communication). P4-
defective polerovirus mutants are still able to replicate in proto-
plasts (Ziegler-Graff et al., 1996), but are impaired in their ability
to move over long-distances although only in some hosts. As the
involvement of P4 in cell-to-cell movement has not been precisely
addressed yet, essentially by the lack of experimental system, it
is possible that the impaired vascular movement of P4 mutants
originates from a delay in cell-to-cell transport (Lee et al., 2002;
Ziegler-Graff and Brault, unpublished results). A working hypoth-
esis could be the co-existence of two movement pathways, one
dependent and the other independent of P4 (Ziegler-Graff et al.,
1996). Additional experiments are required to decipher the precise
role of P4 in polerovirus movement.

RNA SILENCING SUPPRESSORS
The discovery of RNA silencing and the concomitant character-
ization of the RSS led to shed new light on long-distance traf-
ficking of viruses in the phloem. In higher plants and insects,
RNA silencing is an adaptive major defense mechanism against
viruses based on the production of virus-specific short interfering
RNA (siRNA) able to target cognate RNA sequences. These siRNA
are generated from double-stranded RNA (dsRNA) by Dicer-like
enzymes (DCL) and then recruited by RNA-induced silencing
complexes (RISC) containing an ARGONAUTE (AGO) effector
protein. siRNA guide the sequence-specific cleavage by AGO1 of
homologous targets (Ding and Voinnet, 2007). Interestingly, RNA
silencing is a non-cell autonomous process known to function
through a silencing signal able to spread through PD from the
initial cell, where silencing was triggered, to the adjacent cells, but
also over long-distance following the plant vasculature (Kalan-
tidis et al., 2008). The silencing signal travels ahead of the viral
infection front, immunizing the recipient tissues, and preventing
the systemic spread of the virus toward upper non-infected leaves
(Schwach et al., 2005; Ding and Voinnet, 2007). The silencing sig-
nal is amplified by host RNA-dependant RNA polymerases (RDR;
Schwach et al., 2005) thereby generating new sources of dsRNA
that are processed into secondary siRNA (Wang et al., 2010). The
identity of the mobile silencing signal was recently confirmed as
being a small RNA duplex (Dunoyer et al., 2010). Thus, the siRNA
signal does not only reduce viral accumulation in the initially
infected cell, but can also move ahead of the virus, restricting
subsequent virus cell-to-cell movement and systemic trafficking.

To counter this host defense, viruses have developed diverse
strategies by encoding RSS that interfere with the activity of
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various compounds of the silencing pathway (Burgyán and
Havelda, 2011). Many RSS were previously known as virulence
factors able to intensify symptoms or promote systemic infection
(Díaz-Pendón and Ding, 2008). But RSS are often multifunctional
proteins that display essential roles in the infection process like
replication, coating, movement, and pathogenesis, which may hin-
der their study. Since the discovery of RSS almost 15 years ago,
two main strategies of inhibition of the silencing pathway have
emerged. The first one involves binding to the small RNA duplex,
thus preventing siRNA loading into the RISC complex (Lakatos
et al., 2006; Mérai et al., 2006). This process also inhibits the spread
of the silencing signal to neighboring cells (Silhavy et al., 2002)
and to distant parts of the plant (Dunoyer et al., 2010). The sec-
ond mode of action of RSS targets the effector protein AGO1 that
functions cell-autonomously (Dunoyer et al., 2010). The mecha-
nism inhibits both the primary and the secondary siRNA-guided
cleavage, impairing the generation of new antiviral silencing sig-
nals. This section will focus on RSS that were reported to promote
viral long-distance movement and will attempt to correlate the
mode of action of the RSS with their requirement for viral spread.

Tombusvirus P19
The P19 protein encoded by TBSV (Tombusviridae) is essential
for long-distance spread in spinach and pepper plants, while it is
dispensable for systemic infection of N. benthamiana and N. cleve-
landii, suggesting that P19 displays an essential host-dependent
role in systemic movement (Scholthof et al., 1995). However, a
recent study showed that P19 is required for systemic infection
in N. benthamiana upon root inoculation with TBSV, inferring
that silencing in the inoculated root cells is more immediate and
effective than in leaves (Manabayeva et al., 2013). During the fol-
lowing years, several studies have characterized P19 as an RSS.
First, expression of P19 was able to prevent RNA silencing in
the upper leaves of an infected plant, but P19 could not reverse
established RNA silencing, suggesting that P19 compromised the
systemic spread of a signal needed for activation of RNA silenc-
ing (Voinnet et al., 1999). Molecular studies demonstrated that
P19 binds dsRNA of 21 bp with a high affinity (Silhavy et al.,
2002). Crystallographic data further confirmed that P19 dimers
can specifically sequester siRNA duplexes (Vargason et al., 2003;
Ye et al., 2003). Recent findings also showed that P19 interferes with
the spread of siRNA duplexes, which were identified as the signal
of systemic RNA silencing (Dunoyer et al., 2010). Finally, elegant
in situ hybridization experiments revealed that the P19 of Cym-
bidium ringspot virus (CymRSV,Tombusvirus) promoted virus exit
from vascular tissues into the surrounding cells and the subsequent
systemic infection of the upper leaves (Havelda et al., 2003).

Cucumovirus 2b
The second best studied RSS is the 2b protein encoded by CMV.
This small protein of 100 amino acids encoded by a cryptic ORF
was found to enhance virus systemic spread in a host-dependant
manner. The Q-strain of CMV mutant lacking the 2b ORF (CMV-
∆2b) was unable to systemically infect cucumber plants although
it accumulated in inoculated cotyledons (Ding et al., 1995). In
tobacco plants however, the same CMV-∆2b virus was able to
spread systemically to upper leaves. A similar 2b-deletion mutant

of the severe Fny-strain of CMV remained infectious in tobacco
and N. benthamiana, but its movement dynamics was affected in
both inoculated and systemic leaves. Moreover, infected plants did
not develop symptoms (Soards et al., 2002; Ziebell et al., 2007).
These experiments argue for an effect of both the virus strain
and the host in CMV long-distance movement and symptom
induction.

Additional studies showed that the 2b protein was able to pre-
vent the spread of the systemic silencing signal (Brigneti et al.,
1998; Guo and Ding, 2002), facilitating infection of distal parts
of the plant. Information unraveling the mode of action of the
2b protein came from genetic studies on A. thaliana wild-type
and rdr mutants infected with a 2b-deficient CMV mutant (Diaz-
Pendon et al., 2007). These studies showed that the 2b protein
expressed from the CMV genome severely reduced the accumula-
tion of viral secondary siRNA produced by RDR1 or RDR6 (Wang
et al., 2011). In addition, several functional studies also revealed
that the 2b protein displays a dual mode of silencing inhibition.
First, by physically interacting with AGO1, the 2b protein is able to
block the slicing activity of AGO1 (Zhang et al., 2006). Secondly,
by binding directly to siRNAs duplexes it could prevent the antivi-
ral activity of the small RNA (Goto et al., 2007). Although the
specific contribution of each function of the 2b protein during the
CMV infection process is hard to assess presently, it is clear that
the CMV 2b protein facilitates short- and long-distance spread of
the virus in planta.

Potyvirus HC-Pro
Fundamental studies on potyviruses based on mutagenesis showed
that the central part of TEV HC-Pro, but not the N- and C-
terminal domains, is required for viral long-distance movement
and replication-maintenance functions (Dolja et al., 1993; Cronin
et al., 1995; Kasschau and Carrington, 2001). Further experiments
correlated both replication and long-distance trafficking functions
with the silencing suppression activity of HC-Pro (Kasschau and
Carrington, 2001). Conversely to TEV HC-Pro, the N-terminal
domain of the HC-Pro of Tobacco vein mottling virus (TVMV)
and Papaya ringspot virus (PRSV) was essential to inhibit RNA
silencing (Yap et al., 2009).

Long-distance movement deficiency of Plum pox potyvirus
(PPV) in tobacco plants could be complemented in transgenic
plants expressing the 5′ terminal region of the TEV genome
(containing the HC-Pro coding sequence), but not in plants
transformed with a mutated form of TEV HC-Pro (Sáenz et al.,
2002).

Interestingly, a TuMV mutant, deficient in HC-Pro and unable
to move systemically in A. thaliana wild-type plants, regained
long-distance movement when both RDR1 and RDR6 were
knocked out (Garcia-Ruiz et al., 2010). This strongly supports
the hypothesis that HC-Pro promotes systemic infection by
suppressing an siRNA-dependent activity.

Functional studies on the RSS activity of HC-Pro showed
that the protein is able to bind siRNA duplexes and thereby
impairs loading of new siRNA into RISC complexes and further
compromises the amplification step by the plant RDRs (Lakatos
et al., 2006). This fundamental siRNA loading into RISC can also
be inhibited indirectly as HC-Pro has the potential to suppress the
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3′-terminal methylation of siRNA mediated by HEN-1 (Ebhardt
et al., 2005; Jamous et al., 2011). Cleavage activity of programed
RISC was however not affected.

Recently, a transcription factor RAV2 induced by the ethylene
defense pathway was identified as being required for suppression
of silencing mediated by HC-Pro (Endres et al., 2010).

Carmovirus P38 (TCV)
Turnip crinkle virus CP (also referred to as P38) is a multifunc-
tional protein involved in virus assembly, but also in suppression
of RNA silencing and in induction of R gene-mediated resistance
(Cohen et al., 2000; Qu et al., 2003; Choi et al., 2004). Its direct
role in long-distance movement was investigated by uncoupling
packaging and RSS functions using a genetic approach and a
GFP-labeled TCV deleted of its CP gene (Deleris et al., 2006).
The deficient encapsidation function was provided by transgenic
plants expressing a TCV CP mutant unable to suppress RNA
silencing. The successful sap inoculation of P38-expressing plant
by this trans-encapsidated GFP-TCV-∆CP mutant showed for
the first time, that TCV CP promotes systemic trafficking by
its RNA silencing suppression activity in an assembly indepen-
dent way. Similarly, the N-terminal domain of the CP eliciting R
gene-mediated resistance is not involved in RNA silencing sup-
pression (Choi et al., 2004). More recently, Cao et al. (2010)
reinvestigated the genetic requirements for TCV long-distance
movement using A. thaliana mutants lacking antiviral silencing
activity (dcl2dcl3dcl4). By monitoring the propagation of sev-
eral TCV CP mutants in such plants they observed that only
mutants bearing a functional silencing suppression activity could
invade the vasculature of systemic leaves. Moreover, in this genetic
background, all viral mutants unable to form particles remained
restricted to the vascular tissues of upper leaves. These obser-
vations suggested the existence of two barriers that could block
the systemic spread of TCV. The first barrier would be at the
entry point into the vascular bundles and could be overcome
by the CP, even if the protein is deficient for encapsidation.
The second barrier corresponding to the exit from the vascular
bundles of systemically infected leaves would be dependent on
virus assembly. The apparent discrepancy between these data and
those presented by Deleris et al. (2006) could arise from different
experimental conditions (inoculum, organ analyzed) (Cao et al.,
2010).

Regarding the mechanism of action of CP as RSS, several stud-
ies pointed out different properties that would highlight a possible
dual function, reminding the case of the CMV 2b protein (see
above). Mérai et al. (2006) showed that TCV CP is able to inhibit
the processing of dsRNA into siRNA and that it binds dsRNA
in a size-independent manner. This infers that CP inhibits the
generation of siRNA from hairpin transcripts by competing with
DCL for long dsRNA. This hypothesis is in agreement with the
genetic evidence showing that DCL4, which confers the primary
antiviral activity in A. thaliana, is inhibited in TCV-infected cells
(Deleris et al., 2006). Moreover, a recent study demonstrated that
the TCV CP is able to interact with AGO1 by mimicking the
cellular GW/WG repetitive motif of AGO1-interacting proteins,
and thereby interfering with AGO1 functions (Azevedo et al.,
2010).

Closterovirus
The genome organization of Closteroviridae displays complex and
diversified coding capacities. Among the 10 proteins encoded
by BYV, two were reported to be enhancers of replication and
involved in long-distance movement, the L-Pro and the p21 pro-
teins. Only the latter exhibited silencing suppression activity (Reed
et al., 2003). Biochemical studies showed that p21 binds siRNA
duplexes (Chapman et al., 2004). The crystal structure of p21
revealed an octameric ring architecture with a large central cavity
likely involved in RNA-binding (Ye and Patel, 2005). Although
the structure bears no similarity with that of the TBSV p19
RSS, their activity might be very similar by sequestering siRNA
duplexes.

The situation is very different for the phloem-restricted CTV.
Three silencing suppressors were identified among the 12 proteins
encoded by CTV: p20, a homolog of BYV p21, CP, and p23 (Lu
et al., 2004). P23 which is unique among closteroviruses (Dolja
et al., 2006) is an RNA-binding protein with a Zn-finger motif
(López et al., 2000). P23 and p20 inhibit intercellular silencing
while p20 and the CP act intracellularly on RNA silencing. Among
these proteins, only p20 is potentially involved in long-distance
spread in citrus, but no molecular data are yet available to explain
its mode of action.

Beet necrotic yellow vein virus p14
By a point mutagenesis approach, the reported RSS of Beet necrotic
yellow vein virus (BNYVV, Benyvirus), p14, was shown to be essen-
tial for virus long-distance movement in Beta macrocarpa (Chiba
et al., 2013) while it was dispensable for replication or virus
cell-to-cell trafficking. P14 is a zinc-finger cysteine-rich protein
that targets the nucleolus. Systemic spread was directly corre-
lated to the silencing suppressor activity but was independent
of the specific nucleolar localization. Interestingly, the RSS activ-
ity of p14 was found more active in root than in leaves, which
makes sense as BNYVV is a soil-transmissible virus (Andika et al.,
2012).

RNA MOTIFS
Formation of viral RNP complexes and their transport in SE is
likely to require the presence of RNA motifs recognized by viral
or cellular proteins. RNA sequences critical for systemic infection
were first identified for viroids, these unconventional pathogens
which do not encode proteins and are transported over long-
distances in the form of RNP complexes (Ding, 2009). Specific
RNA loops found on the Potato spindle tuber viroid (PSTVd)
sequence resemble protein-binding sites on rRNAs (Zhong et al.,
2007, 2008; Ding, 2009). These structures could potentially be the
target site for phloem proteins like the phloem lectin PP2 which
was shown to bind viroid RNA in vitro and in vivo (Gómez and
Pallás, 2001, 2004; Owens et al., 2001).

Identification of RNA motifs required for systemic transport
is not restricted to viroids and has recently been shown for
benyviruses. Although BNYVV RNA-3 is not required for cell-
to-cell movement, it is essential for virus vascular movement in
B. macrocarpa, but not in S. oleracea (Tamada and Abe, 1989;
Lauber et al., 1998). Using RNA-3 mutants, Lauber et al. (1998)
showed that the sequence essential for movement is located in
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an internal “core” domain of RNA-3 and does not require pro-
tein expression. RNA-3, and not the encoded proteins, is therefore
described as a host-specific long-distance factor for BNYVV. Inter-
estingly, BNYVV RNA-3 can be successfully replaced by Beet soil-
borne mosaic benyvirus (BSBMV) RNA-3 for systemic spread in B.
macrocarpa (Ratti et al., 2009). A fully conserved 22 nucleotides
sequence in BNYVV and BSBMV RNA-3 sequences was desig-
nated as the “coremin” sequence. This sequence is also present in
BNYVV RNA-5, BSBMV RNA-4, as well as in other viral RNA
species belonging to the genus Cucumovirus (Ratti et al., 2009).
It could therefore represent a viral determinant involved in long-
distance movement of different viruses. Site directed mutagenesis
of the coremin sequence confirmed the role of this sequence in
BNYVV systemic spread in B. macrocarpa (Peltier et al., 2012). An
even more complex view of benyvirus long-distance trafficking
can be underlined as BNYVV RSS p14, was found to take part in
this function (Chiba et al., 2013; and previous section on RSS).
Additional experiments are required to decipher the molecular
mechanism by which the coremin sequence affects benyviruses
vascular transport and to identify plant and/or viral partners of
this RNA sequence.

HOST DETERMINANTS PROMOTING OR RESTRICTING VIRUS
LONG-DISTANCE MOVEMENT
In addition to viral components, host factors can be recruited
to assist virus phloem transport. Cellular proteins are potentially
involved in the formation of viral complexes and can foster an
efficient delivery of such complexes to and through PD. They may
also act as stabilizing factors or as protective agents against plant
defense mechanisms. Such plant factors were mostly identified by
different screens, either genetic using various A. thaliana mutants
or biochemical using host cDNA libraries in yeast two-hybrid
experiments. Host proteins interacting with viral movement deter-
minants and whose implication in virus vascular trafficking has
been demonstrated are listed in Table A2 in Appendix. Most of
these cellular proteins are usually host and virus-specific, sug-
gesting that more than a unique molecular process governs virus
long-distance transport. This implies also that many more factors
remain to be discovered, which will certainly help to unravel the
mechanisms by which the cellular components assist viral systemic
movement.

In contrast to these factors facilitating virus transport, other
plant proteins function to restrict virus long-distance movement
leading to virus resistance. Information on these specific cellular
determinants is still extremely sparse.

HOST DETERMINANTS THAT PROMOTE VIRUS SYSTEMIC MOVEMENT
Host factors involved in phloem transport of tobamoviruses
A screen of EMS A. thaliana treated plants identified a mutant
named vsm1 (virus systemic movement) in which entry of Turnip
vein clearing virus (TVCV) into vascular tissue is inhibited (Lartey
et al., 1997, 1998). The effect of vsm1 on virus systemic spread
seems to be specific to tobamoviruses because transport of TCV,
a carmovirus, is not affected by the vsm1 mutation, whereas long-
distance movement of the tomato strain of Tobacco mosaic virus
(TMV), another tobamovirus, is restrained in the A. thaliana
mutant (Lartey et al., 1998). Genetic analysis showed that vsm1

is a recessive mutation at a single locus that has not been mapped
yet. As the systemic movement was likely blocked at the level of
entering the vascular tissue in the mutant plant, it was hypothe-
sized that VSM1 could assist virus loading into SE (Lartey et al.,
1998).

Another recessive resistance gene to TMV-U1 strain was identi-
fied in A. thaliana Col-0 and named DSTM1 for Delayed Systemic
Tobamovirus Movement 1 (Pereda et al., 2000). Strikingly, virus
particles observed in the vascular tissue of this accession displayed
a different morphology (curved virions) than those observed in
mesophyll cells of Col-0 or in susceptible accessions (rigid rods)
(Serrano et al., 2008). This suggests that DSTM1 may encode a
phloem host factor required for correct virion assembly, virus
stability or virus transport in the SE.

In addition to VSM1 and DSTM1 genes that have not yet been
precisely mapped, two known cellular proteins have been shown
to participate in long-distance transport of tobamoviruses. Pectin
methylesterase (PME), a cell wall protein of tobacco required for
cell-to-cell movement of TMV, may also assist virus long-distance
transport (Chen et al., 2000; Chen and Citovsky, 2003). Specific
inhibition of PME expression in tobacco tissues led to a significant
delay of TMV systemic infection. Immunofluorescence confo-
cal microscopy observations of inoculated PME-silenced plants
showed that the virus is loaded into the host vasculature, but
is inefficiently unloaded from the phloem into non-inoculated
leaves. These results infer that virion entry into and exit from vas-
culature are controlled by two different mechanisms, and PME
could act at the level of virus egress from SE. Whether an inter-
action between PME and TMV MP is required for virus phloem
unloading has not been addressed (Chen and Citovsky, 2003).

The other protein affecting long-distance transport of
tobamoviruses is the IP-L protein of 16.8 kDa, an “elicitor respon-
sive protein,” also related to senescence. IP-L was identified by
screening a tobacco cDNA library using a yeast two-hybrid assay
with the CP of Tomato mosaic virus (ToMV) as a bait. Repression
of IP-L expression by virus-induced gene silencing (VIGS) led to
a delay in virus accumulation in non-inoculated leaves. This sug-
gests that a high expression level of IP-L is important for efficient
ToMV systemic infection (Li et al., 2005), a hypothesis sustained
by the increased IP-L mRNA accumulation observed in ToMV
infected N. tabacum (Li et al., 2005). The mechanism by which
IP-L affects viral systemic movement is still unknown.

Host factors involved in phloem transport of potyviruses
Using a yeast two-hybrid system screen, a cellular factor interact-
ing with the VPg proteins of different potyviruses was identified
from pea and named PVIP for Potyvirus VPg-interacting protein
(Dunoyer et al., 2004). The PVIP orthologs in N. benthamiana and
A. thaliana exhibit the same ability to bind potyvirus VPg pro-
teins. The VPg determinants involved in the binding are located
in the N-terminal part of the protein. The PVIP/VPg interaction
was shown to be important for virus movement, as mutations in
the VPg sequence preventing its interaction with PVIPs strongly
reduced TuMV local and systemic movement (Dunoyer et al.,
2004). However, it is not clearly determined whether the effect
on long-distance movement is a direct consequence or an indi-
rect effect due to slower cell-to-cell movement. Reduction of
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PVIP expression in transgenic RNAi lines showed that PVIP is
not required for virus replication, but functions as an ancillary
factor for potyvirus movement. PVIP is part of a small gene fam-
ily of A. thaliana whose proteins contain a plant homeodomain
(PHD) with the capacity to regulate gene expression through
histone modifications (reviewed in Cosgrove, 2006). The Ara-
bidopsis PVIP2 and PVIP1 correspond to OBERON1 (OBE1) and
OBERON2 (OBE2) respectively, which were described as having
redundant functions in the establishment and/or maintenance of
the shoot and root apical meristems (Saiga et al., 2008; Thomas
et al., 2009). They also act as central regulators in auxin-mediated
control of development (Thomas et al., 2009). The nuclear local-
ization of both VPg (Restrepo et al., 1990; Rajamäki and Valkonen,
2009) and PVIP factors (Saiga et al., 2008) raises the possibil-
ity that PVIP/VPg interaction may modulate expression of host
genes involved in virus movement.

A resistance screen of several A. thaliana accessions identified
a recessive resistance gene, referred to as SHA3, which strictly
restricts PPV long-distance movement. By genetic linkage and
genome-wide association analyses, the gene was positioned at the
bottom of chromosome 3 in a cluster of 13 genes encoding RTM3
(a resistance gene involved in the restriction of potyvirus long-
distance movement; see below) and RTM3-likes genes (Pagny et al.,
2012). However, the two genes SHA3 and RTM3, both involved in
potyvirus long-distance transport, were shown to be distinct genes.
The cloning of SHA3 will be an important breakthrough, as it will
represent the first identified susceptibility factor directly involved
in potyvirus systemic movement.

Role of the nucleolar fibrillarin in viral long-distance movement
There is growing evidence that fibrillarin, a major nucleolar pro-
tein essential for RNA processing, functions in long-distance
transport of RNA viruses. This implies a nucleolar phase in the
virus life cycle, which is the case for umbraviruses (see above;
Taliansky et al., 2010). A. thaliana fibrillarin expression knock-
down by RNA silencing did not affect umbravirus replication,
nor virus cell-to-cell movement, but inhibited virus long-distance
transport (Kim et al., 2007b). Fibrillarin interacts directly with
the GRV long-distance movement factor (ORF3 protein) and this
interaction induces a redistribution of the fibrillarin/ORF3 protein
complexes in the cytoplasm. Such complexes associate with viral
RNA to form RNP particles which are then transported from cell-
to-cell, and ultimately loaded into SE for virus systemic movement
(Kim et al., 2007a). Implication of fibrillarin in virus long-distance
trafficking is likely not limited to umbraviruses because PLRV
(Polerovirus) is unable to move systemically in fibrillarin-silenced
plants, while viral accumulation in inoculated leaves remains unaf-
fected (Kim et al., 2007b). Viruses from the Virgaviridae family,
like PMTV and PSLV, represent other examples for which the MP
TGB1 localizes to the nucleolus and interacts with fibrillarin (see
above; Wright et al., 2010; Semashko et al., 2012a). Whether fib-
rillarin is involved in long-distance movement of these viruses has
not been established yet.

Role of Tcoi1 and PP1 in Cucumber mosaic virus movement
A yeast two-hybrid screen of a N. tabacum cDNA library with
the CMV-1a protein, a replication essential protein, led to the

identification of the Tcoi1 gene product (Kim et al., 2008). Tcoi1
protein contains a methyltransferase domain that interacts with
the CMV-1a protein leading to methylation of the viral protein
(Kim et al., 2008). When over-expressed in transgenic plants, Tcoi1
protein increased CMV RNA accumulation in non-inoculated
leaves. The opposite effect was observed in transgenic plants where
Tcoi expression was reduced. Conversely, CMV infectivity was not
affected by Tcoi1 in inoculated leaves, supporting that Tcoi1 influ-
ences CMV long-distance movement (Kim et al., 2008). Overall,
these data suggest that protein methylation is crucial for CMV-
1a function, thereby facilitating viral replication and/or systemic
movement.

P48 is another protein, identified in C. sativus phloem exudate,
potentially involved in CMV long-distance transport and showing
virus-binding capacity (Requena et al., 2006). P48 is homologous
to Cucurbita maxima PP1, a 96 kDa protein synthesized in CC,
found in P-protein filaments together with PP2, and which can be
translocated with the phloem stream (Requena et al., 2006). Inter-
action between p48 and CMV viral particles is partially responsible
for the increased resistance of virions to RNase A when they are
mixed with phloem exudate (Requena et al., 2006). Based on these
results, it is conceivable that CMV virions-p48 complexes could
be important for CMV particle stability, virion release into SE or
virion transport in the sap.

HOST DETERMINANTS WHICH RESTRICT VIRUS LONG-DISTANCE
MOVEMENT
Virus resistance can be achieved by blocking virus long-distance
movement. A few examples of such resistance have been geneti-
cally characterized for several viruses (Caranta et al., 1997, 2002;
Mahajan et al., 1998; Revers et al., 2003; Decroocq et al., 2006;
Maule et al., 2007), but only few genes were identified by cloning.

cdiGRP and callose deposition
Experiments performed by Ueki and Citovsky (2002) showed that
TMV and TVCV (Tobamovirus) systemic movement was reduced
in tobacco plants treated specifically with low but not with high
concentrations of the heavy metal cadmium. Using cDNA library
subtraction experiments, a glycine-rich protein (GRP), which
expression is specifically induced by low cadmium level, was iden-
tified and named cadmium-ion-induced GRP protein (cdiGRP).
This vascular protein is localized in the cell wall of SE and CC. It
contains an amino-terminal secretion signal, an internal glycine-
rich domain and a carboxy-proximal cysteine-rich domain which
could be responsible for protein cell wall targeting. Antisense
expression of the cdiGRP cDNA in tobacco plants reduced cdiGRP
mRNA accumulation in cadmium-treated plants, and allowed sys-
temic movement of TVCV. Conversely, over-expression of cdiGRP
reduces TVCV systemic movement by preventing the exit of viri-
ons from vascular bundles, which reinforces the role of cdiGRP
in restricting virus long-distance trafficking. The blocking capac-
ity of cdiGRP may be explained by callose deposition in the cell
wall of phloem cells observed after cadmium treatment, or after
constitutive expression of cdiGRP.

RTM genes
A genetic screen of EMS-mutagenized A. thaliana Col-0 popula-
tions identified several mutants allowing long-distance movement
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of TEV in an ecotype that normally restricts the virus to inoculated
leaves. The identified RTM (for Restricted TEV Movement) resis-
tance genes are dominant and effective against several potyviruses
(Mahajan et al., 1998; Revers et al., 2003; Decroocq et al., 2006).
In this resistance process, viral replication and cell-to-cell move-
ment in inoculated leaves are not affected, HR and systemic
acquired resistance (SAR) are not triggered and salicylic acid is not
involved (Mahajan et al., 1998). Genetic characterization of nat-
ural A. thaliana accessions and A. thaliana mutants showed that
at least five dominant genes, named RTM1, RTM2, RTM3, RTM4,
and RTM5, are involved in this resistance (Mahajan et al., 1998;
Whitham et al., 1999; Cosson et al., 2012). A single mutation in
one of the RTM genes is sufficient to abolish the resistance pheno-
type (Whitham et al., 1999). RTM1 encodes a protein belonging
to the jacalin family (Chisholm et al., 2000). RTM2 expresses a
protein with similarities to small heat shock proteins and con-
tains a transmembrane domain (Whitham et al., 2000). RTM3
belongs to a meprin and TRAF homology (MATH) domain pro-
tein family, and possesses a coiled-coil domain at its C-terminal
end. In addition, it was shown that RTM3 interacts with RTM1
(Cosson et al., 2010). RTM4 and RTM5 have only been genet-
ically characterized (Cosson et al., 2012). RTM1 and RTM2 are
specifically expressed in phloem-associated tissues and the corre-
sponding proteins localize to SE (Chisholm et al., 2001). Despite
the fact that the CP of potyviruses is the viral determinant over-
coming the RTM resistance (Decroocq et al., 2009), none of the
RTM proteins has been found to interact with CP (Cosson et al.,
2010). However, interaction between CP, or whole virions, with
RTM proteins mediated by additional cellular or viral proteins is
still conceivable. Indeed, self- and cross-interactions of RTM1 and
RTM3 were observed which suggest that these proteins may be
part of a larger protein complex (Cosson et al., 2010). Different
hypothesis can be proposed regarding the RTM resistance mech-
anism: (i) virus particles, in the process of being loaded into SE,
could be sequestered by the RTM complex; (ii) the RTM complex
could reduce virus accessibility to cellular factor(s) or structure(s)
required for potyvirus long-distance movement; (iii) RTM com-
plex could activate a movement-restricting response of the plant
following virus infection.

Proteolysis
A study on PVX long-distance movement suggested an unex-
pected role of protein degradation in viral phloem exit. PVX
TGB1 and CP were fused to GFP and expressed in transgenic
N. benthamiana under the control of a CC-specific promoter
(Mekuria et al., 2008). Whereas the fusion proteins were largely
confined to the vasculature in petioles and leaves, indicating their
inability to exit the phloem, they spread into mesophyll cells in
plants treated with proteasome inhibitors. A similar effect was
observed in plants infected with PVX. These data raise the intrigu-
ing hypothesis that proteolysis could play a role in restricting viral
proteins in the phloem, and that PVX has the ability to protect
its own proteins from proteasomal degradation (Mekuria et al.,
2008). Further molecular and genetic studies are required to deci-
pher the underlying mechanism. These data point out that the
proteasome degradation process may be active in the phloem
which is in accordance with the detection of many proteasome

components in the SE (Lin et al., 2009; Dinant and Lemoine,
2010). Another study by Jin et al. (2006) showed that down-
regulation of the 26S proteasome subunit RPN9 alters vascular
development and leads to inhibition of viral systemic infection.
However, the effect on virus long-distance movement could also
originate from pleiotropic effects due to alteration of the plant
vasculature.

SA-mediated defense response
In addition to its essential role in the development of the hyper-
sensitive response (HR) and the SAR (Vlot et al., 2009), salicylic
acid (SA) may restrict long-distance movement of plant viruses as
exemplified in several studies.

In tobacco and in A. thaliana plants treated with SA, CMV
systemic movement is delayed whereas virus replication and cell-
to-cell movement are unaffected in inoculated leaves. This SA-
induced inhibition of CMV systemic movement involves the mito-
chondrial signaling pathway (Naylor et al., 1998; Mayers et al.,
2005). Ji and Ding (2001) showed that systemic movement of a
CMV mutant that does not express the RSS 2b, was completely
blocked by SA treatment in young N. glutinosa seedlings, while
the wild-type CMV spread was unaffected. This assay evidenced
that the CMV 2b protein antagonized the SA-based host defense
mechanism. However, the RSS activity of the CMV 2b protein (see
above section) may overlap the effect on SA-resistance. Lewsey
and Carr (2009) showed that in A. thaliana DCLs 2, 3, and 4 are
dispensable for SA-induced resistance to CMV which means that
the RNA silencing pathway controlled by these three DCLs is not
involved in SA-induced resistance.

Another evidence showing that SA is involved in virus long-
distance transport comes from PPV inoculation experiments
on N. tabacum plants. Although PPV replicates and moves
from cell-to-cell in the inoculated leaves, it cannot reach non-
inoculated leaves in this host (Sáenz et al., 2002; Alamillo et al.,
2006). However, PPV was able to move systematically in trans-
genic tobacco plants expressing either HC-Pro of TEV or the
NahG gene encoding the bacterial salicylate hydroxylase, a SA-
degrading enzyme (Alamillo et al., 2006). Interestingly, double
transgenic plants expressing both TEV HC-Pro and the NahG
gene showed increased spread of PPV, suggesting that RNA
silencing and SA-mediated defense have additive effects on PPV
infection.

Finally, inhibition of CaMV long-distance movement was also
observed in cpr1 and cpr5 A. thaliana mutants possessing a consti-
tutive over-expression of SA due to the absence of negative regula-
tors of the SA metabolic pathway (Love et al., 2007). Transgenic A.
thaliana CaMV-encoded RSS P6 protein showed repression of SA-
responsive genes, inferring that P6 may inhibit SA-mediated effect
(Love et al., 2012). However, SA-deficient A. thaliana mutants did
not exhibit enhanced susceptibility to CaMV. A plausible mecha-
nism for the enhanced resistance of cpr mutants to CaMV could
be that, as already suggested in some examples (Xie et al., 2001;
Alamillo et al., 2006), SA-dependent defense responses may act
synergistically with RNA silencing. These controversial data may
arise from experimental conditions settings or from the differ-
ent mechanisms of action of the RSS. Further investigations are
required to shed light on these intricate pathways.
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IMPACT OF VIRUS TRANSPORT IN THE PHLOEM ON VIRUS
TITER AND DIVERSITY
As previously mentioned, long-distance movement of plant
viruses is composed of different steps comprising virus loading
(entry) into the phloem tissue, virus movement inside SE, and
virus unloading (exit) into cells of the sink tissue. Each of these
steps represents a potential barrier for virus trafficking and sev-
eral examples of viruses blocked at one stage or another were
described in this review. Whether the crossing of such cell inter-
faces induces bottlenecks in a virus population constitutes a new
challenge for the future because data on this issue are still sparse.
The first quantitative analysis of a virus population in the vascu-
lature has recently being conducted on CaMV using measures of
virus titer in aphids as a reflection of virus load in the sap (Gutiér-
rez et al., 2012a,b). Whereas CaMV overall concentration in the
different leaves was relatively constant, the number of genome
copies circulating in the sap varied depending of the leaf stage:
the number of viral genome increased progressively as the infec-
tion progresses and after reaching a maximum, it decreases in
the youngest leaves late in infection. The virus titer within the
plant vasculature correlates with the multiplicity of cellular infec-
tion (the number of viral genomes entering and replicating within
a cell) among leaf levels (Gutiérrez et al., 2010, 2012a). In this
specific case, the bottleneck is driven by the virus load in the
sap. Several hypotheses were raised by the authors to explain
this drop in virus load late in infection like an arrest of virion
export from infected leaves, an increased virus degradation rate
within the sap or a massive storage of virions in unknown plant
compartments.

However, evolution of a viral population in infected plants
does not seem to always fit the CaMV model. For instance, the
viral population, or the genetic bottlenecks, may not be related to
the amount of viruses circulating in the sap, but may be rather
driven by physical host barriers like the structure of the minor
veins or the characteristics of the PD. This situation is exem-
plified by CMV for which a constant loss of genetic diversity
was observed all along the infection (Li and Roossinck, 2004;
Ali and Roossinck, 2010). Therefore, in this particular case, virus
long-distance transport plays a significant role in reducing virus
population variation. Interestingly, these studies on CMV also
highlighted the high impact of the host on the genetic bottlenecks,
which may explain the virus population diversity in different
hosts.

From these data, it has been suggested that the size of the virus
population invading the sink organs from vasculature depends
either on the concentration of virus in sap or on barriers imposed
by the host (Gutiérrez et al., 2012b). However, it is very likely that a
range of intermediate situations exists between these two opposite
scenarios and more efforts are now required to better understand
the viral population dynamics in vasculature for a wide and diverse
panel of virus species.

CONCLUDING REMARKS
In the last two decades many viral determinants involved in
systemic invasion of plants have been identified or better char-
acterized. It is now well established that beside the CP, many
non-structural viral proteins (MP, TGB1, VPg, RSS, . . .) and even

structural motifs on viral RNA are implicated in virus long-
distance transport. It becomes also clearer that in addition to
the predominant virions, RNP complexes constitute an impor-
tant form of long-distance spread and that several forms of viral
devices can even co-exist, in the same host. Understanding whether
there is a specialization of these different forms, either in the time
course of infection or for the crossing of the various cell borders or
even in some specific environments (host species, developmental
stage, or stress of the plant) will be a serious challenge. Plant phys-
iology and virology are associated disciplines that should provide
reciprocal feedbacks for the understanding of transport processes
in phloem. In particular, a better knowledge of the structure and
function of the various cell types composing the vascular tissues
and the specialized PD at each cell interface would be greatly
beneficial for virology. In addition, a deeper characterization of
plant defense responses (RNAi, SA-mediated resistance) induced
during virus systemic movement is necessary to decipher their
molecular mechanisms and their connexions with the viral life
cycle. Finally, although many RSS with apparently very diverse
modes of action were identified for most viruses, their precise
involvement in virus systemic spread remains an essential issue.
Among others, the question of how and where viral RSSs inter-
fere with the movement of the extremely abundant siRNA is
puzzling.

An emerging field of research that appeared very recently con-
cerns the size of virus population moving in the SE and able to
invade the distant organs from the vasculature. Regulation of the
virus population through the phloem involves very tightly regu-
lated barriers that are essential check-points for plant development
(Dinant and Lemoine, 2010). By restricting the flow of photoas-
similates, the plant may regulate at the same time dispersal of
pathogens throughout the plant. From the virus point of view, reg-
ulating the population dynamics in the vasculature has profound
consequences on virus transmission by phloem feeding insects
but also on virus evolution. However, investigations on additional
virus models than the one studied so far will be necessary to get
a broader view on the influence of viral long-distance movement
on the epidemiology of virus diseases.

Finally from an agronomical point of view, identification of
plant proteins required for viral systemic movement can poten-
tially generate new sources of virus resistance in crops. Select-
ing from natural populations or by genetic engineering plants
deficient for cellular proteins required in viral cycle is an effi-
cient strategy to develop recessive resistance genes against viruses
(Maule et al., 2007; Gómez et al., 2009; Truniger and Aranda,
2009; Wang and Krishnaswamy, 2012). In particular, the advent
of new technologies such as Targeting-Induced Local Lesions
IN Genome (TILLING), EcoTILLING, high-resolution melting
(HRM), KeyPoint and next-generation sequencing, may boost
the identification of target gene mutants from artificially induced
mutant libraries or natural populations, especially in agronom-
ically important crops (Nieto et al., 2007; Hofinger et al., 2009;
Rigola et al., 2009; Ibiza et al., 2010; Piron et al., 2010). Genetic
resistance can also be generated by silencing or overexpressing
the candidate genes depending on the beneficial or the detri-
mental role of the cellular protein involved in virus long-distance
movement (Wang and Krishnaswamy, 2012; Wang et al., 2013).
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However, these strategies may be of limited use as they may also
strongly affect plant macromolecule transport and consequently
plant development. Nevertheless, the current lack of efficient
methods to restrict or eradicate plant viruses should foster the
exploration of these new strategies.
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APPENDIX

Table A1 | Viral proteins and transport complexes involved in virus long-distance movement.

Genus Capsid

structure

Genome Viral

species

Viral factors

required for

long-distance

movement

Viral form

used for

long-distance

movement

Hosts Reference

ALPHAFLEXIVIRIDAE

Potexvirus Helical

capsid

ssRNA+

monopartite

White clover

mosaic virus

(WCMV)

CP, TGB1 RNP N. benthamiana Lough et al. (2001)

Potato virus X

(PVX)

CP Virions N. benthamiana Betti et al. (2011), Cruz et al.

(1998)

BROMOVIRIDAE

Alfamovirus Icosahedral

capsid

ssRNA+

multipartite

Alfalfa mosaic

virus (AMV)

CP Virions N. benthamiana,

N. tabacum, S.

oleracea

Herranz et al. (2012), Spitsin

et al. (1999), Tenllado and Bol

(2000)

Cucumovirus Icosahedral

capsid

ssRNA+

multipartite

Tomato aspermy

virus (TAV)

CP Virions C. sativus, N.

tabacum, N.

clevelandii

Llamas et al. (2006), Salánki

et al. (2011), Taliansky and

García-Arenal (1995)

Cucumber

mosaic virus

(CMV)

CP, MP Virions C. sativus, N.

tabacum,

Squash, N.

clevelandii

Llamas et al. (2006), Requena

et al. (2006), Salánki et al.

(2011), Taliansky and

García-Arenal (1995),

Thompson et al. (2006); Ueki

and Citovsky (2007);

Waigmann et al. (2004)

2b C. sativus Brigneti et al. (1998), Ding

et al. (1995), Guo and Ding

(2002)

Bromovirus Icosahedral

capsid

ssRNA+

multipartite

Brome mosaic

virus (BMV)

CP, MP RNP, Virions C. hybridum, H.

vulgare, N.

benthamiana

Flasinski et al. (1997),

Gopinath and Kao (2007), Kao

et al. (2011), Okinaka et al.

(2001), Sacher and Ahlquist

(1989), Takeda et al. (2004)

Cowpea chlorotic

mottle virus

(CCMV)

CP ? N. benthamiana,

H. vulgare, V.

unguiculata

Allison et al. (1990), Schneider

et al. (1997)

BUNYAVIRIDAE

Tospovirus Icosahedral

enveloped

capsid

Ambisense

ssRNA

multipartite

Tomato spotted

wilt virus (TSWV)

N (CP), NSm RNP N. benthamiana,

N. tabacum

Lewandowski and Adkins

(2005) Li et al. (2009), Zhang

et al. (2011)

CLOSTEROVIRIDAE

Closterovirus Helical

capsid

ssRNA,

monopartite

Beet yellows

virus (BYV)

CP, p20, p21,

L-Pro

Virions N. benthamiana,

A. thaliana

Prokhnevsky et al. (2002),

Peng et al. (2003),

Peremyslov et al. (2004),

Chapman et al. (2004)

Citrus tristeza

virus (CTV)

p20, p33, p18,

p13

? Citrus species Tatineni et al. (2008),

Folimonova et al. (2008),

Tatineni et al. (2011b)

(Continued)
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Table A1 | Continued

Genus Capsid

structure

Genome Viral

species

Viral factors

required for

long-distance

movement

Viral form

used for

long-distance

movement

Hosts Reference

GEMINIVIRIDAE

Monopartite and Bipartite Geminiviridae MP Reviewed in Waigmann et al.

(2004), Ueki and Citovsky

(2007)

Mastrevirus Icosahedral

capsid

ssDNA

monopartite

Maize streak virus

(MSV)

CP Virions Zea mays Boulton et al. (1989), Liu et al.

(2001)

Curtovirus Icosahedral

capsid

ssDNA

monopartite

Beet mild curly

top virus

(BMCTV)

CP Virions N. benthamiana Soto et al. (2005)

Begomovirus Icosahedral

capsid

ssDNA

monopartite or

bipartite

Tomato golden

mosaic virus

(TGMV)

∆CP, ? RNP* N. benthamiana Jeffrey et al. (1996), Pooma

et al. (1996)CP Virions N. benthamiana,

N. tabacum, D.

stramonium

Bean golden

mosaic virus

(BGMV)

∆CP, ? RNP* Phaseolus

vulgaris

Pooma et al. (1996)

CP Virions Phaseolus

vulgaris N.

benthamiana

Tomato yellow

leaf curl virus

(TYLCV)

CP Virions N. benthamiana Noris et al. (1998), Wartig

et al. (1997)

Tomato leaf curl

virus

(ToLCV) – India

∆CP, ?

CP

RNP*

Virions

N. benthamiana,

S. lycopersicum

Padidam et al. (1995, 1996)

LUTEOVIRIDAE

Polerovirus Icosahedral

capsid

ssRNA+

monopartite

Turnip yellows

virus (TuYV)

CP, RT, RT*, P4 Virions C. quinoa, N.

clevelandii

Brault et al. (2000, 2003),

Bruyère et al. (1997),

Ziegler-Graff et al. (1996)

Potato leafroll

virus (PLRV)

CP, RT, RT*, P4 Virions N. benthamiana,

N. clevelandii, P.

floridana, S.

tuberosum

Kaplan et al. (2007), Lee et al.

(2002, 2005), Peter et al.

(2008)

POTYVIRIDAE

Potyvirus Helical

capsid

ssRNA+

monopartite

Tobacco etch virus

(TEV)

CP, VPg,

HC-Pro

? N. tabacum Dolja et al. (1994), Cronin

et al. (1995), López-Moya and

Pirone (1998), Schaad et al.

(1997), Kasschau and

Carrington (2001)

Potato virus A

(PVA)

CP, VPg, 6K2 ? N. physaloides,

S. commersonii

Hämäläinen et al. (2000),

Ivanov et al. (2003), Rajamäki

and Valkonen (1999, 2002)

TOMBUSVIRIDAE

Dianthovirus Icosahedral

capsid

ssRNA+

multipartite

Red clover

necrotic mosaic

virus (RCNMV)

MP Reviewed in Waigmann et al.

(2004), Ueki and Citovsky

(2007)

CP Virions N. benthamiana,

N. clevelandii

Vaewhongs and Lommel

(1995), Xiong et al. (1993)

(Continued)
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Table A1 | Continued

Genus Capsid

structure

Genome Viral

species

Viral factors

required for

long-distance

movement

Viral form

used for

long-distance

movement

Hosts Reference

∆CP, ? RNP N. benthamiana

(15˚C)

∆CP, ? RNP* N. benthamiana Park et al. (2012)

Carnation

ringspot virus

(CRSV)

CP Virions N. benthamiana Sit et al. (2001)

Tombusvirus Icosahedral

capsid

ssRNA+

monopartite

Tomato bushy

stunt virus (TBSV)

∆CP, ? RNP* N. benthamiana,

N. clevelandii

Desvoyes and Scholthof

(2002), Qu and Morris (2002),

Scholthof et al. (1993)CP Virions

P19 S. oleracea,

Capsicum

Dunoyer et al. (2010),

Scholthof et al. (1995),

Voinnet et al. (1999)

Cymbidium

ringspot virus

(CymRSV)

∆CP, ? RNP N. benthamiana Dalmay et al. (1992)
CP Virions N. clevelandii

P19 N. benthamiana Havelda et al. (2003)

Carmovirus Icosahedral

capsid

ssRNA+

monopartite

Turnip crinkle

virus (TCV)

CP Virions B. campestris,

N. benthamiana,

A. thaliana

Heaton et al. (1991), Cohen

et al. (2000), Qu et al. (2003),

Choi et al. (2004), Deleris

et al. (2006), Cao et al. (2010)

Necrovirus Icosahedral

capsid

ssRNA+

monopartite

Olive latent virus

(OLV-1)

CP Virions N. benthamiana Pantaleo et al. (1999, 2006)

VIRGAVIRIDAE

Tobamovirus Helical

capsid

ssRNA+

monopartite

Tobacco mosaic

virus (TMV)

CP Virions N. sylvestris, N.

tabacum

Holt and Beachy (1991), Knorr

and Dawson (1988), Osbourn

et al. (1990), Saito et al. (1990)

Hordeivirus Helical

capsid

ssRNA+

multipartite

Barley stripe

mosaic virus

(BSMV)

TGB1 RNP H. vulgare, N.

benthamiana, C.

quinoa

Jackson et al. (2009), Lim

et al. (2008), Makarov et al.

(2009), Petty et al. (1990),

Solovyev et al. (2012),

Verchot-Lubicz et al. (2010)

Pomovirus Helical

capsid

ssRNA+

multipartite

Potato mop-top

virus (PMTV)

∆CP, TGB1 RNP (RNA1

and 2 only)

N. benthamiana,

N. clevelandii

McGeachy and Barker (2000),

Savenkov (2003), Torrance

et al. (2009, 2011), Wright

et al. (2010)

CP, CP-RT,

TGB1

Virions

Tobravirus Helical

capsid

ssRNA+

multipartite

Tobacco rattle

virus (TRV)

∆CP, ? (NM

isolates)

RNP* N. benthamiana,

N. clevelandii

Macfarlane (2010), Swanson

et al. (2002), Torrance et al.

(2011), Wright et al. (2010),

Ziegler-Graff et al. (1991)CP (M isolates) Virions

UNASSIGNED FAMILY

Umbravirus Icosahedral

capsid

ssRNA+

monopartite

Groundnut

rosette virus

(GRV)

P3 RNP N. benthamiana,

C. quinoa

Canetta et al. (2008), Kim

et al. (2007a,b), Ryabov et al.

(2001), Taliansky et al. (2003)

(Continued)
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Table A1 | Continued

Genus Capsid

structure

Genome Viral

species

Viral factors

required for

long-distance

movement

Viral form

used for

long-distance

movement

Hosts Reference

Pea enation

mosaic virus-2

(PEMV-2)

P3 RNP N. benthamiana Kim et al. (2007a,b), Ryabov

et al. (2001)

Sobemovirus Icosahedral

capsid

ssRNA+

monopartite

Southern bean

mosaic virus

(SBMV)

CP Virions Bean, V.

unguiculata

Fuentes and Hamilton (1993)

Benyvirus Helical

capsid

ssRNA+

multipartite

Beet necrotic

yellow vein virus

(BNYVV)

CP, P14 Virions C. quinoa, T.

expansa

Chiba et al. (2013), Lauber

et al. (1998), Peltier et al.

(2012), Quillet et al. (1989),

Ratti et al. (2009)

Coremin

sequence

B. macrocarpa

Betaflexiviridae, Caulimoviridae, Nanoviridae, Rhabdoviridae, Secoviridae, Tymoviridae

No reference on long-distance movement

Viral proteins, described in the review and involved in virus long-distance movement, are listed in the table (CP: capsid protein; N: nucleocapsid protein; MP: movement

protein; TGB: triple gene block protein; VPg: viral protein genome-linked; RT: readthrough protein; RT*: truncated form of RT; HC-Pro: helper component-proteinase).

The viral complex transported over long-distances [virions or ribonucleoprotein (RNP) complexes], is also indicated when clearly identified. For some viruses, uncer-

tainties still remain concerning the nature of the viral form moving systemically. In these cases, the most likely form of transport is indicated in italics. In some cases,

in addition to virions, an alternative form of virus transport can be observed when the CP is deleted or mutated (∆CP) but the systemic movement of these RNP

complexes (RNP*) is usually less efficient than the one involving virions.
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Table A2 | Host factors known or suspected to be involved in virus long-distance transport.

Virus species Host factors involved on viral

long-distance movement

Host plants Reference

Positive effect Negative effect

BROMOVIRIDAE (CUCUMOVIRUS)

Cucumber mosaic virus (CMV) Tcoi1 N. tabacum,

N. benthamiana

Kim et al. (2008)

p48 (PP1) C. sativus Requena et al. (2006)

Salicylic acid A. thaliana Naylor et al. (1998), Ji and Ding (2001),

Mayers et al. (2005), Lewsey and Carr (2009)

CAULIMOVIRIDAE (CAULIMOVIRUS)

Cauliflower mosaic virus (CaMV) PME N. tabacum Chen et al. (2000)

Salicylic acid A. thaliana Xie et al. (2001), Alamillo et al. (2006), Love

et al. (2007, 2012)

LUTEOVIRIDAE (POLEROVIRUS)

Potato leafroll virus (PLRV) Fibrillarin A. thaliana Kim et al. (2007a,b)

POTYVIRIDAE (POTYVIRUS)

Pea seed-borne mosaic virus

(PSbMV), Lettuce mosaic virus

(LMV), Turnip mosaic virus (TuMV)

PVIPnb N. benthamiana Dunoyer et al. (2004), Saiga et al. (2008)
AtPVIP (OBERON) A. thaliana

PVIPp P. sativum

Lettuce mosaic virus (LMV), Plum

pox virus (PPV), Tobacco etch virus

(TEV)

RTM genes A. thaliana Cosson et al. (2012), Decroocq et al. (2006),

Mahajan et al. (1998), Revers et al. (2003),

Whitham et al. (1999)

Plum pox virus (PPV) SHA3 A. thaliana Pagny et al. (2012)

Salicylic acid N. tabacum Alamillo et al. (2006), Sáenz et al. (2002)

VIRGAVIRIDAE (TOBAMOVIRUS, POMOVIRUS)

Turnip vein clearing virus (TVCV) VSM1 A. thaliana Lartey et al. (1997, 1998)

PME N. tabacum Chen et al. (2000)

cdiGRP N. tabacum Ueki and Citovsky (2002)

Tobacco mosaic virus (TMV) DSTM1 A. thaliana Pereda et al. (2000), Serrano et al. (2008)

VSM1 A. thaliana Lartey et al. (1998)

PME N. tabacum Chen and Citovsky (2003), Chen et al. (2000)

cdiGRP N. tabacum Ueki and Citovsky (2002)

Tomato mosaic virus (ToMV) IP-L N. tabacum Li et al. (2005)

Potato mop-top virus (PMTV), Poa

semilatent virus (PSLV)

Fibrillarin A. thaliana Semashko et al. (2012b), Wright et al. (2010)

UNASSIGNED FAMILY (UMBRAVIRUS,TENUIVIRUS)

Groundnut rosette virus (GRV) Fibrillarin A. thaliana Kim et al. (2007a,b)

Host factors, described in the review for their beneficial or antagonist action on virus long-distance movement, are listed in the table.
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In higher plants phloem and xylem are responsible for long-distance transport of water,
nutrients, and signals that act systemically at short or long-distance to coordinate develop-
mental processes. The formation of the plant vascular system is a complex process that
integrates signaling events and gene regulation at transcriptional and posttranscriptional
levels. Thanks to transcriptomic and proteomic analysis we start to better understand the
mechanisms underlying the formation and the functioning of the vascular system.The role
of the DNA-binding with one finger (DofTFs), a group of plant-specific transcription factors,
recently emerged as part of the transcriptional regulatory networks acting on the formation
and functioning of the vascular tissues. More than half of the members of this TF family
are expressed in the vascular system. In addition some of them have been proposed to be
mobile proteins, suggesting a possible role in the control of short- or long-distance signaling
as well. This review summarizes the current knowledge on Dof TFs family in Arabidopsis
with a special focus on their role in vascular development and functioning.

Keywords: transcription factors, DNA-binding with one finger, vascular system, Arabidopsis

INTRODUCTION
The gradual colonization of the land through plant evolution has
been possible thanks to the differentiation of complex vascular
tissues that provide mechanical support and allow long-distance
transport of water and nutrients. In land plants, vascular tissues are
comprised of two conducting tissues the phloem and the xylem,
and intervening cambium that can generate the different conduct-
ing cell types (Scarpella and Helariutta, 2010). Whereas the xylem,
whose vessels are dead cells with highly lignified walls, ensures the
transport of water, mineral salts, and some hormones, the phloem
controls the transport and distribution of photosynthetic prod-
ucts from leaves to meristems and other sink organs such as fruits,
tubers, and roots. The sieve elements (SE) are the phloem conduct-
ing cells and are associated with one or a few CCs. In general the
meristematic mother cell of a CC-SE complex divides unequally
in the longitudinal axis. One daughter cell develops into one or
several metabolically hyperactive CCs with a dense cytoplasm and
numerous mitochondria. The second one goes through a con-
trolled disintegration process and differentiates into the SE, which
is a highly specialized and unique developmental program (Juer-
gensen et al., 2003). In the last 15 years, major insights have been
obtained in the identification of the regulatory actors controlling
the establishment of the vascular system as well as the fate of the
vascular cell types (reviewed in Zhou et al., 2011). Many tran-
scription factors including bHLH, HD-ZIP, ARF-GAP, AT-Hook,
and Dof proteins families were shown to be involved, suggest-
ing the existence of complex transcriptional regulatory networks
in which transcription factors are likely to physically interact as
shown recently by several bHLH and Dof TFs (Zhang et al., 1995;

Kang and Singh, 2001; Skirycz et al., 2008). Some of these families
of transcription factors are conserved among eukaryotes but the
Dof TFs family, which is the focus of this review, is of particular
interest for being specific to plants.

The first DNA-binding with one finger (Dof) transcription
factor has been identified in maize (ZmDof1) and was shown
to be involved in light response and transcriptional regulation
of genes involved in carbon metabolism (Yanagisawa and Sheen,
1998;Yanagisawa, 2001). Dof TFs are plant-specific and are charac-
terized by a particular zinc finger domain, comprising a conserved
region of 50 amino acids with a C2–C2 finger structure, associated
to a basic region, that binds specifically to DNA sequences with
a 5′-(A/T)AAAG-3′ core (Figure 1). A particular feature of these
TFs is that the nucleus localization signal (NLS), which directs
Dof proteins to the nucleus in Arabidopsis thaliana (Krebs et al.,
2010), is an atypical bipartite NLS with a 17 amino acid long
linker between its flanking basic regions (Figure 1). This bipar-
tite NLS is highly conserved in plant Dof transcription factors
(Krebs et al., 2010) and its feature allowed identifying Dof genes
in a various set of plant species (for details, see below). Along
plant evolution, Dof transcription factors might have originated
from a common ancestor, likely represented by the single Chlamy-
domonas reinhardtii gene, and then expanded in the different
taxonomic groups of vascular plants through recurrent duplica-
tion events (Moreno-Risueno et al., 2007). In Gymnosperms and
lower plants (Selaginella moellendorffii and Physcomitrella patens)
so far analyzed eight to nine Dof TF genes are found (Moreno-
Risueno et al., 2007). In Angiosperms an average of 30 genes are
found with 27 in Brachypodium distachyon (Hernando-Amado
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FIGURE 1 | Schematic representation of an Arabidopsis Dof
transcription factor structure. The Dof Z ing F inger Motif (Dof ZFM), the
nuclear localization signal (NLS), and the activation domain are indicated in
pink, purple, and yellow respectively. The cysteine residues for putative
coordination of zinc are shown in red letters in the Dof domain amino acid
sequences. The consensus sequences of the bipartite NLS (B1 and B2
basic regions in purple letters) are based on Krebs et al. (2010).
X represents any amino acids. The double-ended arrow indicated the
intercellular trafficking motif (ITM) that confers the capacity to mediate
selective intercellular trafficking (Chen et al., 2013). This motif includes the
ZFM and the first motif of the bipartite NLS.

et al., 2012), 30 in rice (Oryza sativa) (Gaur et al., 2011), 36 Dof
genes in Arabidopsis (reviewed in Yanagisawa and Schmidt, 1999;
Moreno-Risueno et al., 2007), 37 in tomato (Solanum lycopersicon)
(Cai et al., 2013), or 41 in poplar (Populus trichocarpa) (Yang and
Tuskan, 2006), indicating additional recent duplications in higher
plants (Moreno-Risueno et al., 2007). This diversification appears
to be associated to the establishment and differentiation of the
vascular system during the same period of time, which raises the
question whether members of this plant-specific transcription fac-
tor family are involved in the formation of the vascular system or
its functioning. Indeed besides their involvement in the regulation
of different processes such as carbon assimilation (Yanagisawa,
2001; Tanaka et al., 2009), light signaling (Park et al., 2003; Ward
et al., 2005; Gabriele et al., 2010), seed development or germination
(Papi et al., 2000; Gualberti et al., 2002; Dong et al., 2007; Rueda-
Romero et al., 2012), flowering (Sawa et al., 2007; Fornara et al.,
2009), stomata functioning (Gardner et al., 2009; Negi et al., 2013),
or response to phytohormones (Kang and Singh, 2001; Kang et al.,
2003; Nakano et al., 2006) most of them are strikingly expressed
in the vascular tissues suggesting a function in long-distance sig-
naling (Gualberti et al., 2002; Papi et al., 2002; Ward et al., 2005;
Fornara et al., 2009; Rueda-Romero et al., 2012). Recently several
Dof TFs were shown to have a central role in the development
of the vascular system (Konishi and Yanagisawa, 2007; Guo et al.,
2009; Gardiner et al., 2010; Kim et al., 2010). Based on these obser-
vations it is possible to speculate that the plant-specific Dof TFs
are likely to regulate directly or indirectly a wealth of processes
associated to the development of the vascular system or to its role
in long-distance signaling. In the present review we aim at summa-
rizing the current knowledge about the Dof TF family highlighting
their role in the control of vascular development and functioning.

ALL ARABIDOPSIS Dof TFs ARE POTENTIALLY EXPRESSED
IN THE VASCULAR TISSUES
In Arabidopsis thaliana, out of the 36 Dof TFs, 20 have been found
expressed in the vascular tissues (Table 1 and references there in).

In silico studies also indicate the presence of cis-acting elements
potentially driving specific expression in the vascular tissues in
the promoter of these genes. In plants, mainly through 5′-deletion
experiments, several positive cis-acting promoter elements have
been identified to drive vascular-specific expression of reporter
genes. The study of the rice tungro bacilliform virus (RTVB)
present only in the phloem of infected plants allowed the iden-
tification of a virus promoter functional in plants (Bhattacharyya
Pakrasi et al., 1993; Yin and Beachy, 1995). This promoter con-
tains four domains allowing a strong phloem-specific expression
(Yin et al., 1997a,b): a GATA motif which had already been shown
to be implicated in light dependent phloem-specific gene expres-
sion in plants (Lam and Chua, 1989); an ASL box characterized
by the presence of a specific GCA direct repeat sequence present
only in phloem-specific promoters and missing in xylem-specific
promoters; a Box II containing CCA/TGG repeat and a CCCC
sequence that because of their presence in the promoter of plant
genes expressed in vascular tissue might be important cis-elements
for expression in vascular tissues. These three cis-elements, Box II,
the ASL box, and the GATA motif were shown to act in combina-
tion (synergistically and/or additively) to confer phloem-specific
expression (Yin et al., 1997a). Similarly the study of the coconut
foliar decay virus (CFDV) led to the identification of a 13 bp
motif sequence (Hehn and Rohde, 1998) which is highly con-
served in several phloem-specific promoters as reported byYoshida
et al. (2002). Finally, the 26 bp RSE regulatory element was found
to drive a vascular-specific expression of the GRP1 (Glycine-rich
protein1) (Keller and Baumgartner, 1991). All these motifs act syn-
ergistically or additively and Yin et al. (1997a) have suggested that
at least two of these motifs are required for phloem expression.
More recently, Ruiz-Medrano et al. (2011) identified degener-
ate sequences containing CT/GA- and GT/GA-rich repeats within
many of the promoters of 150 Arabidopsis genes homologous to
members of the pumpkin phloem transcriptome. Interestingly the
CT/GA motifs resemble cognate sites for the Dof family of tran-
scription factors, which bind to the core sequence AAAG/CTTT
(Higo et al., 1999; Yanagisawa and Schmidt, 1999).

Searching for these cis-elements in the 1000 bp upstream
sequences of the Arabidopsis Dof TF family members we showed
that at least two of these vascular-specific motifs were found in
the promoter region of 31 Dof genes display (Table 2). Among
the remaining five, the promoter of AtDof2.1 and AtDof1.8 genes
contain three and five GATA motifs respectively and the promoter
of AtDof4.4 contains two ASL boxes (Table 2). These observa-
tions suggest that the vast majority, if not all, of Arabidopsis Dof
transcription factors are likely expressed in the vascular system
(Table 2).

The mining of RNA profiling datasets at the resolution of
the vascular tissue (phloem, cambium, xylem) and vascular cell
type (CC, SE) (Hertzberg et al., 2001; Birnbaum et al., 2003;
Vilaine et al., 2003; Schrader et al., 2004; Zhao et al., 2005; Lee
et al., 2006; Brady et al., 2007; Ruiz-Medrano et al., 2011; Gan-
dotra et al., 2013) further indicate an expression of most Dof
genes in the vascular system. Indeed, the expression of Dof TF
genes could be found, either in the xylem, or the phloem or
both (Table 2). AtDof1.1, AtDof2.2, AtDof3.2, AtDof3.6, AtDof3.7,
AtDof5.3, and AtDof5.5 were identified in the global phloem
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Table 1 | Arabidopsis Dof genes phylogeny and nomenclature.

1Phylogenetic tree of the Arabidopsis Dof gene family according to Moreno-Risueno et al. (2007). 2Dof genes nomenclature according to Yanagisawa (2002). 3The

original names used in publications or for registration in a database.

cells transcript databases established in Arabidopsis (Birnbaum
et al., 2003; Zhao et al., 2005). In addition poplar orthologs of
AtDof1.6, AtDof3.4, AtDof4.6 were found in the transcriptomic
analysis of the wood forming region (Hertzberg et al., 2001;
Schrader et al., 2004) and the celery orthologs of AtDof1.8 and
AtDof4.6 were expressed in the phloem of celery (Vilaine et al.,
2003), suggesting that AtDof1.6 and AtDof1.8 which promoter
contains one and five GATA motifs respectively could also be
expressed in the vascular region. Besides these genes and the
ones already experimentally described as expressed as well in the
vascular system (Table 1), the recent transcriptome analysis of
microdissected provascular/procambial cells or complete vascular
bundle by Gandotra et al. (2013) allowed identifying new AtDof
genes (AtDof1.3, AtDof1.4, AtDof1.7, AtDof1.8, AtDof2.2, AtDof3.1,

AtDof4.5, and AtDof4.7 ) potentially expressed in vascular tissue at
different step of its development.

In conclusion it is likely that almost all the members of the
Arabidopsis Dof TFs family are at least expressed in the vascular
system, being so far one of the TF family displaying such a strong
tissue-specificity.

AtDof TRANSCRIPTION FACTORS ARE POTENTIAL MOBILE
TRANSCRIPTION FACTORS
Coordinated growth and development of multi-cellular organ-
isms require mechanisms that allow for extensive cell-to-cell
communication which can be mediated by signaling molecules
directly transported from one cell to the other. Sessile nature of
plant growth also necessitated the evolution of mechanisms that
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Table 2 | Synthesis of the predicted vascular-related regulatory cis-elements motifs in AtDof promoters.

AtDof genes Predicted Regulatory c/s-Elements1 Transcriptomic

databases2

Box II motif ASL box motif GATA motif 13 bp motif RSE motif Ph PC VB

AtDofl.1 1 – 1 – –

AtDof1.2 – 2 4 – –

AtDof1.3 – 4 5 – –

AtDof1.4 – 1 6 1 –

AtDof1.5 – 2 6 – –

AtDof1.6 – – 1 – –

AtDofl.7 – – 1 – –

AtDof1.8 – – 5 – –

AtDofl.10 – – 1 2 –

AtDof2.1 – – 3 – –

AtDof2.2 – 3 5 – –

AtDof2.3 – 2 4 – –

AtDof2.4 – 1 5 – –

AtDof2.5 – 2 3 – –

AtDof3.1 – – 1 – –

AtDof3.2 – 1 2 – –

AtDof3.3 – 1 2 1 –

AtDof3.4 – 1 2 – –

AtDof3.5 – 2 4 1 –

AtDof3.6 – 2 3 – –

AtDof3.7 – – 4 – –

AtDof4.1 – – 4 1 –

AtDof4.2 – 1 2 – –

AtDof4.3 – 1 1 – –

AtDof4.4 – 2 – – –

AtDof4.5 – 2 2 – –

AtDof4.6 – 1 2 1 –

AtDof4.7 – 1 5 – –

AtDof5.1 – 1 3 – –

AtDof5.2 – – 3 1 –

AtDof5.3 – 1 1 2 –

AtDof5.4 – 1 3 – –

AtDof5.5 – 4 2 – –

AtDof5.6 – 1 2 1 –

AtDof5.7 – – 2 – 1

AtDof5.8 – 2 4 – –

1Box II motif:TGGNCCCCN (Yin et al., 1997a,b); ASL box: GCA N(20) GCA (Yin et al., 1997a); GATA motif:WNMNGATA (Gilmartin et al., 1990;Yin et al., 1997a); 13bp

motif: ATAAGXAXXXXGA (Yoshida et al., 2002); RSE motif: GXXXXXXACTTTCXTXT (Hatton et al., 1995; Hauffe et al., 1993; Keller and Baumgartner, 1991).
2AtDof genes found in the transcriptomic databases related to the vascular system of Arabidopsis (Birnbaum et al., 2003; Zhao et al., 2005: Mustroph et al., 2009;

Gandotra et al., 2013), Poplar (Schrader et al., 2004), and Celery (Vilaine et al., 2003).

Grey color indicates the tissue in which the gene has been found to be expressed.

Ph, phloem; PC, procambium; VB, vascular bundle.

rapidly transmit signaling molecules in response to environmental
changes or pathogen attacks. These mobile signals in plants can
be proteins, RNAs, small RNAs, and other small molecules. They
are transmitted through the vascular system in a long-distance
(between organs), or through plasmodesmata in a short distance

(between cell types) (Lucas et al., 2009; Dinant and Suárez-López,
2012).

By comparing the translational and transcriptional patterns
of several TFs, including Dofs, expressed in a cell-type specific
manner in Arabidopsis root, Lee et al. (2006) found that the
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translational pattern was broader or different than the transcrip-
tional pattern for two Dof TFs, AtDof3.7/DAG1 and AtDof4.1,
suggesting that these TFs could move out from the cell/tissue they
were expressed. In the case of AtDof4.1 the transcriptional expres-
sion domain was contained in the translational one indicating that
the expansion in the expression pattern must occur after the syn-
thesis of the mRNA (from pericycle to endodermis, Figure 2A).
Thus it is likely that it occurred via cell-to-cell protein move-
ment, as shown for the CAPRICE protein (Kurata et al., 2005).
For AtDof3.7/DAG1, because the transcriptional AtDof3.7prom:GFP
pattern (in the stele, Figure 2A) was shown expressed in a different
tissue compared the one described in the published root mRNA
expression map (Birnbaum et al., 2003) the protein might not be
expressed in its native tissue. Nevertheless, the expansion of the
pattern is unlikely to be because of mRNA movement since the
mRNA and the translational expression pattern were also different
(transcriptional and translation fusions expressed in the stele and
endodermis cell layer respectively; Figure 2A) (Lee et al., 2006).

In addition, cell-type specific expression maps from Arabidop-
sis root and cell-type specific translatome data were produced
by several groups (Birnbaum et al., 2003; Nawy et al., 2005; Lee
et al., 2006; Brady et al., 2007; Mustroph et al., 2009) and represent
an extremely valuable source of information for predicting puta-
tive mobile transcription factors. By analyzing these data sets Lee
and Zhou (2012) further proposed that seven Dof TFs (AtDof1.1,
AtDof2.1, AtDof2.2, AtDof2.4, AtDof3.2/DOF6, AtDof3.6/OBP3,
AtDof3.7/DAG1) are potential mobile transcription factor RNAs.

A direct experimental proof of the intercellular movement of
a non-cell-autonomous Dof TFs has recently been brought by
Chen et al. (2013) who showed that AtDof4.1/IDT1 (INTERCEL-
LULAR TRAFFICKING DOF 1, IDT1) moves between the root
stele and the endodermis in a plasmodesmata-selective pathway.
This movement seems to be possible in either ways but more effi-
cient from the endodermis to the stelar tissues (Figure 2A) (Chen
et al., 2013). Moreover, the authors demonstrated that IDT1 move-
ment requires an intercellular trafficking motif (ITM) comprising
the Zinc Finger motif and the nuclear localization signal (NLS
(Figure 1) (Chen et al., 2013). By looking for the existence of
an ITM sequence in the different members of the Dof TF family,
Chen et al. (2013) also showed that in contrast to AtDof5.4 and
AtDof2.2, AtDof3.7/DAG1, and AtDof4.5 were also able to move
from cell to cell.

In conclusion, some of the Dof TFs are able to move from
cell to cell, however, although several Dof genes have been found
expressed in the phloem, there is so far no evidence for long-
distance transport since neither RNAs nor Dof proteins have been
found in transcriptome and proteome datasets of phloem sap
(Giavalisco et al., 2006; Deeken et al., 2008; Kehr and Buhtz, 2008).

AtDof TRANSCRIPTION FACTORS ARE INVOLVED IN THE
CONTROL OF VASCULAR DEVELOPMENT
CONTROL OF THE PROCAMBIUM FORMATION DURING LEAF
DEVELOPMENT
Vascular development is initiated by the procambium forma-
tion, which is followed by the differentiation of the procam-
bium into phloem and xylem. It is now well established that
in the leaf primordia the procambium formation begins with
the specification of undifferentiated ground meristem cells, by

still unknown positioning information, that follows redirection
of polar auxin flow to distinct convergent points by the auxin
efflux carrier AtPIN1 (Scarpella et al., 2006). The ATHB-8
gene [a Class III homeodomain-leucine zipper (HD-ZIP III)], a
differentiation-promoting transcription factor of the vascular sys-
tem (Baima et al., 1995), follows the expression of AtPIN1 and the
consequent restricted routes for auxin transport that define the
sites of procambium formation (Scarpella et al., 2006), defining
ATHB-8 as one of the earliest marker for the acquisition of pro-
cambial cell identity. Recently, several Dof transcription factors
were shown to be expressed during the very early steps of procam-
bium formation. Konishi and Yanagisawa (2007) showed that the
GUS expression driven by the AtDof5.8 promoter was similar to
that of PIN1 at very early stages of vascular development either
in embryos, young leaf primordia, roots, or flower buds. These
observations suggest that AtDof5.8 might play a role in the de novo
formation of procambium from ground meristem cells and in the
very early processes of vasculature formation (Konishi and Yanagi-
sawa, 2007) (Figure 2B). The same authors showed that the timing
of expression of AtDof2.4, in contrast to AtDof5.8, was quite similar
to that of the ATHB-8 gene during procambium formation (Baima
et al., 1995; Scarpella et al., 2004) suggesting that AtDof2.4 might
play a role in the processes following the primary formation of pro-
cambium in various organs (Figure 2B). AtDof2.1, AtDof4.6, and
AtDof5.3 are expressed in the root vascular system (Birnbaum et al.,
2003) but recently, Gardiner et al. (2010) showed that during leaf
development they are also expressed in overlapping subepidermal
domains with a comparable dynamics. Expression of AtDof2.1 and
AtDof4.6 was sustained at all stages of vein formation, while that of
AtDof5.3 stopped during procambium differentiation. The expres-
sion domains of AtDof2.1, AtDof4.6, and AtDof5.3 overlapped with
that of ATHB-8 expression, suggesting that these three Dof TFs are
expressed at preprocambial stages (Gardiner et al., 2010). AtDof2.1,
AtDof4.6, and AtDof5.3 expression was always initiated in wide
domains that became laterally confined over time while ATHB-
8 expression domains are always narrower and comprised in the
Dof expression domain. In addition the fact that discrete AtDof2.1,
AtDof4.6, and AtDof5.3 expression domains do not show ATHB-8
expression may suggest that the expression of AtDof2.1, AtDof4.6,
and AtDof5.3 is initiated prior to the acquisition of the ATHB-8
preprocambial cell state (Figure 2B) (Gardiner et al., 2010).

AtDof GENES CONTROL VASCULAR AND INTERFASCICULAR
CAMBIUM FORMATION AND ACTIVITY
The vascular cambium is the lateral meristem source of sec-
ondary xylem and secondary phloem. The fascicular cambium,
initiated from the procambium, is present between the xylem
and the phloem of a vascular bundle. Additionally an inter-
fascicular cambium can also appear during secondary growth,
giving rise to interfascicular fibers in the floral stem in species
like Arabidopsis. By studying the Arabidopsis gain-of-function
mutant high cambial activity2 (hca2), which shows a preco-
cious formation of the interfascicular cambium and its subse-
quent cell division, Guo et al. (2009) showed that the pheno-
type was due to the overexpression of AtDof5.6 gene. Repression
of AtDof5.6/HCA2 activity led to the disruption of interfas-
cicular cambium formation and development in inflorescence
stems. HCA2 promotes interfascicular cambium formation at a
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FIGURE 2 |The DofTFs are involved in different steps of plant
development. (A) Non-cell-autonomous function of DAG1 and AtDof4.1 in
the root. Schematic representation of an Arabidopsis root showing the
different cell types. The black box focuses on stele, pericycle, and endodermis
in which the cell-to-cell movement of DAG1 (Lee et al., 2006) (dashed line)
and AtDof4.1 (Chen et al., 2013) (plain line) occur. The arrow and its size
indicate the direction and the intensity of the protein movement respectively.
(B) Pattern of expression of several Dof TFs at early stage of formation of the
leaf vascular tissues. The PIN1 expression domain defines the preprocambial
cell selection zones (purple). Then the preprocambial cell state acquisition is
controlled by the expression of ATBH-8 and SHR transcription factors (yellow).
The preprocambial cells will give rise gradually to the procambium (PC) cells
(brown) that will differentiate into phloem and xylem tissues and form the
mature vein (green). The involvement of the AtDof s gene in these processes

is essentially based on the colocalization of their expression patterns and
those of the already known regulators PIN1 and ATHB-8. (C) Hypothetic role
of Dof TFs for cell cycle during cambium formation/maintenance. The
transcription factor AtDof5.6/HCA2 has been suggested to be involved in the
transition between the procambium (PC) and the cambium (CB), and the
AtDof3.6/OBP3 is supposed to control cambium maintenance through the
control of the cell cycle. (D) Schematic representation for the role of CFD1, 2,
3, and 5 on the GI/CO/FT signaling pathways. In the phloem companion cell
some of the steps of the photoperiodic flowering pathway are taking place.
The core of this pathway is composed of GIGANTEA (GI), CONSTANS (CO),
and FLOWERING LOCUS T (FT). In the sieve tube, the arrow indicates the
movement of FT/FT as well as the sap flux direction. The clock symbol next to
GI and CDF genes indicates that their expression is under the control of the
circadian clock. PD, plasmodesmata.
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very early stage of inflorescence stem development. In addition
Guo et al. (2009) showed that AtDof5.6/HCA2 is preferentially
expressed in the vasculature of all the organs, but more par-
ticularly in the cambium, the phloem, and the interfascicular
parenchyma cells of inflorescence stems. In the hca2 mutant
high cambial activity and high phloem proliferation activity were
detected not only in inflorescence stems, but also in petioles and
leaf major veins suggesting that, in addition to interfascicular
cambium formation/development, AtDof5.6 /HCA2 may also be
involved in other developmental aspects during vascular tissue
development, for instance, (pro)cambium initiation and activity
(Figure 2C).

Additionally two Dof TFs (AtDof3.4/OBP1 and AtDof2.3) are
suspected to be involved in the control of the maintenance of
the cambium and/or cambial activity by controlling the cell
cycle (Skirycz et al., 2008) (Figure 2C). AtDof3.4/OBP1 is highly
expressed in tissue with high cell proliferation activity (cell cul-
tures, calli, developing embryo, apical, and root meristems, fascic-
ular procambium in the stem), and while looking for direct targets
of AtDof3.4/OBP1 several core cell cycle genes and transcription
factors were identified (Skirycz et al., 2008). OBP1 modulates
cell cycle activity by affecting the expression of CDKA regulators,
S-phase specific transcription factors and components of the repli-
cation machinery, and is therefore important for cell cycle onset.
OBP1 most likely operates through a direct regulation of CYCD3.3
and AtDof2.3 gene expression since it was shown to interact phys-
ically with their respective promoter of AtDof2.3 and CYCD3.3
(Skirycz et al., 2008) (Figure 2C).

AtDof TFs ARE INVOLVED IN THE REGULATION OF
LONG-DISTANCE SIGNALING
AtDof TFs REGULATE THE PHOTOPERIODIC FLOWERING RESPONSE
In order to adapt to the seasonal changes, plants synchronize
their developmental program to be able to flower during the
longest days of the year. The molecular genetics studies have
allowed identifying actors involved in this photoperiodic flower-
ing pathway. The circadian-clock controlling flowering signaling
pathway takes place in the phloem CC, and recruits GIGAN-
TEA (GI ), CONSTANS (CO), and FLOWERING LOCUS T (FT )
genes (Kobayashi and Weigel, 2007; Turck et al., 2008). The clock
protein CO, which is expressed in the CC, induces FT transcrip-
tion, and the FT protein moves long-distance through the phloem
sap to reach the meristem where it triggers flowering (Corbesier
et al., 2007). Additional actors in this pathway were identified by
screening a library of Arabidopsis transcription factors systemat-
ically expressed in CC (Imlau et al., 1999; Fornara et al., 2009).
These transcription factors, that all belong to the subfamily A
of Dof TFs family (Moreno-Risueno et al., 2007), were named
CYCLING DOF FACTOR (CDF), suggesting that this clade would
almost be exclusively involved in flowering response (Table 1). Five
Dof TFs genes (AtDof5.5/CDF1, AtDof5.2/CDF2, AtDof3.3/CDF3,
AtDof2.3/CDF4, and AtDof1.10/CDF5) have been shown to be
expressed in the vasculature throughout the plant and were shown
to negatively regulate the transcription of CO (Imaizumi et al.,
2005; Fornara et al., 2009) (Figure 2D). Although these Dof TFs
were not shown to move in the phloem sap, they indirectly act on
long-distance signaling by regulating the expression of CO.

AtDof TFs CONTRIBUTE TO THE REGULATION OF LIGHT SIGNALING
Yanagisawa and Sheen (1998) reported for the first time the role of
a Dof TF in light signaling. They showed that the mRNA level of
the maize gene ZmDof1 and its ability to bind DNA were regulated
by light. In Arabidopsis, four Dof TFs have been suggested to be
involved in photomorphogenesis processes like germination and
hypocotyl growth (Papi et al., 2000, 2002; Gualberti et al., 2002;
Park et al., 2003; Ward et al., 2005). During seed germination, light
is required to convert the inactive Pr form of phytochrome into
the active Pfr that will trigger the germination. In this context,
the knockout mutant in AtDof3.7/DAG1 requires substantially less
phytochrome signaling than the wild type to germinate (Papi et al.,
2002). Later on, a null mutant in a gene closely related to DAG1
and named AtDof2.5/DAG2, has been characterized by Gualberti
et al. (2002). They showed that DAG2 substantially reduced the
capacity of seeds to germinate in the absence of light, while DAG1
enhanced the dark germination (Gualberti et al., 2002). These two
Dof TFs have therefore opposite effects during seed germination in
response to light and are acting as repressor and activator respec-
tively (Papi et al., 2000, 2002; Gualberti et al., 2002). Interestingly
both these transcription factors are expressed specifically in the
vascular system but neither in the seed or in the embryo as one
could expect (Gualberti et al., 2002; Papi et al., 2002) suggesting
that they indirectly control long-distance light related signaling
pathways involved in embryo and seed development.

Two other Dof TFs, AtDof1.5/COG1 and AtDof3.6/OBP3, have
been shown to impact the seedling morphogenesis and especially
the hypocotyl elongation which is also a light signaling related
process. Park et al. (2003) showed that the activation tagged
mutant cog1-D, in which AtDof1.5/COG1 gene is overexpressed,
displays a longer hypocotyl prominently under red and far-red
lights. They suggested that COG1 is a negative regulator in the
phyA- and phyB-signaling pathways (Park et al., 2003). On the
contrary, OBP3 gene, which accumulates in the vascular tissues
during the light period, is suggested to act as a positive regulator
of the phyB-signaling pathway (Ward et al., 2005). In addition,
Ward et al. (2005) showed that OBP3 negatively regulate the
cryptochrome-mediated seedling photomorphogenesis.

AtDof TFs POTENTIALLY CONTROL THE PHLOEM SUGAR TRANSPORT
In Arabidopsis, a plant species that mainly transports sucrose
for long-distance allocation of carbohydrates, the transition from
sink-leaf to source-leaf is paralleled by the expression of AtSUC2
that encodes a companion-cell (CC) specific H+-sucrose sym-
porter (Truernit and Sauer, 1995; Stadler and Sauer, 1996). In
2008, an elegant 5′-deletion experiment combined with an in silico
analysis of the AtSUC2 promoter, allowed identifying several cis-
regulatory sequences in the minimal promoter sequence required
to drive AtSUC2 vascular expression, including three Dof-binding
motifs and one motif recognized by HD-ZIP transcription factor
(Schneidereit et al., 2008). Only the simultaneous deletion of at
least one Dof-binding motif and the HD-ZIP binding site resulted
in the loss of AtSUC2 promoter activity, suggesting that a Dof
TF in coordination with an HD-ZIP regulates the expression of
the SUC2 gene. So far no Dof TFs involved in AtSUC2 transcrip-
tional regulation have been identified in Arabidopsis. However, it
has been clearly established that the ZmDof1 and ZmDof2 from
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maize control the expression of genes involved in carbon metab-
olism (Yanagisawa, 2001). Their two orthologs in Arabidopsis
AtDof1.4 and AtDof3.5 could thus be proposed to regulate AtSUC2
expression, which would give new insights in the fine-tuning of the
sink-source transition.

TOWARD AN INTEGRATED TRANSCRIPTIONAL NETWORK
FOR THE CONTROL OF VASCULAR DEVELOPMENT AND/OR
FUNCTIONING
Structurally, like for other zinc fingers, the Dof domain is known
to be a bi-functional domain that mediates not only DNA-binding
but also protein–protein interactions (Yanagisawa, 2002). When
looking at cis-elements present in Dof TFs promoters, one can
observe that each of the promoter displays at least one cis-element
related to other transcription factor (bHLH, MADS boxes, ARF,
Homeobox, MYB, bZIP, WRKY) (for more details, see the AGRIS
interface, http://arabidopsis.med.ohio-state.edu/AtcisDB/). Alto-
gether these data suggest that interactions between Dof TFs and
TFs belonging to other families are theoretically possible. Experi-
mentally, OBP1 was shown to directly interact with the promoter
of a bZIP transcription factor but also with the promoter of a
member of the same family AtDof2.3 (Zhang et al., 1995; Kang
and Singh, 2001; Skirycz et al., 2008). Moreover Kang et al. (2003)
showed that two bHLH members (bHLH038 and bHLH039)
are targets of the vascular expressed OBP3 transcription factor.
Interestingly, bHLH039 was also found to be highly expressed in
phloem tissue during hypocotyl secondary growth in Arabidopsis
(Zhao et al.,2005). In the regulation of leaf axial patterning,a direct
binding of AtDof5.1 on the promoter of the HD-ZIP, REVOLUTA
have also been demonstrated (Kim et al., 2010). Besides these
interactions at the transcriptional level, protein–protein inter-
actions between the Dof TFs, CDF1, CDF2, and CDF3 and the
F-box FKF1 have also been observed in the frame of the pho-
toperiodic flowering response (Imaizumi et al., 2005). These few
examples illustrate the fact that Dof TFs and TFs of other families
(bHLH, bZIP, HD-ZIP, ARF, F-box) have the potential to interact
together at the transcriptional as well as at the protein level and
therefore be part of transcriptional networks involved in differ-
ent developmental processes such as vascular development. Such
transcriptional network, involving a bHLH complex, has been

recently shown to control the establishment of the embryonic vas-
cular tissue (De Rybel et al., 2013). This discovery opens a new
level of complexity in the molecular mechanisms underlying the
vascular development. Similar complexes involving Dof TFs could
also be speculated. Indeed besides TARGET OF MONOPTEROS
(TMO5/bHLH135), a Dof TF (AtDof5.3/TMO6) has been also
identified as a potential indirect target of MP transcription fac-
tor (Schlereth et al., 2010) and has been described as one of the
transcription factors participating in Arabidopsis vein formation
(Gardiner et al., 2010). TMO6 could therefore be a good candi-
date to explore the involvement of Dof TFs in the regulation of
the early steps of procambium formation. Altogether, TMO6 as
well as the other Dof TFs mentioned in this review could con-
stitute the starting point to study the potential implication of
the Dof TFs in the transcriptional networks underlying vascular
development.

CONCLUSION AND FUTURE PROSPECTS
In the context of the vascular system development and function-
ing, which integrates a large variety of internal or external stimuli,
regulators are needed to fine-tune the responses to changes in
the environment. In this review, we present evidences that the
Dof TFs family is likely to participate in such fine-tuning of the
responses to the different stimuli in the vascular system. By mod-
ulating a variety of transcription factors, by protein-DNA and/or
protein–protein interactions, the Dof TFs could therefore act at
the cross-talk of various developmental pathways directly or indi-
rectly linked to the vascular development and/or functioning. One
of the next challenges, besides the functional characterization of
the still undescribed Dofs TFs, will therefore be identifying the
actors involved in an integrated regulatory network. Combination
of the high-throughput data collection at the resolution of the vas-
cular cell types and developmental stages as well as the use of the
next generation sequencing technology will certainly allow iden-
tifying genes network regulating the fundamental features of the
vascular development.
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Grapevine can be severely affected by phytoplasmas, which are phytopathogenic
Mollicutes invading the sieve elements of the host plant. The biochemical and molecular
relationships between phytoplasmas and their hosts remain largely unexplored. Equally
unknown is an interesting aspect of the pathogen–plant interaction called “recovery,”
which is a spontaneous remission of symptoms in previously symptomatic plants.
Recovered plants develop resistance mechanisms correlated with ultrastructural and
biochemical changes in the sieve elements. Callose as well as sugars are involved in
several plant defense processes and signaling. In the present work we have examined
the possible involvement of callose, as well as callose synthase, sugar transporter, and
cell wall invertase genes, during the infection and after “recovery” of grapevine from bois
noir (BN). Ultrastructural investigation of leaf tissue showed that callose accumulated in
the sieve elements of diseased grapevine; moreover, two genes encoding for callose
synthase were up-regulated in the infected leaves. Regarding sucrose, expression analysis
showed that sucrose transport and cleavage were severely affected by BN phytoplasma,
which induced the establishment of a carbohydrate sink in the source leaf, and was
analogous to other obligate biotrophs that acquire most of their nutrients from the host
plant. Interestingly, whereas in recovered plants the transcript level of sucrose synthase
was similar to healthy plants, sucrose transporters as well as cell wall invertase were
expressed to a greater degree in recovered leaves than in healthy ones. Recovered plants
seem to acquire structural and molecular changes leading to increases in sucrose transport
ability and defense signaling.

Keywords: callose, cell wall invertase, grapevine, recovery, stolbur, sucrose transporters, sucrose synthase

INTRODUCTION
Phytoplasmas have been associated with several hundred diseases
affecting economically important crops, such as ornamentals, veg-
etables, fruit trees, and grapevines (Lee et al., 2000). Phytoplasmas
are plant-pathogenic prokaryotes belonging to the class Mollicutes,
a group of wall-less microorganisms phylogenetically related to
low G+C, Gram-positive bacteria (Weisburg et al., 1989). In host
plants, they are restricted to the sieve elements of phloem and
are transmitted among plants by phloem sap feeding leafhop-
pers or psyllids in a persistent manner. Phytoplasmas remain as
the most poorly characterized plant pathogens, primarily because
efforts at in vitro culture, gene delivery and mutagenesis have been
unsuccessful.

Bois noir (BN) is a grapevine disease associated with the pres-
ence of phytoplasmas of the stolbur group, 16SrXII, known as
“Candidatus Phytoplasma solani” (“Ca. P. solani”), but still not
described (Firrao et al., 2005). BN is often endemic, but, in some
cases, can be associated with severe epidemics, as reported in sev-
eral Italian regions in the past 15 years (Belli et al., 2010). BN causes
symptoms such as abnormal lignification of canes, short intern-
odes, flower abortion, and curling and discoloration of leaves with
intervein yellowing or reddening, and these are accompanied by
a dramatic reduction in yield (Osler et al., 1993). These symp-
toms have been related to stoma closure, reduced photosynthesis

rate, and anomalous accumulation of carbohydrates in leaves
(Bertamini et al., 2002; Musetti et al., 2007; Endeshaw et al., 2012).

Phytoplasmas are restricted mainly to sieve elements, where
they move through the pores of sieve plates and accumulate
especially in source leaves and to a lesser extent in petioles
and stems (Christensen et al., 2004). Phytoplasmas induce char-
acteristic symptoms in host plants, many of which point to
impairment of sieve-tube function (such as low productivity,
stunting, general decline, reduced vigor; Kartte and Seemüller,
1991). Cytological modifications such as sieve-element necro-
sis, abnormal callose deposition at the sieve plates, sieve-element
wall thickening, and starch accumulation in the shoots of sus-
ceptible plants have been documented by electron microscopic
observations (Braun and Sinclair, 1978; Kartte and Seemüller,
1991; Musetti et al., 1994; Musetti and Favali, 1999). During
phytoplasma infection, assimilate translocation in the host plant
is severely impaired, being responsible for massive changes in
phloem physiology (Musetti et al., 2013). It was postulated that
phytoplasmas secrete a variety of effector proteins that interfere
with plant processes, leading to changes in plant development
and physiology, but to date the biochemical and molecular rela-
tionships between phytoplasmas and their hosts remain largely
unexplored. Global transcription profiles have been obtained
from phytoplasma-infected grapevine leaves by hybridization of
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microarrays (Albertazzi et al., 2009; Hren et al., 2009a) or protein
profiling (Margaria and Palmano, 2011). These studies revealed
that phytoplasma infection in grapevine altered the expression
of more than one hundred genes and thirty proteins belong-
ing to both primary and secondary metabolism. Inhibition of
several Calvin-cycle enzyme genes was shown and explained by
the accumulation of soluble carbohydrates and starch that had
been observed in source leaves of plants infected by phytoplas-
mas (Lepka et al., 1999; Maust et al., 2003; André et al., 2005).
On the other hand, genes encoding enzymes involved in hex-
ose production from sucrose and starch, like vacuolar invertase,
sucrose synthase (SUS), and alpha amylase, were shown to be up-
regulated (Albertazzi et al., 2009; Hren et al., 2009a,b). A major
effect on sucrose transport and metabolism has been confirmed
thanks to gene expression analysis focused at the leaf phloem of
stolbur-infected grapevine. Laser microdissection-assisted isola-
tion of phloem transcripts and gene expression analysis showed
inhibited sucrose loading and increased sucrose cleavage, suggest-
ing the establishment of a phytoplasma-induced switch from a
carbohydrate source to sink (Santi et al., 2013).

An interesting but still unclear aspect of the phytoplasma–plant
interaction is “recovery,” which is a spontaneous remission of
symptoms in previously symptomatic plants, occurring also in
BN-infected grapevines (Osler et al., 1993), where the remission
of symptoms is associated with the disappearance of the phyto-
plasmas from the crown as also observed in apple trees recovered
from Apple Proliferation disease (Osler et al., 2000; Carraro et al.,
2004). Cytochemical analyses have revealed that recovery is accom-
panied by biochemical changes in the phloem, related to variation
of the sieve-element oxidative status, leading to modifications in
phloem protein (P-protein) conformation and in phloem occlu-
sion expression patterns. In particular, in grapevines as well as
in apple and apricot trees it has been demonstrated that recovery
coincided with the accumulation of hydrogen peroxide in sieve
elements (Musetti et al., 2004, 2005, 2007), which often signals
increased resistance. Moreover, an anomalous accumulation of
callose and protein associated with the up-regulation of callose
synthase- and P-protein-coding genes has been observed in recov-
ered apple trees (Musetti et al., 2010), supporting the hypothesis
that recovered plants were able to develop resistance mechanisms
dependent on Ca2+ signal activity (Musetti et al., 2010, 2013).

Callose is a structural component of the sieve elements (Ehlers
et al., 2000; van Bel et al., 2002). Its activity in sieve-pore occlusion
in the case of injuries (wounding, pathogen challenge, attack by
phloem sap-sucking insects), is extensively reported (Knoblauch
and van Bel, 1998; Furch et al., 2007) but roles in sieve element
physiology are also recognized (Barratt et al., 2011; Xie et al., 2011).
In intact phloem tissue, callose is involved in the correct function-
ing and development of the sieve elements and in flow regulation
through the sieve pores (Barratt et al., 2011; Xie et al., 2011).

In this work we studied the responses (in term of morphologi-
cal conformation and gene expression analyses) of callose during
phytoplasma infection in grapevines affected by BN and their
possible role in the establishment of “recovery.” Moreover, the
expression of sucrose metabolism-related genes such as sucrose
transporters, SUS, and invertase genes were also investigated in
leaves of recovered plants compared to infected and healthy plants.

MATERIALS AND METHODS
PLANT MATERIAL AND PHYTOPLASMA DETECTION
Grapevines (Vitis vinifera L. cv. Chardonnay) were grown in
an experimental field located in Friuli Venezia Giulia (North-
Eastern Italy). Plants were regularly treated with fungicides. Fully
expanded, intact leaves were collected from five healthy (H), five
symptomatic (D), and five recovered (R) plants in late sum-
mer (five leaves for each plant), when typical BN symptoms
were evident. Leaves were collected from symptomatic canes
of infected plants, and in similarly positioned canes of nearby
recovered and healthy plants. For stolbur phytoplasma detection,
RNA was extracted from frozen H, D, and R leaves enriched in
midribs using RNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Ger-
many) with minor modifications (Santi et al., 2013). Total RNA
quantity and purity were evaluated using a NanoDrop ND-1000
UV–Vis Spectrophotometer (Thermo Fisher Scientific, Inc., MA,
USA).

RNAs were reverse-transcribed using a QuantiTect Reverse
Transcription Kit (Qiagen GmbH, Hilden, Germany) with random
hexamers following the manufacturer’s instructions. Real-time
PCR reactions were set up with SsoFast EvaGreen Supermix (Bio-
Rad Laboratories Co., Hercules, CA, USA) using specific primers
designed on the 16SrRNA gene of “Ca. P. solani” (accession
no. AF248959) 16Sstol(RT)F2 and 16Sstol(RT)R3 (Martini et al.,
unpublished results; Santi et al., 2013). Real-time PCR analyses
were performed in a CFX96 Real Time PCR Detection System
(Bio-Rad Laboratories Co., Hercules, CA, USA), imposing the
following standard thermal profile: 98◦C for 2 min, followed by
45 cycles for 5 s at 98◦C and 5 s at 60◦C. A melting curve analysis
of the products was performed from 65 to 95◦C to check primer
specificity.

TRANSMISSION ELECTRON MICROSCOPY
To minimize the damage to sieve elements due to the electron
microscopy preparation procedure, a gentle preparation of the
samples has been performed according the method described by
Ehlers et al. (2000). Segments (6–7 mm in length) of grapevine
leaf tissues including the vein and 1–2 mm of blade on each
side were excised, immersed in a buffered medium containing
10 mM NaOH-2-(N-morpholino) ethanesulfonic acid, 2 mM
CaC12, 1 mM MgC12, 0.5 mM KC1, and 200 mM mannitol, pH
5.7 (van der Schoot and van Bel, 1989), and allowed to recover
for 2 h at room temperature. Then, the buffer was replaced by a
fixation solution of 3% paraformaldehyde and 4% glutaraldehyde
in 50 mM sodium cacodylate buffer plus 2 mM CaCI2, pH 7.2.

Samples were fixed for 6 h at room temperature, replacing the
fixative every 30 min. Then they were washed for 1 h at 4◦C in
50 mM sodium cacodylate buffer containing 2 mM CaCl2 (pH
7.2) and postfixed overnight with 2% (w/v) OsO4 in the above
buffer at 4◦C.

Dehydration was performed in a graded ethanol series and
propylene oxide, and the samples were embedded in Epon/Araldite
epoxy resin (Electron Microscopy Sciences, Fort Washington, PA,
USA).

Several serial ultrathin sections of at least 100 samples from
each of the three plant groups were collected on copper grids,
stained in uranyl acetate and lead citrate and observed under a
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PHILIPS CM 10 (FEI, Eindhoven, The Netherlands) transmission
electron microscope (TEM) operating at 80 kV.

PLANT GENE EXPRESSION ANALYSES
For plant gene expression analyses, RNAs were extracted from
frozen leaf midribs as described above. Nucleic acids were treated
with Turbo DNase (Ambion, Life technologies Co., Carlsbad, CA,
USA) and reverse-transcribed using a SuperScript III Platinum
Two-Step qRT-PCR Kit (Invitrogen Life Technologies, Paisley, UK)
in a total volume of 20 μL. Real-time RT-PCR analyses were
performed on a CFX 96 instrument (Bio-Rad Laboratories Co.,
Hercules, CA, USA). SsoFast EvaGreen Supermix (Bio-Rad Labo-
ratories Co., Hercules, CA,USA) was used for the analysis of callose
synthases, while RealMasterMix SYBR ROX (5Prime Eppendorf,
Hamburg, Germany) for all other genes. In both cases a melting
curve analysis was performed from 65 to 95◦C to check primer
specificity. Primers were designed at 60◦C Tm using Primer3 soft-
ware1, and then evaluated using the BLASTN (nucleotide basic
local alignment search tool) algorithm (Altschul et al., 1997). Stan-
dard curves of different dilutions of pooled complementary DNA
(cDNA) were used to calculate the PCR efficiency value (E) for
each primer pair as described by Pfaffl (2001). Primers and E are
indicated in Table 1.

Ubiquitin-60S ribosomal protein L40-like (UBQ-L40; acces-
sion no. XM_002273532.1) was used as a reference gene, as it

1http://frodo.wi.mit.edu/primer3/

was found to be stably expressed when compared with actin,
UBQCF (Ubiquitin conjugating factor) or 60SRP (60S riboso-
mal protein L18). The gene-stability measure (M) was calculated
by the geNorm program (Vandesompele et al., 2002) using RNAs
that were purified from midrib-enriched-samples of several D, R,
and H plants. The M value for UBQ-L40 was 0.45, thus confirming
the validity of this gene as a reference. A mean normalized expres-
sion (MNE) for each target gene (Muller et al., 2002) was calculated
by normalizing its mean expression level to the level of ubiquitin,
with the transcript abundance of ubiquitin defined as 100 arbitrary
units. Mean normalized gene expression values were graphed by
assigning a value of zero to no expression. Each data point rep-
resents the mean of at least three biological replicates and three
technical replicates. The sequences of the examined V. vinifera
genes were identified in silico by Grape Genome browser2 or
retrieved from the National Center for Biotechnology Information
(NCBI) database.

Statistical analyses of gene expression levels were performed
with the InStat GraphPad software package (La Jolla, CA, USA)
using an ANOVA Tukey–Kramer Multiple Comparisons Test.

RESULTS
PHYTOPLASMA DETECTION
Leaf samples were analyzed for the presence of BN phytoplasma
by real-time RT-PCR. Starting from 10 ng of total RNA, stolbur

2http://www.genoscope.cns.fr/externe/GenomeBrowser/Vitis/

Table 1 | Accession number of sequences and primers used for real-time RT-PCR.

Gene name NCBI accession No. Primer sequence (5′–3′) nM E Grape Genome

12X Locus tag

VvUBQ-L40 XM_002273532.1 For: CCAAGATCCAGGACAAGGAA Rev: GAAGCCTCAGAACCAGATGC 300 2.05 GSVIVT01038617001

VvSUC11 AF021808.1 For: ATGGAGAAGCTCTGCAGGAA Rev: TCAGTGCAGCAATCACAACA 300 1.93 GSVIVT01009254001

VvSUC12 AF021809.1 For: CGGATTGGATGGGTAGAGAA Rev: AGCAAACCAAATGCACCTTC 500 1.91 GSVIVT01020031001

VvSUC27 AF021810.1 For: CTCTTCGACACCGATTGGAT Rev: CAACCCCAGAACCACAGAGT 300 1.97 GSVIVT01034886001

VvSUS4 XM_002275119.1 For: GCTGGCTCAATCAGTTCCTC Rev: CCAAGCCTCAAACAATGACA 500 2.01 GSVIVT01015018001

VvSUS2 XM_002271860.1 For: GGCTGGGGTTTATGGTTTCT Rev: ATTTTGCCAGATCACGGAAC 300 2.06 GSVIVT01028043001

VvSUS6 XM_002270825.1 For: TATGGCTTCTGGAGGCAGTT Rev: CCTTCGCCAATTTTCTGAAT 500 2.02 GSVIVT01029388001

VvSUS5 XM_002266984.2 For: GCAGGGATGATTCAGACCAT Rev: CTTGCTTGTGTTCCGTGTTC 300 2.07 GSVIVT01035210001

VvGIN2 XM_002272733.1 For: ACGAATTTTTGGGAGCACAG Rev: GATGCATGTCCTTCCACCTT 500 2.05 GSVIVT01001272001

CWINV AY538262.1 For: TATTGACGGTGAAGCCCACT Rev: AAAGCCTGGCTCTTCACTCA 300 1.99 GSVIVT01016869001

VvGIN1 XM_002265498 For: CAATGCCACTGGAGTGAATG Rev: GGGATTTCTCAGCAACCAAA 500 1.94 GSVIVT01018625001

VvCAS2 XM_002283262.2 For: TTCACCCCAGTTGCATTTCT Rev: CCGATCCTTCCTATGACCAC 300 2.05 GSVIVT01025362001

VvCAS1 XM_002271612.2 For: GCCTTGCGCTTTTTCATCTA Rev: CTTCGCCTTCCAACAGAGAG 300 2.01 GSVIVT01001361001

VvCAS7 XM_002279310.2 For: GCTGGGAAGGGCTTATGAGT Rev: GGCCTCTACTGAATGCCTGA 300 2.01 GSVIVT01020854001

VvCAS11 XM_002263721.2 For: GCTGAACAGAGCTGGGAAAC Rev: CGCCGTACTGGAAAAAGAAG 300 1.97 GSVIVT01005204001

VvCAS5 XM_002274301.1 For: GCATGGTTCCCATTTGTCTC Rev: TCATCACAGCCTCACTCTGC 300 1.96 GSVIVT01026489001

VvCAS10 XM_002275082.2 For: GATGCTGGGATGGGTATGAT Rev: CCTGCAAGGATGATGGAGAT 300 2.03 GSVIVT01007560001
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16SrRNA transcripts were detected in symptomatic samples (D)
at an average quantification cycle (Cq) value (±SE) of 24.0 ± 0.5,
while no amplicons of the 16SrRNA gene were obtained in healthy
(H) and recovered (R) samples. Molecular diagnosis confirmed the
presence of stolbur in 98% of leaf samples collected from plants
classified as symptomatic in the field.

TRANSMISSION ELECTRON MICROSCOPY
Transmission electron microscopy investigations showed different
ultrastructural traits in the phloem of the grapevines, depend-
ing on their status (H, D, or R). The leaf tissues from H plants
were well preserved. As expected, in the sieve elements of these
plants phytoplasmas were not detected. P-protein was uniformly
dispersed in the lumen of most sieve elements (Figures 1A,B, pp)
and sieve pores were surrounded by a very thin stratum of callose
(Figure 1C, arrows) or had callose collars that did not occlude
their lumen (Figure 1D, arrows).

In D leaf tissues phytoplasmas were detected in the lumen of
sieve tubes (Figure 2A, arrows). Their presence is associated with
severe ultrastructural modifications of the phloem (Figures 2B
through F). Many companion and phloem parenchyma cells
showed plasmolysis and consequent cytoplasm condensation
(Figure 2B, arrows), others were necrotized (Figure 2B, n).

Increased thickness of the sieve-element walls (Figure 2C, arrows)
and a large accumulation of callose at the sieve plates, plugging
the sieve pores (Figures 2D,E, c), were also visible. Sieve elements
were often collapsed (Figure 2F, arrows). Given the serious ultra-
structural disorganization of D grapevine leaf tissues, in many
cases it was not possible to discern P-proteins in the sieve-element
lumen. When detectable, P-protein filaments were organized in
electron-dense clumps (Figure 2C, pp).

In R plants the leaf tissue was, in general, well preserved and
phytoplasmas were not observed in the sieve elements (Figure 3).
P-protein was observed in the sieve-element lumen as condensed
plugs (Figures 3A,B, pp) or as filaments (Figures 3C,D, pp) likely
passing through the sieve pores (Figures 3C,D, arrows). Callose
was also found in sieve tubes of R plants, forming collars around
the sieve pores (Figures 3C,D, c), and in some cases occluding
them (Figures 3A,B, c).

CALLOSE SYNTHASE GENE EXPRESSION ANALYSIS
Callose synthases synthesize the β-1,3-glucan (callose) that accu-
mulates at the sieve plates. Callose is usually deposited at
plasmodesmata and at sieve plates as a response to developmen-
tal cues and pathogen attack, with the aim of limiting spread
of the infection or reinforcing the cell wall (Nakashima et al.,

FIGURE 1 |Transmission electron micrographs of leaf tissues from

healthy grapevines. (A,B) P-protein (pp) is uniformly dispersed in the lumen
of most sieve elements (SE). (C,D) Sieve pores are surrounded by a thin

callose layer (C, arrows) or show callose collars that do not occlude their
lumen (D, arrows). In (A) and (B) bars correspond to 2 μm; in (C) and (D) bars
correspond to 0.5 μm.
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FIGURE 2 |Transmission electron micrographs of leaf tissues from

diseased grapevines. (A) Phytoplasmas are visible in the lumen of sieve
elements (arrows). Callose (c) is accumulated at the sieve plate (sp).
(B) Phloem parenchyma and companion cells show plasmalemma
detachment from the cell wall and condensed cytoplasm (arrows). Some
cells are necrotized (n). (C) Sieve-element (SE) walls appear increased in
thickness (arrows) and P-protein filaments (pp) are organized in dense plugs

(sp: sieve plate). (D,E) A big accumulation of callose (c) at the sieve plates
(sp), and occluding the sieve pores (E, arrows), is visible in infected samples.
Starch granules (D, st) are detectable in the companion cell (cc; SE, sieve
elements). (F) Groups of collapsed cells are present in the phloem of infected
grapevine leaves (arrows); at the top, a sieve plate (sp) is still recognizable.
In (A) and (E) bars correspond to 0.5 μm; in (B) bar corresponds to 5 μm.
In (C), (D), and (F) bars correspond to 1 μm.
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FIGURE 3 | Micrographs of leaf tissue from recovered grapevines.

(A,B) P-protein (pp) in condensed form is present in the sieve-element
(SE) lumen and also in association with callose collars around the sieve
pores (c). (C,D) P-protein filaments (pp) are localized in the proximity

of the sieve plate, and were likely passing through the sieve pores (arrows).
Note the thin callose layers (c) surrounding the sieve pores (arrows). In
(A), (B), and (C) bars correspond to 1 μm; in (D) bar corresponds
to 0.5 μm.

2003). The Arabidopsis genome contains 12 callose synthases
(CalS), also known as glucan synthase-like genes (GLS), which
are each expressed in a tissue- and developmental stage-specific
manner, as well as in response to different physiological and
environmental inducers (Verma and Hong, 2001). Among seven
genes encoding for callose synthases (called CAS in this work)
that were identified from the Grape Genome browser3 in the
Grape 12X genome Database, six were expressed in leaves of D,
R, and H plants, and only two were up-regulated in D leaves;
VvCAS2 (accession no. XM_002283262.2) and VvCAS7 (acces-
sion no. XM_002279310.2; Figure 4). The expression levels of
VvCAS2 and VvCAS7 were 9.9 and 5.5 MNE units, respectively,
in D leaves, whereas the levels were 3.8 and 1.2, respectively, in
H leaves. H and R samples did not show significant differences
in VvCAS2 and VvCAS7 transcript levels (Figure 4). VvCAS1
(accession no. XM_002271612.2) was the most highly expressed
in leaves, and was not even differentially modulated in response

3http://www.genoscope.cns.fr/externe/GenomeBrowser/Vitis/

to infection or after recovery, similar to the other expressed
CAS isogenes (accession numbers and primers are reported in
Table 1).

The CAS member of the family called CAS8-like (acces-
sion no. XM_002267920.2) showed a transcript level lower than
0.5% compared to the reference gene in all samples and is not
shown.

EXPRESSION ANALYSIS OF GENES FOR SUCROSE TRANSPORT AND
METABOLISM
Expression analysis of genes related to sucrose transport and
metabolism was performed in midrib-enriched, fully expanded
intact leaves of infected, recovered and healthy grapevines by real-
time RT-PCR (Figures 5 and 6). In grapevines, as in most plants,
sucrose is the carbohydrate for long distance transport, and glu-
cose and fructose are the major soluble sugars that accumulate in
sink organs like berries (Coombe, 1992). Accumulation of glu-
cose and fructose is mainly attributed to three families of proteins:
the sucrose transporters (Sauer, 2007), the acid (vacuolar or cell
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FIGURE 4 | Gene expression analysis of Vitis vinifera callose synthase

(CAS) genes. Mean expression (MNE) values from at least three individuals
for each plant group (H, D, R) plus standard errors are shown. Expression
levels of the genes of interest are normalized to ubiquitin (UBQ-L40

expression level = 100). Statistical comparisons were made using an
ANOVA Tukey–Kramer Multiple Comparisons Test to evaluate significant
differences. When indicated, different letters denote significant differences
(P < 0.05).

FIGURE 5 | Gene expression analysis of Vitis vinifera sucrose

transporter (SUC) genes. Mean expression (MNE) values from at least
three individuals for each plant group (H, D, R) plus standard errors are
shown. Expression levels of the genes of interest are normalized to
ubiquitin (UBQ-L40 expression level = 100). When indicated, different
letters denote significant differences (P < 0.05).

wall-associated) and neutral (cytosolic) invertases, and the SUSs
(Koch, 2004).

The expression of the three sucrose transporter genes (SUC27,
SUC11, and SUC12; Davies et al., 1999) investigated in the present
work (accession numbers and primers are reported in Table 1) was
confirmed as being decreased in D leaves, as already observed by
Santi et al. (2013). SUC12 was the most highly expressed trans-
porter in the H leaves, but was down-regulated more than twofold
in D samples, although the high variability among individuals
negatively affected the significance of the difference (Figure 5).
Our analysis was extended to the recovered plant leaves, where
SUC12 was more than fourfold (125.9 vs 28.4 MNE units) and
twofold (125.9 vs 59.2 MNE units) higher than in D and H
samples, respectively, due to it being highly affected during recov-
ery from the pathogen. The SUC12 gene belongs to the type
IIA cluster of sucrose transporters (Reinders et al., 2012), which
include the Arabidopsis SUT2/SUC3 gene. A role for SUC12 in
sucrose unloading into grapevine berry tissues was proposed by

Afoufa-Bastien et al. (2010). In accordance with this role, SUC12
was almost undetectable in phloem cells (including sieve ele-
ments, companion cells, and surrounding parenchyma cells) that
had been captured by laser microdissection from source leaves
of grapevine (Santi et al., 2013). Similarly, SUC11 expression was
shown to be 3.5-fold inhibited in D leaves (8.9 vs 32.9 MNE units)
compared to H leaves, while it was up-regulated in R leaves, where
the transcript level (49.3 MNE units) was more than fivefold higher
than in D leaves (Figure 5). The grapevine SUC11 belongs to the
type III group of low affinity sucrose transporters and its Ara-
bidopsis ortholog is ATSUC4 (Reinders et al., 2012). ATSUC4 is
localized at the tonoplast of Arabidopsis mesophyll cells (Endler
et al., 2006). SUC11 transcripts were found to be expressed at a
very low level in the phloem tissue of source leaves (Santi et al.,
2013). When analyzed in R leaves, the SUC27 gene also seemed
to be more induced (threefold) than in D leaves, although the
difference between R leaves, and D and H leaves was not signifi-
cant (Figure 5). The SUC27 gene belongs to the type I cluster of
sucrose transporters, including transporters necessary for loading
sucrose into the phloem, among which the Arabidopsis ATSUC2
is also grouped (Reinders et al., 2012). SUC27 is the only sucrose
transporter that is expressed in the phloem tissue of source leaves
of grapevine and was seen to be dramatically down-regulated in
the presence of stolbur (Santi et al., 2013). The phloem specificity
of SUC27 gene expression and thus the dilution of its transcripts
by functionally different tissues could explain why the differences
observed in the leaf samples were not significant. In conclusion,
the examined SUC genes confirmed an overall expression decrease
in stolbur-infected leaves, even if to a different extent, while they
were up-regulated during the recovery from BN compared to H
leaves.

Sucrose synthase has a dual role in directing carbon to polysac-
charide biosynthesis and in conserving energy throughout the
production of adenylated-glucose (Winter and Huber, 2000; Koch,
2004). Its cleavage activity produces fructose and both uridine
diphoshate-glucose (UDPG) and adenosine diphosphate-glucose
(ADPG); ADPG is necessary for starch biosynthesis, while UDPG
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FIGURE 6 | Gene expression analysis of Vitis vinifera sucrose synthase

(SUS) and cell wall invertase (cwINV) genes. Mean expression (MNE)
values from at least three individuals for each plant group (H, D, R) plus

standard errors are shown. Expression levels of the genes of interest are
normalized to ubiquitin (UBQ-L40 expression level = 100). When indicated,
different letters denote significant differences (P < 0.05).

is necessary for cell wall and glycoprotein biosynthesis (Baroja-
Fernández et al., 2012). UDPG is also used by callose synthase
(CAS) as a glucose donor to the growing polymer chain (Amor
et al., 1995). Among SUS isoforms (at least five in grapevine), four
were found to be expressed in leaves and thus were investigated by
real-time RT-PCR (accession numbers and primers are reported in
Table 1). Transcripts of a fifth SUS (accession no. XM_002271494)
were almost undetectable in leaves and are thus not shown.
Although expressed at different levels in H leaves (Figure 6), all
the examined SUS genes were significantly up-regulated in the
presence of the pathogen, as previously observed just for the
VvSUS4 gene (named VvSUS2-like in Santi et al., 2013). The anal-
ysis of leaves from plants recovered from infection showed the
expression of all the investigated SUS genes at the level of healthy
leaves. The most expressed SUS in H and R leaves was VvSUS2
(about 19 MNE units), which was 4.7-fold induced in D leaves.
This gene of the family (annotated as SUS2 with the accession
no. XM_002271860.1 in the NCBI database) shares 82 and 79%
identity (at the amino acid level) with ATSUS3 (AT4G02280.1)
and ATSUS2 (AT5G49190.1), respectively. In addition, VvSUS4
was investigated by real-time RT-PCR in leaves where it had
increased approximately ninefold in response to stolbur infec-
tion (60.8 vs 6.6 and 7.9 MNE units in H and R leaves). This
gene shares 82 and 81% identity at the level of amino acidic
sequence with Arabidopsis SUS4 (AT3G43190.1) and SUS3, respec-
tively (Bieniawska et al., 2007), and was found to be highly affected
by stolbur alongside the SUC27 transporter in phloem cells (Santi
et al., 2013). Two other SUS genes were examined, VvSUS5 and
VvSUS6; although barely expressed in H and R leaves, they were
both significantly up-regulated in D leaves like the other SUS
genes.

Accumulation of glucose and fructose in grapevine is mainly
attributed to the cleavage activity of invertases (Davies and Robin-
son, 1996). The acid soluble vacuolar invertases GIN1 and GIN2
(Davies and Robinson, 1996) were investigated. In our experi-
ment GIN1 and GIN2 were expressed at a very low level (on
average around 0.3 MNE units) both in H and R leaves, and
only for GIN2 was it possible to detect an up-regulation of the

gene in D conditions (data not shown). Low expression of GIN
genes depends on the fact that their transcripts decline during leaf
development (Davies and Robinson, 1996) and in our experiments
could reflect the use of mature leaves. Therefore, our attention was
focused on the expression of the acid cell wall invertase VvcwINV
(accession no. AY538262.1). We found that the expression of
VvcwINV was more than ninefold and fourfold induced in stolbur-
infected leaves and recovered leaves, respectively, in comparison
with healthy leaves (Figure 6).

DISCUSSION
The phloem is the transmission route for photoassimilates in
plants, but it is also a preferred destination for plant pathogens
because it is a pathway for their movement and spread inside the
host.

Phytoplasmas are phloem-restricted pathogens: knowledge
about their ability to interact with sieve elements is essential for
understanding the relationships with the whole host plant dur-
ing both the symptomatic and the following “recovery” phases.
Given that “recovery” is a natural, spontaneous event, and not
reproducible artificially, an explanation of the phenomenon is not
simple. However, this phenomenon is pivotal to counteracting
phytoplasmas because there are no effective treatments available.
This study confirmed that recovered plants are not colonized
by phytoplasmas in the canopy, as already reported in literature
(Carraro et al., 2004; Musetti et al., 2007), therefore, regarding
the epidemiological and practical aspects, recovered individuals
exhibit a performance similar to healthy, never infected plants
(Osler et al., 2000).

For the first time we have investigated and reported modifi-
cations occurring in the sieve elements of grapevine during BN
infection and“recovery.”An integrated approach has been adopted
through the combined use of ultrastructural and gene expression
analyses of leaf tissues.

Ultrastructural observation of phloem tissues is problematic,
because the excision of the samples for electron microscope prepa-
ration provokes artifacts due to the immediate wounding response
in the sieve elements. To minimize this risk, a gentle method for
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sample preparation was used, as described by Ehlers et al. (2000).
The method allowed us to compare the ultrastructure of the sieve
elements and the sieve plates in H, D, and R grapevine leaf tis-
sues and observing differences that are mostly related to callose
deposition.

Interestingly, the ultrastructural characteristics found in the
sieve elements of R plants were not different from those observed
in the H plants, apart from callose.

Callose accumulation is one of the major ultrastructural char-
acteristics of sieve elements of D grapevines. Also, in the case
of BN-infected grapevines, phytoplasma-induced callose could
be responsible for sieve-tube occlusion and mass flow impair-
ment (linked to the expression of typical BN disease symp-
toms) as recently demonstrated in a different plant/phytoplasma
interaction (Musetti et al., 2013).

Callose depositions in sieve elements of R plants appeared
thicker than those observed in H grapevines and, only in some
sporadic cases, they occluded the pores of the sieve plates. It
seems that these ultrastructural characteristics are compatible
with the correct physiology of R plants that are asymptomatic
and look identical to H plants. It has been demonstrated that
callose deposition in the phloem is not only associated with
responses to wounding or to pathogen spread but also that it
takes part in the normal processes of phloem maturation in
intact plants, influencing the length of the sieve-plate pores
and determining the flow characteristics (Barratt et al., 2011;
Xie et al., 2011).

Ultrastructural observations about callose deposition in
grapevine are in accordance with the results obtained from the
gene expression analyses, demonstrating that at least two differ-
ent isoforms of callose synthase genes are triggered in grapevine
during phytoplasma infection and that they return to a lower
level (not different from the H plants) during the “recovery”
phase.

Most genes encoding CAS, identified in several plant species, are
members of multigene families (Verma and Hong, 2001). Multiple
CAS genes may have evolved in higher plants for callose synthesis
at different locations and in response to different physiological and
developmental signals (Chen and Kim, 2009). Six CAS genes were
expressed in the leaves of H, D, and R grapevines. One of these,
VvCAS7, which is an ortholog of the Arabidopsis CalS7 that is
responsible for callose deposition in the phloem (Xie et al., 2011),
was significantly up-regulated in D leaf tissues compared to H and
R plants, in accordance with observations by TEM. The second
up-regulated gene in D grapevines was VvCAS2, which is induced
when its expression is examined in the whole leaf (as previously
reported by Hren et al., 2009a) but not affected by stolbur in the
phloem (Santi et al., 2013).

Our results suggested that at least two CAS genes could be
coordinately expressed with SUS genes, which were up-regulated
in D leaves but showed a similar expression level in R and H
leaves. As the synthesis of callose requires several steps, and hence
a single peptide may not be able to perform all the necessary
functions, the existence of a callose synthase complex has been
suggested (Verma and Hong, 2001). It has been demonstrated
that the callose synthase complex has a transmembrane domain
and hydrophilic loop interacting with different proteins, related to

sucrose synthesis and metabolism, among which SUS is included
(Verma and Hong, 2001). The function of some of these pro-
teins may be involved in controlling CAS activity, particularly in
response to biotic/abiotic signals (Verma and Hong, 2001). At con-
firmation of the link between CAS and SUS, Barratt et al. (2009)
reported that callose at the sieve plates is reduced significantly
in Arabidopsis double mutants for the phloem-specific SUS5 and
SUS6.

CASs are membrane-associated enzymes (Chen and Kim,
2009). Like several plant membrane-associated polysaccharide
synthases (among which cellulose synthase, callose synthase,
xyloglucan glucan synthase and multiple related glycan synthases)
the CASs have the topological requirements to couple synthesis
with the transport of callose into the extracellular matrix and
thus are included in the group of dual-function cell wall glycan
synthases (Davis, 2012).

The anomalous deposition of callose in the infected phloem
tissue and the altered modulation of two callose synthase genes
were only a part of the large modifications at the transcriptional
level observed for sucrose transport and metabolism of the leaf.
Accumulations of soluble carbohydrates and starch in source
leaves, complemented by a decrease of sugar levels in sink organs,
have been reported for periwinkle, tobacco, and coconut palm
infected by phytoplasmas (Lepka et al., 1999; Maust et al., 2003).
We previously demonstrated that, analogously to other obligate
biotrophs that need to acquire most nutrients from the host
plant, the stolbur phytoplasma induces the establishment of a
carbohydrate sink in the phloem of the leaf, thus altering the nor-
mal pattern of sugar partitioning of a source leaf (Santi et al.,
2013). In fact, in laser-microdissected phloem tissue of stolbur-
infected leaves, we observed a dramatic decrease of expression
of SUC27, the grapevine transporter mediating sucrose apoplas-
mic loading into the phloem, and a huge up-regulation of a
SUS gene (VvSUS4, Santi et al., 2013). A co-regulation of both
sucrose transport and cleavage would be advantageous for the
pathogen as both responses are crucial to access hexoses, which
could be the only usable carbon source (Christensen et al., 2005).
In the present work we analyzed the expression of the SUC genes
together with four SUS genes and the cell wall invertase gene,
cwINV, in midrib-enriched leaves of D and H plants, extending
our investigation to leaves of plants recovered from the dis-
ease. Even though they changed to a different extent, all the
SUC genes were down-regulated in D leaves as expected, con-
firming that the stolbur-induced establishment of a carbohydrate
sink in the phloem alters sucrose partitioning in tissues distal
to the infection site. A role for SUC11 and SUC12 in sucrose
accumulation in the vacuole and in sucrose unloading into sink
tissues (berry), respectively, has been suggested by Afoufa-Bastien
et al. (2010). In accordance the above finding, all the exam-
ined SUS genes together with cwINV were up-regulated in D
leaves.

Sucrose synthase utilizes sucrose to produce fructose and nucle-
oside diphosphate-glucose (mainly UDPG and ADPG; Winter and
Huber, 2000) and thus has a role in producing metabolic sub-
strates, in conserving energy in the form of adenylated-glucose,
and in initiating sugar signaling (Koch, 2004). SUS is encoded
by a small family of genes that are divergent and differently
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expressed. The Arabidopsis genome contains six SUS genes whose
exact function remains unknown because most mutants show
few observable effects (Bieniawska et al., 2007). Four grapevine
genes were found expressed in leaves, although at a different level,
and all were up-regulated in the presence of the phytoplasma
confirming the pivotal role of this gene family in both carbo-
hydrate partitioning and plant–pathogen interactions. SUS is also
believed to play a major role in both starch and cellulose biosyn-
thesis (Baroja-Fernández et al., 2012). The UDPG produced by a
membrane-associated form of SUS is thought to be used directly
as a substrate for cellulose synthase in the rosette complex where
SUS is an integral component (Amor et al., 1995; Fujii et al., 2010).
As discussed above, UDPG is also used as a glucose donor to the
growing polymer chain by callose synthases, similar to cellulose
synthases.

Cell wall invertase (cwINV), a sucrose-splitting enzyme that
produces hexoses, is a sink-specific enzyme, normally found
in various kinds of carbohydrate consuming tissues, and its
activity is usually low in source leaves. Extracellular invertases
are important for apoplastic phloem unloading and are key
enzymes in determining sink strength (Roitsch and Gonzàlez,
2004). The inhibition of phloem loading and the induction of
SUS genes that were observed in stolbur-infected leaves were
expected to be accompanied by elevated cwINV activity, as
already observed in Arabidopsis (Fotopoulos et al., 2003; Chan-
dran et al., 2010), wheat (Sutton et al., 2007), and grapevine leaves
(Hayes et al., 2010) when infected by biotrophic fungi. In the
case of grapevine, VvcwINV was highly induced in coordina-
tion with the hexose transporter, VvHT5, by powdery and downy
mildew infection. Interestingly, this response, which was also
observed with abiotic stress (such as wounding), mirrored the
response observed when leaves were treated with ABA (abscisic
acid), suggesting the concept that the transition from source
to sink following the induction of cwINV and HT genes is
part of a general ABA-mediated stress response (Hayes et al.,
2010). It is well established that cwINVs are transcriptionally
regulated by hexoses (Roitsch and Gonzàlez, 2004), but inter-
estingly, both ABA-responsive (ABRE) and hexose-responsive
(SURE) elements were identified in the promoter of VvcwINV
(Hayes et al., 2010). It is likely that a coordinated interaction
of sugar and hormonal pathways in plants leads to effective
immune responses (Bolouri-Moghaddam and Van den Ende,
2012).

It is known that plant cell wall invertases have a pivotal
role in plant defense (Roitsch and Gonzàlez, 2004; Berger et al.,
2007). Genes encoding cwINV are induced by elicitors in differ-
ent plant species (Roitsch et al., 2003). Several lines of evidence
suggest that plants establish high hexose levels in response to
invading pathogens, which in turn support defense responses
of the host. Indeed, RNA interference knockdown of cwINV in
tobacco leaves inhibited defense responses such as callose depo-
sition, induction of pathogenesis-related proteins, and hydrogen
peroxide-mediated cell death against the biotrophic oomycete Phy-
tophthora nicotianae (Essmann et al., 2008). Within sugar pools,
the cellular sucrose:hexose ratio is emerging as an important
parameter determining cellular responses (Bolouri-Moghaddam
and Van den Ende, 2012).

Regarding the“recovery”phenomenon, we analyzed the expres-
sion of the SUC genes together with four SUS genes and the cell
wall invertase gene, cwINV, in leaves of plants recovered from
the disease. When analyzed in R leaves, the expression of SUC
transporters was higher than in leaves of D plants. Similarly,
the gene encoding for the cell wall invertase was up-regulated
both in D and R samples. On the other hand, the expres-
sion of all the SUS genes was found to be at the same level
as leaves from H plants. This finding seems to suggest a direct
relationship between phytoplasma and, in particular, SUSs that
restore the level of expression of H plants when the pathogen
disappears.

Recovered plants seem to fully establish the carbohydrate source
function of leaves; moreover, recovered plants seem to acquire
increased transport ability and defense signaling. This finding
seems to be confirmed by the performance of field growing plants
that become resistant to new attaches when recovered from phy-
toplasma diseases (Osler et al., 2000). Sugars such as glucose,
fructose, and sucrose are recognized as signaling molecules in
plants, in addition to their roles as carbon and energy sources
(Koch, 2004; Rolland et al., 2006). Sucrose specifically stimu-
lates the accumulation of anthocyanins (Solfanelli et al., 2006),
which can act as antimicrobial agents in the plant defense sys-
tem against pathogen invasion (Winkel-Shirley, 2001). Sugar
signals, in particular a high sucrose:hexose ratio, may con-
tribute to immune responses and probably function as priming
molecules for more rapid and robust activation of defense to
biotic or abiotic stress (Bolouri-Moghaddam and Van den Ende,
2012).

Stolbur is not detected in leaves of recovered grapevines,
which is similar to observations in the crown of apple trees
recovered from the phytoplasma-associated-Apple Proliferation
disease (Osler et al., 2000; Carraro et al., 2004). For this rea-
son, the signal triggering the up-regulation of sucrose trans-
port and apoplastic cleavage must originate from organs distal
from the leaves. Whereas the pathogen has been detected in
roots of recovered apple trees (Carraro et al., 2004), to date
no data are available for grapevine roots, probably because
the stolbur titer is very low and diagnostic tools are still
not sensitive enough. Concerning the features of the signal
molecule, it is noteworthy that sugar production and use can
be controlled in part at the transcriptional level by sugars
themselves.

CONCLUSION
Phytoplasmas interfere with plant processes, leading to severe
changes in plant development and physiology, but to date the bio-
chemical and molecular interactions between phytoplasmas and
their hosts remain largely unexplored. “Recovery” from the disease
is often observed, but the molecular basis is almost completely
unknown as well.

The present work has unveiled structural and physiological
modifications occurring in the grapevine leaf phloem, which
is the site where phytoplasmas live, multiply and spread. Our
findings have demonstrated that phloem is severely affected by
phytoplasma infection. Callose accumulates anomalously in the
infected sieve elements, but its deposition is only a part of the large
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number of modifications at the transcriptional level observed for
sucrose transport and metabolism in the whole leaf. The decreased
sucrose transport observed at the transcriptional level, as well
as the increased sucrose cleavage mediated by cell wall invertase
and SUS, confirm the establishment of a stolbur-induced car-
bohydrate sink in the leaves. Plants that have recovered from
the disease seem to fully restore the carbohydrate source func-
tion of leaves and acquire increased transport ability and defense
signaling.
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Benzylisoquinoline alkaloids (BIAs) are a diverse group of biologically active
specialized metabolites produced mainly in four plant families. BIA metabolism is
likely of monophyletic origin and involves multiple enzymes yielding structurally
diverse compounds. Several BIAs possess defensive properties against pathogenic
microorganisms and herbivores. Opium poppy (Papaver somniferum: Papaveraceae)
has emerged as a model system to investigate the cellular localization of BIA
biosynthesis. Although alkaloids accumulate in the laticifer cytoplasm (latex) of opium
poppy, corresponding biosynthetic enzymes and gene transcripts are localized to proximal
sieve elements and companion cells, respectively. In contrast, BIA metabolism in the
non-laticiferous meadow rue (Thalictrum flavum; Ranunculaceae) occurs independent of
the phloem. Evidence points toward the adoption of diverse strategies for the biosynthesis
and accumulation of alkaloids as defensive compounds. Recruitment of cell types involved
in BIA metabolism, both within and external to the phloem, was likely driven by selection
pressures unique to different taxa. The biochemistry, cell biology, ecophysiology, and
evolution of BIA metabolism are considered in this context.

Keywords: benzylisoquinoline alkaloid, phloem, laticifer, sieve element, plant defense

INTRODUCTION
Alkaloids are low-molecular weight, nitrogenous specialized
metabolites occurring in approximately 20% of plant species.
Many of the ∼12,000 structurally elucidated alkaloids show
potent biological activity. In particular, the pharmacological
properties of benzylisoquinoline alkaloids (BIAs) have been
exploited for millennia, and modern medicine continues to rely
on plant-derived compounds such as the analgesics morphine
and codeine. BIAs such as berberine and sanguinarine pos-
sess antimicrobial activity, whereas others such as noscapine are
potentially antineoplastic (Barken et al., 2008). Papaverine and
(+)-tubocurarine are effective vasodilators and muscle relax-
ants, respectively, and the morphine precursor thebaine is used
for the synthesis of semi-synthetic drugs such as oxycodone,
naltrexone, and buprenorphine. Ironically, more is understood
about the effects of alkaloids on humans than the roles of these
compounds in the plants that produce them. Although not con-
sidered essential for normal growth and development, BIAs likely
play key roles in the defense of plants against herbivores and
pathogens. Compared with our rather superficial appreciation for
the ecophysiology of compounds such as morphine and noscap-
ine, the biochemistry of BIA biosynthesis is well-established
(Hagel and Facchini, 2013). An impressive array of biosynthetic
enzymes function to (1) rearrange the core 1-benzylisoquinoline
backbone and (2) add or modify functional moieties, yielding
a vast diversity of approximately 2500 known BIAs originat-
ing from a common intermediate (Ziegler and Facchini, 2008).
Phylogenetic data supports a common origin for these alkaloids
in certain families of the order Ranunculales (Liscombe et al.,
2005). However, remarkable differences are apparent with respect

to BIA biosynthesis and storage. In opium poppy (Papaver som-
niferum: Papaveraceae), sieve elements and specialized laticifers
of the phloem produce and accumulate BIAs, respectively (Bird
et al., 2003; Samanani et al., 2006). In contrast, phloem tissues
are not involved in the biosynthesis or accumulation of BIAs
in meadow rue (Thalictrum flavum: Ranunculaceae) (Samanani
et al., 2005). The inclusion or exclusion of phloem or other tissues
in BIA metabolism was likely driven by several factors includ-
ing the potentially independent emergence of laticifers and the
inherent biological activities of a persistently changing arsenal
of BIAs.

DEFENSIVE PROPERTIES OF BIAs
Numerous studies have supported defensive roles for BIAs in
plants, some of which possess anti-herbivory, antifungal and/or
antibacterial properties. Several structural subgroups have been
implicated, including protoberberine, benzophenanthridine, pro-
topine, aporphine, bisbenzylisoquinoline, pthalideisoquinoline,
and morphinan alkaloids (Table 1). For example, berberine
exhibits potent anti-herbivory activity toward a variety of insects
including gypsy moth larvae (Lymantria dispar) (Shields et al.,
2008), fourth instar larvae of fall webworms (Hyphantria cunea),
adult Alder leaf beetles (Agelastica coerulea) (Park et al., 2000) and
fruit flies (Drosophila melongaster) (Sellier et al., 2011). Coupled
with reduced larval growth and survival rates among generalist
pests (Krug and Proksch, 1993), such activity has prompted con-
sideration of berberine as a commercial insecticide (Shields et al.,
2008). Quaternary ammonium salts of certain protoberberine
and benzophenanthridine (e.g., sanguinarine and chelerythrine)
alkaloids also show antifungal and antibacterial activities toward
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Table 1 | Selected BIAs with established or putative defensive properties.

Compound Structural type Activity References

Berberine Protoberberine Feeding deterrent
Antifungal
Antibacterial
Antiviral

Krug and Proksch, 1993;
Schmeller et al., 1997;
Park et al., 2000;
Tims and Batista, 2007;
Shields et al., 2008;
Sellier et al., 2011

Hydrastine Pthalideisoquinoline Antifungal Goel et al., 2003;
Tims and Batista, 2007

Hunnemanine Protopine Antifungal Singh et al., 2009

Chelerythrine Benzophenanthridine Antifungal Liu et al., 2009

Papaverine Benzylisoquinoline Feeding deterrent Sellier et al., 2011

Sanguinarine Benzophenanthridine Antifungal
Antibacterial
Antiviral

Schmeller et al., 1997;
Liu et al., 2009

Tabienine B Bisbenzylisoquinoline Insecticidala Quevedo et al., 2011

Anolobine Aporphine Antibacterial
Antifungal

Villar et al., 1987

Bismorphine Morphinan Cell wall strengtheningb Morimoto et al., 2001

(Continued)
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Table 1 | Continued

Compound Structural type Activity References

Liriodenine Aporphine Antibacterial
Antifungal

Villar et al., 1987;
Costa et al., 2010

aLarvicidal.
bReduces cell wall hydrolysis by pectinases.

economically important plant pathogens (Liu et al., 2009).
Antimicrobial properties are also associated with aporphine
alkaloids (Villar et al., 1987; Zhang et al., 2012), whereas the
protopine alkaloid hunnemanine inhibits spore germination of
phytopathogenic fungi (Singh et al., 2009). The defensive prop-
erties of BIAs not only target microorganisms and insects, but
also larger pests including mammals, which seem prone to the
bitterness of alkaloids. For example, the buffy-headed marmoset
(Callithrix flaviceps), a primate native to South America, avoids
the BIA-rich fleshy fruit of the rainforest fevertree (Siparuna guia-
nensis) when consuming the nutritious seeds (Simas et al., 2001).
Roots of California poppy (Eschscholzia californica) with high
alkaloid content are less palatable to gophers (Geomyidae) com-
pared with low-alkaloid cultivars (Watts et al., 2011). In opium
poppy subjected to mechanical damage the rapid formation and
incorporation of bismorphine (Table 1) into the cell wall was sug-
gested to serve a defensive function by decreasing susceptibility to
hydrolysis by pectinases (Morimoto et al., 2001).

ROLE OF PHLOEM IN THE PRODUCTION AND STORAGE
OF BIAs
The biochemistry of BIA metabolism has recently been reviewed
in detail (Hagel and Facchini, 2013). Briefly, BIA biosynthe-
sis begins with the condensation of two tyrosine derivatives,
dopamine and 4-hydroxyphenylacetaldehyde to yield the cen-
tral intermediate (S)-norcoclaurine. The key branch-point inter-
mediate (S)-reticuline is formed from (S)-norcoclaurine via
6-O-methylation, N-methylation, aromatic ring hydroxylation
and 4′-O-methylation. Protoberberine, protopine, benzophenan-
thridine and pthlalideisoquinoline alkaloids are derived from
(S)-reticuline via flavoprotein oxidase-catalyzed oxidative cycliza-
tion. Pathway enzymes leading to berberine and sanguinarine
(Table 1) have been fully isolated. Berberine biosynthesis involves
O-methylation followed by two successive oxidation steps yield-
ing a methylenedioxy bridge and a quaternary ammonium
salt. Sanguinarine production requires the incorporation of
two methylenedioxy bridges, N-methylation, and three sub-
sequent oxidations mediating molecular rearrangement and
quaternary alkaloid formation. Phthalideisoquinoline alkaloid
metabolism is not well-understood, although recent efforts have
provided a metabolic framework and candidate biosynthetic
genes involved in noscapine biosynthesis (Dang and Facchini,
2012; Winzer et al., 2012). An enzyme forming an aporphine
bridge in (S)-reticuline was isolated from Japanese goldthread
(Coptis japonica) (Ikezawa et al., 2008) although downstream
enzymes have not been characterized. One O-methyltransferase

involved in the biosynthesis of papaverine (Table 1) is not known
(Desgagné-Penix and Facchini, 2012). In morphine biosynthesis,
(S)-reticuline is epimerized to (R)-reticuline, which undergoes
C-C phenol coupling to the promorphinan alkaloid salutari-
dine. Subsequent carbonyl reduction and O-acetylation yield
thebaine, which is converted to morphine by two oxidative
O-demethylations and keto reduction.

PHLOEM CELLS WORK TOGETHER IN OPIUM POPPY
The order Ranunculales is the first diverging clade of the
eudicots containing seven families representing approximately
3350 species, most of which are associated with the fam-
ilies Ranunculaceae, Papaveraceae, Berberidaceae, and
Menispermaceae (Forest and Chase, 2009). The Papaveraceae
form the earliest diverging group within the Ranunculales and
includes the genus Papaver, all species of which produce latex
containing BIAs. Opium poppy accumulates many different
structural subgroups of BIAs and has emerged as a model system
to investigate alkaloid metabolism (Facchini and De Luca, 2008).
BIAs accumulate in laticifers found adjacent or proximal to sieve
elements of the phloem in all organs of opium poppy. Morphinan,
pthalideisoquinoline (i.e., noscapine) and 1-benzylisoquinoline
(i.e., papaverine) alkaloids are major compounds in the latex of
aerial organs, whereas the benzophenanthridine sanguinarine is
predominant in roots. Latex is the cytoplasm of laticifers, which
are specialized cells with either articulated or non-articulated
morphologies (Metcalfe, 1967; Hagel et al., 2008). Articulated
laticifers consist of longitudinal cellular chains with perforated
or entirely degraded adjacent walls. Non-articulated laticifers
arise from a single cell that continuously by elongation and
ramification through plant tissues (Nessler and Mahlberg, 1977).
Both laticifer types are generally associated with vascular tissues
and contain a full complement of cellular organelles that often
includes large vesicles into which alkaloids are sequestered (Hagel
et al., 2008). Opium poppy laticifers are articulated, undergo
extensive anastomosis (adjacent cell wall degradation), contain
many vesicles, and are confined almost entirely to the phloem
(Nessler and Mahlberg, 1979). These specialized alkaloid ware-
houses are formed in the procambium and later in the vascular
cambium, thereby sharing a common origin with sieve elements
and companion cells.

Although laticifers were initially thought to function in both
the synthesis and storage of BIAs, more recent localization stud-
ies have demonstrated the involvement of neighboring phloem
tissues (Bird et al., 2003; Weid et al., 2004; Samanani et al.,
2006; Lee and Facchini, 2010). The current multi-cell model for
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FIGURE 1 | Schematic representation of the multicell model for the

biosynthesis and accumulation of BIAs in opium poppy involving the

coordinated participation of companion cells (cc), sieve elements (se),

and laticifers (la). Biosynthetic enzymes are synthesized in companion
cells and transported to sieve elements, where alkaloid biosynthesis
occurs. The bulk of synthesized alkaloids are stored in neighboring laticifer
networks. Other abbreviations: phloem parenchyma (pp), vascular cambium
(vc), xylem parenchyma (xp), and xylem vessels (xy).

BIA biosynthesis and accumulation in opium poppy is illustrated
in Figure 1. All known enzymes involved in the formation and
conversion of (S)-norcoclaurine to (S)-reticuline, and catalyz-
ing one early and one intermediate step in the sanguinarine and
morphine branch pathways, respectively, have been localized to
sieve elements by immunofluorescence labeling. As expected, cor-
responding gene transcripts were localized to companion cells
by in situ RNA hybridization. The localization of BIA biosyn-
thesis to sieve elements implicates the intercellular transport of
pathway intermediates or products. Whether BIA trafficking is
symplastic involving plasmodesmata, or apoplastic implicating
transporters or channels (Figure 1) is not known. The character-
ization of an ATP-binding cassette (ABC) transporter in Japanese
goldthread capable of berberine transport provides some insight
into a possible mechanism (Shitan et al., 2003).

PHLOEM TISSUES ARE NOT REQUIRED IN SOME PLANTS
Despite the close phylogenetic relationship between correspond-
ing biosynthetic enzymes in meadow rue and opium poppy
(Liscombe et al., 2005; Samanani et al., 2005) different cell
types are involved in BIA biosynthesis. Notably, meadow rue
does not contain laticifers and accumulates alkaloids such as
berberine (Table 1) in roots and rhizomes. Protoberberine alka-
loids are restricted to endodermal cells upon initiation of sec-
ondary growth in roots and are distributed throughout the pith
and cortex in rhizomes (Samanani et al., 2005). Opium poppy
and meadow rue show the paradigmatic recruitment of multiple
cell types for alkaloid biosynthesis and accumulation. In meadow
rue roots, BIA biosynthetic gene transcripts were localized to the
pericycle (the innermost layer of the cortex) and adjacent cor-
tical cells, whereas gene transcript accumulation was restricted

to the protoderm of rhizome leaf primordia. The cell-type spe-
cific localization of BIA biosynthesis and accumulation are, thus,
temporally and spatially separated in meadow rue. Unlike opium
poppy, BIA biosynthesis and accumulation occurs outside of the
vascular system, although localization of key enzymes to the
endodermis and pericycle likely provides convenient access to the
precursor tyrosine from the phloem.

Opium poppy and meadow rue currently provide the most
accurate models highlighting variations in the cellular local-
ization of BIA metabolism. However, other studies suggest
the occurrence of additional compartmentalization strategies in
terms of BIA biosynthesis and storage. For example, tissue-
specific profiling of BIAs in the stems of Sinomenium acutum
(Menispermaceae) using laser micro-dissection coupled with liq-
uid chromatography-mass spectrometry showed a wide distri-
bution of alkaloids, especially within the outer cortical regions,
phloem and xylem (Yi et al., 2012). BIAs were also reported
to accumulate outside of phloem tissues in the fruit of plants,
such as plume poppies (Macleaya spp.; Papaveraceae) (Zeng
et al., 2013) and fevertree (Siparuna guianensis: Siparunaceae)
(Simas et al., 2001).

EVOLUTION AND ECOLOGICAL ROLES OF PHLOEM IN BIA
METABOLISM
The predominance of BIAs in basal angiosperms suggests an
ancient evolutionary origin for this group of specialized metabo-
lites (Facchini et al., 2004). A monophyletic origin is supported
by the extensive sequence homology among enzymes operating
at conserved points in BIA metabolic networks found in plants
belonging to different families. However, despite widespread sim-
ilarities in the biosynthetic machinery, involvement of the phloem
in opium poppy compared with the disengagement of vascu-
lar tissues in meadow rue suggests the migration of previously
established BIA biosynthetic pathways between cell types. It is
reasonable to suggest that widely distributed alkaloids, such as
berberine and sanguinarine, were selected based on inherent anti-
herbivory and antimicrobial properties. It is also conceivable
that adaptive evolution was the driving force behind the dif-
ferential cellular location of BIA metabolism in various plants.
Access of herbivores and pathogens to specific cell types, tis-
sues and organs such as sieve elements, laticifers, epidermis,
and fruits likely had a profound effect on the sites of defen-
sive alkaloid accumulation and, thus, the localization of BIA
biosynthesis.

The localization of defensive metabolites to phloem is not
restricted to BIAs. Whereas the primary function of phloem
is the long-distance translocation of nutrients and information
molecules, certain phloem cell types contribute to the synthe-
sis, distribution and release of numerous defense compounds. In
some plants, sieve element sap contains proteins and/or metabo-
lites that deter herbivores and are toxic to pathogens (Hagel et al.,
2012). Examples of defensive compounds found in phloem sap
include quinolizidine alkaloids (Lee et al., 2007), ketone steroids
(Behmer and Nes, 2003; Janson et al., 2009; Behmer et al., 2010),
sulfur-containing metabolites such as glucosinolates (Halkier and
Gershenzon, 2006; Hopkins et al., 2009), and perhaps cyanogenic
glycosides (Jørgensen et al., 2005, 2011). Phloem transport of

Frontiers in Plant Science | Plant Physiology June 2013 | Volume 4 | Article 182 | 77

http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Lee et al. Phloem, alkaloid metabolism, and plant defense

defensive compounds such as glucosinolates is often coupled with
their biosynthesis, which occurs in specialized cells proximal to
sieve elements. Arguably, the localization of defensive metabo-
lites to sieve elements provides a deterrent to sucking insects
attempting to access the sugar-rich phloem sap. Certain pests
such as aphids have developed counter-strategies to overcome
phloem defense mechanisms (Hagel et al., 2012). Although BIA
biosynthesis occurs in the sieve elements of opium poppy, efforts
to detect BIAs in phloem sap have not yet been pursued. It is
possible a broad spectrum of alkaloids, or a specific subgroup
thereof, is maintained in sieve elements as a deterrent to phloem-
feeding insects. Nevertheless, the copious quantity of alkaloids
sequestered to latex suggests that transport from sieve elements
to laticifers confers an important selective advantage in opium
poppy.

EMERGENCE AND ROLE OF LATICIFERS
Laticifers are generally considered a recently evolved cell type,
and likely arose independently in different plant taxa (Hagel
et al., 2008). However, the ubiquitous distribution of laticifers
in families such as the Papaveraceae suggests isolated pockets
of monophylogeny. Latex often contains specialized metabo-
lites, including alkaloids, terpenoids, cardiac glycosides, lignans,
cannabinoids, and tannins (Konno, 2011; Mithöfer and Boland,
2012). Beyond the defensive properties of such metabolites, the
glue-like consistency of the latex itself appears to have a defen-
sive function by coating the mouthparts of foraging herbivores
(Hagel et al., 2008). The emergence of latex has undoubtedly
contributed to the arsenal of defenses in many plants, although
laticifers are not always involved in the storage of potentially
defensive metabolites. For example, the pentacyclic quinoline
alkaloid camptothecin accumulates in the parenchyma and/or
epidermal cells of the roots, stems and leaves of Chinese happy
tree (Camptotheca acuminata) (Pasqua et al., 2004), but is absent
from laticifers (Monacelli et al., 2005). In hemp (Cannabis
sativa), cannabinoids accumulate mostly in glandular trichomes
rather than in the non-articulated laticifers (Page and Nagel,
2006). In the plume poppy (Macleaya cordata), protopine alka-
loids are predominant in roots and leaves, whereas sanguinarine
accumulation is highest in fruits (Table 1) (Zeng et al., 2013).
Interestingly, laticifers are notably absent in the BIA-rich fruit tis-
sues of M. cordata. Comparison of different plume poppy species
and accessions revealed remarkable flexibility in alkaloid stor-
age sites, although the cellular localization of BIA biosynthesis
is unknown.

The emergence of laticifers in plume poppies was potentially
not exploited for the purpose of BIA accumulation to the same
extent as the profound role of latex as an alkaloid storage site in
opium poppy. Basic BIA biosynthesis was likely established prior
to the evolution of laticifers as unique phloem cell type in the
Papaveraceae. Progenitors of the Papaveraceae might have har-
bored a capacity for BIA biosynthesis in sieve elements or other
phloem cell types, and the emergence of laticifers provided a con-
venient site for the accumulation of copious alkaloid quantities,
which potentially enhanced evolutionary fitness. Latex generally
exhibits positive turgor and exudes upon tissue damage such as
that incurred during herbivory (Hagel et al., 2008). Alternatively,

laticifers in ancestors of the Papaveracae would represent only one
option for the establishment of a high-capacity alkaloid accumu-
lation site since other cell or tissue types exposed to pathogens
and herbivores and capable of alkaloid storage could be available.
Fleshy fruit is a common target of herbivores and would represent
an effective storage site for defensive BIAs; thus, it is not sur-
prising that some species might have adopted this strategy (Zeng
et al., 2013). Clearly, the evolutionary and ecological relation-
ship between plant-herbivore interactions and BIA metabolism
requires further investigation.

PHLOEM INVOLVEMENT: TO BE OR NOT TO BE
The emergence of laticifers within the Papaveraceae arguably pro-
vided a unique opportunity for the sequestration of preexisting
alkaloids. However, alternative strategies for the compartmen-
talization of BIA biosynthesis and accumulation were required
for plants in which laticifers did not evolve. In case of meadow
rue, phloem tissues appear entirely excluded from BIA metabolic
processes with the likely exception of supplying the precursor
tyrosine (Samanani et al., 2005). However, the current lack of
phloem involvement in meadow rue BIA metabolism does not
preclude the possibility that the pathway migrated from phloem
to non-phloem tissues over the course of evolution. If the capac-
ity for BIA biosynthesis originated in sieve elements, relocation
of the pathway to non-phloem tissues might have occurred in
support of a specific ecophysiological advantage. The accumu-
lation of berberine in the endodermis and pericycle of meadow
rue roots creates a defensive boundary (Samanani et al., 2002).
An effective solution to the challenge of invasion by soil-born
pathogens might have involved an outward migration of BIA
metabolism from phloem to surrounding tissues in members
of the Ranunculaceae. Interestingly, endodermis and pericycle
have also been implicated in the biosynthesis and accumula-
tion of other defensive metabolites, such as tropane alkaloids
(Hashimoto et al., 1991; Nakajima and Hashimoto, 1999; Suzuki
et al., 1999).

Alternatively, BIA biosynthesis might have originated in non-
phloem tissues with migration of pre-existing pathways to sieve
elements in plants such as opium poppy. However, the origin
of BIA metabolism within vascular tissues can be argued on the
basis that the establishment of biosynthetic capacity proximal
to a variety of cell types provides a more versatile platform for
pathway migration to tissues capable of deploying the advan-
tage conferred by the capacity to produce defensive compounds.
For example, sieve elements would provide access to roots, fruits,
latex and other plant organs and tissues. Migration of alka-
loid biosynthesis to proximal tissues could hypothetically occur
under species-specific selection pressures resulting in a variety of
different localization patterns in different taxa.

CONCLUSIONS AND PERSPECTIVES
The questions of how, why and where BIA biosynthesis origi-
nated remains a matter of speculation. Evidence supporting the
monophyletic origin of BIA metabolism in plants strongly sug-
gests migration of the biosynthetic machinery between different
cell types during the course of evolution in the Ranunculales.
The defensive properties of certain BIAs were likely driving forces
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for such migration, resulting in the placement of specific alka-
loids in cellular locations that would confer optimal selective
advantages. In opium poppy and likely other members of the
Papaveraceae, phloem is central to BIA biosynthesis and accu-
mulation. In contrast, phloem tissues do not appear to play a
role in BIA metabolism in meadow rue and likely other members

of the Ranunculaceae. The relatively few species studied so far
highlight the diversity of localization strategies. Continued inves-
tigation of the cell-specific localization of BIA metabolism in and
taxonomically expanded group of plants will further provide fur-
ther insights into the remarkable evolution and ecology of plant
specialized metabolism.
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The fascicular (bundle) phloem (FP) dis-
tributes assimilates from photosynthetic
active source leaves to sinks such as young
leaves, meristems and roots. It is also
involved in long-distance signaling and
defence responses (Van Bel and Gaupels,
2004; Walz et al., 2004; Lough and Lucas,
2006). In the past, cucurbits were fre-
quently used as model plants for phloem
biochemistry because large quantities of
phloem exudates can be easily sampled
from incisions into petioles and stems.
Analysing pumpkin (Cucurbita maxima)
exudates more than 1100 phloem proteins
and about 100 metabolites could be iden-
tified providing some insight into phloem
functions (Fiehn, 2003; Lin et al., 2009).

However, recent publications convinc-
ingly demonstrated that cucurbit exudates
do not represent pure FP sap but rather
originate mainly from the extrafascicu-
lar phloem (EFP) blended with xylem
fluid (Zhang et al., 2010, 2012; Gaupels
et al., 2012; Zimmermann et al., 2013).
The EFP is a network of sieve tubes out-
side of the vascular bundles found only in
Cucurbitaceae. Due to this unique charac-
teristic, knowledge obtained from analyses
of EFP exudates must be carefully verified
to apply also for the FP of other plants
(Turgeon and Oparka, 2010).

These findings settled a long-standing
debate on the origin and purity of cucurbit
phloem exudates, but one important ques-
tion is still not resolved: what is actually
the main function of EFP and EFP-derived
exudates in cucurbits? We will discuss
here the hypothesis that the EFP func-
tions in herbivore and pathogen defence
similar to laticifers in other plant species.
Consequently, for better differentiation
from FP sap and owing to the latex-like
properties EFP exudates will be termed
phloem latex hereafter.

EXTRAFASCICULAR PHLOEM vs.
FASCICULAR PHLOEM
The EFP consists of a complex network
of perifascicular strands next to the vas-
cular bundles, lateral commissural strands,
entocyclic sieve tubes within the pit and
ectocyclic sieve tubes in the cortex (Crafts,
1932). The companion cell/sieve element
complexes of the EFP strands are similar
in shape and diameter to the FP (Golecki
et al., 1999). However, absence of the EFP
from minor veins of source leaves sug-
gests that this particular phloem is not
involved in sugar loading (Turgeon and
Oparka, 2010). The fact that the EFP does
not connect sink and source tissues would
generally argue against an important role
of the EFP in assimilate distribution.

A detailed analysis of the sugar com-
position revealed low sugar concentrations
in phloem latex due to dilution of EFP
content with xylem fluid (Zhang et al.,
2012; Zimmermann et al., 2013). A simi-
lar dilution effect was also observed for FP
exudates suggesting similar sugar concen-
tration and osmotic pressure within both
phloem systems. However, the sugar com-
position differed considerably between FP
and the various elements of the EFP. In the
perifascicular phloem—like in the FP—
the transport sugars stachyose and sucrose
were most abundant whereas in ento- and
ectocyclic sieve tubes non-mobile hexoses
were most prominent (Zhang et al., 2012).
These findings indicate that the perifasci-
cular but not other elements of the EFP
contribute to assimilate transport. Further
studies e.g., using 13C- or 14C-labeling
techniques (Ghirardo et al., 2011; Zhang
et al., 2012) are needed to gain more
detailed information of assimilate trans-
port in the EFP.

Notably, the different types of extrafas-
cicular sieve tubes are all involved in

transport processes as evidenced by
translocation of the phloem-mobile tracer
5(6)-carboxyfluorescein (Zhang et al.,
2010) and graft-transmission of several
phloem proteins including the major
Phloem protein1 (PP1) and Phloem
protein2 (PP2) (Golecki et al., 1999)
within the EFP. PP1 and PP2 were also
immuno-localized in the FP although
the corresponding genes were mainly
expressed in companion cells of the EFP,
which would hint at plasmodesmal con-
nections between the two phloem systems
of cucurbits (Golecki et al., 1999).

Apart from symplasmic continuity, the
∼50% overlap of so-far identified FP
proteins from rice (Oryza sativa), rape
(Brassica napus) and castor bean (Ricinus
communis) with phloem latex proteins
from pumpkin also suggested some degree
of functional similarity between EFP and
FP (Lin et al., 2009). On the other hand,
the same comparison revealed that the
EFP contained the complete machinery for
protein translation, which is not present
in the FP probably as an adaptation to
assimilate transport functions (Lough and
Lucas, 2006; Lin et al., 2009). Even within
one plant—namely pumpkin—the pro-
tein composition was found to be dis-
parate between exudates from EFP and
FP (Zhang et al., 2010; Gaupels et al.,
2012). Particularly, PP1 and PP2 make
up to 80% of total protein content in
phloem latex but were not detected by 1-
and 2-dimensional polyacrylamid gel elec-
trophoresis in FP sap of pumpkin.

In sum, the discussed data support the
notion that EFP and FP are physically and
functionally connected. This applies par-
ticularly to the perifascicular sieve tubes
of the EFP. Given the reported differ-
ences in structure as well as sugar and
protein composition it seems, however,
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likely that the EFP network is at least
partially separated from FP and proba-
bly has other functions than assimilate
transport.

EXTRAFASCICULAR PHLOEM vs.
LATICIFERS
Laticifers are specialized cells forming
tubular systems with a distinct cytoplas-
mic content known as latex. A proposed
function of laticifers is the synthesis and
storage of compounds involved in herbi-
vore and pathogen defence (Hagel et al.,
2008; Konno, 2011). Here, we define
latex as a plant exudate from intracellu-
lar stores with primarily defensive func-
tions (Konno, 2011), which may but
must not contain rubber particles (but cf.
Pickard, 2008). Eminent examples of eco-
nomically relevant latex-producing plants
are opium poppy (Papaver somniferum)
and para rubber tree (Hevea brasilien-
sis). Depending on the species laticifers
can originiate from various cell types.
Interestingly, anastomosing (net-like) lati-
cifers develop from phloem initials and
are tightly associated with the vascular tis-
sue (Hagel et al., 2008). Here, we hypoth-
esize that the anastomosing EFP system
shares common functions with anasto-
mosing laticifers.

An important feature of laticifers is
the secretion of copious amounts of
latex from wounds. This way, insects are
confronted with large droplets of the
sticky and toxic fluid. Similarly, cucur-
bits bleed profoundly upon wounding.
The exudation is driven by the high
osmotic pressure in the EFP and by dif-
fusion of xylem water into the EFP after
wound-induced pressure release (Zhang
et al., 2012; Zimmermann et al., 2013).
The EFP content was estimated to be
∼100-fold diluted by xylem fluid (Zhang
et al., 2012). If the FP, which is rapidly
plugged by callose, contributes consider-
ably to phloem latex is still ambiguous and
might vary between species (Zhang et al.,
2012).

Previously, the EFP was assumed to be
devoid of efficient sieve tube plugging by
callose (Turgeon and Oparka, 2010; Zhang
et al., 2012). However, wound-inducible
polysaccharide synthesis reminiscent of
callose formation (Gaupels et al., 2012)
as well as SIEVE ELEMENT OCCLUSION
proteins (Lin et al., 2009) were detected

in pumpkin phloem latex. These findings
would imply that EFP occlusion is delayed
or suppressed for facilitating unrestricted
exudation from cuts. Only after unloading
of the phloem latex the occlusion mech-
anisms are probably essential for reestab-
lishment of the EFPs osmotic pressure and
defensive arsenal (Gaupels et al., 2012).

Callose or other carbohydrates and pro-
teins such as PP1 and PP2 which coagulate
upon exudation could have dual functions
(1) by causing the observed stickiness of
phloem latex (Gaupels et al., 2012), which
is essential for clogging insect mouth parts
as was reported for the defence strategy of
cucurbits against squash beetle (Epilachna
borealis) (McCloud et al., 1995). (2)
Additionally, callose and PP1/PP2 poly-
mers could be involved in covering the
wound site for sealing and protection from
microbial ingress into the vascular system
(Read and Northcote, 1983; Turgeon and
Oparka, 2010).

The pressure-driven exudation of both
laticifers and EFP can be circumvented by
trenching (Figure 1A). Some beetle species
isolate a circular leaf area through cutting
all tissues except for the lower epidermis.
Through this adaptive behavior the bee-
tles clear the feeding area from harmful
latex (Carroll and Hoffman, 1980; Tallamy,
1985; Konno, 2011).

DEFENCE-RELATED MOLECULES IN
PHLOEM LATEX
To date, cucurbitacins are the best stud-
ied defensive metabolites in cucurbit
phloem latex. They constitute a heterol-
ogous family of tetracyclic triterpenoids
with a bitter taste and high cytotoxicity
(Chen et al., 2005). Some cucurbitacins
display antibacterial and antifungal activi-
ties. Others were shown to be involved in
insect defence by acting as an antifeedant
or antagonizing the effect of insect
steroid hormones (Chen et al., 2005). For
instance, when host leaves were painted
with cucurbitacin B (Figure 1B) all six
tested species of non-specialist herbivo-
rous insects were deterred from feeding
and two species were deterred from ovipo-
sition (Tallamy et al., 1997). However,
specialist feeders of cucurbits can toler-
ate cucurbitacins or even use them for
their own defence system (Carroll and
Hoffman, 1980; Agrawal et al., 1999).
Cucurbitacins are constitutively present

in phloem latex but levels further increase
locally and systemically after herbivore
attack (Carroll and Hoffman, 1980;
Tallamy, 1985; Agrawal et al., 1999).

Inducible defence responses against
herbivores and certain pathogens are
under control of the plant hormone jas-
monic acid (JA). After leaf wounding JA
and its bioactive conjugate JA-isoleucine
rapidly accumulated within 30 min in
pumpkin phloem latex collected from dis-
tant petioles and stems indicating the
onset of a systemic wound response (SWR)
(Gaupels et al., 2012). During SWR JA is
synthesized in the phloem and is trans-
ported as a systemic phloem-mobile sig-
nal (Li et al., 2002; Gaupels et al., 2012;
Gaupels and Vlot, 2012).

Downstream-targets of JA in the
EFP remain to be elucidated but
could include amongst others the
phloem latex proteins SILVERLEAF-
WHITEFLY-INDUCED PROTEIN1, 18-
kD CYCLOPHILIN, 16-kD PHLOEM
PROTEIN1 and MITOGEN-ACTIVATED
PROTEIN KINASE6, which were all
increased in protein level after leaf damage
(Gaupels et al., 2012). Further abundant
proteins in cucurbit exudates are elements
of the constitutive defence such as per-
oxidases, proteinases as well as PHLOEM
SERPIN1 and other proteinase inhibitors
(Walz et al., 2004; Frohlich et al., 2012;
Gaupels et al., 2012). Similar defence pro-
teins are also widespread in latex from
laticifers (Konno, 2011).

The most remarkable protein in
phloem latex is PP2. This protein has
several proposed functions in defence
and signaling. First of all, PP2 is a
lectin. AtPP2-A1—the closest Arabidopsis
homolog of cucurbit PP2—was shown
to bind N-acetylglucosamine and glycans
(Beneteau et al., 2010). The corresponding
gene is inducible by the bacterial elicitor
hairpin and transgenic overexpression of
AtPP2-A1 induced resistance against the
aphid Myzus persicae without exact mech-
anisms of resistance known (Zhang et al.,
2011). Hence, PP2 could be involved both
in defence against bacterial pathogens and
phloem-sucking insects. Moreover, upon
exposure to air oxygen the redox-sensitive
PP2 and PP1 are responsible for stickiness
and gelation of phloem latex as a defence
trait against herbivorous beetles (McCloud
et al., 1995).
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FIGURE 1 | Trenching is a strategy of herbivorous insects for avoiding ingestion of toxic

phloem latex. (A) Artificial trenching releases phloem latex (broken arrows). The isolated
semi-circular area is cleared from phloem latex as demonstrated by a cut from which no exudate
emerges (left arrow head). In contrast droplets of exudates (arrows) appear from a cut outside of
the trenched area (right arrow head). (B) Cucurbitacin B is present in most cucurbits.

PP2 and PP1 interact via intermolec-
ular disulfide bridges between cysteine
residues forming insoluble gel-like poly-
mers under oxidizing conditions (Read
and Northcote, 1983). However, even
under non-stress conditions PP1 and PP2
self-assemble to filaments in the EFP
while only a small proportion of the
proteins is mobile (Smith et al., 1987;
Golecki et al., 1999). At high levels
mobile PP1 and PP2 would probably inter-
fere with assimilate transport and there-
fore, filaments are stored in the EFP
until pressure-released from cuts. After
leaf wounding pumpkin PP2 abundance
decreased transiently concomitant with a
decline in protein carbonylation/oxidation
suggesting that PP2 might be redox-
modified under stress conditions (Gaupels
et al., 2012). This redox-modification
might trigger a monomerization and
mobilization of PP2 in the phloem.
PP2 monomers could act as defensive
lectins or carriers of mRNA signals like
recently shown in melon (Cucumis melo)

(Gomez et al., 2005; Beneteau et al.,
2010).

Other defensive proteins in phloem
latex typically also found in latex from
other plants include a large set of protease
inhibitors, proteases, peroxidases, and
lipoxygenase (Walz et al., 2004; Konno,
2011). Although not directly related to
herbivore defence it is significant that
both in latex from Hevea brasiliensis as
well as in pumpkin phloem latex, pro-
teins of the translation and proteasome
complexes including ribosomal proteins,
eukaryotic translation initiation factors
and elements of the proteasome consti-
tute major functional categories whereas
these proteins are largely missing in the
FP (Lin et al., 2009; D’Amato et al., 2010;
Frohlich et al., 2012; Gaupels et al., 2012).
We speculate here that this finding reflects
the special laticifer-like functions of the
EFP, which necessitate extensive biosyn-
thesis of defensive proteins and enzymes
involved in the production of secondary
metabolites.

In sum, the accumulation of cucur-
bitacins and major proteins related to sig-
naling and defence responses in phloem
latex further supports a protective role of
the EFP system against herbivore attack
and subsequent microbial infection.

CONCLUSIONS
The main function of phloem is distribut-
ing assimilates. Because the phloem con-
tains highly nutritive molecules, which
appeal insects and pathogens, it was evolu-
tionary forced to develop efficient defence
measures. In cucurbits the tasks of trans-
porting assimilates and defending against
attackers are shared by two specialized
phloem systems. The FP is a linear and
simply branched tubular system opti-
mized for unhindered sugar translocation.
In contrast, the structure of the EFP is
net-like for better coverage of all tissues
and improved resistance against insect
counter-defences e.g., by vein cutting. The
content of the EFP is highly enriched in
proteins (PP1/PP2) and compounds with
viscous, sticky and toxic properties. These
features all resemble laticifers and would
severly interfere with assimilate transport
functions of phloem. Collective evidence
rather supports the view that the EFP acts
similar to laticifers as a pressure-driven
defence mechanism against insects and
pathogens.
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Acclimatory adjustments of foliar minor loading veins in response to growth at different
temperatures and light intensities are evaluated. These adjustments are related to their
role in providing infrastructure for the export of photosynthetic products as a prerequisite
for full acclimation of photosynthesis to the respective environmental conditions. Among
winter-active apoplastic loaders, higher photosynthesis rates were associated with greater
numbers of sieve elements per minor vein as well as an increased apparent total membrane
area of cells involved in phloem loading (greater numbers of cells and/or greater cell
wall invaginations). Among summer-active apoplastic loaders, higher photosynthesis rates
were associated with increased vein density and, possibly, a greater number of sieve
elements and companion cells per minor vein. Among symplastic loaders, minor loading
vein architecture (number per vein and arrangement of cells) was apparently constrained,
but higher photosynthesis rates were associated with higher foliar vein densities and
larger intermediary cells (presumably providing a greater volume for enzymes involved in
active raffinose sugar synthesis). Winter-active apoplastic loaders thus apparently place
emphasis on adjustments of cell membrane area (presumably available for transport
proteins active in loading of minor veins), while symplastic loaders apparently place
emphasis on increasing the volume of cells in which their active loading step takes place.
Presumably to accommodate a greater flux of photosynthate through the foliar veins,
winter-active apoplastic loaders also have a higher number of sieve elements per minor
loading vein, whereas symplastic loaders and summer-active apoplastic loaders have a
higher total number of veins per leaf area. These latter adjustments in the vasculature
(during leaf development) may also apply to the xylem (via greater numbers of tracheids per
vein and/or greater vein density per leaf area) serving to increase water flux to mesophyll
tissues in support of high rates of transpiration typically associated with high rates of
photosynthesis.

Keywords: apoplastic loaders, companion cells, intermediary cells, minor loading veins, phloem loading,

photosynthetic capacity, sieve elements, symplastic loaders

INTRODUCTION
Foliar vasculature, as the network of tissue linking the leaf ’s
chloroplast-containing mesophyll cells to the rest of the plant,
should be expected to display some concomitant adjustments to
those of photosynthesis during leaf development. Correlations
between xylem hydraulic conductivity and photosynthesis (e.g.,
Hubbard et al., 2001; Brodribb et al., 2005; Nardini et al., 2005;
Sack and Holbrook, 2006) have thus far led investigations of
the relationship between leaf venation and photosynthesis (Boyce
et al., 2009; Beerling and Franks, 2010; Brodribb and Field, 2010;
Brodribb et al., 2010; McKown et al., 2010; Blonder et al., 2011;
Walls, 2011). In addition, we (Adams et al., 2005, Adams et al.,
2007; Amiard et al., 2005) and others (Ainsworth and Bush, 2011;
Nikinmaa et al., 2013) have suggested that the export of carbohy-
drates from leaves might also be tightly coupled to photosynthesis
rate.

Several principal adjustments of foliar phloem (during leaf
development) can be envisioned to affect the capacity for car-
bohydrate export from the respective leaves. For apoplastic
loaders, which rely on membrane-spanning proteins [adenosine

triphosphatases (ATPases) to actively pump protons into the cell
wall space and, e.g., sucrose-H+ co-transporters to move sucrose
from the apoplast into the phloem], a greater total membrane area
of cells engaged in active loading of sugars or sugar alcohols could
be achieved via greater cell wall invagination, greater cell size,
or greater numbers of cells involved in loading. For symplastic
loaders, which rely on diffusion of sucrose into intermediary cells
(IC) and active synthesis of larger, raffinose sugars in ICs, ICs of
larger sizes may allow (i) a greater volume available for raffinose-
synthesizing enzymes and (ii) greater cell wall length available
for placement of plasmodesmatal channels for sugar movement.
For all leaves, regardless of phloem loading mechanism, a greater
flux of sugar-laden phloem sap should be afforded by a greater
number of foliar veins per leaf area, larger sieve elements, and/or
more sieve elements per vein. How might any of this be related
to photosynthesis? Manipulative experiments have clearly shown
that photosynthesis can be downregulated in response to inhibi-
tion of sugar export from leaves/needles (Krapp et al., 1993; Layne
and Flore, 1993; Krapp and Stitt, 1995; Myers et al., 1999; Paul and
Foyer, 2001; Urban and Alphonsout, 2007). This downregulation
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occurs via sugar repression of photosynthetic genes and lowers
intrinsic (light- and CO2-saturated) photosynthetic capacity for
photosynthesis – the latter of which should therefore be expected
to be directly dependent on the capacity to export the products of
photosynthesis from the leaf. In the following, we review evidence
indeed indicating such a linkage between the phloem structure of
foliar minor loading veins and intrinsic photosynthetic capacity
in those leaves.

LIMITS TO ACCLIMATORY RESPONSES OF FULLY DEVELOPED
LEAVES
Amiard et al. (2005) characterized fully expanded leaves and
intrinsic photosynthetic capacity of two apoplastically and two
symplastically loading species grown under low light (LL), high
light (HL), and transferred from LL to HL for 1 week. Intrin-
sic photosynthetic capacities of the apoplastic loaders pea (Pisum
sativum L. cv. Alaska) and spinach (Spinacia oleracea L. cv. Giant
Nobel; Figure 1A) were significantly higher in leaves of plants
grown under HL compared to LL, and were found to be equally
high in mature leaves of LL-grown plants following 1 week after
transfer to HL. This full upregulation of photosynthetic capacity
in transferred LL-grown leaves to the level seen in HL-grown leaves
was presumably facilitated by an increased level of ATPases and/or
sucrose-H+ co-transporters in the companion cells of spinach and
pea, with pea exhibiting significantly higher levels of compan-
ion cell wall ingrowths of HL-grown and LL to HL-transferred
leaves compared to LL-grown leaves (Amiard et al., 2005). Puta-
tive upregulation of the numbers of transport proteins involved
in sucrose export would facilitate increased sugar flux out of
the leaves Vaughn et al. (2002), preventing accumulation of non-
structural carbohydrates in the leaves (Figure 1B), and thereby
permitting full upregulation of photosynthetic capacity. Vein den-
sity per leaf area was not higher in leaves (of these apoplastic
loaders) developed in HL compared to LL, and also did not change
(in fully expanded leaves) following exposure of LL plants to HL
for seven days (Figure 1C). Similar results were reported for the
additional apoplastic loaders Arabidopsis thaliana (L.) Heynhold
Col-0 and Senecio vulgaris L., both of which also exhibited greater
cell wall ingrowths in transfer cells of HL-acclimated leaves com-
pared to LL-acclimated leaves (Adams et al., 2005, Adams et al.,
2007; Amiard et al., 2007).

Two symplastic loaders, pumpkin (Cucurbita pepo L. cv.
Autumn Gold; Figure 1D) and Verbascum phoeniceum L. (not
shown; see Amiard et al., 2005), also exhibited significantly higher
photosynthetic capacities when grown under HL compared to LL,
but neither species was capable of upregulating photosynthetic
capacity to the same high level exhibited by HL-grown leaves fol-
lowing transfer of LL-grown plants to HL for 1 week. Both species
also exhibited significantly lower foliar vein densities in LL com-
pared to HL, and vein density remained at that low level in (fully
expanded) leaves transferred from LL to HL (Figure 1F for pump-
kin; see Amiard et al., 2005 for V. phoeniceum). It is likely that
fixed physical features [low, unchanging plasmodesmata number
(determined from electron micrographs of the walls of interme-
diary cells; Amiard et al., 2005) and foliar vein density] of the
route for sugar export in these symplastic loaders limited the abil-
ity of LL-acclimated leaves to export increased levels of sugars

FIGURE 1 | Photosynthetic capacities, nocturnal retention of starch,

and vein densities of fully expanded leaves acclimated to high light

(HL), low light (LL), and 1 week after transfer from low to high light.

Photosynthetic capacity (light- and CO2-saturated rates of oxygen evolution
determined in a leaf disc oxygen electrode at 25◦C; Delieu and Walker,
1981) relative to that determined from fully expanded leaves of spinach (A)

and pumpkin (D) grown under HL, fractional area of the chloroplasts filled
with starch grains in spinach (B) and pumpkin (E) quantified from
cross-sections of palisade cells (examined with electron microscopy) from
fully expanded leaves collected predawn, and vein densities of fully
expanded leaves of spinach (C) and pumpkin (F). Plants were germinated
and grown under a 9-h photoperiod of 150 (spinach) or 100 (pumpkin) μmol
photons m−2 s−1(low light = LL), or under a 14-h photoperiod of
1000 μmol photons m−2 s−1 (high light = HL), or developed under LL and
subsequently transferred for 1 week to HL (LL→HL), all at 25◦C/20◦C
day/night temperature. Only leaves that had expanded fully under LL
(hatched portion of the LL→HL column) were characterized 1 week after
transfer to HL (filled portions of the LL→HL column). Means
(n = 3) ± standard deviation depicted in B, C, E, and F. Asterisk (*) and **
indicate significant differences at p < 0.05 and p < 0.01, respectively, and
n.s. = not significantly different (Students t -test). Data redrawn or
recalculated from Amiard et al. (2005). Photosynthetic capacities of leaves
from HL plants and LL transferred to HL plants were both significantly
higher than leaves of LL spinach plants (A), and photosynthetic capacities
of pumpkin leaves were significantly different from each other for all three
growth conditions (D).

synthesized by plants transferred from LL to HL, as indicated by
an accumulation of starch in pumpkin (Figure 1E), presumably
preventing full upregulation of photosynthetic capacity.

Spinach (a winter-active annual and apoplastic loader) and
V. phoeniceum (a biennial symplastic loader) both exhibited
upregulation of photosynthetic capacity in response to growth
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at low versus moderate temperature (Adams et al., 1995;
Dumlao et al., 2012). As during the acclimation to light intensity
described above, foliar vein density was significantly greater in
V. phoeniceum leaves that had developed under low versus mod-
erate temperature (matching the greater photosynthetic capacity
at low temperature), but was not significantly different between
growth temperatures for spinach (Dumlao et al., 2012). As will be
shown in the next section, spinach exhibited a greater number of
phloem cells per vein when grown at low temperature, presum-
ably providing for greater ATPase activity and sucrose loading of
the phloem to facilitate upregulation of photosynthetic capacity
at lower temperature. In contrast to the full or partial upregu-
lation of photosynthesis seen in mature leaves of apoplastic and
symplastic loaders upon transfer from LL to HL described above,
neither spinach nor V. phoeniceum exhibited any significant upreg-
ulation of photosynthetic capacity in mature leaves 1 week after
short-term transfer from moderate to low temperature growth
conditions (Dumlao et al., 2012).

SIEVE ELEMENT AND COMPANION CELL NUMBER ARE
RELATED TO PHOTOSYNTHETIC CAPACITY IN SEVERAL
WINTER-ACTIVE APOPLASTIC LOADERS
Arabidopsis thaliana (L.) Heynhold Col-0 and S. oleracea L. cv.
Giant Nobel (spinach) germinate in late summer to early autumn,
overwinter as a rosette of leaves, followed by bolting and flower-
ing during the lengthening, warmer days of spring. These winter
annuals, both of which are apoplastic loaders (Lohaus et al.,
1995; Haritatos et al., 2000), were grown under several combi-
nations of growth light and temperatures, i.e., warm (day/night
leaf temperatures of 25◦C/20◦C) versus cool (14◦C/8◦C) temper-
ature and moderate (400 μmol photons m−2 s−1) versus high
(1000 μmol photons m−2 s−1) light (9-h photoperiod), lead-
ing to leaves with different minor loading vein architecture and
photosynthetic capacities. All seeds were germinated under the
25◦C/20◦C leaf temperature regime and then either maintained
under those conditions or, following cotyledon development,
transferred to a 19◦C/15◦C leaf temperature regime for 7 days
followed by transfer to the leaf temperature regime for develop-
ment under cool temperature conditions. In all cases, only leaves
that were initiated and had developed fully under the respec-
tive conditions were characterized. Plants were maintained under
the respective light conditions from germination through devel-
opment and characterization. This protocol was followed for
A. thaliana and spinach, as well as all of the other species described
below.

For the winter annuals A. thaliana and spinach, growth under
lower temperature resulted in a greater number of sieve ele-
ments, companion cells, and phloem parenchyma cells in the
minor loading veins compared to growth at warm temperature,
as well as a higher intrinsic capacity of photosynthesis. This dif-
ference in phloem cell numbers is illustrated in Figure 2 for
A. thaliana grown at two temperatures under moderate light,
with a twofold higher photosynthetic capacity (Pmax) in leaves
grown at cool versus warm temperature. Growth under HL
further accentuated this difference in phloem anatomy; mean
(±standard error, n = 4 plants) sieve element number per
minor loading vein was 11.1 ± 0.3 (ranging between 8 and

FIGURE 2 | Sketches of representative minor loading veins from fully

expanded leaves of the winter annual Arabidopsis thaliana Col-0

grown under a 9-h photoperiod of 400 μmol photons m–2 s–1 at an

average day/night leaf temperature of 25◦C/20◦C (warm) or 14◦C/8◦C

(cool) and from fully expanded leaves of the summer annuals tobacco

and sunflower grown under a 9-h photoperiod of 1000 μmol photons

m–2 s–1 at an average day/night leaf temperature of 25◦C/20◦C. Filled
dark gray cells are companion cells (CC; 12 and 19 cells in the warm and
cool veins of A. thaliana, respectively), filled light gray cells are phloem
parenchyma cells (PC), small white cells within the gray cells are sieve
elements (SE; 6 and 9 cells in the warm and cool veins of A. thaliana,
respectively), cells with light gray adjacent to the cell walls are tracheids (T;
3 and 5 cells in the warm and cool veins of A. thaliana, respectively), and
large white cells around the tracheids are xylem parenchyma cells (XPC).
Photosynthetic capacities (light- and CO2-saturated rates of oxygen
evolution, Pmax in μmol O2 m−2 s−1) ± standard deviation obtained from
one leaf from each of four plants (n = 4) per growth condition provided
above each sketch. Mean photosynthetic capacities between A. thaliana
leaves grown at the two temperatures, and between tobacco and
sunflower leaves grown under the common conditions, were significantly
different at p < 0.001 (Student’s t -test).
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14) in leaves grown at 14◦C under HL versus 6.8 ± 0.3 (rang-
ing between 4 and 10) in leaves grown at 25◦ under moderate
light (p < 0.001, Student’s t-test). For spinach, grown under
the same conditions as A. thaliana above, sieve element num-
ber per minor loading vein was 12.0 ± 0.7 in leaves grown at
14◦C under HL versus 5.0 ± 0.7 in leaves grown at 25◦C under
moderate light (p < 0.001, Student’s t-test). See Cohu et al.
(in revision) for an in-depth analysis of the acclimation of foliar
vasculature to temperature and light among three ecotypes of
A. thaliana.

Furthermore, a remarkable linear relationship existed between
photosynthetic capacity and the product of phloem cell numbers
and foliar vein density for A. thaliana and spinach (Figure 3).
Phloem cell number, the number of all phloem cells of minor
loading veins directly associated with sieve elements, was nor-
malized for (multiplied by) foliar vein density since vein density
was approximately twice as great in leaves of spinach versus A.
thaliana (vein density did not vary within either of these species
in response to growth conditions; see also Candela et al., 1999;
Amiard et al., 2005; Adams et al., 2007). In both species, the
number of phloem cells (those associated with sieve elements
and the number of sieve elements themselves) and photosyn-
thetic capacity both increased with decreased temperature and
increased light intensity during growth (Figure 3). These findings
suggest that higher photosynthetic capacities can be supported by
higher levels of phloem loading (facilitated by a greater num-
ber of loading cells) and higher levels of sugar flux through
greater numbers of sieve elements in minor loading veins of
winter-active apoplastic loaders. While the intrinsic (light- and
CO2-saturated) capacity of photosynthesis shows the closest
correlation with various phloem vascular features (our unpub-
lished data), there is also a close relationship between intrinsic
photosynthetic capacity and in situ photosynthesis rates dur-
ing the actual growth conditions. Our comparisons between
intrinsic photosynthetic capacities and in situ rates of photosyn-
thetic electron transport estimated from chlorophyll fluorescence
parameters (not shown) indicate that (i) leaves grown at high
versus low light levels exhibit similarly greater rates of both
intrinsic photosynthetic capacity and photosynthetic electron
transport under growth conditions and (ii) leaves of winter annu-
als grown at cool versus warm temperatures show an association
between greater intrinsic photosynthetic capacities (measured at
25◦C) and maintenance of similar high actual rates of pho-
tosynthetic electron transport under growth conditions, while
leaves of cold-intolerant summer annuals show a failure to
increase intrinsic photosynthetic capacities (measured at 25◦C)
associated with much lower actual rates of photosynthetic elec-
tron transport when grown under cool versus warm growth
temperatures.

VEIN DENSITY, AND POSSIBLY NUMBERS OF PHLOEM CELLS
IN MINOR VEINS, ARE RELATED TO PHOTOSYNTHETIC
CAPACITY IN SEVERAL SUMMER-ACTIVE APOPLASTIC
LOADERS
In contrast to the winter-active apoplastic loaders A. thaliana
and spinach that exhibited no variation in vein density in
leaves that had developed under different growth conditions,

FIGURE 3 | Relationship between the light- and CO2-saturated rate of

oxygen evolution (photosynthetic capacity) and the product of vein

density times the number of companion and phloem parenchyma

cells adjacent to sieve elements in the minor loading veins from fully

expanded leaves of the apoplastic loaders Arabidopsis thaliana Col-0

(squares) and spinach (circles). Plants were grown under the following
light and temperature regimes: 9-h photoperiod of 400 μmol photons
m−2 s−1 under a day/night leaf temperature of 25◦C/20◦C (open symbols)
or 14◦C/8◦C (light gray symbols), or 9-h photoperiod of 1000 μmol photons
m−2 s−1 under a day/night leaf temperature of 25◦C/20◦C (dark gray
symbols) or 14◦C/8◦C (black symbols). Mean values ± standard deviation,
n = 3 to 4 leaves (one from each of three or four plants). The line is
described by y = 1.15x − 36, R2 = 0.81, and p < 0.003.

the greater photosynthetic capacities of HL-acclimated leaves
in the summer-active apoplastic loader tomato were associated
with vein densities that were significantly higher compared to
those of leaves that had developed in LL (Adams et al., 2007).
Furthermore, a comparison of two apoplastically loading sum-
mer annuals grown under common conditions of HL revealed
that sunflower (Helianthus annuus L. Soraya) possessed a greater
number of companion cells and sieve elements in the minor
veins (Figure 2), as well as a significantly higher vein density,
compared to tobacco (Nicotiana tabacum L.; 9.0 ± 1.7 versus
4.2 ± 0.6 mm vein length per mm2 leaf area, mean ± standard
deviation (SD), n = 4, p < 0.001, Student’s t-test). These foliar
vein features may provide for a greater flux of photosynthate out
of the leaves in support of photosynthetic capacities that were sig-
nificantly higher in sunflower leaves compared to tobacco leaves
(Figure 2).

INTERMEDIARY (COMPANION) CELL SIZE AND VEIN
DENSITY ARE RELATED TO PHOTOSYNTHETIC
CAPACITY IN SEVERAL SYMPLASTIC LOADERS
Under moderate growth light (400 μmol photons m−2 s−1),
the intermediary cells of the biennial symplastic loader V.
phoeniceum were larger in minor loading veins of leaves that had
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FIGURE 4 | Sketches (from light microscopic images) of representative

minor loading veins from fully expanded leaves of Verbascum
phoeniceum grown under a 9-h photoperiod of 400 μmol photons

m–2 s–1 at an average day/night leaf temperature of 25◦C/20◦C (warm)

or 14◦C/8◦C (cool) and of minor loading veins from fully expanded

leaves of cucumber and pumpkin grown under a 14-h photoperiod of

1000 μmol photons m–2 s–1 at an average day/night leaf temperature

of 25◦C/20◦C. Filled dark gray cells are intermediary (companion) cells (IC),
filled light gray cells are phloem parenchyma cells (PC), small white cells
are sieve elements (SE), and cells with light gray adjacent to the cell walls
are tracheids (T). Photosynthetic capacities (light- and CO2-saturated rates
of oxygen evolution, Pmax in μmol O2 m−2 s−1) ± standard deviation
obtained from one leaf from each of four plants (n = 4) per growth
condition provided above each sketch. Mean photosynthetic capacities
between V. phoeniceum leaves grown at the two different temperatures,
and between cucumber and pumpkin grown under the common
conditions, were significantly different at p < 0.001 (Student’s t -test).

developed under cool temperatures (day/night leaf temperatures
of 14◦C/8◦C) compared to leaves that had developed under warm
temperatures (25◦C/20◦C; Figure 4). As mentioned above, such
leaves also exhibited a greater vein density per leaf area when
grown at lower versus warmer temperature (Dumlao et al., 2012).
These differences in vein density and intermediary cell size are
associated with photosynthetic capacities that are approximately
twice as high in leaves grown at cool versus warm temperatures
(Figure 4; Dumlao et al., 2012). There was furthermore an asso-
ciation between greater vein density and higher photosynthetic
capacities for leaves of the symplastic loaders V. phoeniceum and
pumpkin when both were grown under HL compared to LL at
warm temperature (Amiard et al., 2005).

Similar general associations can also be seen between different
symplastically loading species grown under common conditions.
Two summer annual symplastic loaders, cucumber (Cucumis
sativus L. cv. Straight Eight) and pumpkin (Cucurbita pepo L.
cv. Autumn Gold), were grown under HL and warm tempera-
tures. Under these conditions, pumpkin had a higher foliar vein
density (9 ± 1 versus 6 ± 1 mm vein length per mm2 leaf area,
mean ± SD, n = 4, p < 0.01, Student’s t-test), larger interme-
diary cells associated with the sieve elements of minor loading
veins (Figure 4), and a significantly higher photosynthetic capac-
ity (Figure 4) compared to cucumber. For all symplastic loaders
examined here, higher photosynthetic capacities were thus cor-
related with (and presumably supported by) larger intermediary
cells (presumably with more enzymes for synthesizing raffinose
sugars) and higher foliar vein densities (to support a greater flux
of sugars through, and out of, the leaf).

THE INFRASTRUCTURE OF THE DISTRIBUTION SYSTEM MAY
SET THE LIMIT ON SUGAR FLUX AND, THEREBY, SUGAR
PRODUCTION CAPACITY
The findings presented here suggest that active sugar loading,
and the physical route for sugar export from sugar-producing
leaves, constitutes a potential limitation to leaf photosynthe-
sis – and that a greater capacity for phloem loading and for
sugar transport in foliar sieve elements allows for a greater leaf
photosynthetic capacity. In the economic analog presented in
Figure 5, increased investment in industrial production would
only be sustainable (profitable) if sufficient infrastructure were
available for distribution of more products to the consumer. Like-
wise, increased investment by the plant in expensive-to-maintain
photosynthetic machinery should only be expected if sufficient
sugar export infrastructure is available to distribute the result-
ing increased sugar production to the plants’ sugar-consuming
sinks.

Perhaps not surprisingly, different species with different evo-
lutionary histories and different mechanisms for exporting sol-
uble carbohydrates from their leaves exhibit different apparent
approaches to providing a high sugar export infrastructure. In
response to growth at lower temperature and/or higher light inten-
sities, winter-active apoplastic loaders exhibited greater levels of
cell wall invagination in transfer cells and/or greater total num-
bers of cells involved in active loading (both of which provide
for a greater overall membrane area for trans-membrane pro-
teins involved in active phloem loading), while a concomitant
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FIGURE 5 | Analogy between energy acquisition, distribution,

and consumption for petroleum versus the sugar produced in

photosynthesis. Scheme illustrating the role of the infrastructure of the
sugar-exporting phloem (illustrated in orange as the lower portion of the leaf
veins) in distributing sugar from the chloroplasts in the mesophyll cells of the
leaf (site of photosynthetic sugar synthesis) to the sites of sugar utilization
for the production of agronomically important plant materials (food, fuel,

and other products). The role of sugar-exporting phloem is analogous
to petroleum distribution infrastructure, where limited distribution
would be expected to put an upper limit on the investment into
the acquisition of petroleum. For details regarding the cellular arrangement
of the phloem in foliar minor loading veins, see Figures 2 and 4 for
representative examples from leaves with different phloem loading
mechanisms.

greater total number of sieve elements per minor loading vein
provides the necessary cross-sectional area for a greater sugar
flux capacity. While the winter-active apoplastic loaders exhib-
ited no phenotypic plasticity with regard to foliar vein density, the
summer-active apoplastic loader tomato developed a significantly
greater vein density in HL compared to LL, and a comparison
among two summer-active apoplastic loaders revealed a cor-
relation between vein density and photosynthetic capacity. In
symplastic loaders, the general architecture of the minor loading
veins (numbers and arrangement of cells) exhibited little or no
response to growth conditions, but cell size and foliar vein density
did exhibit acclimatory differences. Growth of symplastic loaders
at lower temperature (for a biennial species that persists through
winter) and/or higher light intensities (for summer annuals as
well as the biennial species) led to leaves with larger intermediary
cells (with a greater volume in which to accumulate raffinose-
synthesizing enzymes) and higher vein densities (to support a
greater overall flux of sugars out of the leaves).

The two principal adjustments to accommodate greater sugar
flux through the leaf ’s sieve elements (greater number of sieve

elements per minor loading vein versus greater total numbers of
veins per unit leaf area) are also strategies that might work equally
well in delivering more water through the xylem (greater number
of tracheids per vein, cf. A. thaliana in Figure 2, versus greater
density of foliar veins, e.g., Brodribb and Jordan, 2011) in support
of the transpirational water loss that typically accompanies pho-
tosynthetic CO2 uptake through the stomata. It will be interesting
to discover what adaptive and/or acclimatory (during leaf devel-
opment) adjustments to the minor loading veins (if any) species
from different major groups of plants (e.g., gymnosperms, mono-
cots) and/or with other life histories (e.g., seasonally deciduous
species, evergreen species) employ.
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Carbon transport processes in plants can be followed non-invasively by repeated
application of the short-lived positron-emitting radioisotope 11C, a technique which has
rarely been used with trees. Recently, positron emission tomography (PET) allowing
3D visualization has been adapted for use with plants. To investigate the effects of
stem girdling on the flow of assimilates, leaves on first order branches of two-year-old
oak (Quercus robur L.) trees were labeled with 11C by supplying 11CO2-gas to a leaf
cuvette. Magnetic resonance imaging gave an indication of the plant structure, while PET
registered the tracer flow in a stem region downstream from the labeled branches. After
repeated pulse labeling, phloem translocation was shown to be sectorial in the stem: leaf
orthostichy determined the position of the phloem sieve tubes containing labeled 11C. The
observed pathway remained unchanged for days. Tracer time-series derived from each
pulse and analysed with a mechanistic model showed for two adjacent heights in the
stem a similar velocity but different loss of recent assimilates. With either complete or
partial girdling of bark within the monitored region, transport immediately stopped and
then resumed in a new location in the stem cross-section, demonstrating the plasticity of
sectoriality. One day after partial girdling, the loss of tracer along the interrupted transport
pathway increased, while the velocity was enhanced in a non-girdled sector for several
days. These findings suggest that lateral sugar transport was enhanced after wounding
by a change in the lateral sugar transport path and the axial transport resumed with the
development of new conductive tissue.

Keywords: assimilates, girdle, Quercus robur L., tracer model, translocation, wounding

INTRODUCTION
Tree physiology studies have often used the radio-active carbon
isotope 14C (e.g., Lockhart et al., 2003; Sloan and Jacobs, 2008;
Bonhomme et al., 2010). But the short-lived tracer 11C has a high
scientific potential, since tracer dynamics can be observed non-
invasively in a plant for an unlimited period, provided the tracer
is available (Minchin and Thorpe, 2003). Yet it has been used
in very few tree studies (Lang and Minchin, 1986; Jahnke et al.,
1998; McQueen et al., 2005). Due to its short half-life time of
20.4 min, 11C must be produced close to the experimental site.
Hence, the reason for the scarcity of 11C experiments on living
trees is the necessity of a nearby cyclotron. The short half-life
time of 11C restricts the time-scales of processes that can be stud-
ied, but changes in those processes can be followed in consecutive
tests, since there is no build-up of the tracer with repeated label-
ing. The applicability of 11C tracer technique in plant research is
illustrated by the wide variety of studies that have used it in plant
physiology (e.g., Freckman et al., 1991; Jahnke et al., 1998; Gould
et al., 2004; McQueen et al., 2005; Thorpe et al., 2010).

The radionuclide 11C is mostly administered to plant leaves
as 11CO2 which is fixed by photosynthesis. Upon decay, 11C

releases a positron (β+) which is subsequently annihilated to
give two γ-rays (511 KeV photons) after collision with an elec-
tron. The path from decay to annihilation has a maximum of
about 4 mm in water, limiting the spatial resolution if detecting γ

photons. The photons can be observed singly or by coincidence,
using scintillation detectors. If singly, the regions of interest are
defined by suitable radiation shielding, giving 11C tracer time-
series for the radioactivity in each region (Minchin and Thorpe,
2003). Recently, a positron emission tomography (PET) system
was developed for plants at Forschungszentrum Jülich, the Plant
Tomographic Imaging System (PlanTIS) (Beer et al., 2010). In
contrast to single-photon detectors, this system counts events
only when two annihilation γ-rays coincide in time. Due to this
specific characteristic, PlanTIS can provide three-dimensional
(3D) images of 11C labeled assimilates without the need for radi-
ation shielding (Jahnke et al., 2009). Additionally, a much more
flexible examination of tracer flow is possible because 11C tracer
time-series for any region of interest can be extracted from these
images after the experiment. The tracer profiles can be anal-
ysed with a semi-mechanistic compartmental model describing
long-distance tracer-transport (Bühler et al., 2011). Parameter
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optimization by fitting modeled data to experimental data gives
physiological information on translocation velocity and tracer
exchange between the pathway and adjacent tissues.

We observed that PlanTIS, with its expected spatial resolution
of about 2 mm, could portray useful three-dimensional images of
11C distribution during translocation in the stem of young oak
trees with a stem diameter of only 13 mm. This capability was
needed to study the influence of girdling on the assimilate flow in
the stem of oak trees, which was the main objective of this work.
More specifically, this study aimed to reveal the effect of girdling
on the tracer’s pathway within the stem cross-section, on its axial
velocity, and on its loss (unloading) into tissues adjacent to its
pathway. 3D images obtained with PlantTIS gave the position of
11C in the plane of the stem cross-section, and model analyses
of temporal 11C tracer profiles provided information about the
tracer’s velocity and loss along the transport pathway. In order
to illustrate the location of the tracer pathway within the stem,
the anatomy of the oak stem was obtained by magnetic resonance
imaging (MRI)

MATERIALS AND METHODS
PLANT MATERIAL AND EXPERIMENTAL TREATMENTS
Measurements were conducted on two-year-old oak trees
(Quercus robur L.). On 15 March, these trees were planted in 10-
liter containers filled with a potting mixture (LP502D, Peltracom
nv, Belgium) and fertilized with a slow releasing NPK plus magne-
sium mix (Basacote Plus 6M, COMP0, Benelux). The trees were
irrigated every 2–3 days to ensure the potting mixture remained
well-watered. At the time of measurements in October, the trees
had a stem diameter of approximately 1.3 cm and a height of
approximately 110 cm (Figure 1). Two types of girdling were per-
formed. In one case, a 1 cm strip of bark was removed around
the complete outer circumference of the oak stem, henceforth

referred to as the complete girdling treatment (Figure 1A). In
a second case, a strip of bark was removed around half of the
stem outer circumference, henceforth referred as partial girdling
(Figure 1B). At planting, the lower branches of these trees were
removed so no branches were present below the girdle.

PET DATA COLLECTION
PlanTIS is a high-resolution PET scanner which allows in vivo
visualization of positron emitters like 11C in plants by creating
3D-images (Jahnke et al., 2009). Its detectors, front-end electron-
ics and data acquisition architecture are based on the ClearPET™
system (Streun et al., 2006). Two groups of four detector modules
stand face-to-face and rotate around a vertical axis so plants can
be placed in their natural upright position. More details about
this PET system can be found in Beer et al. (2010). The oak trees
were placed in the PET system (Figure 1C) at least 1 day before
the measurements to allow acclimatization of physiological plant
processes, especially photosynthesis and translocation. The cylin-
drical field of view (FOV) contained an 11-cm-long region of the
main stem and three reference sources (glass capillaries filled with
liquid [11C]NaHCO3) placed around the stem for co-registration
of images from repeated runs. By supplying 11CO2-gas to a leaf
cuvette connected to a closed gas-exchange system, approximately
85 cm2 of leaves on first order branches inserted at nodes between
30 and 40 cm above the FOV became radioactively labeled as
schematically illustrated in Figure 2A. The signal of the 11C tracer
was measured every 5 min for about 2.5 h after labeling. One
branch was pulse-labeled at 10:30 in the morning, the other
at 14:00 in the afternoon when tracer from the first pulse had
become negligible due to decay. During the daytime (from 7:30
till 19:30), the plants in PlanTIS were subjected to PAR ranging
from 200 to 480 μmol m−2 s−1 (approximately 350 μmol m−2

s−1 at the labeled leaf). The imposed temperature and relative

FIGURE 1 | The experimental system. Photographs of (A) complete girdling, (B) partial girdling, and (C) experimental setup of a potted oak tree in the PET
system “PlanTIS” at the Forschungszentrum Jülich.
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FIGURE 2 | The location of 11C tracer flow in the stem of an oak tree

depended on the position of the branch which was labeled. (A)

Schematic presentation of how the tree’s structure related to the PET images
from labeling two branches. (B,C) PET 3D-images from two trees, showing
11C distribution along the stem from two different branches. The branches,

labeled in consecutive experiments (gray and red), were inserted at angles
(B) ∼180◦ and (C) ∼90◦ . Dotted lines indicate the positions of the
cross-sections in (D) and (E). (D,E) The respective cross-sections of the PET
images (gray, red) overlaid with MRI (gray scale) water content images not of
the same, but a similar oak tree for illustration.

humidity fluctuated according to room conditions: night-day
temperatures were 18–24◦C and night-day relative humidity was
30–60%.

PET DATA ANALYSES
The PET data were converted by specific image reconstruction-
tools to 3D-images (Beer et al., 2010). The reconstructed PET
data were additionally converted by an image processing envi-
ronment (MeVisLab, version 2.1; MeVis Medical Solutions AG,
Bremen, Germany) to temporal profiles of 11C tracer (Figure 3C),
which mimicked the output of ten virtual detectors along the
measured stem segment with a thickness of approximately 1.1 cm
(Figures 3A,B). Detectors 0 and 9 were omitted from further
analyses as they extended beyond the upper and lower edge of
the PlanTIS FOV. The conversion was performed in a similar way
as in Bühler et al. (2011): the spatial 3D-data were integrated over
the FOV of each virtual detector in such a way the 11C profiles rep-
resent projections of transported 11C tracer on a one-dimensional
pathway through the stem (Figures 3A,B).

Temporal 11C tracer profiles (Figures 3C,D) measured along
the stem were analysed with the mechanistic model of Bühler
et al. (2011). This model describes tracer transport, exchange and
decay within three compartments using only a few transport and
exchange parameters and containing no details on spatial scales
or anatomy. The three model compartments represent a con-
duit in which tracer is carried, a transient storage compartment
(e.g., parenchyma) exchanging tracer with the local pathway, and
a compartment where tracer becomes immobilized. The numeri-
cal solution of the partial differential model equations was fitted
to the 11C tracer profiles (Figures 3C,D), resulting in estimates of
tracer transport properties, namely the speed of the radiotracer

[mm min−1] and the fractional net loss of tracer [% cm−1] by
steady fixation along the transport pathway (Bühler et al., 2011).
The modeled loss is calculated as the amount of tracer fixed in
the region of interest relative to the amount of tracer entering
this region (of each virtual detector, Figure 3). Hence, the loss is
the unloaded tracer at a location, as a fraction of the tracer that
has entered that region. The 90% confidence intervals were calcu-
lated using a bootstrapping approach (Bühler et al., 2011) to show
uncertainty of the estimates.

In order to estimate the transport properties at different loca-
tions in the partially girdled oak stem, two model analyses were
performed. The first model analysis was based on 11C-radiotracer
profiles provided by three consecutive virtual detectors above
(upstream) the girdle, namely detectors 1, 2, and 3 in Figure 3D.
The second analysis was based on two remote detectors: one
detector above the girdle comprised of detectors 1, 2, and 3 and
one below the girdle comprised of detectors 7 and 8 (Figure 3D).
These specific detectors were selected because only they provided
data consistent with the model assumption of an uniform system
for all data sets.

MRI IMAGE OF STEM CROSS-SECTION
PET images of successive 11C runs were overlayed on a MRI water-
content image of the oak tree used for partial girdling. It should
be noted that these MRI images are used here as illustration of
vascular stem anatomy and that they were not co-registered with
the PET images. The water content images were obtained in a
MRI system at Forschungszentrum Jülich (IBG-2) (De Schepper
et al., 2012). A 1.5T MRI system was used consisting of a split-
coil magnet (Magnex/Agilent, Oxford, UK) and a NMR imaging
spectrometer (Varian/Agilent, Alto Palo, USA). Parallel magnetic
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FIGURE 3 | Time series were generated for analysis from PET images of

tracer in the stem of an oak tree by using ten virtual detectors. (A) The
centers of the virtual detectors are indicated by red dots. (B) Regions of
signal detection within the PET image are indicated by white squares. The
white rods show the three reference sources (glass capillaries filled with

liquid [11C]NaHCO3) needed for co-registration of images from repeated runs.
(C) Temporal 11C tracer profiles measured at the virtual detectors 1–8,
respectively. (D) Schematic presentation of the virtual detectors that were
selected for analyses of phloem transport above the girdle location (model
analysis 1) or spanning the girdle location (model analysis 2).

field gradient-inserts at a separation of 120 mm were used (plate
diameter 40 cm, gradient strength up to 800 mT/m). In between
these two inserts a part of the oak stem was placed. A small radio-
frequency (RF) coil was wound around the stem prior to the
measurements, giving a much higher signal to noise ratio com-
pared to a standard whole body RF coil. Images were acquired
using (multiple) spin echoes (Haacke et al., 1999). MRI images
can serve as a good approximation of the local water amount
when the delay (the so-called echo time) between signal excita-
tion and detection is minimized, in this case to 5.4 ms. A slice
thickness of 2.5 mm was used with a fixed in-plane resolution
(pixel size) of 100 μm. FOV was adapted according to the stem
diameter.

RESULTS
VASCULAR ARCHITECTURE
Images of 11C distribution in the measured stem segment showed
that when different branches above the field of view were labeled,
11C flow occurred in distinct regions of the stem cross-section
(Figures 2B–E). Figure 2A illustrates schematically the sectorial
flow of assimilates in the stem. Figures 2B,C depict PET images
from two different oak trees, shown as isosurfaces of 11C radioac-
tivity integrated over the time of the experiments. The angle
between the insertions of the two labeled branches was approxi-
mately 180◦ (Figures 2B,D) and 90◦ (Figures 2C,E). In Figure 2B
the round gaps in the tracer flow are where a branch had been
removed at planting. Cross-sections of the PET images overlaid
on the MRI image of a similar oak tree (Figures 2D,E) illustrate

that the tracer was located in the phloem region of the stem,
which is represented by the peripheral white band in the MRI
image (De Schepper et al., 2012). The spatial resolution of PET
images in biological tissues is about 2 mm for 11C due to the path
length of positrons (with a maximum energy of 1 MeV) in tissues.
For that reason, the visualized 11C flow appears as a cloud around
any source (Figures 2D,E).

POSITION OF CARBON FLOW IN THE STEM BEFORE AND AFTER
GIRDLING
Before treatment, the labeled carbon flow did not change position
in time. Figure 4 compares the distribution of radiotracer in oak
stems derived from the same branches labeled at different times,
showing that the position of the transport paths remained the
same. For the two trees presented, the time difference between two
depicted tracer profiles of the same branch was 4 h (Figures 4A,C)
or 5 days (Figures 4B,D).

When the trees were girdled, the position of radiotracer near
the girdle changed from its initial position. Figure 5 visualizes
the flow of 11C radiotracer before and after complete girdling
(Figures 5A,C; cf. Figure 1A) or partial girdling (Figures 1B,
5B,D). The time difference between the two 11C labelings of
Figures 5A,C (complete girdling experiment) was 13 days while
in Figures 5B,D (partial girdling experiment) it was 2 days. In
case of partial girdling (Figures 5B,D), the depicted transport
route originally passed through the girdled sector. These images of
radiotracer distribution show that the path of 11C transport in the
girdled pathway changed its position to a different sector in the
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FIGURE 4 | The position of 11C flow in the stems of oak trees did not

change when the same branch was repeatedly labeled. In the tree
shown in (A,C) a branch was labeled with 11CO2 at different times on the
same day (10:00 red, 14:00 gray) while the tree shown in (B,D) was labeled
at different days [Day Of the Year (DOY) 279 gray, DOY 283 red]. (A,B) Show
3D-PET images of 11C distribution along the stems and (C,D) cross-sections
of the PET images at the positions marked by the dotted lines in (A,B)

overlaid on an MRI image of a similar oak tree for illustration (cf. Figure 2).

cross-section of the stem at latest 1 day after the (partial) girdling.
The 11C distribution after girdling (Figures 5A,B, red) appears to
be interrupted at the girdle, because the signal density dropped
below the image-threshold chosen to eliminate noise from the
displayed PET-data. This local decrease in signal density (amount
of signal per volume) at the girdle can be attributed to (i) a
local increased velocity or/and (ii) a local increased phloem cross-
section containing radio-active assimilates. An increased cross-
section would indicate that the radio-active assimilates are spread
over more phloem vessels/sectors. However, the latter seems
unlikely because the phloem cross-section is largely reduced after
girdling and wound tissue grows in a non-evenly distributed way
at the girdle (De Schepper et al., 2010). Due to the low sig-
nal to noise ratio, the actual assimilate pathway at the girdles
could not be depicted. Partial girdling did not alter the position
of transport routes that did not originally pass the girdle (data
not shown).

MODEL ANALYSIS
Before girdling, the estimated transport velocity and loss of differ-
ent oak trees calculated above the prospective girdling zone were
very similar: the transport velocity (±standard deviation) was
10.9 ± 4.2 mm min−1 (data not shown) before complete girdling

FIGURE 5 | The position of 11C flow pathway in oak stems changed

after the complete or partial girdling shown in Figure 1. 3D-Images of
tracer pathways are shown for (A) complete girdling, and (B) partial
girdling. With partial girdling, bark was excised from the labeled sector. The
cross-sections in (C) and (D) (at the dotted lines in A,B) are overlaid on MRI
images of a similar untreated oak tree for illustration. The radiotracer
images were before (dark gray) or after (red) girdling. In (A), the red image
was 13 days after complete girdling when new phloem tissue was grown,
and in (B) 2 days after partial girdling. The two solid lines indicate the
girdled region.

and 8.0 ± 0.7 mm min−1 before partial girdling (Figure 6A); the
loss of radiotracer was 9.2 ± 3.2% cm−1 (data not shown) before
complete girdling while it was 11.8 ± 1.6% cm−1 before par-
tial girdling (Figure 6B). The complete girdled tree was excluded
from further model analyses, because only one measurement after
girdling was available for this tree (13 days after girdling; cf.
Figure 5A).

The effect of girdling on the transport velocity and radio-
tracer loss was investigated for 3 days after partial girdling. We
analysed radiotracer flow emanating from two different branches
(Figure 6): for branch 1 the transport route originally passed
through the girdled sector and was thus interrupted by girdling,
whereas for branch 2 it was outside of the girdled sector and not
interrupted. After partial girdling, the transport velocities of both
flows (branches 1 and 2) changed: there was a decrease in the flow
from branch 1 and an increase in the flow from branch 2, cal-
culated either from three detectors above the girdle (Figure 6A),
or from two detectors with one above and one below the girdle
(Figure 6C).

The tracer loss along the stem calculated from the three detec-
tors above the girdle (Figure 6B) was much larger than that from
the two detectors spanning the girdle (Figure 6D). Initially tracer
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FIGURE 6 | Effect of partial stem girdling on phloem transport in an oak

stem. Velocity and tracer loss were estimated with a mechanistic tracer
model based on temporal 11C profiles of (A,B) three virtual detectors above
(upstream) the girdle (model analysis 1, Figure 3D) or of (C,D) two virtual

detectors located above and below the girdle (model analysis 2, Figure 3D).
Original flow from branch1 was in the girdled sector. The dotted vertical lines
represent the time of partial girdling. Error bars indicate 90% confidence
intervals. Note that scaling is more sensitive in (D) than in (B).

loss of branch 1 was ∼10 % cm−1 for the upstream region
(Figure 6B) and ∼5% cm−1 for the entire stem zone (Figure 6D).
In both cases the loss increased substantially during 2 days after
partial girdling: up to values of ∼30% cm−1 for the upstream
region (Figure 6B) and ∼11% cm−1 for the entire stem zone
(Figure 6D). In contrast, for branch 2 the loss (∼12% cm−1 for
the upstream region and ∼3–5% cm−1 for the entire stem zone)
was much less affected by the partial girdle compared to branch 1
(Figure 6B).

DISCUSSION
ASSIMILATE FLOW IN OAK STEM IS SECTORIAL
Young oak trees showed a sectoriality of assimilate flow, with
radiotracer distribution in the stem depending on the node of
the labeled branch (Figure 2). Similar sectoriality of flow between
shoot and roots has been reported earlier in herbaceous species
and trees (Stieber and Beringer, 1984; Watson and Casper, 1984;
Marshall, 1996; Vuorisalo and Hutchings, 1996; Jahnke et al.,
2009). In general, sectoriality arises when the vascular connec-
tions between sources and sinks restrict the movement of assim-
ilates in such a way that carbon fixed by a leaf remains primarily
within its orthostichy (Fetene et al., 1997; Preston, 1998). Sources
preferentially support sinks located above or below the respec-
tive insertion node, according to their vascular connections (Taiz
and Zeiger, 2002). Therefore, the allocation pattern of assimilates
from a source leaf to a particular sink becomes quite predictable
from basic information on the geometry of the leaf arrange-
ment on the stem (Marshall, 1996) which is useful for modeling
purposes.

SECTORIAL PLASTICITY OF ASSIMILATE TRANSLOCATION
On the days following complete girdling, 11C transport in the
downward direction was not detected directly above or below the
girdle (data not shown), showing that the physical interruption
of the phloem pathway had completely disturbed the downward
transport of assimilate from that branch. The observation of a
new location of assimilate flow 13 days after complete girdling
was related to the formation of new phloem tissue spanning
the girdle (Figure 5A). It is known for oak that newly formed
phloem tissue, or wound tissue, can reconnect the stem zone
above and below a similar girdle and that this wound tissue grows
in a non-evenly distributed way (De Schepper et al., 2010). The
downward flow of radiotracer also stopped immediately after the
partial girdling; however, it already recovered after only 1 day
(Figure 5B). This fast recovery indicates that the downward flow
of assimilates probably found its way to the roots by changing its
normal position toward undamaged phloem tissue.

Because the spatial pattern of phloem transport in the stem
above the manipulated bark changed after partial girdling (or
even complete girdling as soon as new transport tissue was avail-
able) translocation is clearly not absolutely determined by the
vascular architecture of a tree stem (Preston, 1998). The pathway
of assimilates delivered from a certain branch to the related sinks
was markedly altered after partial girdling (Figure 5) possibly
causing a branch to nourish another sink and changing its orig-
inal sectoriality. Other studies (Gent, 1982; Aloni and Peterson,
1990; Preston, 1998) have observed a similar breakdown of secto-
riality after manipulation of source-sink relations. These findings
suggest that the barriers to lateral flow in the sieve tubes are
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not absolute and that sectoriality in the stem phloem is plastic
(Preston, 1998; Orians et al., 2005).

Several hypotheses can explain this observed lateral trans-
port and the altered movement of the assimilate flow following
girdling. The first one is based on the leakage-retrieval mech-
anism happening in the transport phloem. According to this
mechanism, a cycle of assimilate leakage out of the sieve tubes
would exist, followed by retrieval back into the phloem (e.g.,
Minchin and Thorpe, 1987; Ayre et al., 2003; van Bel, 2003).
Due to this leakage-retrieval mechanism, a certain sieve tube may
retrieve substances leaking from another one at the same height
in the tree. Such an exchange of content amongst sieve tubes is
very likely in trees and woody plants where the winding nature of
the phloem tissues results in periodic contact between sieve tube
elements (Orians et al., 2005). Secondly, wounding could have
induced lateral vascular interconnections between different vas-
cular bundles, called anastomoses, which were not functioning
under normal circumstances (Grusak and Lucas, 1984; Aloni and
Peterson, 1990). In addition, in response to wounding, existing
plasmodesmata can increase their size-exclusion-limit allowing
larger openings between adjacent sieve elements (Schulz, 1995;
Roberts and Oparka, 2003; Orians et al., 2005). Moreover, sap
exchange between adjacent sieve tubes in a vascular bundle is
possible, as lateral sieve areas exist in angiosperms (Walsh and
Melaragno, 1976; Gattolin et al., 2008).

PHLOEM SPEED CAN BE INDEPENDENT OF ASSIMILATE UNLOADING
In the un-perturbed plant, phloem transport velocities of
8–10 mm min−1 (Figure 6) were at the lower range of the those
observed in poplar trees with MRI (12–24 mm min−1, Windt
et al., 2006) but were similar to velocities measured with 11C
in stems of Fraxinus excelsior (2.5–10 mm min−1) and Sorbus
aucuparia (5.4–9.5 mm min−1) for which measured transport
velocities were dependent on both the position of the source
leaves along the stem and the time of the season (Jahnke et al.,
1998). In the absence of treatment, the velocity was more or
less the same for the two labeled branches, and in both regions
of the stem, suggesting that the velocity varied little within a
cross-section, and was similar at the two observed heights. In con-
trast, although the loss was similar for both branches, it did vary
with height. Clearly the carbon status of this stem varied with
height, even without treatment. There was no externally obvious
change in the stem anatomy over that region, such as a devel-
oping bud or wound. It may be that handling the plant was a
cause, although that is unlikely since it was left un-moved for
the 4 days between the similar results. Therefore it seems that the
assimilate consumption, e.g., by phloem parenchyma for storage
or by cambium cells for growth, differed along the axial transport
pathway.

Whatever caused the axial difference in unloading, the dif-
ference of assimilate loss from the transport pathway could be
expected to affect the axial osmotic gradient in the phloem. Thus
if the transport followed a “simple” Münch mechanism (Münch,
1930), we would expect a roughly similar change in velocity to
that in unloading (loss) assuming all other conditions (e.g., flow
cross-sectional area) being equal along the transport path. Hence,
it seems that plants tend to regulate their translocation in such a

way that the translocation velocity is constant along the pathway.
NMR measurements of several species showed a similar behavior
over time: the phloem velocity was remarkably constant over the
diel cycle (Peuke et al., 2001; Windt et al., 2006). A possible mech-
anism that can regulate phloem velocity is the leakage-retrieval
mechanism (Gould et al., 2004; Thorpe et al., 2005; van Bel and
Hafke, 2005). In the stem zone where the loss was higher, an
active retrieval of older unlabeled carbon could have restored the
sieve tube hydrostatic osmotic potential and hence pressure. In
addition, other osmotica, such as potassium could play a role
in regulating the phloem pressure (Thompson and Zwieniecki,
2005; Pritchard, 2007).

PARTIAL GIRDLING CHANGES THE VELOCITY AND LOSS OF
ASSIMILATES
The decreased velocity of radiotracer flow from branch 1 after
partial girdling (Figures 6A,C) can be explained by an increase
in axial transport resistance caused by (enforced) lateral translo-
cation. It is likely that the resistance of the lateral transport mech-
anism was higher than the resistance of the sieve tubes which were
destroyed by the bark cutting. The temporary increase in velocity
of flow from branch 2 after partial girdling (Figures 6A,C) could
be due to a temporary higher sink demand, since the root system
received less assimilates from all of the branches delivering assim-
ilates via the girdled zone (including branch 1). The observed
higher loss of radiotracer flow produced by branch 1 after partial
girdling (Figures 6B,D) suggests that a smaller fraction of assim-
ilates produced by this branch reached the lower stem and roots
shortly after partial girdling. A similar compensatory increase in
phloem flow of both water (Thorpe and Lang, 1983) and assim-
ilate (Thorpe et al., 2011) has been observed when other sources
are reduced, as by cold-girdling.

If the leakage-retrieval mechanism was responsible for the lat-
eral transport then the loss for the pathway from branch 1 should
have increased and remained high after partial girdling, because
processes inducing the higher loss (e.g., increased energy demand
for enhanced retrieval) would have not altered. In the case of an
active change in the lateral translocation pathway (e.g., modifica-
tion of plasmodesmata, activation of anastomoses), the amount
of energy delivered by assimilates should temporarily increase to
fuel the vascular changes. Hence, once these vascular changes are
completed the required amount of energy delivered by branch 1
should reduce again. However, due to the large variability of the
loss of branch 1 and the discrepancy of loss changes between the
selected detectors at 3 days after girdling (Figures 6B,D), it is hard
to distinguish between the suggested processes.

The modeled velocities appear to return to the initial veloc-
ity by 3 days after treatment (Figures 6A,C). A similar return
to initial conditions (of phloem hydrostatic and osmotic pres-
sure) was observed by Gould et al. (2004; 2005). The applied
temperature treatment (Gould et al., 2004) increased the phloem
pathway resistance; hence, it had a similar effect as the girdling
treatment in our study. The restored velocity values in our study
may therefore indicate that the increased pathway resistance was
countered.

In conclusion, the PET system was successful in visualizing
in vivo the 11C flow in the stems of young oak trees and in
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determining the vascular sectoriality of phloem transport in
stems. The PET visualization supports the view that bark cut-
tings, which restricted normal phloem translocation, induced
lateral translocation and altered sectoriality. Analysis of the tem-
poral 11C-tracer profiles revealed that the fraction of transported
assimilates lost along the transport pathway increased above the
girdle, and that the velocity of the transported assimilates altered
in response to girdling. In untreated trees, the transport velocity
was constant along the transport pathway, while the loss could be
variable.
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Plasmodesmata (PD) play a key role in loading of sugars into the phloem. In plant species
that employ the so-called active symplasmic loading strategy, sucrose that diffuses into
their unique intermediary cells (ICs) is converted into sugar oligomers. According to the
prevalent hypothesis, the oligomers are too large to pass back through PD on the bundle
sheath side, but can pass on into the sieve element to be transported in the phloem. Here,
we investigate if the PD at the bundle sheath-IC interface can indeed fulfill the function of
blocking transport of sugar oligomers while still enabling efficient diffusion of sucrose.
Hindrance factors are derived via theoretical modeling for different PD substructure
configurations: sub-nano channels, slit, and hydrogel. The results suggest that a strong
discrimination could only be realized when the PD opening is almost as small as the
sugar oligomers. In order to find model parameters that match the in vivo situation, we
measured the effective diffusion coefficient across the interface in question in Cucurbita
pepo with 3D-photoactivation microscopy. Calculations indicate that a PD substructure
of several sub-nano channels with a radius around 7 Å, a 10.4 Å-wide slit or a hydrogel
with 49% polymer fraction would be compatible with the effective diffusion coefficient.
If these configurations can accommodate sufficient flux of sucrose into the IC, while
blocking raffinose and stachyose movement was assessed using literature data. While the
slit-configuration would efficiently prevent the sugar oligomers from “leaking” from the IC,
none of the configurations could enable a diffusion-driven sucrose flux that matches the
reported rates at a physiologically relevant concentration potential. The presented data
provides a first insight on how the substructure of PD could enable selective transport,
but indicates that additional factors are involved in efficient phloem loading in active
symplasmic loading species.

Keywords: phloem loading, plasmodesmata, polymer trap, hindered diffusion, carbon allocation

INTRODUCTION
An essential step for the distribution of carbohydrates throughout
the whole plant is the loading of carbohydrates into the phloem
in source organs. A number of herbaceous angiosperms, as e.g.,
the Cucurbits, preferentially transport the sugar oligomers raf-
finose and stachyose in the phloem, in contrast to the majority
of plants where sucrose is transported exclusively (Rennie and
Turgeon, 2009; Davidson et al., 2011). They are therefore referred
to as raffinose family oligosaccharide (RFO)-transporting plants.

According to our current understanding of phloem transport
in these species, the conversion of sucrose into RFOs is of key
importance for the loading of sugars into the phloem (Rennie
and Turgeon, 2009; Liesche and Schulz, 2013). RFO-transporting
plants are also characterized by an abundance of plasmodesmata
(PD) at all cell wall interfaces between the sucrose-producing
mesophyll cells and the phloem sieve elements. These PD were
shown to be functional in experiments using fluorescent tracer
molecules indicating that sucrose diffuses freely between the cells
(Turgeon and Hepler, 1989; Liesche and Schulz, 2012a). The
higher sugar concentration that has been measured in the phloem
compared to the rest of the leaf is explained according to the

polymer-trap hypothesis by the conversion of sucrose that enters
the specialized phloem companion cells, called intermediary cells
(IC), into sugar oligomers (Haritatos et al., 1996; McCaskill and
Turgeon, 2007). As the sucrose concentration is thereby con-
stantly reduced, it can be replenished by diffusion from mesophyll
to phloem along the sucrose concentration gradient. The sugar
polymers are deemed too large to pass through PD on the bundle
sheath cell (BSC) side, but can pass on into the sieve element to
be transported in the phloem.

Circumstantial evidence for this theory is given by the IC-
specific expression of sugar-oligomerizing enzymes (Beebe and
Turgeon, 1992; Haritatos et al., 2000; Volk et al., 2003) and the
abundance of PD with a unique structure at the BSC-IC inter-
face. These PD are highly branched, with more branches on the
IC side (Turgeon et al., 1975; Volk et al., 1996). These branches
on the IC side are generally described as very narrow, with no
cytoplasmic sleeve visible between the plasma membrane and
the desmotuble (Fisher, 1986; Turgeon et al., 1993). The only
indication that the PD can indeed fulfill a filtering function as
anticipated in the polymer-trap hypothesis comes from expres-
sion of raffinose biosynthesis genes in tobacco companion cells,
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which does not result in efficient phloem transport, probably
because they lack the structural specialization of IC (Hannah
et al., 2006).

It is generally assumed that small molecules (below 1 kD)
can freely diffuse from cell to cell through a cytoplasmic
sleeve in the PD between plasma membrane and desmotuble
(Terry and Robards, 1987; Maule et al., 2011). Only in one
case has selective transport of small molecules been shown:
small fluorescent tracers could pass from a leaf epidermal
cell into the basal cell of trichomes, but not the other way
round (Christensen et al., 2009). This phenomenon remains
unexplained. Size-dependent filtering by PD is well-established
for larger molecules, like proteins, and PD in different tissue
were found to have different size-exclusion limit (Kim et al.,
2005).

In the present work, we test the validity of the polymer-trap
hypothesis by theoretical modeling of diffusion of sucrose, raf-
finose, and stachyose through PD with different substructural
configurations. Potential configurations are predicted by compar-
ing the model data with the experimentally determined diffusion
coefficient at the interface in question. The predictions are eval-
uated using literature data on sugar concentration potentials
and flow.

THEORY AND RESULTS
HYDRODYNAMIC RADII OF SUCROSE, RAFFINOSE, AND STACHYOSE
The size of the molecules in question is an essential param-
eter for the following considerations on plasmodesmal fil-
tering. The size of the hydrated molecule is reflected in

the hydrodynamic radius. Hydrodynamic radii can be cal-
culated using the Stokes–Einstein equation after determining
the diffusion coefficient experimentally (Pappenheimer, 1953;
Schultz and Solomon, 1961).

Rhyd = KT

D6πη
× 1017 (1)

with Boltzman’s constant K(1.38 × 10−23 J
K ), absolute tempera-

ture T (298 K), diffusion coefficient of the sugar D, and viscosity
η (0.89 centipoise for water). Values for sucrose, raffinose, and
stachyose as well as the symplasmic tracer fluorescein derived in
this way are listed in Table 1.

The Stokes–Einstein equation returns the radius of a sphere
that diffuses at the same rate as the molecule in question. This
might influence our considerations on filtering as the sugar
molecules are not spherical but cylindrical in form. Therefore,
measurement of hydrodynamic radius was performed on mod-
els of the hydrated molecules in the software ChemOffice3D.
The shortest model radii of the three sugars are shorter than
the calculated ones because of their cylindrical form, which
results in a smaller difference between raffinose and stachyose
(Table 1). Even though the different approaches yield slightly
different hydrodynamic radii, the relative values are very simi-
lar, especially for the difference between sucrose and raffinose,
which is decisive in our considerations. In the following, val-
ues for hydrodynamic radius derived from the molecular model
are used as they closer reflect the actual dimensions of hydrated
sugars.

Table 1 | Diffusion coefficients D and hydrodynamic radii Rhyd of relevant sugars and the fluorescent tracer fluorescein.

Sucrose Raffinose Stachyose Fluorescein

Structure

Experimentally determined D 4.69 (Henrion, 1964) 4.3 (Dunlop, 1956) 3.8 (Craig and Pulley, 1962) 4.25 (Culbertson et al., 2002)

Rhyd calculated with Equation 1 5.2 5.7 6.5 5.8

Rhyd measured on 3D structural
model of hydrated molecule

4.2 5.2 6 4.9

All D were determined in water at 25 ◦C. Rhyd determined from 3D structure of hydrated molecules was measured as the shortest radius in order to take the

cylindrical form of molecules into account.
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THE SUBSTRUCTURE OF PLASMODESMATA
The ultrastructural analysis of PD has, so far, been limited
to approaches using transmission electron microscopy (TEM;
Roberts and Oparka, 2003). With optimal tissue preparation
and imaging, structures inside PD were resolved to the extend
that models of PD substructure could be proposed (e.g., Ding
et al., 1992; Waigmann et al., 1997; Botha et al., 1993). Whereas
all of the proposed models agree on the presence of a central
desmotuble and plasma membrane lining the outer PD wall, they
differ in the arrangement of particles that restrict the cytoplasm
between desmotuble and plasma membrane. Freeze-substituted
PD of developing tobacco leaves showed electron-dense particles
attached to the desmotuble as well as to the outside of the plasma
membrane in the neck region (Ding et al., 1992). Image over-
lays indicate that these particles restrict the cytoplasmic sleeve
to channels of ∼12.5 Å in radius. The central part of PD was
found to be wider and spoke-like extensions were present between
desmotuble and plasma membrane (Ding et al., 1992). Both fea-
tures were also shown for the central part of conventionally fixed
PD from pea roots (Schulz, 1995).

The neck region of tobacco leaf trichome PD differs from the
mesophyll PD in that they do not have electron-dense particles
attached to desmotuble and plasma membrane (Waigmann et al.,
1997). Earlier experiments demonstrated a larger size-exclusion
limit of the trichome PD compared to mesophyll PD (Waigmann
and Zambryski, 1995), which might be enabled by the unob-
structed sleeve structure (Waigmann et al., 1997). Extensive
measurements of the neck region of PD in pea roots on 30 nm
ultrathin sections revealed a half-sleeve width of 16 ± 0.18 Å
for controls and different mannitol treatments (n = 205; Schulz,
1995).

The models with nano channels and cytoplasmic sleeve dom-
inate the discussion of PD structure today, but alternative con-
figurations are possible, as there are many structures that are not
dense enough to be picked up by TEM. In nuclear pores, a hydro-
gel structure was shown to be instrumental to selective transport
through the pore (Miao and Schulten, 2009). These hydrogel parts
are not visible on TEM images (Panté, 2007; Maimon et al., 2012).
In PD, no analogs to the flexible filamentous phenylalanine-
glycine nucleopore proteins (FG-Nups) have been identified to
date. These intrinsically disordered proteins form the backbone
of the hydrogel in nuclear pores (Frey and Görlich, 2007; Terry
and Wente, 2009; Mincer and Simon, 2011). However, in general,
only relatively few PD proteins are known (Fernandez-Calvino
et al., 2011), and approaches might not have been suitable to
identify long-chained membrane-attached proteins. A hydrogel
filling the cytoplasm in PD could potentially enhance their filter-
ing capacity, as hydrogels act as molecular sieves (Amsden, 1998a;
Dembczynski and Jankowski, 2000; Zhang and Amsden, 2006).

The structure of PD at the BSC-IC interface is unlike that
of any other PD with the long narrow neck regions on the IC
side appearing filled by the desmotuble on TEM images (Fisher,
1986; Turgeon et al., 1993; Volk et al., 1996). Small openings,
below 1 nm, between PM and desmotuble are not expected to
be resolved by TEM. Based on the PD models described above,
we include three hypothetical configurations in the subsequent
analysis of diffusional properties (Figure 1).

FIGURE 1 | Schematic representations of hypothetical plasmodesmata

substructure. (A) Nano channel model proposed by Ding et al. (1992). (B)

Cytoplasmic sleeve model proposed by Waigmann et al. (1997). (C,D)

Cytoplasmic sleeve filled by polymer-meshwork hydrogel. Light gray—cell
wall, black—plasma membrane, dark gray—proteins, green—desmotuble.

MODELING DIFFUSION HINDRANCE IN PLASMODESMATA WITH
DIFFERENT SUBSTRUCTURE
Diffusion through a pore is hydrodynamically constrained when
the dimensions of a solute molecule are of the same order as those
of the pore. To describe diffusion in this case, the hindrance factor
H has to be included in Fick’s law of diffusion:

J = HD0
�c

d
(2)

with the flux per unit area J in mol μm−2 s−1, diffusion coef-
ficient in bulk solution D0 in μm2 s−1, concentration potential
delta c in mol μm−3 and the diffusion distance d in μm. The
hindrance factor describes the relation of the apparent diffusion
coefficient Da to the diffusion coefficient in bulk solution D0.

H = Da

D0
(3)

Many different models were proposed to describe diffusion under
various conditions. In the following, the three most relevant mod-
els that describe the potential configurations of PD (Figure 1)
are applied to assess relative hindrance of sucrose, raffinose, and
stachyose.

Sub-nano channels (Figure 1A)
Various models that describe hindered diffusion of molecules
through liquid-filled pores are reviewed by Deen (1987) and
Dechadilok and Deen (2006). We use the model proposed by
Dechadilok and Deen (2006), which is a slightly extended ver-
sion of the model that was provided by Higdon and Muldowney
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(1995). The decisive factor is the relative size of solute to pore
radius λ = rs

rp
.

H = 1 + 9

8
λln λ − 1.56034λ + 0.528155λ2 + 1.91521λ3

− 2.81903λ4 + 0.270788λ5 + 1.10115λ6 − 0.435933λ7 (4)

This model accounts for the effects of particle-wall hydrodynamic
interactions and steric restrictions on diffusion of a neutral par-
ticle through pores that are several times longer than wide. The
model covers a wide range of λ.

The hindrance factor for sucrose, raffinose, and stachyose in
dependence of the channel radius are given in Figure 2A. At 20 Å
channel radius the apparent diffusion of sucrose is reduced to
one third of the value in bulk solution. Diffusion of raffinose
and stachyose is only slightly more hindered compared to bulk
solution with 20 and 26% respectively. A 1000-fold reduction of
diffusion is realized at 5.4 Å for sucrose, 6.5 Å for raffinose, and
7.6 Å for stachyose, i.e., close to the molecular size cut-off. At the
stachyose cut-off of 6.1 Å, raffinose diffusion is hindered 60 times
more than sucrose.

The results are virtually identical to values calculated with the
model provided by Mavrovouniotis and Brenner (1988), which is
specifically developed for cases where the channel radius rc is only
slightly larger than the radius rs of the diffusing solute (data not
shown).

Slit (Figure 1B)
The cytoplasmic sleeve forms a ring between PM and desmotu-
ble with very small width compared to the ring diameter and can
therefore be described as a slit. An analytical solution to describe
diffusion through slits was provided by Dechadilok and Deen
(2006). Lambda is here the relative size of the solute molecule to
half slit width h: λ = rs

h .

Hslit = 1 + 9

16
λln λ − 1.19358λ + 0.4285λ3

− 0.3192λ4 + 0.08428λ5 (5)

As shown in Figure 2B, diffusion hindrance is moderate for a slit
of 20 Å half-width with reduction to 57% for sucrose, to 50%
for raffinose, and to 45% for stachyose diffusion. A 1000-fold
reduction of diffusivity is first realized at half-width of 4.4, 5.4,
and 6.2 Å for sucrose, raffinose, and stachyose, respectively. At the
cut-off of stachyose of 6.1 Å, raffinose diffusion is hindered three
times more than sucrose.

Compared to the sub-nano channels, the relative hindrance of
raffinose and stachyose in relation to hindrance of sucrose is lower
at larger radii/slit width, but close to the molecular cut-off, rela-
tive hindrance is an order of magnitude higher than in the channel
configuration (Figure 2B).

Hydrogel (Figures 1C,D)
Models that describe hindered diffusion through hydrogels are
reviewed by Amsden (1998b) and Waters and Frank (2009). The
parameters that influence hindrance are the polymer volume frac-
tion and polymer fiber radius. We use the model described by
Philips, as it combines terms for hydrodynamic interactions and
obstruction effects and was shown to fit experimental data over a
wide range of parameter values (Phillips, 2000).

H = exp(−0.84f )1.09 × exp(−(3.727 − 2.46λ

+ 0.822λ2)φ)(0.358+0.366λ−0.0939λ2) (6)

Term explanation: ratio of fiber radius to solute radius λ = rf

rs
,

adjusted volume fraction f = (1 + rs
rf

)
2
�, � is actual polymer

volume fraction. We used a polymer fiber radius rf of 15 Å for
calculations, anticipating protein filaments, similar to the ones
found in the nuclear pore outer area (Mincer and Simon, 2011).

Hindrance of such a hydrogel for small molecules, like the sug-
ars in question here, is moderate (Figure 2C). Even at extremely
high volume fractions, sucrose diffusion is reduced by less than
10 times and raffinose and stachyose less than 50 times. A volume
fraction of 0.5 actually means that half the gel volume is filled
with polymers. Typical volume fractions of hydrogels are below
0.2 (Amsden, 1998b), the FG-repeats in the nuclear pore make

FIGURE 2 | Logarithmic scale plots of diffusion hindrance in relation

to hypothetical plasmodesmata substructure configurations.

Hindrance factor for sucrose, raffinose, and stachyose increases faster

with smaller dimensions in single plasmodesmal channels (A) than in a
cytoplasmic sleeve (B). Hindrance in hydrogels (C) is moderate, even at
high volume fractions.
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up between 0.12 and 0.2 of the pore volume (Frey and Görlich,
2007).

The calculations only apply to a pure hydrogel. In PD, it could
be expected that a hydrogel would fill up the space within a sub-
nano channel or sleeve. The hindrance effects of the gel would
then be increased by wall effects, similar to the ones described
in the previous sections. Since no information is available on the
exact geometries of either the cytosolic cross-section in the PD
neck region or the hydrogel properties, we do not attempt to
accommodate the combined effect of channel/slit- and hydrogel
diffusion hindrance in our considerations.

When half the gel space is taken up by polymers, raffinose
diffusion is hindered 3.2 times more than sucrose. Relative hin-
drance of raffinose and stachyose in relation to hindrance of
sucrose is, even at extremely high volume fractions, several orders
of magnitude lower than relative hindrance of sub-nano channel
and slit configurations with low radius/slit width.

It can be concluded that efficient filtering is only possible in
sub-nano channels and slit when the channel radius or half slit
width is very close to the hydrodynamic radius of raffinose and
stachyose. Hydrogels, even at very high polymer volume fraction,
show only a modest relative hindrance.

THEORETICAL DATA MATCHES THE EXPERIMENTALLY DETERMINED
DIFFUSION COEFFICIENT
In order to test if the theoretical data on hindrance in the three
hypothetical configurations is physiologically relevant, it was
compared to the experimentally determined diffusion coefficient
of the PD at this specific interface. The effective diffusion coef-
ficient for the fluorescent tracer molecule fluorescein was deter-
mined with live-cell photoactivation microscopy as described
in Appendix. Fluorescein has a hydrodynamic radius of 4.9 Å,
as determined with ChemOffice Pro, meaning that its size lies
between sucrose and raffinose (Table 1).

Determination of the apparent diffusion coefficient across the
cell wall between IC and BSC in Cucurbita pepo with photoacti-
vation microscopy yields a value of 0.41 μm2 s−1 for fluorescein.
The value is actually very close to the diffusion coefficient across
the cell wall between mesophyll cells, which is around 0.5 μm2

s−1 assuming a cell wall thickness of 0.1 μm (Liesche and Schulz,
2012b). Compared to diffusion in water, these values are about 10
times lower.

The effective diffusion coefficient Deff per PD is calculated
from the hindrance factors calculated above by,

Deff = x(H × Dcyt) (7)

with x the number of PD per μm2 cell wall interface, H the hin-
drance factor and Dcyt the cytosolic diffusion coefficient. The
cytosolic diffusion coefficient can be assumed to be two times
lower than that in water, based on measurements using elec-
tron spin resonance (Mastro et al., 1984) or fluorescent tracers
(Liesche, unpublished data). In case of sub-nano channels, the
value has to be additionally multiplied by the number of chan-
nels per PD. Volk et al. (1996) calculated a PD frequency on the
IC-side of Cucumis melo of 14 PD per μm2. A similar value can
be estimated from Cucurbita pepo micrographs (Turgeon et al.,

1975). The value refers to PD on the IC-side, which are, due to
their narrower diameter, likely to be transport-limiting.

We chose the experimental value of 0.41 μm2 s−1 to find PD
configurations where the theoretical model would yield a match-
ing diffusion coefficient. With 14 PD per μm2, a slit would need
to have a half width of 5.2 Å to match the effective diffusion coef-
ficient, whereas a hydrogel even at just below 0.5 volume fraction
would match this value. Results for the sub-nano channel con-
figuration are plotted in Figure 3 to show which combination of
channel radius and number of sub-nano channels per PD, the
experimental value is met. At nine channels, suggested by Terry
and Robards (1987) for Abutilon nectary trichome cells, each
channel would need to have a radius of 6.4 Å.

The extremely restricted diffusion as considered in the the-
oretical models does fit experimental data. Since the effective
diffusion coefficient is quite low, it is met even when hindrance
is very high, because of the high number of PD at this interface.

TESTING FILTERING EFFICIENCY AND PHYSIOLOGICAL RELEVANCE OF
THE MODELED PD CONFIGURATIONS WITH LITERATURE VALUES
Using literature values for sugar concentration potentials between
IC and BSC, we can test if the model configurations at which
the effective diffusion coefficient Deff matches experimental data
would enable efficient filtering. In order to test whether the model
parameters are feasible, we have tested the models with literature
values of sucrose flux into the phloem.

Haritatos et al. (1996) provided values for the concentration
of different sugars in the sieve element-IC complex and leaf mes-
ophyll in Cucumis melo. The concentration of sugars in the IC
is generally assumed to be similar to that in sieve elements as
they are connected via wide PD. Similarly, the concentration in
BSC can be assumed to be similar to the rest of the mesophyll
cells, because of their high cytosolic coupling (Liesche and Schulz,
2012a). The authors found the concentration of raffinose and

FIGURE 3 | Plot of effective diffusion coefficient for diffusion of

fluorescein through plasmodesmata with sub-nano channel

configuration. The curve shows at which combination of number of
channels and channel radius the experimentally determined value is
matched.
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stachyose in mesophyll cells to be virtually 0 (Haritatos et al.,
1996). Based on the concentration values, a potential across
the BSC-IC interface of 67 mM for raffinose and 334 mM for
stachyose can be calculated. The sucrose concentration potential
in the cytosol between mesophyll and IC in Cucumis melo was
determined as 60 mM (Haritatos et al., 1996).

The only values for vein loading rates in mature leaves of an
active symplasmic loader that we are aware of are provided by
Schmitz et al. (1987) for Cucumis melo. Leaf export rate as deter-
mined with 14CO2 labeling experiments was 4.25 mg (CH2O)
per dm2 of leaf per h. Since the BSC-IC interface area in 1 dm2

of leaf is given as 3558 mm2, the flux across this interface was
calculated to be 1.1 × 10−5 (CH2O) or 9.7 × 10−7 mol sucrose
m−2 s−1mol sucrose. This value is in the range of comparable
values reported for flux across the BSC-companion cell inter-
face in active apoplasmic and passive symplasmic loading species
(Table 2). The value is furthermore one order of magnitude lower
than flux out of sieve elements in phloem unloading in the root
tip of peas, which is entirely symplasmic (Schulz, 1998).

Sugar flux using the hindrance factors that were determined
for the different hypothetical PD configurations is calculated with
Equation 2. Rearrangement of Equation 2 to,

�c = J

HD0
d (8)

allows for calculation of sugar concentration potential. A diffu-
sion distance of d = 0.18 μm corresponding to the length of the
neck region, as measured by Fisher (1986) in Coleus blumei, was
assumed. The rest of the PD is considerably wider and therefore
not likely to be transport-limiting.

Assuming a sub-nano channel configuration with 9 chan-
nels of 6.4 Å radius, the literature values for sugar concentration
potential would lead to flux across the BSE-IC interface of 58 ×
10−12 mol m−2 s−1 and 1.2 × 10−12 mol m−2 s−1 for raffi-
nose and stachyose, respectively, while allowing a sucrose flux of
860 × 10−12 mol m−2 s−1 (Figure 4A). The sucrose flux values
from Cucumis melo (Schmitz et al., 1987) would be met by

Table 2 | Sucrose flux rates across the bundle sheath-companion cell

interface reported in the literature.

Flux in mol Species Transport Source

sucrose type

m−2 s−1

1.3 × 10−7 Fagus sylvatica Symplasmic Münch, 1930
1.6 × 10−7 Beta vulgaris Apoplasmic Fondy and

Geiger, 1977
3.3 × 10−7 Nicotiana tabacum Apoplasmic Cataldo, 1974
8.2 × 10−7 Beta vulgaris Apoplasmic Sovonick et al.,

1974
9.7 × 10−7 Cucumis melo Symplasmic Schmitz et al.,

1987
2.3 × 10−6 Triticum aestivum Apoplasmic Kuo et al., 1974
2.9 × 10−6 Pisum sativum Apoplasmic Wimmers and

Turgeon, 1991
6.9 × 10−5 Pisum sativum Symplasmic

(unloading)
Schulz, 1998

sub-nano channels at a potential of ∼105 mM. The results are
almost identical for sub-nano channel configurations with differ-
ent combinations of channel number and radius as determined in
Figure 3 (data not shown).

Assuming a slit configuration with 5.2 Å half-slit width, the
concentration potentials given by Haritatos et al. (1996) would
lead to an extremely low flux of raffinose with 2.4 × 10−34

mol m−2 s−1, while stachyose would be completely blocked
(Figure 4B). Sucrose would flow into IC at a rate of 6.2 × 10−12

mmol m−2 s−1, which is several dimensions lower than flux
across this interface as stated in the literature. The sucrose flux
values provided for Cucumis melo (Schmitz et al., 1987) and the
values calculated for other plant species (Table 2) would require
an unrealistic potential of around 5 × 107 mM (Figure 4B).

Hydrogel-filled PD channels with a polymer volume fraction
of 0.49 would enable flux of 0.4 × 10−9 mmol m−2 s−1 and
10−9 mol m−2 s−1 for raffinose and stachyose, respectively at
the concentration potentials provided by Haritatos et al. (1996)
(Figure 4C). The sucrose flux values from Cucumis melo (Schmitz
et al., 1987) would be met by the hydrogel at a potential of around
5 × 104 mM (Figure 4C).

The calculations show the slit configuration as signifi-
cantly more efficient filter for raffinose and stachyose than the
other configurations. Conductance (flux/potential) is very sim-
ilar for the sub-nano channel configuration and the hydrogel
(Figures 4A,C). The slit model enables significantly less flux than
the other configurations at a comparable potential (Figure 4B).
Flux values are obviously far below the value that would be
required to drive the observed flow through the theoretical PD
configurations assumed here.

DISCUSSION
The results of this study provide insight on four key questions
regarding the feasibility of sugar filtering in active symplasmic
phloem loading:

CAN PLASMODESMATA DISCRIMINATE SMALL DIFFERENCES IN
HYDRODYNAMIC RADIUS?
The theoretical considerations of diffusion hindrance through
PD with hypothetical substructural configurations show that effi-
cient filtering of raffinose and stachyose is feasible when the
channel radius or slit width is very close to the physical size of
the transportate. In principle this could be the case at the cell
wall interface between BSC and IC in RFO-transporting plants.
The relatively low diffusion coefficient for symplasmic transport
across the BSC-IC interface in Cucurbita pepo that we determined
experimentally, confirms that PD indeed have a very limited per-
meability. This can be explained by a restricted cross-sectional
area per PD available for flow. The diffusion coefficient is a value
integrated over all PD present at this crucial interface. One could
argue that the observed values could also be due to a small num-
ber of relatively wide PD that enable the observed diffusion,
while most of the very abundant PD in this interface would be
completely blocked. We consider this alternative interpretation
as very improbable. Accordingly, the experimental data support
the hypothesis that PD at the BSC-IC interface are specialized
and have a very small passage area for cytosolic compounds. For
the sub-nano channel configuration we find a raffinose flux rate
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FIGURE 4 | Logarithmic scale plot of sugar flux and concentration

potential between bundle sheath cells and intermediary cells for

different plasmodesmata configurations. (A) Sub-nano channel
configuration assuming 9 channels with 6.5 Å radius. (B) Slit configuration
assuming half slit width of 5.2 Å. (C) Hydrogel configuration assuming a
polymer volume fraction of 0.49. Vertical lines indicate sugar concentration
potentials as provided by Haritatos et al. (1996). Horizontal lines indicate

sucrose flux values provided by Schmitz et al. (1987, gray) and a flux range
based on values listed in Table 2 (blue). Raffinose flux is strongly hindered in
the slit model in contrast to the other configurations, which would enable
considerable “leakage” out of the intermediary cell. Hindrance of sucrose
flux at concentration potentials observed by Haritatos et al. (1996) would in all
models be orders of magnitude too high to realize flux rates reported by
Schmitz et al. (1987) and other authors.

reduced to 6.7% that of sucrose. Values in this range were pro-
posed to allow efficient RFO trapping according to Haritatos and
Turgeon (1995). The authors calculated a raffinose permeation
factor of 1.9% that of sucrose in PD pores of 7 Å radius. The
relative permeation is not derived from flux rates but from a geo-
metrical pore size factor. Nevertheless, this pore size factor is in
principle comparable to our hindrance factors as it introduces the
same effects of steric hindrance and wall interaction (although
using different equations) into the diffusion equation.

IS DIFFUSION THE SOLE MECHANISM OF PRE-PHLOEM TRANSPORT IN
ACTIVE SYMPLASMIC LOADERS?
Although our modeling supports the possibility that PD in
the BSC-IC interface fulfill the filtering function that has been

ascribed to them as part of the polymer trap mechanism (Turgeon
et al., 1993), comparison to literature values for sucrose flux into
the IC does not seem to support this conclusion. The concen-
tration potential that would be necessary to realize the flux into
IC observed in Cucumis melo (Schmitz et al., 1987) would need
to be orders of magnitude higher than what is physiologically
feasible, especially in the slit configuration that would offer the
best filtering efficiency. Even for the sub-nano channel model a
potential of 105 mM would be needed to enable sufficient diffu-
sional sucrose flux (see Figure 4A). This value is far higher than
any sugar concentration potential between adjacent plant cells
reported so far and about 1600 times higher than what has been
calculated for the BSC-IC interface in Cucumis melo (Haritatos
et al., 1996).
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It should be noted that the methodology could have influence
on the discrepancy between the values for diffusion coefficient
and sucrose flux. In contrast to the sugar molecules, the flu-
orescent tracer used here carries a negative charge, potentially
altering intra-PD diffusion kinetics. While it is generally assumed
that only the hydrodynamic radius influences passage through PD
(Terry and Robards, 1987), one study reported minimally reduced
diffusion of charged GFP compared to neutral GFP (Dashevskaya
et al., 2008). Nevertheless, it is extremely unlikely that sucrose
diffuses thousands of times faster than a charged molecule of
the same hydrodynamic radius, which would be necessary to
reconcile diffusion and flux values.

Another factor that influences the calculations is the length
of restricting part of the PD (d in Equation 8). If it was half as
long as assumed here, flux would be twice as high. However, elec-
tron micrographs have shown the whole part of the PD on the IC
side to be “narrow” and no special protein aggregations have been
reported that could suggest more local restrictions.

How can the fact that diffusion driven by a concentration
potential is insufficient to realize the observed sucrose flux
rates be explained? Wider PD could be possible if the filtering
would not depend on size-exclusion based on the hydrodynamic
radius, but were realized instead by a gating mechanism. Such
a mechanism is implied in the case that PD transport com-
pounds unidirectional, as has been demonstrated for tobacco
leaf trichomes (Christensen et al., 2009). A solely unidirectional
mechanism can, however, be excluded here according to pre-
liminary experiments with uncaging of fluorescent tracers that
were passing the BSC-IC interface in both directions (Liesche,
unpublished data).

RFO concentrations in the BSC used in the present study
to determine the concentration potentials are very small which
is taken as argument for efficient filtering. However, the capac-
ity for raffinose and stachyose breakdown in BSC would allow
wider, i.e., less restrictive PD. Alpha-galactosidase activity has
been demonstrated in the leaves of the Cucurbitaceae, although
strongly declining after sink-source transition (Pharr and Sox,
1984; Gaudreault and Webb, 1986). If enzymatic breakdown
could happen fast enough in the BSC, it could compensate for
RFO “leakage” due to less efficient filtering. This should be tested,
for example by BSC-specific gene expression analysis and in vitro
activity assays.

In conclusion, the transport of sucrose from mesophyll into
IC cannot solely be driven by diffusion, though particular adap-
tations of the PD substructure, such as a gating mechanism or
filling of the sub-nano channels with hydrogel, and the enzymatic
activity in BSC would reduce the discrepancy between flux rate
and the postulated differences in concentration potential of the
sugars involved.

DOES APOPLASMIC SUCROSE LOADING INTO INTERMEDIARY CELLS
COMPLEMENT SYMPLASMIC TRANSPORT?
For the polymer trap hypothesis it is important that the nar-
row PD allow sucrose to enter the IC with a rate sufficient to
match the phloem export of RFO sugars. It could be argued that
insufficient symplasmic sucrose transport is complemented by
apoplasmic sucrose uptake into IC, and that the main function of

the specific PD is to restrict leakage of RFO back into the BSC.
AP-chloromercuribenzene-sulfonic acid (PCMBS), an inhibitor
of sugar transporters was shown to significantly reduce phloem
loading in Cucurbita pepo using C-11 (Thorpe and Minchin,
1988). However, this observation, and thus the possibility for
additional apoplasmic sucrose uptake is contradicted by a num-
ber of thorough PCMBS studies on active symplasmic loaders
which do not show a reduction of phloem loading (cf. Weisberg
et al., 1988; van Bel et al., 1993; Turgeon and Medville, 2004),
and by the downregulation of sucrose transporters which had
almost no effect on phloem loading (Zhang and Turgeon, 2009).
Moreover, PCMBS does not only block sugar transporters, but
also aquaporins that are important for the osmotic uptake of
water into the SECCC (Heinen et al., 2009). Obviously, this possi-
ble side effect has to be considered in the interpretation of PCMBS
data.

CAN THE REPORTED FLUX RATES ACROSS THE BSC-IC INTERFACE BE
EXPLAINED WITH BULK-FLOW?
As alternative to diffusion, it has been hypothesized that sucrose
enters IC by bulk flow. Voitsekhovskaya et al. (2006), who could
not detect a cytosolic sucrose concentration potential along the
pre-phloem pathway of the symplastic loader Alonsoa merionalis,
speculated that the negative water potential in the phloem draws
water from the bundle sheath. This could create a mass flow that
moves sucrose into the phloem, while preventing diffusion toward
the mesophyll. A number of factors have influence on the hydro-
static pressure of each of the cells on the pre-phloem transport
pathway, such as cytosolic and vacuolar sugar concentration, con-
version into transitional starch in chloroplasts, water potential
in the apoplast and its domains, frequency, and distribution of
aquaporins, extensibility of the cell wall and last not least the fre-
quency and permeability of PD. We can assume a well-regulated
sucrose homeostasis in these cells with set values that balance
concentration potentials with osmotic water uptake not only in
active, but even more so in passive symplasmic loaders, such as
gymnosperm trees (see Liesche et al., 2011; Liesche and Schulz,
2012a). Bulk flow from mesophyll into the sieve elements is as
well-postulated for passive symplasmic loading angiosperm trees
(Turgeon, 2010; Fu et al., 2011). It is interesting to note that, irre-
spective of the loading mode, sucrose flux rates across the BSC-IC
interface, respectively that between BSC and companion cell-sieve
element complex are very similar (Table 2).

With regard to active symplasmic loaders, we plan to test the
bulk flow hypothesis, characterize the minor vein apoplasm with
apoplasmic tracers and determine whether the PD-mediated cell
wall permeability of the BSC-IC interface is significantly higher
for the transport into the IC than from IC to BSC. This would
indicate that flow is not simply diffusive but somehow favored
toward the IC direction.

The results show that important questions regarding the
mechanism of active symplasmic phloem loading remain
unsolved. There is no doubt that the distinctive PD at the BSC-IC
interface play a significant role in phloem loading. The exper-
imentally determined comparatively low diffusion coefficient
across the BSC-IC interface together with the high PD abundance
shown in all TEM investigations of active symplasmic loaders is
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consistent with the interpretation that they are bottle necks in
symplasmic transport, and that tri- and tetrasaccharides expe-
rience a significantly larger hindrance through these PD than
sucrose. The data provided here indicates that additional factors
are yet to be discovered that enable efficient sugar filtering while
also allowing sufficiently high sucrose transport rates.
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APPENDIX

EXPERIMENTAL DETERMINATION OF THE DIFFUSION COEFFICIENT OF
FLUORESCEIN AT THE INTERMEDIARY CELL-BUNDLE SHEATH CELL
WALL INTERFACE
The experimental procedure to determine the diffusion coeffi-
cient at the BSC-IC interface in the active symplasmic loader
Cucurbita pepo was very similar to the quantification of PD-
mediate cell wall permeability between Cucurbita maxima leaf
mesophyll cells as described by Liesche and Schulz (2012b).
Briefly, the photoactivatable tracer caged fluorescein (Invitrogen,
USA) is applied to the target tissue, where it is taken up pas-
sively into all cells. Installing the tissue, in this case a whole
leaf still attached to the plant, on a microscope, the tracer can
then be activated by UV illumination in a specific target cell
and its spread to neighboring cells monitored (Figure A1). The
use of a confocal microscope equipped with resonant scanner
(SP5, Leica Microsystems, Germany) allows for collection of
three-dimensional data with high signal-to-noise ratio combined
with high speed acquisition. From 3D time series all necessary
functional and anatomical data for each individual cell can be
gathered. The effective diffusion coefficient is calculated with
Fick’s law of diffusion.

J = Deff
�c

d
(9)

The effective diffusion coefficient was determined to be 4.087e-7,
standard deviation 2.878e-7, standard error 1.439e-7, n = 4.

As experiments were performed, it could not be discrimi-
nated between IC and phloem parenchyma cells, which can have
a similar shape as IC and are also located adjacent to BSC (see
Figure 1A in Turgeon and Hepler, 1989). Instead, this was done
during image processing, based on the very different ratio of cel-
lular to vacuolar volume of the two cell types. Two populations
corresponding to the two cell types were identified: one with the

FIGURE A1 | Confocal image of a photoactivation experiment in a

Cucurbita pepo leaf. The image shows a single optical section of a 30 μm
thick z-stack that was recorded at one time point during the 10 s-long
photoactivation phase. The fluorescence of the activated tracer is displayed
as extended focus projection in green, overlaid over the brightfield image. In
image analysis, three-dimensional regions of interest are drawn adjacent to
the cell wall between the bundle sheath target cell (T) and the intermediary
cell (∗) in order to quantify diffusion of activated tracer. Scale bar: 10 μm.

cytosol making up 31–56% of the cell volume, the other with less
than 10% cytosol. Experiments that involved the latter cells were
not considered as they are likely to be phloem parenchyma cells
that are known to have a much larger vacuole than IC (Turgeon
et al., 1975). A mix-up with companion cells that can be present
in on the adaxial side of veins of C. pepo (Turgeon et al., 1975)
can be excluded as imaging happened from the abaxial side and
penetration depths was limited to 150–200 μm.
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The phloem provides a unique niche for several organisms. Aphids are a large group of
Hemipteran insects that utilize stylets present in their mouthparts to pierce sieve elements
and drink large volumes of phloem sap. In addition, many aphids also vector viral diseases.
Myzus persicae, commonly known as the green peach aphid (GPA), is an important pest of
a large variety of plants that includes Arabidopsis thaliana. This review summarizes recent
studies that have exploited the compatible interaction between Arabidopsis and GPA to
understand the molecular and physiological mechanisms utilized by plants to control aphid
infestation, as well as genes and mechanisms that contribute to susceptibility. In addition,
recent efforts to identify aphid-delivered elicitors of plant defenses and novel aphid salivary
components that facilitate infestation are also discussed.
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INTRODUCTION
The phloem, which provides a conduit for resource distribu-
tion and signaling, also provides a niche for some organisms.
However, for these organisms the phloem also provides several
challenges in that the phloem sap is under high pressure, has
a high C:N ratio and a high osmolarity due to elevated sugar
content. Furthermore, when ruptured or punctured the sieve ele-
ments are prone to occlusion. Aphids (Hemiptera: Aphididae)
constitute a large group of “piercing-sucking” class of insects
that have adapted to feeding from sieve elements (Pollard, 1973;
Blackman and Eastop, 2000; Walling, 2000). Nearly 250 amongst
the ∼4000 aphid species that have been described are considered
as pests (Dixon, 1998; Blackman and Eastop, 2000). Damage to
the plant results from loss of phloem sap and changes in source-
sink patterns as a consequence of which nutrient flow to the
primary growth zones is reduced (Mittler and Sylvester, 1961;
Girousse et al., 2005). Some aphids also vector viral diseases of
plants, thereby causing further loss of plant productivity and
quality (Kennedy et al., 1962; Matthews, 1991; Dixon, 1998). Viral
infection in the host plant can further influence severity of aphid
infestation (Ziebell et al., 2011; Gutiérrez et al., 2013).

Aphids can be broadly classified as specialists or generalists
(Lankau, 2007). Specialists like the cabbage aphid (Brevicoryne
brassicae) and the mustard aphid (Lipaphis erysimi) have a lim-
ited host range that is restricted to cruciferous plants. In contrast,
as described below, a generalist like the green peach aphid (GPA;
Myzus persicae Sulzer) (Figures 1A,B) feeds on a large variety
of plants belonging to different families (Blackman and Eastop,
2000; Lankau, 2007). The mouthparts of aphids are modified into
slender stylets (Figure 1C), which enable penetration of the sieve
element to consume phloem sap. Present within each stylet is

a salivary canal through which saliva is released into the plant
tissue, and a food canal through which the insect uptakes phloem
sap. The predominantly intercellular route taken by stylets, com-
bined with the activity of aphid salivary components, minimizes
physical damage to the plant tissue, thus averting substantial
wounding-related responses from the plant (Miles, 1999; Walling,
2000; Tjallingii, 2006). In addition, the aphid saliva also contains
factors that have been suggested to prevent or reverse sieve ele-
ment occlusion (SEO) (Will et al., 2007, 2009). The aphid stylets
occasionally may pierce host cells, seemingly to ingest/sample
minute amounts of plant material (Tjallingii, 1990, 2006). These
interactions of the aphid stylets with the sieve elements and plant
cells also provide an interface for exchange of metabolites and
macromolecules between the aphid and the plant that potentially
could promote or deter colonization.

GREEN PEACH APHID
The host range of the GPA comprises over 400 plant species
belonging to nearly 50 plant families, including important crops
like potato and sugar beet, stone fruits (e.g., peach, almond, and
cherry), and horticultural crops in the Brassicaceae, Solanaceae
and Cucurbitaceae families (Blackman and Eastop, 2000). More
than 100 viral diseases are vectored by GPA, which is the most
important virus vector on vegetable crops (Kennedy et al., 1962;
Matthews, 1991). These characteristics, combined with the capac-
ity of the GPA population to rapidly increase in size and GPA’s
resistance to a large number of insecticides (Georghiou and
Lagunes-Tejada, 1991; Vasquez, 1995; Devonshire et al., 1998;
Silva et al., 2012a,b) has resulted in GPA being categorized
amongst the top three agricultural pests in the USA (Klein and
Waterhouse, 2000).
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FIGURE 1 | Green peach aphid on Arabidopsis. (A) Green peach aphid on
Chinese cabbage (Brassica rapa var chinensis). Images by Nick Sloff. (B)

Green peach aphid on Arabidopsis thaliana. (C) Mouthparts of aphid. Left
panel: SEM image of showing aphid mouthpart; Right panel: Aphid stylet.
Images provided by John Diaz-Montano. The above images were adapted
with permission from Louis et al. (2012c) Arabidopsis thaliana—Aphid
Interaction. The Arabidopsis Book (First published on May 22, 2012:e0159.
doi: 10.1199/tab.0159). Copyright American Society of Plant Biologists
(thearabidopsisbook.org).

GPA is capable of sexual and asexual (parthenocarpic) repro-
duction. Asexual reproduction is characterized by a telescopic
generation in which an adult female contains embryos that them-
selves contain embryos. In nature, the GPAs life cycle includes
primary and secondary hosts. The sexual cycle is completed on
the primary host, which comprise stone fruits like peach (Prunus
persicae), Canadian plum (P. nigra), black cherry (P. serotina),
and dwarf Russian almond (P. tenella) (Blackman and Eastop,
2000). Secondary hosts include a large variety of plants, includ-
ing potato, tomato, eggplant, lettuce, celery, mustard, cabbage,
radish, and squash (Blackman and Eastop, 2000).

The near completion of the GPA genome sequence (http://
tools.genouest.org/tools/myzus/; Ramsey et al., 2007) com-
bined with the development of plant-delivered RNA-interference
(RNAi) technology for gene silencing in GPA (Pitino et al., 2011;
Pitino and Hogenhout, 2013), have made available new genomic
resources and powerful reverse-genetic tools that have begun to
facilitate understanding the function of GPA genes and their
contribution to plant-aphid interaction.

Salivary effectors promote insect performance on plant
Once the aphid initiates feeding on the host plant it delivers sali-
vary secretions into the plant tissue, which potentially allow the
aphid to circumvent plant defenses. Aphids produce two kinds of
salivary secretions: gelling saliva and watery saliva (Miles, 1999).
The gelling saliva, which is secreted when the stylet is pene-
trating the host tissue but outside the sieve element, forms a
sheath around the stylet that likely facilitates stylet movement
through the plant tissue and minimizes damage to the stylet tip.

In addition, the salivary sheath helps rapidly seal the wound
caused by aphid stylet penetration, thus minimizing the likeli-
hood of wounding-response activation by the host. On the other
hand, the watery saliva, which is intermittently released in the
plant tissue when the insect is feeding, contains factors that
enable the aphid to prevent and maybe also reverse phloem occlu-
sion, thus allowing the insect to feed continuously from a single
sieve element (Miles, 1999; Will et al., 2007, 2009). The saliva
also contain effectors that manipulate host physiology to facil-
itate colonization (Rodriguez and Bos, 2013). Publicly available
salivary gland ESTs have been utilized to identify GPA effec-
tors that promote colonization (Bos et al., 2010). The salivary
protein MpC002 when transiently expressed in Nicotiana ben-
thamiana or expressed in transgenic Arabidopsis thaliana was
found to enhance GPA colonization (Bos et al., 2010; Pitino and
Hogenhout, 2013). By contrast, when MpC002 expression in the
GPA was silenced by allowing insects to feed on N. benthami-
ana leaves that were transiently expressing a dsRNA construct, or
in transgenic Arabidopsis stably expressing dsRNA, insect fecun-
dity was significantly reduced (Pitino et al., 2011; Pitino and
Hogenhout, 2013), thus indicating that the MpC002 facilitates
infestation. Similarly, in pea aphid (Acyrthosiphon pisum) silenc-
ing of the homologous C002 gene had detrimental effects on the
insect’s ability to colonize plants (Mutti et al., 2008). However,
unlike MpC002, expression of the pea aphid C002 in Arabidopsis
had no effect on GPA fecundity, suggesting specificity in the role
of these orthologous genes in promoting aphid infestation (Pitino
and Hogenhout, 2013).

PIntO1 (Progeny Increase to Overexpression 1; also known
as Mp1) and PIntO2 are two other putative salivary protein-
encoding GPA genes that have been suggested to facilitate GPA
colonization on Arabidopsis. Compared to non-transgenic plants,
the number of nymphs produced was larger on transgenic
plants expressing PIntO1 or PIntO2 from the phloem-specific
AtSUC2 promoter (Pitino and Hogenhout, 2013). However,
GPA colonization was not impacted when the pea aphid
homologs (ApPIntO1 and ApPIntO2) were similarly expressed
in Arabidopsis (Pitino and Hogenhout, 2013), thus suggesting
that the GPA PIntO1 and PIntO2 proteins specifically target an
Arabidopsis factor/mechanism that is involved in promoting GPA
fecundity. Plant-delivered RNAi silencing of PIntO2 expression in
GPA had a detrimental effect on the insect’s ability to replicate
on Arabidopsis, further indicating that PIntO2, which is delivered
into the plant by the GPA, is essential for promoting insect mul-
tiplication on Arabidopsis. Although the biochemical function of
MpC002, PIntO1, and PIntO2 are not known, the above studies
indicate that the GPA saliva contains factors that likely manipu-
late host physiology, thus allowing the insect to better adapt to the
host plant and promote reproduction.

THE Arabidopsis thaliana-GREEN PEACH APHID
PATHOSYSTEM: A MODEL SYSTEM FOR UNDERSTANDING
PLANT DEFENSE AND SUSCEPTIBILITY AGAINST APHIDS
Arabidopsis has been used as a model plant by researchers
to study plant growth, development and response to stress
(Koornneef and Meinke, 2010). Advantages offered by
Arabidopsis for molecular-genetic studies include its small
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size, short generation time, completely sequenced genome
and the ease with which it can be transformed (Meinke
et al., 1998; Koornneef and Meinke, 2010). The compatible
interaction between Arabidopsis and the GPA (Figure 1B)
has been successfully utilized to characterize plant response
against phloem-feeding insects and to identify plant genes and

mechanisms that contribute to defense and susceptibility to
these phloem sap-consuming insects (Table 1 and Figure 2)
(Louis et al., 2012c). In addition, this pathosystem has also been
utilized to study natural genetic variation amongst Arabidopsis
accessions to identify quantitative trait loci that influence this
interaction (Cabrera y Poch et al., 1998).

Table 1 | Arabidopsis mutants that impact green peach aphid colonization.

AtG No. Mutant Name/function References

DEFENSE SIGNALING

At5g05170 cev1 constitutive expression of VSP1a Ellis et al., 2002a
At2g39940 coi1 coronatine-insensitive1 Ellis et al., 2002a
At5g03280 ein2 ethylene-insensitive 2 Kettles et al., 2013
At1g66340 etr1 ethylene response 1 Mewis et al., 2005, 2006;

Kettles et al., 2013
At3g23250 mby15 Myb domain protein Liu et al., 2010
At3g28910 myb30 Myb domain protein Liu et al., 2010
At5g67300 myb44 Myb domain protein Liu et al., 2010
At1g18570 mby51 Myb domain protein Liu et al., 2010
At4g37260 myb73 Myb domain protein Liu et al., 2010
At3g06490 myb108 Myb domain protein Liu et al., 2010
At1g64280 npr1 non-expresser of PR genes1 Mewis et al., 2005
At3g52430 pad4 phytoalexin-deficient4b Pegadaraju et al., 2005,

2007; Louis et al., 2012a
At5g13330 rap2.6L AP2 domain protein Liu et al., 2010
At1g67030 zfp6 Zinc-finger protein Liu et al., 2010
GLUCOSINOLATE METABOLISM

At5g60890 atr1D altered tryptophan regulation1 Kim et al., 2008
At4g39950 At2g22330 cyp79B2 cyp79B3 Double mutant is deficient in indole-glucosinolates Kim et al., 2008
At5g57220 cyp81F2 cytochrome P450 monooxygenase Pfalz et al., 2009
At3g09710 iqd1 IQ-Domain1 Levy et al., 2005
LIPID METABOLISM

At3g01420 α-dox1 α-dioxygenase1 Avila et al., 2013
At3g11170 fad7 fatty acid desaturase7 Avila et al., 2012
At3g22400 lox5 lipoxygenase 5 (9-lipoxygenase) Nalam et al., 2012
At5g14180 mpl1 Myzus persicae-induced lipase1 Louis et al., 2010a
At2g43710 ssi2 stearoyl-ACP desaturase Pegadaraju et al., 2005
CARBOHYDRATE METABOLISM

At2g18700 tps11 trehalose-6-phosphate synthase11 Singh et al., 2011
At1g10550 xth33 xyloglucan:xyloglucosyl transferase33 Divol et al., 2007
SENESCENCE AND OXIDATIVE BURST

At5g64930 cpr5 constitutive expression of PR genes5 Pegadaraju et al., 2005
At5g47910 rbohd respiratory burst oxidase homolog D Miller et al., 2009
PHLOEM FUNCTION

At4g19840 pp2-A1 phloem protein 2A1 Zhang et al., 2011
SMALL RNA GENE SILENCING PATHWAY

At1g01040 dcl1 dicer-like1 Kettles et al., 2013
At1g09700 hyl1 hyponastic leaves 1 Kettles et al., 2013
At4g20910 hen1 hua enhancer1 Kettles et al., 2013
At3g05040 hst hasty Kettles et al., 2013
At2g27100 se serrate Kettles et al., 2013
At1g48410 ago1 argonaute1 Kettles et al., 2013

aCEV1 is involved in cellulose metabolism. JA and ethylene signaling are hyperactive in the cev1 mutant. JA signaling is required for the enhanced resistance

phenotype of the cev1 mutant.
bAlthough PAD4 is associated with SA signaling and camalexin metabolism, PAD4’s involvement in controlling GPA colonization is independent of SA signaling and

camalexin metabolism.
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FIGURE 2 | Model depicting relationship between genes and

mechanisms that influence Arabidopsis interaction with the green

peach aphid. Green peach aphid (GPA) salivary secretions contain effectors
that promote infestation, as well as elicitors (e.g., Mp10 and Mp42) that are
recognized by the host to turn on defense responses. GPA infestation on the
shoot results in the induction of LOX5 expression in roots and a concomitant
increase in the levels of LOX5-derived oxylipins (e.g., 9-HOD). LOX5
expression is likely induced by a GPA infestation-induced factor that is
translocated from the leaves to the roots. The LOX5-derived oxylipins are
transported from the roots to the shoots where one or more of these
oxylipins stimulate expression of the defense regulatory gene, PAD4. A
PAD4-dependent mechanism adversely impacts GPA settling, feeding and
fecundity on Arabidopsis. PAD4 expression is further stimulated by the
trehalose (Tre) metabolic pathway. GPA infestation results in the elevated
expression of TPS11, which encodes an enzyme with Trehalose-6-phosphate
(T6P) synthase and T6P phosphatase activities that is required for promoting
PAD4 expression in GPA-infested plants. TPS11 also promotes accumulation
of starch at the expense of sucrose (Suc), which is a major feeding stimulant,
thereby generating a secondary sink that is detrimental to the insect’s ability
to colonize Arabidopsis. TPS11 and PAD4 are also required for accumulation
of an antibiosis factor in the petiole exudates that limits insect fecundity.
However, the GPA has evolved mechanisms that over time spent on the plant
suppress this TPS11/PAD4-determined antibiosis activity. The GPA has also
evolved to utilize one or more of the 9-LOX-derived oxylipins, or products
thereof, as cues to stimulate feeding from phloem and xylem, and enhance

fecundity. These oxylipins, which are consumed by the insect from the plant,
likely induce changes in the GPA gene expression/physiology, thus allowing
the insect to overcome and/or bypass plant defenses and adapt to the host
plant. Salicylic acid (SA) signaling through NPR1 is also stimulated in
GPA-infested plants. In plant-pathogen interaction, the PAD4 protein
functions along with its interacting partner EDS1 in an amplification loop that
promotes SA synthesis, leading to activation of SA dependent defenses. SA
in turn amplifies PAD4 and EDS1 expression, thus resulting in positive
amplification of this PAD4/EDS1-SA loop in plant defense against pathogens.
Although EDS1 expression and SA signaling are activated in GPA-infested
Arabidopsis, genetic studies confirm that SA and EDS1 are not required for
controlling GPA infestation on Arabidopsis. Quite to the contrary, SA by
antagonizing the jasmonic acid (JA; active form is JA-Isoleucine [JA-Ile])
signaling mechanism likely facilitates GPA infestation. JA, which is
synthesized by the 13-LOX pathway, is required for controlling severity of
GPA infestation. JA promotes the accumulation of Nδ-acetylornithine,
camalexin and indole-glucosinolates, which are detrimental to GPA.
Expression of PAD3, which is involved in camalexin synthesis and some
genes involved in glucosinolate synthesis (e.g., CYP79B2 and CYP81F2) are
negatively regulated by the small RNA gene-silencing mechanism involving
DCL1, HYL1, HENT1, HST, SE, and AGO1. Oxylipins synthesized by the
αDOX1 pathway and reactive oxygen species (ROS) produced by the NADPH
oxidase RBOHD are also involved in controlling GPA infestation. H2O2

promotes callose deposition and thus likely contributes to phloem occlusion
(Continued)
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FIGURE 2 | Continued

and plant defense against GPA. ROS’s could also impinge on other
signaling/defense mechanisms. Ethylene signaling through ETR1 and
EIN2 has also been implicated in Arabidopsis defense against GPA. The
ethylene inducible MYB44 gene is required for controlling GPA
infestation. MYB44 is required for promoting EIN2 expression in
response to harpin treatment, which also induces resistance against
GPA in Arabidopsis. The ethylene- and harpin-inducible MYB15, MYB51,
and MYB73 genes were required for harpin-induced resistance against

GPA. By contrast, since mutations in the ethylene- and harpin-inducible
MYB30, MYB108, ZFP6, and RAP2.6L genes enhanced the effect of
harpin on controlling GPA infestation, these genes are shown as factors
that facilitate GPA infestation. The relationship between many of these
different pathways/mechanisms remains to be studied. All genes/proteins
are in blue and signaling molecules are in yellow boxes. Red
lines/arrows indicate steps/mechanisms that facilitate GPA infestation,
while black lines indicate steps that contribute to defense. Lines ending
with a perpendicular bar are indicative of a repressive effect.

MECHANISMS THAT LIMIT GPA INFESTATION ON ARABIDOPSIS
Both constitutive and inducible factors/mechanisms contribute to
plant defense against aphids. In general, plant resistance mecha-
nisms against aphids can be broadly classified as antixenosis and
antibiosis (Painter, 1951; Kogan and Ortman, 1978). Antixenosis
is used to describe mechanisms that result in a plant either not
serving as a host, or given the option the insect preferring an
alternate host. Antixenotic defenses could influence insect feed-
ing behavior, for example adversely impacting its ability to find
sieve elements. In contrast, antibiosis results from defenses that
impact insect physiology leading to impairment of aphid growth,
development, reproduction and/or survival (Smith, 2005). In
some cases, antibiosis could also result from limited availability
of nutrients required by an aphid (Pedigo, 1999). Severe cases of
antibiosis could impact insect feeding behavior thus contribut-
ing to antixenosis, as well. Tolerance is another phenomenon that
results in the plant withstanding or recovering from the infesta-
tion despite supporting an insect population that is comparable
to that which causes damage on a susceptible variety (Painter,
1951). Thus, tolerance does not adversely impact the insect, but
rather is an adaptation that benefits the plant. As discussed below,
Arabidopsis engages both antibiotic and antixenotic defenses to
control GPA infestation.

Perception of aphids
In plant-microbe interaction, immune receptors have been sug-
gested to facilitate recognition of specific pathogen-derived effec-
tors or infection-associated elicitors, leading to the activation of
defenses that limit infection (Boller and Felix, 2009; Thomma
et al., 2011; Gassmann and Bhattacharjee, 2012). Similar surveil-
lance mechanisms likely allow plants to recognize aphid infes-
tation (Smith and Clement, 2012). For example, in tomato
the Mi-1.2-encoded nucleotide binding site (NBS) leucine-rich-
repeat (LRR) protein confers resistance against certain biotypes
of Macrosiphum euphorbiae (potato aphid) and Meloidogyne sp.
(root-knot nematodes) (Milligan et al., 1998; Rossi et al., 1998;
Vos et al., 1998), and in melon the Vat-encoded NBS-LRR protein
confers resistance against Aphis gossypii (melon and cotton aphid)
(Pauquet et al., 2004). Analogous to the involvement of immune
receptors in plant immunity against pathogens, it is plausible that
Mi-1.2 and Vat likely help recognize effectors delivered into the
plant by the aphid or elicitors produced in planta in response to
aphid infestation. Loci controlling resistance against aphids have
been identified in other plants, as well. In lettuce resistance against
Nasonovia ribisnigri (lettuce aphid) is conferred by the Nr gene, in
soybean resistance against Aphis glycines (soybean aphid) is con-
ferred by the RAG1 and RAG2 genes, in apple the Sd1 gene confers

resistance against some biotypes of Dysaphis devecta (rosy leaf
curling aphid) (Roche et al., 1997), and ten loci (Dn1-Dn9 and
Dnx) have been identified in rye, wheat or Tausch’s goatgrass that
confer resistance against Diuraphis noxia (Russian wheat aphid)
(Helden et al., 1993; Hill et al., 2006; Kim et al., 2010; Bouhssini
et al., 2011; Smith and Clement, 2012).

Whether a similar immune receptor-mediated mechanism is
utilized by plants against a generalist like the GPA is not known.
However, a few recently concluded studies have demonstrated
that GPA saliva contains factors that elicit defense responses in
Arabidopsis. De Vos and Jander (2009) showed that saliva from
the GPA when infiltrated into Arabidopsis leaves resulted in
reduced GPA population size on the treated leaves. The resistance
induced by saliva did not require salicylic acid (SA), jasmonic
acid (JA) and ethylene signaling, which are involved in control-
ling infestation by insects and pathogens. The resistance inducing
elicitor was sensitive to boiling and proteinase K treatment,
suggesting that it is a protein. Size fractionation experiments
indicated a 3–10 kD molecular range for this elicitor from GPA
saliva. Expression levels of several Arabidopsis genes, including
those associated with defense, signal transduction and senes-
cence were altered in response to saliva application (De Vos and
Jander, 2009), suggesting that the resistance enhancing effect of
this proteinaceous elicitor is likely due to the activation of plant
defense mechanisms. Mp10 and Mp42 are two salivary proteins
from the GPA, which were recently shown to elicit host defenses
and reduce insect fecundity when transiently over-expressed in
N. benthamiana leaves (Bos et al., 2010). Mp10, which shows
homology to insect protein olfactory segment D2-like protein
(OS-D2-like protein), when over-expressed in N. benthamiana
resulted in chlorosis. In addition Mp10 cross-talk with defense
signaling mediated by the bacterial flg22 peptide resulted in the
attenuation of flg22-induced ROS production (Bos et al., 2010).
These results suggest that aphid salivary components, or prod-
ucts thereof, are likely recognized by Arabidopsis cells, leading to
activation of defenses.

The Tug-O-War for resources
Source-sink patterns are altered in aphid-infested plants result-
ing in the diversion of nutrient flow from the natural sinks to
the aphid-infested organs (Mittler and Sylvester, 1961; Larson
and Whitham, 1991; Dixon, 1998; Girousse et al., 2005). In
Arabidopsis, GPA infestation resulted in changes in expression
of genes involved in resource partitioning and sugar signal-
ing (Moran and Thompson, 2001; Pegadaraju, 2005). GPA-
infestation also resulted in increase in sucrose content in the
aphid-infested organs (Singh et al., 2011). This increase in sucrose
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was relatively rapid, beginning as early as 6–12 h post infesta-
tion. Increase in sucrose content occurred even when the infested
plants were kept in the dark, suggesting that changes in photo-
synthetic rate are not the likely cause of this increase. Increased
turnover of other molecules could be a potential source for this
increase in sucrose. Blockage in export of resources from the
infested organ could also potentially contribute to this build-up
of sucrose in the infested organ. Sucrose, which is responsible for
the high osmolarity of the phloem sap is also the major feed-
ing stimulant encountered by aphids while feeding on phloem
sap (Douglas, 2006). However, aphids expend a lot of energy to
counter the high osmolarity of the phloem sap they consume
(Spiller et al., 1990; Pompon et al., 2010). For example, sucrases
present in the insect gut hydrolyze sucrose to hexoses, which are
then polymerized into oligosaccharides that have a lower contri-
bution to osmotic pressure than hexoses and sucrose (Wilkinson
et al., 1997; Ashford et al., 2000). Furthermore, these oligosac-
charides are expelled out in the honeydew. Water consumption
from the xylem has also been suggested as a means utilized by
aphids to dilute the sugar content in the gut and thus contribute to
osmoregulation (Spiller et al., 1990; Pompon et al., 2010). Thus,
the infestation-associated increase in sucrose content in plant tis-
sues could potentially be detrimental to the aphid. Genetic studies
with the Arabidopsis tps11 (trehalose-6-phosphate synthase 11)
mutants suggest that this increase in sucrose in GPA-infested
leaves is likely not detrimental to GPA. Quite to the contrary,
GPA population was larger on the tps11 mutant, despite sucrose
content being 40% higher in the GPA-infested leaves of the tps11
mutant compared to the wild type (WT) plants (Singh et al.,
2011). Further studies are required to determine if this increase
in sucrose in GPA-infested leaves is in the phloem sap consumed
by the aphid, and/or is within the mesophyll cells of the infested
leaves. In potato, antisense-mediated silencing of the StSUT1
gene, which encodes a sucrose transporter, resulted in a reduc-
tion in sucrose content compared to the non-transgenic plants
and simultaneously resulted in poor performance of potato aphid
(Pescod et al., 2007). Taken together, these studies with tps11
mutant and potato StSUT1-silenced lines suggest that aphids
require an optimal level of sucrose and/or osmolarity and likely
target sucrose accumulation to facilitate infestation.

GPA infestation also results in an increase in starch content in
Arabidopsis leaves (Singh et al., 2011; Singh, 2012). This increase
in starch was observed even when the plants were kept in complete
darkness during the course of the experiment. Expression of the
Arabidopsis APL3 gene, which encodes a subunit of AGPase that
synthesizes ADP-glucose, the donor of glucosyl moieties to the
growing starch chain (Geigenberger, 2011), was also upregulated
in GPA-infested plants (Singh, 2012). In Arabidopsis the PGM1
gene encodes a phosphoglucomutase that synthesizes glucose-
1-phosphate, which is the precursor for starch synthesis. pgm1
mutants fail to accumulate starch (Yu et al., 2000). GPA popu-
lation size was larger on the pgm1 mutant compared to the WT
plant (Singh et al., 2011; Singh, 2012). GPA numbers were also
higher on a gbss1 mutant that lacks a plastid-localized amylose
synthesizing starch synthase activity (Singh, 2012). In contrast,
GPA numbers were lower on the Arabidopsis ssIII (starch syn-
thase III) mutant (Singh, 2012), which hyper-accumulates starch

(Zhang et al., 2005) compared to the WT plant. Singh et al. (2011)
have suggested that an increase in starch likely functions as a “sec-
ondary sink” that is associated with plant defense against the GPA,
presumably by redirecting C into starch. Starch was previously
shown to have an inhibitory effect on GPA feeding (Campbell
et al., 1986). Hence, it is plausible that starch accumulation makes
Arabidopsis leaves less desirable to the GPA.

Premature leaf senescence characterized by chlorophyll loss
and upregulation of a subclass of SENESCENCE ASSOCIATED
GENES (SAG) is observed in GPA-infested Arabidopsis
(Pegadaraju et al., 2005; Louis et al., 2010b, 2012a). Expression of
the SAG genes was induced within 24 h of infestation. As men-
tioned above, the GPA salivary protein Mp10 when expressed
in leaves results in chlorosis (Bos et al., 2010). Thus, Mp10 is
a likely elicitor of premature leaf senescence in GPA-infested
Arabidopsis. Leaf senescence results in the export of nutrients
from the senescing leaves and thus could potentially counter the
ability of aphids to increase the sink strength of infested leaves.
Indeed, transient expression of Mp10 in N. benthamiana also
resulted in reduction of GPA fecundity (Bos et al., 2010). In sup-
port of a role for senescence in Arabidopsis defense, Pegadaraju
et al. (2005) noted that the hyper-senescent ssi2 and cpr5 mutants
exhibited enhanced resistance to GPA. Furthermore, mutation in
the PAD4 (PHYTOALEXIN-DEFICIENT4) gene, which resulted
in the attenuation of the GPA infestation-induced premature
leaf senescence phenotype, was accompanied by improved
performance of the GPA. Senescence is accompanied by changes
in redox status (Khanna-Chopra, 2012). Indeed, GPA infestation
is accompanied by an increase in H2O2 content in potato leaves
(Kerchev et al., 2012). Analysis of GPA performance on the
Arabidopsis rbohd mutant, which is defective in ROS production,
confirmed an important role for ROS in Arabidopsis defense
against the GPA (Miller et al., 2009). The GPA attained a larger
population size on the rbohd mutant than the WT plant (Miller
et al., 2009). Thus, senescence associated physiological and
developmental changes are presumably engaged by Arabidopsis
to counter the ability of GPA to alter resource allocation and
thereby control severity of aphid infestation. It is equally possible
that senescence is accompanied by the production of factors that
are toxic to the GPA.

Defenses in the phloem
Phloem occlusion. Phloem, the site of aphid feeding, provides
an ideal location to pack defense metabolites as well as acti-
vate mechanisms that promote phloem occlusion (Walz et al.,
2004; Will and van Bel, 2006; Gaupels et al., 2008). Comparison
of insect feeding behavior with an Electrical Penetration Graph
(EPG) set-up (Tjallingii, 1990; Tjallingii and Esch, 1993; Reese
et al., 2000; Walker, 2000) demonstrated that Arabidopsis
attempts to control GPA feeding from sieve elements (Pegadaraju
et al., 2007; Singh et al., 2011). GPA spent more time feeding
from the sieve elements on the pad4 and tps11 mutants than the
WT plant (Pegadaraju et al., 2007; Singh et al., 2011). In con-
trast, time spent feeding from sieve elements was reduced when
feeding on transgenic plants overexpressing PAD4 (Pegadaraju
et al., 2007), thus suggesting that PAD4 and TPS11-mediated
mechanisms are required for controlling GPA feeding from sieve
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elements. However, the involvement of SEO in PAD4 and TPS11-
dependent defense against GPA remains to be experimentally
tested.

Callose deposition and phloem protein aggregation are mech-
anisms that contribute to SEO (Will and van Bel, 2006). Although
the role of callose in Arabidopsis defense against GPA is not clear,
studies with other plant-hemipteran interactions have suggested
that callose is an important factor in defense against hemipteran
insects. For example, callose deposition in rice is associated with
resistance against the brown planthopper (Nilaparvata lugens)
(Hao et al., 2008), and in Arabidopsis, expression of the CALS1
gene, which encodes a callose synthase, was up-regulated and
callose accumulation enhanced in response to Bemisia tabaci
(silverleaf whitefly) infestation (Kempema et al., 2007).

Dispersion of forisomes, which appear to be composed of
multiple SEO proteins, contributes to SEO in Fabaceae. In
Arabidopsis, the AtSEOR1 and AtSEOR2 genes are homologs of
the Fabaceae SEO protein-encoding genes (Anstead et al., 2012).
However, loss of AtSEOR1 or AtSEOR2 function in the atseor1 and
atseor2 mutants, respectively, did not adversely impact basal resis-
tance against GPA (Anstead et al., 2012). Quite to the contrary,
the number of nymphs produced was higher on the WT than
the atseor1 and atseor2 mutant plants, suggesting that presence
of these proteins is beneficial to the insect. Forisome dispersion
also was not observed in faba bean (Vicia faba) in response to
penetration of sieve elements by stylets of Acyrthosiphon pisum
(pea aphid) (Walker and Medina-Ortega, 2012). However, when
forisome dispersal was induced in Megoura viciae (vetch aphid)-
infested faba bean leaves by burning of leaf-tips, changes were
observed in insect feeding behavior. EPG analysis showed that
the insect switched from phloem sap ingestion to secretion of
water saliva, presumably to reverse phloem occlusion (Will et al.,
2007). A transition from phloem-sap consumption to salivation
has also been observed in similar experiments conducted with
several other plants and aphids (Will et al., 2009), thus suggest-
ing that this behavioral response is likely a general response of
aphids to phloem occlusion. Will et al. (2007) showed that watery
saliva from vetch aphid was capable of reversing forisome disper-
sal in vitro, thus suggesting that aphid saliva contains factors that
have the ability to reverse phloem occlusion mediated by forisome
dispersion.

Antibiotic factors in the phloem. The phloem sap of Arabidopsis
contains an antibiotic factor that is detrimental to GPA. Phloem
sap-enriched petiole exudates collected from leaves of unin-
fested Arabidopsis plants when added to synthetic diet lowered
GPA fecundity (Louis et al., 2010a,b, 2012a; Singh et al., 2011;
Nalam et al., 2012). The Arabidopsis ssi2 mutant, which exhibits
heightened resistance to GPA, contains elevated levels of this
antibiosis activity (Louis et al., 2010a,b). The Arabidopsis PAD4
and MYZUS PERSICAE-INDUCED LIPASE 1 (MPL1) genes were
required for the increased antibiosis observed in the ssi2 mutant
(Louis et al., 2010a,b). In agreement with a role for this PAD4-
and MPL1-dependent antibiotic activites in controlling overall
severity of GPA infestation, the ssi2-depdendent antibiosis activ-
ity was lower in ssi2 pad4 and ssi2 mpl1 double mutant plants.
Furthermore, petiole exudates from uninfested leaves of pad4

and mpl1 contained lower levels of this antibiotic activity (Louis
et al., 2010a,b). The identity of this antibiotic factor that is
altered in the ssi2, pad4, and mpl1 mutants is not known. As dis-
cussed below, Arabidopsis phloem sap contains proteins and non-
protein metabolites that are detrimental to GPA. Accumulation of
one or more of these factors could potentially be dependent on
PAD4 and/or MPL1 activity. Despite the presence of these detri-
mental factors in the phloem sap, GPA is capable of colonizing
Arabidopsis. This is in part because GPA adapts on Arabidopsis to
suppress the accumulation and/or detoxify one or more of these
factors. As discussed later, oxylipins produced by the host facili-
tate adaptation of GPA on the host plant allowing it to suppress
accumulation of this antibiosis activity (Nalam et al., 2012).

Plants in the Brassicaceae family, which includes Arabidopsis,
contain glucosinolates, which are defensive compounds.
Glucosinolate accumulation is under control of JA signaling
(Mewis et al., 2005), which as discussed below has been sug-
gested to promote resistance against GPA. The metabolism of
glucosinolates and their role in plant defense has been reviewed
recently (Hopkins et al., 2009; Sønderby et al., 2010; Wittstock
and Burow, 2010; Winde and Wittstock, 2011). When acted
upon by myrosinases, glucosinolates can release toxic break-
down products that are detrimental to insects (Chew, 1988;
Louda and Mole, 1991; Rask et al., 2000). The accumulation
of glucosinolates and myrosinases is compartmentalized, thus
preventing their mixing in the absence of physical damage to the
plant tissue. Glucosinolates are stored in the sulfur-rich S-cells
that are in close proximity to the phloem (Koroleva et al., 2000).
Myrosinases on the other hand are stored in the myrosin cells
and guard cells (Andréasson and Jørgensen, 2003; Zhao et al.,
2008). In Arabidopsis, GPA infestation results in elevated levels
of glucosinolates that can also be detected in the phloem sap
(Kim and Jander, 2007; Louis et al., 2010a). Expression of genes
putatively involved in glucosinolate metabolism were also upreg-
ulated in Arabidopsis leaves infested with the GPA and in leaves
treated with saliva from the GPA (Mewis et al., 2006; De Vos and
Jander, 2009). A defensive role for glucosinolates was suggested
by the observation that resistance to the GPA was increased in the
Arabidopsis atr1D mutant, which accumulates higher amounts
of indole-glucosinolates than the WT plant (Kim et al., 2008). By
contrast, in comparison to the WT plant, the cyp79B2 cyp79B3
double mutant that does not accumulate indole-glucosinolates
exhibited enhanced susceptibility to the GPA. Mutations in the
CYP81F2 gene, which encodes a cytochrome P450 monooxygenae
that is required for synthesis of 4-hydroxy-indole-3-yl-methyl
glucosinolate also resulted in lowered resistance to GPA (Pfalz
et al., 2009). The feeding style of aphids, which causes minimal
physical damage to cells surrounding the phloem, limits the
mixing of glucosinolates and myrosinases, thus allowing intact
glucosinolates to be ingested from the phloem by the aphid.
Indeed, glucosinolates have been detected in the honeydew of
GPA reared on Arabidopsis (Kim and Jander, 2007). However,
the indole class of glucosinolates were metabolized in the insect
gut (Kim et al., 2008) and the products were found to have a
negative effect of GPA settling and growth (Kim and Jander,
2007; Kim et al., 2008; Pfalz et al., 2009). Glucosinolate level and
composition was not significantly impacted in the pad4 and mpl1
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mutants, suggesting that their accumulation is not under control
of PAD4 and MPL1 (Kim and Jander, 2007; Louis et al., 2010a).

Lectins, also known as agglutinins, are proteins that can
reversibly and specifically bind to carbohydrates. Many lectins
are toxic to phytophagous insects (Vandenborre et al., 2011). The
Arabidopsis Phloem Protein2-A1 (PP2-A1), which is a compo-
nent of phloem protein bodies, is also a lectin. When added to a
synthetic diet, recombinant PP2-A1 affected weight gain in GPA
and soybean aphid nymphs (Beneteau et al., 2010). Lectins have
an affinity for carbohydrates, which may interfere with physiolog-
ical processes in the insect gut, thus controlling insect infestation
(Carlini and Grossi-de-Sa, 2002; Vasconcelos and Oliveira, 2004).
Confirming a role for PP2-A1 in Arabidopsis defense against
GPA, constitutive expression of PP2-A1 adversely impacted the
ability of GPA to feed from the sieve elements (Zhang et al.,
2011). The PP2-A1 gene was also required for harpin to promote
resistance against GPA (Zhang et al., 2011). Harpin is a hyper-
sensitive response-inducing protein produced by gram negative
pathogenic bacteria that also elicits defenses against pathogens.

Nδ-acetylornithine is a novel class of non-protein amino
acid that was identified in the phloem sap of methyl-JA-treated
Arabidopsis (Adio et al., 2011). GPA infested plants contained
elevated levels of Nδ-acetylornithine. Furthermore, GPA repro-
duction was significantly reduced when the aphids were fed on
a diet containing Nδ-acetylornithine, suggesting that this non-
protein amino acid has a defensive role against aphids (Adio et al.,
2011). The toxic effect of this compound is specific to phloem-
feeding insects, since it did not have any effect on the growth of
lepidopteran caterpillars. Expression of the NATA1 gene, which is
involved in the biosynthesis of Nδ-acetylornithine in Arabidopsis,
is induced upon GPA infestation. Furthermore, its expression
is high in vascular tissues, thus bolstering the notion that this
aphidicidal compound is synthesized and/or accumulates in the
phloem (Adio et al., 2011).

Contribution of Arabidopsis lipid metabolism to defense
against GPA
Besides functioning as major structural components of cell mem-
branes, plant lipids also function as precursors of antibiotic
compounds and signaling molecules (Wang, 2004; Shah, 2005;
Wasternack, 2007; Upchurch, 2008; Scherer, 2010; Yan et al.,
2013). In addition, lipids have also been implicated in cross-
kingdom communication (Christensen and Kolomiets, 2011).
Lipid metabolism in Arabidopsis also impacts interaction with
the GPA. A loss-of-function mutation in the SSI2 gene, which
encodes the major plastidyl stearoyl acyl-carrier protein desat-
urase that catalyzes the synthesis of oleic acid in Arabidopsis,
resulted in enhanced resistance against the GPA (Louis et al.,
2010b). As mentioned above, the ssi2 mutant exhibits a hyper-
senescence phenotype that is characterized by constitutively ele-
vated expression of the SAG13 gene and spontaneous cell death.
Furthermore, petiole exudates from ssi2 accumulate elevated lev-
els of antibiosis activity against the GPA. EPG analysis indicated
that the GPA feeding behavior was not adversely impacted on the
ssi2 mutant compared to the WT plant. The ssi2 mutant also accu-
mulates elevated levels of SA. Since, SA added to a synthetic diet
had an adverse impact on insect fecundity, Louis et al. (2010b)

conducted experiments with the ssi2 nahG plants, in which the
ssi2-dependent accumulation of SA is attenuated, to determine
if SA is indeed required for the ssi2-conferred enhanced resis-
tance against GPA. Although presence of nahG had a weak effect
on the strength of antibiosis activity in petiole exudates, this was
not sufficient to weaken the ssi2-conferred resistance against GPA,
thus indicating that SA is not a major factor contributing to the
ssi2-conferred enhanced resistance (Louis et al., 2010b).

Oxylipins (oxidized lipids) contribute to Arabidopsis defense
to the GPA. Oxidation of polyunsaturated fatty acid (e.g., linoleic
and linolenic acids) is the first step in the synthesis of oxylip-
ins (Feussner and Wasternack, 2002; Mosblech et al., 2009).
Enzymatic oxidation of polyunsaturated fatty acids is mediated
by enzymes like lipoxygenases (LOXs) and α-dioxygenases (α-
DOXs). The resultant oxidized fatty acids can be further processed
enzymatically or non-enzymatically to yield a variety of oxylipins,
several of which have roles in plant stress response. JA is one of
the best studied oxylipin that is derived via the LOX pathway. Its
role in Arabidopsis-GPA interaction is discussed later. Oxidation
of fatty acids by α-DOXs yields 2(R)-hydroperoxides, which can
be further processed into other products. In Arabidopsis, expres-
sion of the α-DOX1 gene was up-regulated in response to GPA
infestation (Avila et al., 2013). Similarly, in tomato expression
of the Slα-DOX1 gene was up-regulated in response to potato
aphid infestation (Avila et al., 2013). In both, Arabidopsis and
tomato, knock-down of α-DOX1 function resulted in increased
susceptibility to aphids. In comparison to the WT plant, GPA
population size was larger on the Arabidopsis α-dox1 mutant
(Avila et al., 2013). Similarly, virus-induced gene silencing of Slα-
DOX1 in tomato resulted in an increase in the size of potato aphid
population compared to the non-silenced plants (Avila et al.,
2013). α-DOX1-derived lipids have known antibiotic and signal-
ing functions, either or both of which could contribute to the
α-DOX1-mediated resistance against aphids. As discussed later,
recent studies indicate that oxylipins also are susceptibility factors
in Arabidopsis interaction with GPA.

MPL1, which is required for the ssi2-dependent enhanced
resistance and hyper-accumulation of antibiosis activity in peti-
ole exudates, encodes a protein with homology to α/β-fold acyl
hydrolases/lipases (Louis et al., 2010a). A signal peptide at the
N-terminus suggests that MPL1 is likely targeted to the endoplas-
mic reticulum. MPL1 contains a signature GXSXG esterase/lipase
catalytic motif and recombinant MPL1 possesses lipase activity.
MPL1 expression was induced in response to GPA infestation
and petiole exudates from the mpl1 mutant contained lower lev-
els of antibiosis activity compared to WT plant (Louis et al.,
2010a). In contrast, MPL1 overexpression resulted in an increase
in antibiosis activity, which was paralleled by an increase in resis-
tance against GPA (Louis et al., 2010a). Loss of MPL1 function
had no impact on antixenosis against GPA. The feeding behav-
ior of GPA was comparable when feeding on WT and mpl1
mutant (Louis et al., 2010a). Although the exact identity of the
MPL1-dependent antibiotic factor is not known, it could possi-
bly be a lipid/lipid-derived product present in the phloem sap.
The phloem sap is known to contain a variety of lipids includ-
ing oxylipins (Benning et al., 2012). One or more products of
MPL1 activity could be directly toxic to the insect. Alternatively,
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an MPL1-derived lipid might indirectly impact GPA infestation.
MPL1 also contains a HX4D acyltransferase motif suggesting that
it could be involved in lipid modifications. Whether the lipase
activity or the acyltransferase motif of MPL1 are required for
its involvement in Arabidopsis-GPA interaction remains to be
determined.

REGULATION OF DEFENSES
Role of salicylic acid, jasmonic acid and ethylene in
Arabidopsis-GPA interaction
SA and JA have important signaling functions in plant defense
against pathogens. In some cases of plant-pathogen interaction
they function together to promote resistance, while in other cases
SA and JA have an antagonistic relationship (Mur et al., 2006;
Pieterse et al., 2009; Robert-Seilaniantz et al., 2011). SA and JA
signaling also have a role in some cases of plant defense against
aphids. In tomato, SA signaling is required for Mi-1.2-mediated
resistance against the potato aphid (Li et al., 2006). Furthermore,
gene expression studies conducted in Arabidopsis indicate that
GPA infestation triggers the induction of the SA and JA path-
way. For example, expression of the PATHOGENESIS-RELATED
1 (PR1) gene, which for long has been used as a molecular marker
for the activation of SA signaling, and the PDF1.2 gene, which
is a marker for the activation of JA and ethylene signaling, were
upregulated in GPA-infested leaves (Moran and Thompson, 2001;
Moran et al., 2002; De Vos et al., 2005; Pegadaraju, 2005; Mewis
et al., 2006). Similarly in tomato, induction of the SA-inducible
P4 gene, which is homologous to the Arabidopsis PR1 gene, has
also been noted in plants infested with the potato aphid (Li
et al., 2006). Expression of the isochorismate synthase encod-
ing ICS1 (SID2) gene, which is involved in the synthesis of SA
in Arabidopsis, was also upregulated in response to GPA infes-
tation (Pegadaraju, 2005). Similarly, expression of ENHANCED
DISEASE SUSCEPTIBILITY 5 (EDS5), which is required for SA
synthesis, was also induced in GPA-infested plants (Pegadaraju,
2005). However, De Vos et al. (2005) reported that GPA infes-
tation did not result in any observable increase in SA content
in Arabidopsis. As suggested by them, this inability to see an
increase in SA could be due to fewer cells responding to GPA
infestation as opposed to that seen in pathogen-infected tis-
sues. Genetic studies conducted by several groups have indicated
that although GPA infestation activates SA signaling, SA sig-
naling is not important for promoting resistance against GPA.
Mutations in the ICS1 and EDS5 genes did not result in increased
colonization by GPA on the ics1 and eds5 mutants, compared
to WT plants (Moran and Thompson, 2001; Pegadaraju et al.,
2005). Furthermore, Pegadaraju et al. (2005) reported that GPA
population size was comparable between WT and transgenic
Arabidopsis plants expressing the bacterial nahG-encoded salicy-
late hydroxylase, which converts SA to catechol. Loss of NPR1
(NON-EXPRESSER OF PR GENES1), a key SA signaling reg-
ulator and a putative SA receptor (Wu et al., 2012), also did
not result in improved performance of GPA on the npr1 mutant
than the WT plant (Moran and Thompson, 2001; Mewis et al.,
2005; Pegadaraju et al., 2005). Finally, application of (1, 2, 3)
thiadiazole-7-carbothioic acid (S) methyl ester (BTH), a synthetic
functional analog of SA, also did not curtail GPA colonization

on Arabidopsis (Moran and Thompson, 2001). Taken together,
these results confirm that SA signaling is not critical for con-
trolling GPA infestation on Arabidopsis. Quite to the contrary,
Mewis et al. (2005) reported that GPA population size was smaller
on the NahG and npr1 plants than on the WT plant, suggest-
ing that SA signaling in fact might be promoting susceptibility
to GPA.

According to a “decoy” hypothesis involving SA, some insects
may have evolved to trick the host into activating SA signaling,
which in many cases is known to antagonize the activation of
JA signaling (Walling, 2008). In support for a potential func-
tion of the JA pathway in promoting resistance against GPA,
Ellis et al. (2002a) reported that the cev1 (constitutive expres-
sion of VSP1) mutant, which contains higher levels of JA than
the WT plant, was more resistant to GPA than the WT plant.
They further showed that exogenously applied MeJA also pro-
moted resistance to GPA in Arabidopsis (Ellis et al., 2002a). In
contrast, GPA numbers were higher on JA-insensitive coi1 (coro-
natine insensitive1) mutant compared to the WT plant (Ellis
et al., 2002a; Mewis et al., 2005, 2006). JA is known to pro-
mote the accumulation of metabolites like indole-glucosinolates,
camalexin and the non-protein amino acid Nδ-acetylornithine
(Zhou et al., 1999; Mikkelsen et al., 2003; Adio et al., 2011) that
are detrimental to GPA. However, the simultaneous deficiency of
ω3 fatty acid desaturases encoded by the Arabidopsis FAD7 and
FAD8 genes, which are required for the synthesis of trienoic fatty
acids, the precursors for JA synthesis, resulted in enhanced resis-
tance to GPA (Avila et al., 2012). Similar to the results with the
Arabidopsis fad7 fad8 double mutant, in tomato, loss of FAD7
activity in the spr2 mutant resulted in enhanced resistance against
the potato aphid (Avila et al., 2012). This increase in resistance
in spr2 was not associated with JA signaling, but instead resulted
from elevated content of SA and increased Slα-DOX1 gene activ-
ity in the spr2 mutant (Avila et al., 2012, 2013). Mutations in
other genes involved in JA synthesis also did not influence potato
aphid colonization on tomato (Avila et al., 2012), although previ-
ous studies indicated that MeJA application enhanced resistance
against potato aphid in tomato (Cooper et al., 2004). Considering
that COI1 is a component of the proteasomal protein turnover
mechanism that likely also impacts processes other than JA (He
et al., 2012; Ralhan et al., 2012), and Arabidopsis CEV1 is a sub-
unit of cellulose synthase, the lack of which has pleiotropic effects
in the cev1 mutant that include the simultaneous hyperactiva-
tion of ethylene and JA signaling (Ellis et al., 2002b), the results
with the fad7 fad8 mutant (Avila et al., 2012), in conjunction
with a previous report by De Vos et al. (2005), who failed to
see any significant increase in JA in GPA-infested Arabidopsis,
call for a careful reevaluation of JA’s role in Arabidopsis defense
against GPA.

Ethylene production is elevated in aphid infested plants.
For example, increases in ethylene production was observed
in tomato infested with potato aphid, alfalfa infested with
Therioaphis maculate (spotted alfalfa aphid), wheat infested
with Schizaphis graminum (greenbug), and barley infested with
Rhopalosiphum padi (oat aphid) and Russian wheat aphid
(Dillwith et al., 1991; Anderson and Peters, 1994; Miller
et al., 1994; Argandoña et al., 2001; Mantelin et al., 2009).

www.frontiersin.org July 2013 | Volume 4 | Article 213 | 120

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Louis and Shah Arabidopsis thaliana-Myzus persicae interaction

Changes in expression of genes putatively involved in ethylene
metabolism/signaling also have been observed in melon plants
responding to the melon and cotton aphid infestation, in tomato
infested with the potato aphid, and Arabidopsis infested with the
GPA (Moran et al., 2002; Anstead et al., 2010; Mantelin et al.,
2009). In melon, the expression of ethylene pathway and response
genes was reported to be highly upregulated during the resis-
tant interaction mediated by the Vat resistance gene, thus leading
the authors to suggest that ethylene may have a role in Vat-
mediated resistance (Anstead et al., 2010). Quite to the contrary,
genetic studies in tomato indicated that ethylene signaling con-
tributes to susceptibility to the potato aphid in the absence of
the Mi-1.2 resistance gene function (Mantelin et al., 2009). In
choice test assays, the potato aphid was observed to prefer the WT
plant to the ethylene-insensitive Never ripe mutant. Similarly, in
Arabidopsis, Mewis et al. (2006) reported that GPA and cabbage
aphid populations were significantly smaller on the ethylene-
insensitive etr1 mutant than the corresponding WT plant, thus
suggesting that like in the tomato-potato aphid interaction, ethy-
lene likely contributes to Arabidopsis susceptibility to the GPA
and the cabbage aphid. However, in another study the same group
did not observe significant differences in GPA population size on
the etr1 mutant compared to WT plants (Mewis et al., 2005).
Similarly, Kettles et al. (2013) did not observe significant differ-
ences in GPA fecundity on insects reared on WT and etr1 mutant.
However, a higher fecundity was observed for GPA reared on the
ethylene-insensitive ein2 mutant than the WT plant (Kettles et al.,
2013).

Ethylene signaling was also required in Arabidopsis for harpin-
induced resistance against GPA (Dong et al., 2004). Harpin
treatment limited insect settlement, feeding and fecundity on
Arabidopsis (Dong et al., 2004; Liu et al., 2010; Zhang et al.,
2011). Unlike the WT plants, harpin was unable to limit insect
fecundity on the etr1 and ein2 mutants (Dong et al., 2004). Liu
et al. (2010) further demonstrated that the ethylene and harpin
up-regulated the AtMYB44 gene, which encodes a Myb-family
transcription factor, was required for harpin-induced resistance
to GPA. AtMYB44 expression is also induced in response to GPA
infestation and application of GPA saliva (De Vos and Jander,
2009). However, whether AtMYB44 is required for basal resis-
tance against GPA was not reported. AtMYB44 was required
for the harpin-induced up-regulation of EIN2 expression. Also
required for harpin-induced resistance against GPA, but not for
EIN2 induction, were AtMYB15, AtMYB51, and AtMYB73, three
other Myb-family transcription factor encoding genes, which are
also ethylene inducible (Liu et al., 2010). Ethylene and harpin
also induced expression of AtMYB30, AtMYB108, AtZFP6, and
AtRAP2.6L. However, mutations in these genes enhanced harpin-
induced resistance to GPA, suggesting that these genes might be
involved in dampening of harpin- and likely ethylene-induced
defense signaling. Ethylene-signaling thus may be involved in
promoting expression of both, genes that promote resistance as
well as those that promote susceptibility to GPA. This might
explain the discrepancies observed between various studies (Dong
et al., 2004; Mewis et al., 2005, 2006; Kettles et al., 2013) on
the impact of ethylene-insensitive mutants on Arabidopsis-GPA
interaction.

PAD4, a regulator of antixenosis, antibiosis and premature leaf
senescence in GPA-infested Arabidopsis
The Arabidopsis PAD4 gene, which encodes a nucleocytoplasmic
protein, is required for defense against a variety of pathogens
and the GPA (Weirmer et al., 2005; Louis et al., 2012a). PAD4
was found to be required for modulating SA accumulation in
pathogen-infected plants (Zhou et al., 1998; Jirage et al., 1999;
Rietz et al., 2011), and for systemic acquired resistance, an
inducible defense mechanism that increases resistance against
subsequent infections in plants that previously experienced a
localized infection (Shah and Zeier, 2013). As mentioned above,
in Arabidopsis-GPA interaction, PAD4 function is required for
antibiosis and antixenosis. When given a choice between the
WT and the pad4 mutant, GPA preferred to settle on the pad4
mutant (Pegadaraju et al., 2007). In contrast, when given a choice
between the WT and plants constitutively expressing PAD4 from
the CaMV 35S promoter, GPA preferred the WT plant, thus sug-
gesting that PAD4 is required for the accumulation of a factor that
deters insect settling on Arabidopsis. EPG analysis indicated that
compared to GPA feeding on the WT plant, insects on the pad4
mutant spent more time in the sieve element phase (Pegadaraju
et al., 2007), suggesting that the pad4 mutant lacked a factor that
controls insect feeding from sieve elements. In contrast, on plants
constitutively expressing PAD4, GPA spent less time in the sieve
element phase and the plants exhibited enhanced resistance to
GPA (Pegadaraju et al., 2007). Petiole exudates collected from
the pad4 mutant lacked the antibiosis activity that is present in
petiole exudates collected from WT plants (Louis et al., 2010b).
Analysis of plants expressing the coding sequence of the GUS
reporter from the PAD4 promoter indicated that the PAD4 pro-
moter directs GUS expression in cells at the feeding site (Louis
et al., 2012b). Thus, the feeding deterrence function of PAD4
is likely due to its function in the phloem or cells surround-
ing the phloem. Glucosinolate content was not affected in the
pad4 mutant (Kim and Jander, 2007), thus suggesting that the
PAD4-mediated resistance likely does not involve glucosinolates.

PAD4 is also required for the timely activation of leaf senes-
cence in GPA-infested Arabidopsis. Senescence associated chloro-
phyll loss was slower in the pad4 mutant than the WT plant
(Pegadaraju et al., 2005). Expression of the SAG genes was
induced slower in the pad4 mutant (Pegadaraju et al., 2005;
Louis et al., 2010b, 2012a). Although overexpression of PAD4 did
not constitutively activate SAG gene expression, GPA infestation
resulted in the faster activation of SAG genes (Pegadaraju et al.,
2007). The fact that mere expression of PAD4 was not sufficient
for the induction of leaf senescence, suggests that additional fac-
tors are required for promoting leaf senescence in response to
aphid infestation.

PAD4 exhibits homology to acyl hydrolases/esterases/lipases.
The N-terminal half of PAD4 contains a triad of amino acids
(S118, D178, and H229) (Jirage et al., 1999; Feys et al., 2005),
which in other acyl hydrolases/lipases are part of the catalytic
triad (Blow, 1990). However, no hydrolytic activity has been
demonstrated for PAD4. On plants expressing missense versions
of PAD4 (PAD4[S118A] and PAD4[D178A]) GPA population size
was larger than on plants expressing WT PAD4, thus suggesting
that S118 and D178 are critical for PAD4’s involvement in defense
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against GPA (Louis et al., 2012a). However, the PAD4[S118A]
allele did not impact plant choice by GPA. Furthermore, the
PAD4-modulated expression of SAGs in response to GPA infes-
tation also was not adversely impacted by this mutant alleles.
Feeding behavior analysis with the EPG technique revealed that
insects spent more time feeding from the sieve elements of plants
expressing the PAD4[S118A] allele (Louis et al., 2012a). In addi-
tion, petiole exudates from plants expressing PAD4[S118A] were
also deficient in the PAD4-dependent antibiosis activity. These
results suggest that S118 in PAD4 is required for its antibiosis
function and for deterring feeding from sieve elements. Thus, two
distinct PAD4 activities contribute to defenses against GPA. The
first activity, which limits insect feeding and promotes antibio-
sis, is dependent on S118. The second activity, which deters insect
settling and promotes PAD4 expression, does not require S118.

In pathogen-infected Arabidopsis, PAD4 functioning along
with its interacting protein EDS1 (ENHANCED DISEASE
SUSCEPTIBILITY 1), regulates its own expression and functions
in a feed-positive SA amplification loop with EDS1 to regulate
expression of defense genes (Weirmer et al., 2005). EDS1 expres-
sion is induced in GPA-infested plants (Pegadaraju et al., 2007).
However, EDS1 was not required for controlling GPA infestation
(Pegadaraju et al., 2007; Louis et al., 2012a,b). GPA population
size was comparable between the WT and the eds1 mutant. As
mentioned above, SA is also not critical for controlling GPA infes-
tation. Taken together, these studies indicate that PAD4-mediated
defense against GPA is unique in that it does not invoke EDS1 and
SA. It is plausible that the two different PAD4 molecular activities
that are required for controlling GPA infestation involve PAD4
interaction with separate protein(s).

PAD4 was identified by Glazebrook et al. (1997) in a screen
for Arabidopsis mutants that were deficient in the accumula-
tion of the phytoalexin, camalexin. PAD4 regulates expression
of PAD3, which encodes a P450 monooxygenase involved in
camalexin biosynthesis (Zhou et al., 1999). Expression of PAD3
was up-regulated in GPA-infested Arabidopsis leaves as well as
in response to GPA saliva (Pegadaraju et al., 2005; De Vos
and Jander, 2009). Furthermore, camalexin levels were found
to increase in response to GPA infestation (Louis, 2011; Kettles
et al., 2013). However, PAD4 function was not required for this
increase in camalexin in GPA-infested Arabidopsis (Louis, 2011).
Furthermore, Pegadaraju et al. (2005) observed that GPA popula-
tion size was comparable between the WT and the pad3 mutant,
thus leading them to conclude that camalexin is not important
for the PAD4-mediated resistance against GPA. In their bioas-
says with GPA on Arabidopsis, Pegadaraju et al. (2005) used
insects that were reared on a mix of mustard and radish plants.
Furthermore, the bioassays were conducted over a 2 day period.
In contrast to the observations of Pegadaraju et al. (2005), Kettles
et al. (2013) observed that in a different experimental set-up
involving 2 week-long fecundity assays, GPA nymphs that were
born on the pad3 mutant and reared to adulthood on the pad3
mutant exhibited higher fecundity than nymphs born and raised
on WT plants. Furthermore, they observed that camalexin pro-
vided in an artificial diet had a detrimental effect on GPA fecun-
dity. Taken together, these two studies (Pegadaraju et al., 2005;
Kettles et al., 2013) suggest that the role of PAD3 and camalexin

in defense against GPA might be influenced by the length of time
the insects are reared on Arabidopsis. PAD3 and camalexin syn-
thesis are also required for controlling cabbage aphid infestation
on Arabidopsis (Kuśnierczyk et al., 2008).

TPS11-dependent trehalose metabolism regulates defense
against GPA
The non-reducing α,α-1,1-linked glucose disaccharide trehalose,
which serves as an energy source and an osmoprotectant in lower
organisms, has a role in the protection of plants from stress
(Schluepmann et al., 2003; Paul et al., 2008; Fernandez et al.,
2010). Trehalose-6-phosphate (T6P) and trehalose are suggested
to have signaling function in plants (Paul et al., 2008; Fernandez
et al., 2010). In plants, trehalose is synthesized in two steps. The
first step involves the synthesis of T6P by T6P synthase. In the
subsequent step, T6P is dephosphorylated by T6P phosphatase
to yield trehalose. Recently, it was suggested that trehalose or a
derivative has a novel signaling function in plant defense against
GPA (Singh et al., 2011; Hodge et al., 2012). Trehalose levels
increased in response to GPA infestation. This increase in tre-
halose accumulation in GPA-infested plants was paralleled by
a transient elevation of TPS11 expression (Singh et al., 2011).
TPS11 encodes a protein with T6P synthase and T6P phosphatase
activities. The GPA infestation-induced accumulation of trehalose
was attenuated in the tps11 mutant, allowing increased coloniza-
tion of the mutant by GPA. In contrast, resistance was enhanced
in tre1 (trehalase) mutant, which accumulates elevated levels of
trehalose due to deficiency in the ability to degrade trehalose
(Singh et al., 2011). Similarly, trehalose content and resistance to
GPA were higher in transgenic otsB plants, which overexpress the
T6P phosphatase-encoding bacterial otsB coding sequence. Like
the pad4 mutant, the tps11 mutant was preferred by GPA over
WT plants and petiole exudates of the tps11 plants contained
reduced antibiosis activity. EPG characterization of GPA feeding
behavior indicated that GPA spent more time in the sieve element
phase on the tps11 mutant than the WT plant. Trehalose applica-
tion restored resistance to the tps11 mutant, thus confirming that
trehalose deficiency was cause of the tps11 phenotypes.

Trehalose application induces PAD4 expression, which was
constitutively higher in the trehalose hyper-accumulating otsB
plant as well as TPS11 overexpressing plants (Singh et al., 2011).
GPA infestation-induced expression of PAD4 was delayed in the
tps11 mutant compared to the WT plant, thus indicating that
TPS11-dependent trehalose increases are required for the tim-
ing and strength of PAD4 expression in GPA-infested Arabidopsis
(Singh et al., 2011). TPS11 also influences starch accumulation in
GPA-infested plants. Starch content was lower in the GPA-infested
tps11 mutant compared to the WT plant (Singh et al., 2011).
In comparison, sucrose content was higher on the tps11 mutant.
These results suggest that TPS11-dependent trehalose, promotes
the flux of C from sucrose into starch, thereby contributing to
overall defense against GPA. As mentioned above, starch accu-
mulation is a likely physiological adaptation that helps the plant
to counter the GPA.

The phloem sap of GPA-infested Arabidopsis contains elevated
levels of trehalose (Hodge et al., 2012), thus suggesting that tre-
halose can potentially act as a phloem-mobile signal. Hodge et al.
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(2012) further observed that trehalose content in GPA was higher
when cultivated on Arabidopsis than on synthetic medium or on
other plants that did not accumulate trehalose in response to GPA
infestation, leading them to suggest that when on Arabidopsis
the insect assimilates trehalose from phloem sap. Although tre-
halose is a major sugar in the insect hemolymph, when added to
a synthetic diet trehalose was detrimental to GPA (Singh et al.,
2011), thus suggesting that de novo synthesized trehalose in the
hemolymph might have a different physiological effect than tre-
halose in the gut. Thus, trehalose consumed by the insect when
feeding on Arabidopsis could potentially be detrimental to the
insect. The mid-gut of pea aphid and soybean aphid contain tre-
halase (Cristofoletti et al., 2003; Bansal et al., 2013), suggesting
that some aphids likely utilize trehalase in the gut to counter
the presence of trehalose consumed from plants. Thus, trehalose
might have a dual role in plant-aphid interaction, functioning as a
signaling molecule to promote plant defenses and simultaneously
having a detrimental effect on insect physiology.

GPA infestation also promoted trehalose accumulation in
leaves of tomato plants (Singh and Shah, 2012). Expression of the
TPS11 and PAD4 homologs were up-regulated in GPA-infested
tomato, which also accumulated elevated levels of sucrose and
starch. Furthermore, trehalose application induced expression of
the tomato PAD4 homolog, promoted starch accumulation and
limited insect colonization, thus suggesting that the role of tre-
halose in defense against GPA is likely conserved in other species,
as well. Hodge et al. (2012) however, did not detect trehalose accu-
mulation in GPA infested spring cabbage and black mustard as
compared to Arabidopsis, suggesting that the interaction between
the GPA and additional hosts needs to be studies in order to deter-
mine the extent to which the engagement of trehalose metabolism
in plant defense against aphids has been conserved.

Arabidopsis contains more than 20 genes putatively involved
in trehalose metabolism (Rolland et al., 2006; Paul et al., 2008).
Whether the trehalose that accumulates in response to GPA infes-
tation in Arabidopsis leaves is a product of TPS11 activity, or is
synthesized by one or more of the other enzymes, is not known.
It is plausible that TPS11-synthesized T6P and/or trehalose func-
tions as a signal to activate expression and/or activity of one or
more of the other trehalose biosynthesis genes/enzymes, which
contribute to the overall increase in trehalose in GPA-infested
plants. TPS11 expression is also altered in plants exposed to other
abiotic and biotic stressors (Golem and Culver, 2003; Suzuki et al.,
2005; Fujita et al., 2007; Iordachescu and Imai, 2008), suggesting
that the TPS11-regulated mechanism(s) has a wider role in plant
stress response.

Role of small RNAs in Arabidopsis-GPA interaction
Small RNAs, which are 20–40 nucleotide-long non-coding
RNAs, regulate gene expression at the transcriptional and post-
transcriptional level. In plants, small RNAs are known to regulate
JA and ethylene signaling, and influence defense against microbes
and herbivores (Pandey and Baldwin, 2007; Pandey et al., 2008;
Katiyar-Agarwal and Jin, 2010). Genetic studies in Arabidopsis
indicated that mutations in plant microRNA (miRNA) pathway
significantly impacted GPA fecundity (Kettles et al., 2013). GPA
fecundity was lower on plants that contained mutations in the

DCL1 (DICER-LIKE1), HYL1 (HYPONASTIC LEAVES 1), HEN1
(HUA ENHANCER1), SE (SERRATE), and HST (HASTY) genes,
which are involved in miRNA generation, processing or transport,
and in the AGO1 (ARGONAUTE1) gene, which is one of the slicer
in the miRNA pathway. Expression of the CYP83B1 and CYP81F2
genes, which are involved in the synthesis of indolic glucosino-
lates, and the CYP79B2 gene, which is involved in the synthesis of
indole-3-acetaldoxime, a precursor for indolic glucosinolates as
well as auxin and camalexins, was constitutively higher in the dcl1
mutant. In addition, PAD3 induction and camalexin accumula-
tion in response to GPA infestation were higher in the dcl1 mutant
than the WT plant. GPA fecundity was significantly higher on
the dcl1 pad3 double mutant compared to the dcl1 mutant plant,
thus suggesting that increased PAD3 activity contributes to the
dcl1-conferred reduction in GPA fecundity.

As mentioned above, GPA as well as several other aphids
also vector viral diseases. Genomes of many viruses encode sup-
pressors of RNA silencing that impact plant defense signaling.
For example, the 2b protein of cucumber mosaic virus (CMV)
inhibits anti-viral miRNA silencing mechanisms, as well as inter-
feres with JA and SA signaling (Ji and Ding, 2001; Lewsey et al.,
2010). Since CMV is transmitted by GPA, CMV infection could
potentially influence GPA performance on plants. Indeed, GPA
survival was higher on CMV-infected tobacco, as compared to
mock-infected plants (Ziebell et al., 2011). By comparison, to
the mock- or CMV-infected tobacco, GPA survival was lower on
tobacco plants infected with a 2b gene-deletion mutant CMV�2b
virus (Ziebell et al., 2011). EPG monitoring of GPA behavior con-
firmed that in comparison to insects feeding on plants infected
with the WT CMV, GPA feeding on plants infected with the
CMV�2b virus exhibited reduced feeding from sieve elements.
Whether this effect of 2b on promoting GPA infection is due
to its impact on RNA-silencing is not known. The impact of
viral infection on aphid performance is not limited to GPA and
CMV. By suppressing JA signaling in the host plant, the bego-
movirus Tomato yellow leaf curl China virus is beneficial to the
insect vector, the whitefly (Zhang et al., 2012). Suppression of
transcriptional silencing by the viral beta-satellite DNA-encoded
factor βC1 was responsible for suppression of JA signaling during
this tritrophic interaction. The interaction between Arabidopsis,
the GPA and viruses vectored by GPA is also being utilized for
high-throughput screens for Arabidopsis genes involved in this
interaction (Chen et al., 2012).

ROOTS AS A SOURCE OF A SIGNAL INFLUENCING ARABIDOPSIS-GPA
INTERACTION
In recent years, studies on the role of roots in plant responses to
above-ground herbivory have gained momentum (Kaplan et al.,
2008; Rasmann and Agrawal, 2008; Erb et al., 2009; Erb, 2012;
Nalam et al., 2013b). For example, the secondary metabolite and
insecticide nicotine is synthesized in the roots from where it
is transported to the shoots to be stored in vacuoles and pro-
vide defense against herbivores (Morita et al., 2009). The maize
Mir1-CP cysteine protease, which accumulates at elevated levels
in leaves in response to fall armyworm (Spodoptera frugiperda)
infestation, is also suggested to be synthesized in the roots from
where it is transported to the shoots (Lopez et al., 2007). Very
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recently, Nalam et al. (2012) demonstrated that communication
between the roots and shoots also has a critical role in the interac-
tion between Arabidopsis and GPA. GPA feeding on Arabidopsis
leaves resulted in the up-regulation of LOX5 (LIPOXYGENASE 5)
expression in roots. LOX5 encodes a 9-LOX, which is involved
in the oxidation of fatty acids to yield oxylipins that can be fur-
ther modified to yield a variety of biologically active lipids. Levels
of 9-LOX-derived oxylipins also increased in roots, shoots and
petiole exudates of plants that had GPA on their shoots. Loss
of LOX5 function resulted in reduced colonization of the lox5
mutant by GPA. Insects reared on the lox5 mutant had signifi-
cantly lower water content compared to insects reared on the WT
plant. Irrigation with 9-LOX products restored water content and
restored insect colonization on the lox5 mutant, suggesting that a
9-LOX lipid or product thereof is required for facilitating GPA
colonization on WT plants. EPG monitoring of insect feeding
behavior indicated that on the lox5 mutant, GPA spent less time
feeding from sieve elements and drinking from the xylem, thus
accounting for the reduced water content in the insects. Grafting
experiments in which the WT shoots were grafted on lox5 roots
and vice-versa indicated that LOX5 function is required in roots to
promote GPA colonization on Arabidopsis shoots (Nalam et al.,
2012).

A variety of LOX-derived oxylipins are known to function
as defense modulating signaling molecules in plants. Similarly,
a 9-LOX product could potentially be involved in suppress-
ing Arabidopsis defense against GPA. Alternatively, GPA might
have evolved to target the LOX5 pathway to produce oxylip-
ins that suppress and/or counter Arabidopsis defenses against
GPA. When added to synthetic diet, 9-LOX products enhanced
insect fecundity, suggesting that these lipids might be directly
acting on the insect to stimulate feeding and simultaneously
promote fecundity. Previously it was shown that GPA reared
on plants contained 9-LOX-derived lipids, while insects reared
on synthetic diet lacked these lipids (Gosset et al., 2009), sug-
gesting that GPA derives these lipids from the host. Indeed,
in comparison to GPA reared on WT Arabidopsis, which con-
tained 9-LOX synthesized oxylipins, GPA reared on the lox5
mutant lacked these lipids (Nalam et al., 2013a), supporting the
notion that the GPA derives these 9-LOX synthesized lipids from
Arabidopsis. The presence of 9-LOX products in the phloem

sap-enriched petiole exudates of Arabidopsis supports this sug-
gestion (Nalam et al., 2012). However, one cannot rule out
the possibility that GPA synthesizes these oxylipins only in
response to a plant-derived stimuli that is missing in the lox5
mutant.

If 9-LOX lipids are susceptibility factors, then why should
plants increase synthesis of 9-LOX products when colonized
by GPA? Recently, Nalam et al. (2013a) suggested that root-
synthesized 9-LOX lipids are engaged by the plant to activate
defenses in the shoots. The GPA infestation-induced up-
regulation of PAD4 expression was attenuated in the lox5 mutant
(Nalam et al., 2013a). Furthermore, 9-LOX products when
applied to WT Arabidopsis induced PAD4 expression (Nalam
et al., 2013a). Thus, as indicated in Figure 2, while Arabidopsis
utilizes LOX5-derived lipids to activate defenses, the GPA has
likely evolved to utilize 9-LOX-derived oxylipins, or products
thereof, consumed from the host plant as a cue to facilitate feeding
and promoting fecundity.

CONCLUDING REMARKS
Although for quite some time Arabidopsis has been utilized as a
model plant to understand the molecular basis of plant growth,
development and response to pathogens, it is only in the last
10 years that significant progress has been made on utilizing
Arabidopsis to study plant interaction with phloem-sap consum-
ing insects. The compatible interaction between Arabidopsis and
GPA has provided new insights on the physiological and molec-
ular adaptations that contribute to controlling the severity of
infestation. In addition, this interaction has also begun to pro-
vide information on how the insect targets host mechanisms to
facilitate colonization. The near completion of the GPA genome
sequence (AphidBase; www.aphidbase.org) and the recent devel-
opment of plant delivered RNAi approaches to silence GPA gene
expression should now facilitate understanding the function of
GPA genes in this interaction, as well.
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Transfer cells (TCs) are ubiquitous throughout the plant kingdom. Their unique ingrowth
wall labyrinths, supporting a plasma membrane enriched in transporter proteins, provides
these cells with an enhanced membrane transport capacity for resources. In certain
plant species, TCs have been shown to function to facilitate phloem loading and/or
unloading at cellular sites of intense resource exchange between symplasmic/apoplasmic
compartments. Within the phloem, the key cellular locations of TCs are leaf minor veins
of collection phloem and stem nodes of transport phloem. In these locations, companion
and phloem parenchyma cells trans-differentiate to a TC morphology consistent with
facilitating loading and re-distribution of resources, respectively. At a species level,
occurrence of TCs is significantly higher in transport than in collection phloem. TCs are
absent from release phloem, but occur within post-sieve element unloading pathways
and particularly at interfaces between generations of developing Angiosperm seeds.
Experimental accessibility of seed TCs has provided opportunities to investigate their
inductive signaling, regulation of ingrowth wall formation and membrane transport
function. This review uses this information base to explore current knowledge of phloem
transport function and inductive signaling for phloem-associated TCs. The functional role
of collection phloem and seed TCs is supported by definitive evidence, but no such
information is available for stem node TCs that present an almost intractable experimental
challenge. There is an emerging understanding of inductive signals and signaling pathways
responsible for initiating trans-differentiation to a TC morphology in developing seeds.
However, scant information is available to comment on a potential role for inductive signals
(auxin, ethylene and reactive oxygen species) that induce seed TCs, in regulating induction
of phloem-associated TCs. Biotic phloem invaders have been used as a model to speculate
on involvement of these signals.

Keywords: transfer cell, ingrowth wall architecture, phloem transport, inductive signals

INTRODUCTION
Transfer cells (TCs) are located at “bottlenecks” for membrane
transport of nutrients within plants. Their unique wall archi-
tecture and abundance of transporter proteins provides these
cells with an enhanced membrane transport capacity. They occur
at interfaces between plants and their environment (root-soil
and, for submerged leaves, leaf-water, interfaces) and at sym-
plasmic/apoplasmic interfaces in loading/unloading of vascular
pathways and exchange between them; in developing reproduc-
tive organs; in secretory organs (nectaries, glands, and trichomes)
and in association with biotic symbionts (nitrogen-fixing bacteria
and mycorrhiza) and intruders (leafhoppers, nematodes, para-
sites) (Pate and Gunning, 1972; Offler et al., 2003). TCs have been
reported for all taxa of the plant kingdom and in algae and fungi,
raising the expectation that every plant has the genomic capac-
ity to form TCs given a specific set of environmental conditions
and/or developmental signals. This being the case, the potential
exists for expression of this important cell type in strategic loca-
tions for nutrient flow in species where TCs are known to be
absent.

Generally TCs develop from a range of differentiated cell
types by a process that involves de- followed by re-differentiation
referred to as trans-differentiation. From an evolutionary per-
spective, this developmental phenomenon first appears in algae
(e.g., thallus cell TCs of the characean alga Coleochaete orbicu-
laris—Graham and Wilcox, 1983) from which it radiated into
all other plant taxa. However, in meristems within the plant
axis differentiation of the host cell type and its TC identity
may occur concurrently (e.g., in the hypocotyl and cotyledonary
node of lettuce—Pate et al., 1970). Traditionally, TCs retain
the name of the original cell type, for example, epidermal TC.
The trans-differentiation process is either part of the plant’s
developmental program or occurs in response to an abiotic or
biotically-created stress. The resulting TC has a characteristic
intricately-invaginated ingrowth wall ensheathed by a plasma
membrane enriched in nutrient transporters. The latter is abutted
by a cytoplasm with high numbers of mitochondria, ribosomes
and endomembrane system components (Offler et al., 2003).

The ingrowth walls of TCs are generally one of two architec-
tural types—reticulate or flange (Figures 1A,B respectively) or
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FIGURE 1 | Images of transfer cells of developing seeds during their

storage phase illustrating ingrowth wall morphologies. (A–C) Scanning
(A,B) and field emission scanning (C) electron microscope images of cells
following freeze-fracture, removal of their cytoplasm and fixation [for
method see Talbot et al. (2002)]. (A) Epidermal transfer cells (ETC) of a Vicia
faba cotyledon with an extensive reticulate ingrowth wall labyrinth (arrow)
polarized to the outer periclinal wall. Ingrowth wall deposition (dart) is
restricted to wall portions abutting intercellular spaces adjacent to the
sub-epidermal cells (SEC) [modified after Talbot et al. (2001)]. (B) Basal
endosperm transfer cells of Zea mays exhibiting flange wall ingrowth
morphology [modified after Talbot et al. (2002)]. The wall ingrowth ribs
(darts) extend the length of each cell and are more extensive at their outer
periclinal walls. (C) Thin-walled parenchyma transfer cells located at the
inner surface of the inner seed coat of Gossypium hirsutum with wall
ingrowth flanges (darts) extending the length of each cell on which are
deposited groups of reticulate wall ingrowths (arrows) [modified after Pugh
et al. (2010)]. (D–F) Transmission electron microscope images of portions of
transverse sections of transfer cells: (D) The outer periclinal wall of an
adaxial epidermal cell of a V. faba cotyledon induced to trans-differentiate to
a transfer cell morphology. A uniform wall (UW), distinguishable from the
original primary wall (PW) by a different electron opaqueness, is deposited
against the primary wall and small papillate wall ingrowths (darts) arise from
it. (E) Small papillate ingrowths (darts) of a seed coat transfer cell of V. faba
exhibiting reticulate architecture. (F) Antler-shaped reticulate wall ingrowths
(darts) of a nucellar projection transfer cell of a developing Triticum
turgidum var. durum seed [modified after Wang et al. (1994)]. (G) Field
emission scanning electron microscope image of the cytoplasmic face of
the reticulate ingrowth wall labyrinth of an abaxial epidermal transfer cell of
a V. faba cotyledon following removal of the cytoplasm and dry cleaving [for
method see Talbot et al. (2001), image modified after Talbot et al. (2001)].
Note the multi-layered fenestrated sheets of wall material (numbered) and
the small wall ingrowth papillae arising from the most recently deposited
layer (darts). Single scale bar for (A,B) = 2.5 µm; for (C) = 5 µm; for (D,E) =
1 µm; for (F) = 0.25 µm; for (G) = 0.5 µm.

in a few instances both wall ingrowth morphologies occur in
the same cell with reticulate ingrowths deposited on the flanges
(Figure 1C). Formation of the ingrowth wall commences with
deposition of a uniform wall layer against the original primary

wall (Figure 1D). It is from this uniform wall that wall ingrowth
papillae of the reticulate morphology (Figure 1D), and ribs or
bands of the flange morphology arise. If ingrowth wall deposition
is polarized, the uniform wall defines that polarity. In TCs with
reticulate wall ingrowths, the extent of reticulation varies from
a few discrete papillae (Figure 1E) to branched antler-like wall
ingrowths (Figure 1F) and extensive labyrinths of fenestrated lay-
ers of wall material (Figure 1G) formed by a repeating sequence
of papillate ingrowths branching and fusing to form a wall layer
parallel to the original wall (Talbot et al., 2001). Flange ingrowths
are deposited as ribs or bands of wall material arising from the
underlying wall (Figure 1B). The flanges often extend evenly for
the length of the cell (Figure 1C) but they may be concentrated
toward the outer periclinal wall (Figure 1B) thus exhibit a degree
of polarization.

This review focuses on TCs associated with phloem transport
and in particular those located within phloem tissues. The review
commences by identifying key apoplasmic steps in the phloem
transport pathway as a prelude to addressing questions about
broad evolutionary trends in relation to TC occurrence, their spa-
tial relationships with other phloem cell types, their functional
significance in the phloem transport pathways and whether sig-
naling cascades known to initiate trans-differentiation to a TC
morphology in developing seeds (Dibley et al., 2009; Zhou et al.,
2010; Andriunas et al., 2011, 2012) may be involved in induction
of cells within the phloem to a TC morphology.

KEY APOPLASMIC STEPS IN THE PHLOEM TRANSPORT
PATHWAY
In vascular plants, transport conduits of the phloem are sieve
tubes (STs). These are comprised of sieve elements (SEs). At
maturity, SEs contain a parietal cytoplasm and are joined end-
to-end and interconnected through sieve pores in their shared
transverse walls to form STs extending from source leaves to
heterotrophic sink organs. In metaphloem, each SE is sym-
plasmically coupled with, and metabolically dependent upon, a
cytoplasmically-enriched companion cell (CC) to form a sieve
element/companion cell (SE/CC) complex. For protophloem,
SEs may, or may not, be accompanied by CCs. In all cases,
SEs or SE/CC complexes are embedded in a matrix of phloem
parenchyma cells.

Resources (nutrients and water) and developmental and
defense molecules form the cargo transported over long distances
through STs (Turgeon and Wolfe, 2009). ST fluxes of nutrients
and water are extraordinary high, in the order of 555 g biomass
m−2 ST cross-sectional area s−1 and 500 L m−2 ST cross-sectional
area s−1, respectively (Patrick, 2012). To achieve ST axial fluxes of
these magnitudes, the collection phloem (Figure 2) is organized
into a dissected network of leaf minor veins to optimize loading
of nutrients into SEs to high concentrations. Photosynthetically-
produced sugars reach phloem/bundle sheath parenchyma cells of
the collection phloem by transport through a symplasmic domain
(a series of cytosols interconnected by plasmodesmata) linking
them with adjacent photosynthetic mesophyll cells. Thereafter,
sugars may continue to move through a symplasmic route into
collection phloem SEs (symplasmic loading—Figure 2) via a
specialized CC, intermediary cell (IC). Symplasmic loading is
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FIGURE 2 | Diagrammatic illustration of cellular pathways of water

(blue arrows) and photoassimilate (brown arrows) loading into

collection phloem (yellow border) in source leaves, of mineral nutrient

exchange from xylem (blue) to transport phloem (green border) at

nodes and of resource (water, mineral nutrients and photoassimilates)

unloading from release phloem (kaki borders) in sinks. Phloem loading
mechanisms are defined according to cellular routes followed by
photoassimilates moving from phloem parenchyma (PP) or bundle sheath
(BS) cells to intermediary cells (IC; modified companion cells) or companion
cells (CC) of collection phloem. Photoassimilate movement may occur from
PP/BS cells through interconnecting plasmodesmata (symplasmic loading)
to ICs or, in the absence of an adequate plasmodesmal connectivity,
photoassimilates are effluxed from PP or BS cells into the cell wall matrix
from which they are loaded into adjacent CCs (apoplasmic loading).
Thereafter, for either loading mechanism, photoassimilates (primarily
sugars) move symplasmically into adjacent sieve elements (SEs) of
collection phloem. Accumulation of sugars to high concentrations in SEs
causes an osmotic uptake of water from adjacent xylem elements (XE and
see blue arrows) to generate large hydrostatic pressures (1–2 MPa). These
drive a bulk flow of resources (brown superimposed on blue arrows)
through the sieve tube system from source leaves to sinks. At nodes,
mineral nutrients are extracted from XEs by xylem parenchyma (XP) cells
and retrieved from the nodal apoplasm into transport phloem SEs.
Resource exit from SEs of release phloem in sinks commonly follows a
symplasmic route. Thereafter, further transport through the post-SE
unloading pathway can continue through interconnecting plasmodesmata
(symplasmic unloading) or, in certain sink types, a symplasmic discontinuity
diverts resource flow through the intervening apoplasm (apoplasmic
unloading—e.g., developing seeds).

common amongst woody species and herbaceous eudicot species
in which raffinose oligosaccharides (RFOs) are the principal
transported sugar synthesized in ICs from sucrose imported from
mesophyll cells (Rennie and Turgeon, 2009). Alternatively, sug-
ars are released from phloem parenchyma cells into the shared
cell wall space (apoplasm) with subsequent uptake into SE/CC

complexes (apoplasmic loading—Figure 2). Apoplasmic loading
is common amongst monocots and herbaceous eudicots in which
sucrose or polyols are the primary transported sugar. However,
there is emerging evidence that herbaceous symplasmic loaders
also are capable of apoplasmic loading (Rennie and Turgeon,
2009; Batashev et al., 2013 this volume).

Photosynthetically-produced sugars form the major osmot-
ica in collection phloem SEs contributing to an osmotic uptake
of water that in turn creates high hydrostatic pressures of 1
to 2 MPa to develop in collection phloem SEs (Patrick, 2012).
These hydrostatic pressure heads drive bulk flow of phloem sap
through the transport phloem (Gould et al., 2005). The transport
phloem (Figure 2) functions to retain phloem sap content by
retrieval of solutes leaked to their surrounding apoplasms and by
radial exchange with adjoining phloem parenchyma cells (Thorpe
et al., 2005). These activities ensure that elevated hydrostatic
pressures are maintained throughout the ST system (Patrick,
2013).

Nodal regions of stems represent a major site for xylem-
phloem exchange of mineral nutrients and amino nitrogen com-
pounds destined for developing shoot tips, fruits, and seeds. For
instance, in white lupin seedlings, phloem sap is increasingly
enriched in amino acids as it ascends acropetally as a result of
xylem-to-phloem transfer at nodes (Layzell et al., 1981). The
cellular pathway of resource transfer from xylem parenchyma
cells to SEs in nodal regions is yet to be elucidated. However,
it must depend upon apoplasmic phloem loading to sustain SE
hydrostatic pressures that would be otherwise dissipated if load-
ing were symplasmic (Figure 2). Thus, xylem-to-phloem transfer
undoubtedly relies on amino acid and mineral ion transporters
as exemplified by recent findings in Arabidopsis. For instance,
RNAi knock-down of a xylem parenchyma localized amino acid
permease, AAP6 (Okumoto et al., 2002), caused reductions in
amino acid levels in phloem sap destined for developing siliques
(Hunt et al., 2010). Similar responses were obtained with T-DNA
knock-out lines of CCs expressing, AAP2, in which amino acids
were diverted from reaching leaves in the xylem transpiration
stream to siliques by delivery within the phloem (Zhang et al.,
2010).

The release phloem, located in sinks, functions as a man-
ifold from which phloem sap exits by bulk flow from SEs
through plasmodesmata linking SEs or SE/CC complexes with
surrounding phloem parenchyma cells (Figure 2 and see Patrick,
2013). Exit (phloem unloading) rates of resources are deter-
mined by hydraulic conductances of plasmodesmata linking
SEs with phloem parenchyma cells (Patrick, 2013). In some
sink types, including interfaces between generations and certain
biotrophic relationships as well as sinks accumulating sugars to
high concentrations, a symplasmic discontinuity is present at cel-
lular sites located along their post-SE unloading pathways. These
symplasmic discontinuities necessitate high fluxes of resources
exchanged across plasma membranes to, and from, the sink
apoplasm (Patrick, 1997).

Accepting that TCs function to facilitate resource exchange
at symplasmic/apoplasmic interfaces (see Section Introduction),
this brief analysis of phloem transport identifies a short list of can-
didate sites along the source-to-sink phloem path where cell types
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could be modified to a TC morphology. In the collection phloem,
phloem parenchyma cells and CCs of apoplasmic loaders could
be modified to a TC morphology to enhance nutrient release
to, and uptake from, phloem apoplasms, respectively (Figure 2).
Retrieval of phloem content leaked to phloem apoplasms as well
as xylem-phloem and apoplasmic phloem-phloem exchange at
nodes could benefit from TC function (Figure 2). Equally in
sinks, TCs could be anticipated to function to support high
membrane fluxes of resources to, and from, cells located at sites
of symplasmic discontinuities located along post-SE unloading
pathways (Figure 2). In all cases where transport to, and from, SEs
is symplasmic, the requirement for TC function is circumvented.

BROAD EVOLUTIONARY TRENDS IN RELATION TO CELLULAR
LOCATION OF TRANSFER CELLS WITHIN PHLOEM
TRANSPORT PATHWAYS
With the evolutionary advancement of vascularization, TCs are
found located in close proximity to sieve and xylem elements
throughout the vascular highway. As anticipated (see Section Key
Apoplasmic Steps in the Phloem Transport Pathway), TCs are
found in the collection phloem of leaf minor veins and the trans-
port phloem of the major vein network of leaves, petioles, stems,
rhizomes and roots. For the release phloem, they are located
within post-SE unloading pathways at apoplasmic/symplasmic
interfaces, for example, in developing seeds (Offler et al., 2003)
and secretory glands (Pate and Gunning, 1972). However, unlike
those of the collection and transport phloem, these TCs trans-
differentiate from non-vascular cells.

COLLECTION PHLOEM
The collection phloem (van Bel, 1993) is confined to the minor
vein network in leaves (Figure 2) including cotyledons of ger-
minating seed (Pate et al., 1970). Early evidence of a role for
TCs in phloem loading is found in the gametophyte “leaf” of
the moss Polytrichum commune in which a row of parenchyma
cells extending the length of the “leaf” and located below the
photosynthetic lamellae exhibit small papillate wall ingrowths
(Scheirer, 1983). These deuter TCs are connected with the lep-
toids (rudimentary SEs) of the stem. While TCs are reported to

occur in leaf sheaths and ligules of lycopods (e.g., Warmbrodt
and Evert, 1979) and leaves of ferns (e.g., Warmbrodt and Evert,
1978) and several families (Taxaceae, Taxodiacese, and Pinaceae)
of Gymnosperms (Gamalei, 1989), it is in herbaceous species
of Angiosperms (Gamalei, 1991; van Bel and Gamalei, 1992;
Davidson et al., 2011) that their occurrence becomes significant
(and see Section Functional Role of Transfer Cells in Phloem
Transport).

Two types of collection phloem cells—CCs (Gunning et al.,
1968) and phloem parenchyma cells (Pate and Gunning, 1969)
form TCs in Angiosperms. The ingrowth walls of these TCs are
exclusively reticulate (see Figure 1E and Table S1). In CC/TCs
(Type A TCs—Pate and Gunning, 1969), the ingrowth wall is
not polarized although it is substantially reduced adjacent to SEs
(e.g., Pisum sativum—Wimmers and Turgeon, 1991) relative to
their interfaces with phloem parenchyma and bundle sheath cells.
In contrast, in phloem parenchyma TCs (Type B TCs—Pate and
Gunning, 1969), ingrowth walls are strongly polarized toward
SEs (e.g., Arabidopsis—Haritatos et al., 2000) but have some
ingrowths adjacent to CCs (e.g., Ammobium alatum—Gunning
and Pate, 1969 and see Table S1). In a few species, bundle sheath
cells develop an ingrowth wall where they interface with CCs (Pate
and Gunning, 1972), but this has not been reported as a common
occurrence.

For the Angiosperms, TCs of the eudicots have been the most
widely researched in terms of their phylogeny. Classical surveys
of leaf minor veins of hundreds of species (Pate and Gunning,
1969; Gamalei, 1989; Turgeon et al., 2001) have shown that
approximately 40 percent of all eudicot genera have collection
phloem TCs (see Pate and Gunning, 1969 data set presented
in Table 1). The Compositae dominate these data as shown by
their removal reducing this estimate to ca 20% (see Table 1).
Significantly, the latter estimate corresponds with one based on
the independently collected data set of Gamalei (1989) which
does not include the Compositae (see Table 1). Interestingly, in
the absence of the Compositae, Gamalei (1989) established that
58 percent of species with minor vein TCs belonged to only
two of the 130 families surveyed—the Fabaceae and Asteraceae.
A detailed survey of the Asteraceae (Batashev et al., 2013 this

Table 1 | Percentage of Angiosperm genera with companion cell and phloem parenchyma transfer cells (TCs) in their minor veins.

Data source Sub taxon/family No of genera/species Percent genera with TCs Percent transfer cell type

CC CC-PP PP

Pate and Gunning, 1969 Eudicot 3092a 43.8 25.8 16.6 1.3

Eudicot minus Compositaea 2192b 21.0 15.8 4.2 1.1

Gamalei, 1989 Monocot 26c 15.4 ND ND ND

Eudicot 393c 22.6 ND ND ND

Batashev et al., 2013 Asteraceae 315c 22.5 15.6 6.3 0.6

Data are derived from surveys by Pate and Gunning (1969), Gamalei (1989) and Batashev et al., this issue. CC, companion cell; CC-PP, companion cell–phloem

parenchyma; PP, phloem parenchyma.
aEstimated from the total number of genera in each family using the proportion of the sampled genera with transfer cells.
bCompositae have been removed from the calculation described in a to provide data comparable to Gamalei (1989) that does not include this family in which all

genera have transfer cells.
cNumber of genera/species examined.
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volume) has revealed that 22.5 percent of the 315 species sur-
veyed have phloem TCs; a percentage that reflects that for eudicots
minus the Compositae (Table 1). However, it is clear from sub-
sequent phylogenetic analyses that the TC morphology has been
derived multiple times during Angiosperm evolution (Turgeon
et al., 2001). Indeed, in their analysis of 97 families, Davidson et al.
(2011) reported 8.25 percent of families with minor vein TCs.
Within a species, one or both CC/TCs and phloem parenchyma
TCs occur in minor veins (e.g., CC/TCs alone—Pisum sativum—
Wimmers and Turgeon, 1991, CC/TCs plus phloem parenchyma
TCs—Senecio vulgaris—Browning and Gunning, 1979 or phloem
parenchyma TCs alone—Arabidopsis—Haritatos et al., 2000, and
see Table S1). Estimates of the distribution of these TC type
options within genera surveyed by Pate and Gunning (1969)
establish that CC/TCs alone is the dominant pattern (Table 1);
a result also found at a family level with 69 percent of species
of the Asteraceae (Batashev et al., 2013 this volume) having
CC/TCs alone (Table 1). Conversely, the small (ca 1) percent of
species with only phloem parenchyma TCs (Table 1) may well
indicate a pronounced difference in the leaf vascular organiza-
tion of the species in which this collection phloem TC pattern
occurs. For example, for Arabidopsis thaliana that displays phloem
parenchyma TCs alone, all veins, except the midvein and basal
portions of the secondary veins, are regarded from a physiological
perspective as a minor vein network (Haritatos et al., 2000). For
the Compositae, however, both CC/TCs and phloem parenchyma
TCs occur in 80 percent of genera (Table 1). This substantial
investment in TCs within leaf minor veins by members of the
Compositeae is consistent with their herbaceous habit (Turgeon
et al., 2001) and high growth rates.

Phloem-associated TCs also trans-differentiate within trans-
verse and third order longitudinal veins of the collection phloem
of monocots, for example, in genera of the Zosteraceae, Liliaceae,
Alliaceae, and Hemerocallidaceae (Gamalei, 1989 and see Table
S1). However, there are relatively few reports of collection phloem
TCs in monocots.

TRANSPORT PHLOEM
Transport phloem (Figure 2) is located in the major vein network
of leaves and extends through petioles to the vascular systems of
stems, rhizomes and roots. TCs associated with transport phloem
are located in leaf major veins and petioles (Winter, 1982), within
stem internodes (Kuo et al., 1980) and nodal complexes (Pate
et al., 1970; Zee, 1972; Bushby and O’Brien, 1979), in corms
(Cholewa and Griffith, 2004) and rhizomes (Yeung and Peterson,
1974) and at main/lateral root junctions (Letvenuka and Peterson,
1976; Ciamporova, 1993) (see Table S2). Trans-differentiation
of parenchyma associated with xylem elements and CCs and
parenchyma associated with SEs to a TC morphology occurs
most strikingly in stem nodes (e.g., Gunning et al., 1970) con-
sistent with a crucial role in redistribution of nutrients between
the xylem and phloem for efficient distribution of resources
(Gunning and Pate, 1974 and see Sections Key Apoplasmic Steps
in the Phloem Transport Pathway and Functional Role of Transfer
Cells in Phloem Transport).

The earliest definitive evidence of phloem-associated TCs in
transport phloem is of TCs located at leaf gaps in the stem of the

fern allie, Equisetum arvense (Hebant and Guillaume, 1983). In an
evolutionary context, the absence of TCs in more primitive taxa
reflects co-evolution of TC trans-differentiation within the trans-
port vascular system and appearance of leaf gaps (where the leaf
vascular system separates from that of the stem) with the develop-
ment of the megaphyllous habit (leaves with a divided venation—
Gunning et al., 1970). Stem TCs are reported, without distinction
between those associated with the xylem or phloem, in ferns
and gymnosperms being present in 69 and 50 percent of gen-
era studied, respectively (Gunning et al., 1970 and see Table 2).
This strikingly high occurrence is also evident in nodal regions
of stems of Angiosperms with TCs present in 67 percent of gen-
era of 58 families surveyed (Gunning et al., 1970 and see Table 2).
The highest occurrence of genera was in eudicots (Table 2) and
particularly in the Compositae, Leguminosae, Scrophulariaceae,
and Umbelliferae. While these percentages must be considered
with caution (Table 2 footnotes), when compared with the 22—
30 percent occurrence of collection phloem TCs (Table 1), they
underscore the functional importance of TCs in nodal regions of
stems (see Section Key Apoplasmic Steps in the Phloem Transport
Pathway). The significance of the difference between occurrence
of TCs in collection and transport phloem is further empha-
sized by the observation that for the 34 families in which nodal
TCs were recorded (Gunning et al., 1970), only 50 percent of the
genera also had TCs in their minor veins.

There are few reports of phloem TCs in major leaf veins and
the vascular systems of petioles and roots (Table S2). However, in
Trifolium alexandrinum, phloem parenchyma TCs associated with
petiolar and major leaf veins play a central role in intraveinal recy-
cling of sodium ions entering leaves in the transpiration stream
(Winter, 1982).

Nodal xylem parenchyma TCs may have either a reticulate
morphology with their ingrowth walls polarized to a xylem ele-
ment (e.g., Tradescantia virginiana—Gunning et al., 1970) or dis-
play a flange morphology (e.g., Triticum aestivum—Bushby and
O’Brien, 1979), the latter being particularly prevalent in mono-
cots (and see Section Evolution and Wall Ingrowth Architecture).
In contrast, ingrowth walls of nodal phloem parenchyma TCs
are always reticulate and polarized to SEs (e.g., Pisum sativum—
Newcomb and Peterson, 1979 and see Table S2). Within nodal

Table 2 | Percentage of genera of Ferns, Gymnosperms and

Angiosperms with nodal transfer cells.

Taxon/ sub taxon No of genera Percent genera with

transfer cells

Ferns 16 69

Gymnosperms 10 50

Angiosperms

Monocot 13 39

Eudicot 116 70

Data are derived from a survey of 61 families by Gunning et al. (1970) in which

no distinction is made between xylem and phloem transfer cells. In their survey

Gunning and co-workers emphasized that “negative results must be viewed with

caution since in certain cases the zone of transfer cell formation” (within the

node) “is known to be extremely localized.”
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regions, xylem parenchyma TCs occur most prominently in
association with departing foliar traces (Pate and Gunning, 1972;
Zee, 1974; Bushby and O’Brien, 1979) but may extend beyond
the node (Kuo et al., 1980). The phloem parenchyma TCs, while
reported to line the flanks of leaf traces (Pate and Gunning, 1972)
are most frequently associated with vein anastomoses running
longitudinally across the node and connecting axial veins with
leaf traces often one or two internodes below the position of
emergence of the leaf trace (e.g., in nodes of bamboo culms—
Zee, 1974). In wheat stems, phloem parenchyma TCs occur in
pith bundles that link leaves in all mature nodes (Bushby and
O’Brien, 1979). These TCs appear to play a crucial role dur-
ing early leaf development by differentiating in the mid vein
of an older leaf that supplies resources to the next expanding
leaf through nodal bridging strands. Similarly, in many eudicot
species, nodal phloem TCs play a role in nutrient distribution
early in plant development. For instance, phloem parenchyma
TCs differentiate in the hypocotyl and cotyledons within 3 days of
germination, in step with development of protophloem, to deliver
nutrients to the elongating plumule (Pate et al., 1970) and, in sub-
sequent nodes of the developing stem, they are associated with
leaf traces.

As for the transport phloem in leaves, there are few reports
of TCs associated with transport phloem in roots. However, both
xylem and phloem parenchyma cells have been reported to trans-
differentiate to a TC morphology where lateral roots arise from
the main root axis. In these locations, TCs occur in the main root,
the connective vascular system and the base of the emerging lat-
eral root (e.g., Hieracium florentinum—Letvenuka and Peterson,
1976, Helianthus spp—Ciamporova, 1993). In the specialized
roots of the seagrass Zostera capensis, CCs as well as phloem and
xylem parenchyma cells are modified to form TCs (Barnabas and
Arnott, 1987).

RELEASE PHLOEM AND POST-SIEVE ELEMENT UNLOADING PATHWAY
TCs associated with the release phloem trans-differentiate from
non-vascular cells (Figure 2). In developing reproductive organs
of many genera (e.g., Phaseolus, Vicia, Lilium) TCs occur at a
number of locations during embryogenesis and in the pre-storage
and storage phases of seed development (Gunning and Pate, 1974;
Offler et al., 2003). Their most common location at the interface
between generations, where apoplasmic exchange of nutrients is
mandatory, has a long evolutionary history commencing in the
algae and extending to the Angiosperms. The first evidence of
TCs at this location is in the Characean alga Coleochaete orbic-
ularis (Graham and Wilcox, 1983). In this species the single
thallus cell that becomes specialized for reproduction and acts as
a zygote ultimately producing motile zoospores, is surrounded by
a ring of thallus TCs. Interestingly, the reticulate wall ingrowths
of these TCs are polarized to the thallus/zygote interface, a fea-
ture retained for TCs in this location in all taxonomic groups.
In non-vascular land plants, (hornworts, liverworts, mosses), fern
allies (horsetails and lycopods) and ferns, TC trans-differentiation
commonly occurs in cells bordering the gametophyte/sporophyte
interface (see Table S3). These TCs form in one or both genera-
tions with their reticulate ingrowth walls polarized to the inter-
face. An analysis of 18 genera (Table 3) highlights that, within

Table 3 | Location of transfer cells at the interface between

generations in Bryophytes and developing seeds of Angiosperms

during their storage phase of growth.

Taxonomic group No of genera Percent genera with transfer cells

Bryophytes Gameto (G) Sporo (S) G + S

Hornworts

Liverworts 5 5 89

Mosses

⎧⎪⎨
⎪⎩

2

7

9

⎫⎪⎬
⎪⎭

Angiosperms Maternal Filial M + F

Monocot

Eudicot 16 56 28

{
11

7

}

Data are percent of genera with transfer cells in gametophyte and sporophyte

or both tissues at this interface in Bryophytes and similarly for maternal and filial

tissues of developing seeds of Angiosperms.

Data sources (for full references see reference list of supplemental data):

Bryophytes:

Alfayate et al. (2000), Carafa et al. (2003), Gambardella (1987), Gambardella and

Ligrone (1987), Ligrone and Duckett (2011), Ligrone et al. (1982), Ligrone and

Renzagnia (1990), Peterson and Whittier (1991), Yip and Rushing (1999).

Angiosperms—Monocots:

Cochrane and Duffus (1980), Felker and Shannon (1980), Fussell and Dwarte

(1980), Hoshikawa (1984), Kuo et al. (1990), Rost et al (1984), Wada and Maeda

(1981), Wang et al. (2012), Weschke et al. (2000), Zee and O’Brien (1971), Zheng

and Wang, Z. (2011).

Angiosperms—Eudicots:

Farley et al. (2000), Gori and Sarfatti (1970), Gori (1987), Greenwood et al. (2005),

Newcomb (1978), Offler et al. (1989), Pugh et al. (2010), Tegeder et al. (1999),

Wise and Juncosa (1989).

the Bryophytes, TCs almost exclusively occur in tissues of both
generations. An example where TCs are found only in the game-
tophyte is the hornwort Anthroceros laevis (Gunning and Pate,
1969) but such a situation is apparently very rare (Table 3). In the
lycopod, Lycopodium appressum (Peterson and Whittier, 1991)
and the ferns, Adiantum cappillus-veneris and Polypodium vulgare
(Gunning and Pate, 1969), TCs are found in both the foot of the
developing sporophyte and the gametophyte tissue in which it
is embedded adding further evidence to support the pattern of
formation of TCs in both generations.

In hornworts, liverworts, fern allies and ferns, the transport
path to, and from, the generation interface is only a few cells.
In mosses, however, with their upright gametophyte supporting a
sporophyte with a seta (stalk) supporting the spore-bearing cap-
sule, there are extensive symplasmic pathways to, and from, TCs
bordering the gametophyte/sporophyte interface (e.g., Funaria
hygrometrica—Browning and Gunning, 1979; Timmiella barbu-
loides—Ligrone et al., 1982). This same spatial relationship of
a symplasmic pathway culminating, or commencing, with TCs
is preserved in release phloem of developing Angiosperm seeds
during their storage phase of growth (Figure 2). In developing
seeds of both monocots and eudicots, a symplasmic post-SE path-
way may culminate in TCs at the maternal/filial interface (e.g.,
seed coat TCs of cotton—Pugh et al., 2010 and see Figure 1C)
and TCs may begin an equivalent symplasmic pathway in the fil-
ial tissue (e.g., basal endosperm transfer cells in maize—Davis
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et al., 1990 and see Figure 1B). For seeds, the percentage of gen-
era exhibiting only one or both maternal and filial TCs differs
markedly from that of the Bryophtes with a clear shift (53 per-
cent) to a filial only pattern (Table 3). The genera retaining TCs
in tissues of both generations are cereals and large-seeded grain
legumes (e.g., Triticum aestivum—Wang et al., 1994, 1995 and
Vicia faba—Offler et al., 1989). With the exception of nucel-
lar projection TCs in wheat and barley that project into the
endosperm cavity (Wang et al., 1994; Cochrane and Duffus,
1980), the ingrowth walls of these TCs are polarized toward
the maternal/filial interface maintaining a common pattern first
evident in the algae.

PHLOEM INVADERS
A more recent evolutionary development has been invasion of
the transport phloem by opportunistic organisms. Pronounced
examples include invasion of leaf/stem transport phloem by hop-
pers (Ecale-Zhou and Backus, 1999), the stem and root transport
phloem by vascular holoparasites (Hibberd and Jeschke, 2001),
root transport phloem by nitrogen-fixing bacteria forming nod-
ules (Pate and Gunning, 1972) and root knot nematodes (Barcala
et al., 2010 and for more details see Section Invaders Induce
Transfer Cell Formation in Transport Phloem). In each case, the
transport phloem may be morphed into a release role to facili-
tate the requirements of the invader that includes the formation
of TCs. A common theme emerges for the “modus operandi” of
biotic invaders of the vascular system. For each type of invad-
ing organism, some members have exploited establishing direct
lumen-to-lumen connection with xylem elements or a symplas-
mic connection with phloem SEs, while others induce xylem or
phloem TCs to facilitate apoplasmic exchange. These options are
evident between species of stem and root parasites (Hibberd and
Jeschke, 2001), root-knot and cyst nematodes (Hoth et al., 2008)
and the nodules of nitrogen-fixing bacteria (Pate and Gunning,
1972).

EVOLUTION AND WALL INGROWTH ARCHITECTURE
Reticulate wall ingrowth architecture (Figure 1A) is considered
to be the primitive state being characteristic of all TCs in algae,
fungi, non-vascular land plants, fern allies and ferns (Suppl
Figure 1, Offler et al., 2003). It has been retained throughout
evolution and remains dominant in both monocots and eudi-
cots of Angiosperms with 94 percent of 274 observations of TCs
exhibiting this architectural type (data from Offler et al., 2003,
Suppl Table 1). In contrast, flange architecture (Figure 1B) is first
reported for gametophyte cells adjacent to the embryo in the
Gymnosperm Podocarpus henkelii (van Staden et al., 1976). The
small (6 percent) of TCs with a flange morphology recorded for
Angiosperms are largely associated with the xylem and are most
prevalent in monocots (25 percent of 51 observations of TCs
in monocots) with only limited reports (e.g., Figure 1C) of this
wall ingrowth architecture occurring in TCs of nodal regions and
developing seeds of eudicots.

We can only speculate on the implications for membrane
transport of these two types of wall ingrowth architecture.
Reticulate architecture exhibits a wide variation in extent of wall
ingrowth deposition that does not follow an evolutionary trend.

For example, the thallus TCs of the characean alga Coleochaete
orbicularis (Graham and Wilcox, 1983) have long papillate wall
ingrowths and sporophyte foot TCs of the lycopod, Lycopodium
appressum (Peterson and Whittier, 1991) have an ingrowth wall
composed of multiple fenestrated layers of wall material. In con-
trast, seed coat TCs of the Angiosperm, V. faba, are characterized
by a few small papillate ingrowths (Offler and Patrick, 1993 and
see Figure 1E). Rather, the extent of wall ingrowth deposition
may well be linked to location and the consequent demand
for nutrient exchange. For example, in CC/TCs of minor veins
(Pisum sativum—Wimmers and Turgeon, 1991) there is limited
development of wall ingrowths. This contrasts with the multi-
ple fenestrated layers of an extensive ingrowth wall of epidermal
cotyledon TCs of V. faba (Talbot et al., 2001). Flange morphology
provides a lesser capacity to amplify plasma membrane surface
areas and part of the role of these TCs may be for mechanical
support. This suggestion is supported by seed coat TCs of cot-
ton in which reticulate ingrowths are deposited on the flanges
(Figure 1C). For these TCs estimates of the contribution of flange
and reticulate ingrowths to total membrane surface area per µm2

of wall of a cultivated tetraploid cotton with its two diploid pro-
genitors (Pugh et al., 2010) established that reticulate ingrowths
contributed 70—74 percent of total membrane surface area indi-
cating a minor role for flange ingrowths in providing nutrient
exchange capacity.

FUNCTIONAL ROLE OF TRANSFER CELLS IN PHLOEM
TRANSPORT
In Angiosperms, TCs may trans-differentiate from phloem
parenchyma or CCs of collection and transport phloem. In con-
trast, TCs are absent from release phloem per se (see Section
Release Phloem and Post-Sieve Element Unloading Pathway and
Figure 2). The spatial orientation of their ingrowth walls in rela-
tion to surrounding cell types provides some hints as to their
function in canalizing cell-to-cell transport of resources into,
or from, the phloem. Contributions of TC cohorts to rates of
intercellular transport are inferred from the degree to which the
architecture of their wall ingrowths amplifies surface areas of their
plasma membranes (see Section Evolution and Wall Ingrowth
Architecture and Figure 1) to increase transporter numbers and
hence membrane transport activity per cell. In this context, mod-
ification of cells located along phloem transport pathways into
TC morphologies would be expected to enhance their solute and
water fluxes and hence rates of phloem transport. However, as
reviewed below, current evidence in support of this proposition is
scarce and fragmentary for collection phloem, transport phloem
and post-SE unloading pathways from release phloem. This sit-
uation equally applies to plant host/biotroph interfaces at which
TCs form proximal to, or within, the phloem (see Section Phloem
Invaders).

COLLECTION PHLOEM
In leaf architectures for 40 percent of all herbaceous eudicots
surveyed (Pate and Gunning, 1972; Gamalei, 1989; Turgeon
et al., 2001), in which there is minimal symplasmic connectiv-
ity between phloem parenchyma and CCs, one or both of these
cell types can be modified to a TC morphology with CCs being
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the most common (see Table 1 and associated text). This con-
clusion also applies to mixed loading species (see Batashev et al.,
2013 this volume and Table 1). Spatial organization of ingrowth
walls in phloem parenchyma and CCs modified to a TC morphol-
ogy are consistent with funneling resources to SEs. For instance,
the wall ingrowths of CC/TCs are substantially reduced from
shared walls with adjoining SEs (see Section Collection Phloem
and Table S1). In contrast, wall ingrowths of phloem parenchyma
TCs tend to occur proximal (e.g., Senecio vulgaris) or solely adja-
cent (e.g., Arabidopsis thaliana) to SEs (e.g., see Amiard et al.,
2005; Table S1). This arrangement may favor an enhanced prefer-
ential flow of resources toward SEs to supplement resource efflux
occurring in non-ingrowth wall regions of bundle sheath and
phloem parenchyma cells into abutting regions of wall ingrowths
in adjacent CCs.

Sucrose or polyols are the major osmotic species of apoplas-
mic phloem loaders contributing to elevating SE/CC complex
hydrostatic pressures by osmotic water uptake across their plasma
membranes, facilitated by aquaporins, to drive bulk flow of
resources through the phloem from source to sink (Figure 2;
Patrick, 2012). Surprisingly, there is scant published evidence
for the presence of sugar transporters or aquaporins on plasma
membranes of phloem parenchyma or CCs modified to a TC
morphology. The exception is members of a recently discovered
sub-family of plasma membrane sucrose facilitators, SWEETs.
These transporters localize to plasma membranes of non-SE/CC
phloem cells of Arabidopsis leaf minor veins that are most likely
phloem parenchyma TCs (Chen et al., 2012). Phenotypes of dou-
ble T-DNA knock-out mutants of AtSWEET11 and AtSWEET12
demonstrated that SWEETs function to release sucrose from
putative phloem parenchyma TCs for subsequent uptake into
SE/CC complexes and export from leaves (Chen et al., 2012).
Consistent with energizing sucrose/proton symport loading of
SE/CC complexes, H+-ATPases have been cytochemically local-
ized to plasma membranes lining wall ingrowth regions in
CC/TCs of Pisum sativum (Bentwood and Cronshaw, 1978) and
V. faba (Bouché-Pillon et al., 1994). However, to our knowl-
edge, sugar transporters and aquaporins are yet to be localized
to CCs with wall ingrowths. Nevertheless, there is good evi-
dence for the presence of sucrose transporters, and, to a lesser
extent, aquaporins, on plasma membranes of ordinary SE/CC
complexes (Tegeder et al., 2012). Assuming that this applies to
CCs modified to a TC morphology, the following analysis is
undertaken.

Sugar concentrations presenting to plasma membrane trans-
porters of phloem parenchyma cells for efflux, and of SE/CC
complexes for influx, are of magnitudes that likely saturate trans-
porter activity (Patrick, 2012). Thus, one option for upregulating
rates of phloem loading is to increase numbers of sugar and water
transporters per cell through amplifying plasma membrane sur-
face areas of phloem parenchyma cells or SE/CC complexes or
both of these cell assemblages. This scenario has been explored by
two independent approaches in which the impact of altering the
extent, but not induction, of wall ingrowth formation on phloem
loading/export was evaluated. The first approach exploited the
observation that wall ingrowth formation in collection phloem
cells is positively responsive to light intensity incident on the

leaf surface (Gunning et al., 1968). Here Pisum sativum plants
were raised under two levels of photosynthetically-active radi-
ation (200 vs. 1000 µmol. m−2 s−1). The high light growth
conditions evinced a 50 percent increase in plasma membrane
surface areas of collection phloem SE/CC complexes attributable
to a more extensive development of wall ingrowths in their
CC/TCs. The increased plasma membrane surface area of CC/TCs
was accompanied by a comparable relative increase in rates of
phloem loading (Wimmers and Turgeon, 1991). This study was
extended to include Arabidopsis with phloem parenchyma TCs
and Senecio vulgaris in which both phloem parenchyma and CCs
are modified to a TC morphology. Irrespective of the anatom-
ical configuration of TCs, the extent of their wall ingrowths,
and hence presumably phloem transport rates, responded posi-
tively to incident light intensity (Amiard et al., 2007). The second
approach to link wall ingrowth deposition with phloem loading
capacity of collection phloem comes from studies of Arabidopsis
vitamin E (vte) biosynthetic mutants and, in particular, vte2.
Raised under cold conditions, the vte2 mutant exhibits a bio-
chemical phenotype of excessive carbohydrate accumulation in
source, but not sink, leaves consistent with attenuation of phloem
loading and export as verified by 14C-photoassimilate export
rates from excised leaves (Maeda et al., 2006). More impor-
tantly, upon transfer to low temperature conditions, onset of
slowed rates of photoassimilate export coincided with callose
being selectively deposited in wall ingrowth regions of phloem
parenchyma TCs (Maeda et al., 2006). Interestingly, exposure
to cold causes an enhanced development of wall ingrowths in
wild type phloem parenchyma TCs that undoubtedly amelio-
rates low temperature impacts on rates of resource export from
leaves (Maeda et al., 2006). Together, responses to light inten-
sity and low temperature provide persuasive evidence that TCs,
through an amplified surface area of plasma membrane, play a
central role in phloem loading. The formation of an ingrowth
wall in phloem parenchyma TCs also has been linked with a
biotic stress response to limit spread of fungal spores and bac-
teria through the phloem (Amiard et al., 2007; Demming-Adams
et al., 2013).

TRANSPORT PHLOEM
As a generalization most xylem and phloem parenchyma TCs
of the transport phloem are localized to nodal regions of stems
(see Section Transport Phloem) and sites of emergance of lateral
roots (e.g., Ciamporova, 1993) with xylem parenchyma TCs tend-
ing to be the most ubiquitous and conspicuous of the two TC
types (see Section Transport Phloem). These TCs are conjectured
to function in xylem-phloem and phloem-phloem exchange of
resources moved to acropetally-located sinks (see Section Key
Apoplasmic Steps in the Phloem Transport Pathway). The only
available data to support this contention applies to xylem-phloem
transfer in flag leaf nodes of graminaceous species. For instance,
in rice flag leaf nodes, xylem parenchyma TCs, located in intern-
odal and leaf-trace vascular bundles, are interlinked to diffuse
and anastomosing vascular bundles with the diffuse vascular bun-
dles serving the panicle (Zee, 1972). In this context, a plasma
membrane silicon transporter, Lsi6, localizes to nodal xylem
parenchyma TCs (Yamaji and Ma, 2009) and a broad specificity
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cation effluxer localizes to phloem parenchyma cells of diffuse
bundles (Uraguchi et al., 2011). The latter is consistent with
an apoplasmic loading mechanism for their SE/CC complexes.
Knockout and knockdown, respectively of these transporters
resulted in significant reductions of silicon and cadmium reach-
ing the panicles (Yamaji and Ma, 2009; Uraguchi et al., 2011).
These findings are consistent with xylem parenchyma TCs with-
drawing these elements from the transpiration stream followed
by symplasmic delivery to phloem where an apoplasmic loading
step occurs at the phloem parenchyma cell and SE/CC interface.
Rice nodes lack phloem parenchyma TCs that may perform this
function in other species in which these TCs occur (see Section
Transport Phloem).

Coupled with xylem-to-phloem transport of ions is the ques-
tion of shoot-delivered sodium recycled to roots through the
phloem, the significance of which as a salt tolerance mecha-
nism is unresolved (Munns and Tester, 2008). Sodium delivery to
shoots is regulated by the activity of xylem parenchyma-localized
AtHKT1, or its orthologues in rice and wheat, that functions to
withdraw sodium from the transpiration stream (Horie et al.,
2009). Recently, a CC expressed metal binding protein, NaKR1,
was found to reduce sodium accumulation in leaves by upregu-
lating phloem loading and export of sodium (Tian et al., 2010).
The NaKR1 function maps onto earlier findings that exposure
of Trifolium alexandrium (Winter, 1982) and Medicago sativa
(Boughanmi et al., 2003), to elevated sodium levels induced
CCs of leaf transport phloem to undergo trans-differentiation to
a TC morphology. In addition, observed salt-induced increases
in levels of unmethylated pectins, fucosylated xyloglucans, and
arabinogalactans in wall ingrowths of CC/TCs might act to
buffer free sodium levels in leaf apoplasms (Boughanmi et al.,
2010).

RELEASE PHLOEM AND POST-SIEVE ELEMENT UNLOADING
PATHWAYS
Release phloem characteristically unloads symplasmically
(Patrick, 2012). Therefore, there is no surprise that TCs are
absent from release phloem. However, in a cohort of monocot
and eudicot species, post-SE unloading pathways of developing
seeds contain TCs positioned at their maternal/filial interfaces
(see Section Release Phloem and Post-Sieve Element Unloading
Pathway; Figures 1 and 2, Table S3). In general, their ingrowth
walls are polarized in the direction of resource flow from
maternal to filial tissues and, within these regions, their plasma
membranes are enriched in membrane transporters (Zhang et al.,
2007). Notable amongst these transporters are sucrose facilitators
in maternal TCs of eudicots and monocots (Zhang et al., 2007)
that could well include the recently discovered SWEETS (Chen
et al., 2012). Physiological evidence suggests that sucrose release
from legume seed coats is also energized by a proton/antiport
mechanism but the encoding gene(s) are yet to be identified
(Zhang et al., 2007). Release of amino nitrogen compounds may
occur through ion channels (Zhang et al., 2007). Consistent
with a role for TCs in regulating water release from maternal
seed tissues (see Figure 2), a recent transcriptome analysis
detected strong expression of aquaporins (both PIPS and TIPS)
in nucellar projection TCs of barley grains (Thiel et al., 2008).

For filial seed tissues, sucrose and amino acid uptake is energized
by proton-coupled symporters expressed in epidermal TCs of
legume cotyledons and modified aleurone cells of cereal grains
(Zhang et al., 2007; Thiel et al., 2008, 2012). Sucrose symporters,
located in filial TCs in developing seeds of pea (Rosche et al.,
2002) and wheat (Weichert et al., 2010), have been shown to
play a key role in the carbon economy of filial storage tissues.
Similar functions are deduced for the maternally-located TCs
(Zhang et al., 2007). As described below, attenuating formation
of ingrowth walls in filial TCs exerts an even greater impact on
development and biomass of filial tissues.

Interploidy crosses in maize were found to compromise wall
ingrowth formation in the basal endosperm TC layer (BETL) of
developing kernels. The resulting shrunken kernels are attributed
to an attenuated resource delivery to the endosperm through
reduced wall ingrowth formation in the TC layer (Charlton
et al., 1995). These observations have been followed up using a
suite of maize mutants including reduced grain filling1 (rgf1—
Maitz et al., 2000), globby1 (glol-1—Costa et al., 2003), base-
less1 (Gutiérrez-Marcos et al., 2006), empty pericarp4 (emp4—
Gutiérrez-Marcos et al., 2007) and miniature1 (mn1—Kang et al.,
2009). All these mutants negatively impact early development of
the basal endosperm TCs and exhibit a shrunken kernel pheno-
type. The causal relationship between attenuated wall ingrowth
formation and the shrunken phenotype is clearest for the mn1
mutant encoding a cell wall invertase, INCW2, which is expressed
specifically in the basal endosperm TCs and impacts their early
development (Kang et al., 2009). However, the most compelling
evidence for a causal relationship between wall ingrowth devel-
opment and resource supply to the developing endosperm, is
the shrunken kernel phenotype resulting from RNAi knockdown
of Maternally expressed gene 1 (Meg1—Costa et al., 2012). Meg1
encodes a small cysteine-rich peptide that specifically localizes to
plasma membranes of differentiating endosperm TCs and regu-
lates expression of TC specific genes, including INCW2 (Costa
et al., 2012). TCs appear to serve a similar function in resource
loading of eudicot seeds. For instance, a pea seed mutant, E2748,
blocks trans-differentiation of abaxial cotyledon epidermal cells
to a TC morphology and negatively impacts embryo develop-
ment (Borisjuk et al., 2002). In addition, the positive relation-
ship between plasma membrane amplification by wall ingrowths
and seed biomass yield was found to be upheld in a compara-
tive analysis of cultivated tetraploid cotton with its two diploid
progenitors (Pugh et al., 2010).

INVADERS INDUCE TRANSFER CELL FORMATION IN TRANSPORT
PHLOEM
Invasion of stems by leafhoppers (Ecale-Zhou and Backus, 1999),
of stem and root vascular systems by holoparasites (Hibberd and
Jeschke, 2001) and of root cortical cells by nitrogen-fixing bac-
teria forming nodules (Pate and Gunning, 1972), can cause TCs
to form in (Ecale-Zhou and Backus, 1999), or adjacent to (Pate
and Gunning, 1972; Hibberd and Jeschke, 2001), the transport
phloem. In contrast, root knot nematodes invade provascular
cells or partially differentiated tracheary elements located in root
tips and induce formation of giant cells (Barcala et al., 2010)
with wall ingrowths abutting both SEs and xylem elements (Hoth
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et al., 2008). For root nodules and nematode giant cells, TC for-
mation is accompanied by differentiation of additional phloem
and xylem that link nodules or giant cells with the root vas-
cular system (Pate and Gunning, 1972; Hoth et al., 2008). The
phloem component of the additional vasculature functions as
release phloem to supply nutrients and water to the enclosed
root nodules (Complainville et al., 2003) or nematode giant cells
(Hoth et al., 2008).

The question is what function(s) do TCs perform at
host/biotroph interfaces. For leafhoppers, development of wall
ingrowths in host transport phloem CCs could be a defense
response to limit loss of transport phloem content to the sur-
rounding stem apoplasm and hence the invading leafhoppers
(Ecale-Zhou and Backus, 1999). TC formation in haustorial
“absorbing hyphae” of holoparasites abutting host SEs (Dörr,
1990) or pericycle cells abutting root nodule SE/CCs (Pate and
Gunning, 1972) co-occurs with developing a symplasmic domain,
competent in solute and macromolecular transport, linking the
holoparasite (Birschwilks et al., 2006, 2007) or nitrogen-fixing
bacteroids (Complainville et al., 2003) with transport phloem
SEs. Thus, at best, TC transport function at these biotrophic inter-
faces is reduced to a supplementary role in delivering phloem
content to the biotroph that would be expected to predomi-
nantly flow through a post-SE symplasmic route (Patrick, 2012).
In contrast, nematode giant cells are symplasmically isolated from
adjoining release phloem SEs that retain their nuclei and lack
CCs (Hoth et al., 2008). Consistent with symplasmic isolation, a
significant upregulation in transporter expression occurs during
root knot infestation of Arabidopsis (Hammes et al., 2005, 2006;
Barcala et al., 2010). In terms of resource allocation, included
amongst the population of upregulated transporters expressed
in root knot tissue were aquaporins (PIPs and TIPs) linked with
early volume growth of giant cells (Barcala et al., 2010), an array
of amino acid transporters (Hammes et al., 2005, 2006) and a
sucrose transporter, AtSUC1 (Hammes et al., 2005). Consistent
with a key transport function, nematode infection was consid-
erably compromised in an amino acid permease (AAP) double
mutant, aap3 and aap6 (Marella et al., 2013).

SIGNALS REGULATING TRANSFER CELL
TRANS-DIFFERENTIATION—DEVELOPING SEEDS SHOW
THE WAY
Despite the key physiological significance of TCs in phloem trans-
port of resources (see Section Functional Role of Transfer Cells in
Phloem Transport), the regulatory mechanisms directing assem-
bly of their ingrowth walls are poorly understood (McCurdy et al.,
2008). A major impediment to progressing understanding of this
developmental phenomenon is that most TCs are deeply embed-
ded within plant tissues and occur in small numbers (Offler
et al., 2003). An essential ingredient to bridge this impasse is an
experimental system that provides access to a large population
of developmentally-uncommitted cells undergoing synchronous
trans-differentiation to a TC morphology. As described below,
adaxial epidermal cells of cultured cotyledons of V. faba (Offler
et al., 1997) meet these requirements.

Unlike their abaxial counterparts, adaxial epidermal cells of V.
faba cotyledons do not form a TC morphology in planta (Offler

et al., 1997; see Figure 3). However, when isolated V. faba cotyle-
dons are cultured on nutrient agar, their adaxial epidermal cells
are rapidly (h) induced to form wall ingrowths on their outer
periclinal walls (Wardini et al., 2007). This system is unique
in providing access to a large population of uncommitted epi-
dermal cells (several thousand) that, upon exposure to culture
conditions, are synchronously induced to trans-differentiate to
a TC morphology across a defined temporal window (Wardini
et al., 2007). Developmental synchronicity of the epidermal
cell population permits temporal separation of uniform wall
deposition from wall ingrowth assembly (see Figure 1D). The
capacity to peel the induced adaxial epidermis from cotyle-
dons provides large quantities of material for cell-specific gene
expression profiling at specified stages of ingrowth wall forma-
tion (e.g., Dibley et al., 2009). Exposure of sister cotyledons
to pharmacological blockades (Figure 3) offers an experimen-
tal opportunity to investigate regulation of trans-differentiation
events through the inductive signaling sequence (Zhou et al.,
2010; Andriunas et al., 2011, 2012; Xia et al., 2012). Statistically
robust quantification of ingrowth wall formation responses to
pharmacological treatments can be derived from scoring large
populations of synchronously trans-differentiating adaxial epi-
dermal cells for presence of wall ingrowths in epidermal peels
prepared by a dry-cleave method to visualize cytoplasmic faces
of their outer periclinal walls by SEM/FESEM (Talbot et al.,
2001). Live and real-time visualization of the spatial organization

FIGURE 3 | Schematic of a transfer cell inductive system using Vicia
faba cotyledons. An equatorial view of a V. faba seed sliced transversely in
half. A maternal seed coat encloses two large cotyledons. At the
maternal/filial interface, thin-walled parenchyma cells of the seed coat and
abaxial epidermal cells of the cotyledons (solid dark green lines)
trans-differentiate to a transfer cell morphology. In contrast, adaxial
epidermal cells of the cotyledons do not trans-differentiate to a transfer cell
morphology. Upon surgical removal of cotyledons from their enclosing seed
coats and transfer to a MS medium, cotyledon adaxial epidermal cells
undergo a synchronous trans-differentiation to transfer cells that are
structurally and functionally identical to their abaxial counterparts. Sister
cotyledons of each seed are randomly allocated to MS medium alone or a
MS medium carrying a pharmacological agent that interferes with
developmental signals or wall building machinery.
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of regulatory proteins and their signals directing ingrowth wall
formation in epidermal cells is available through confocal imag-
ing of thick (100 µm) tissue sections of cotyledons exposed to
specified treatments. Importantly, culture-induced adaxial epi-
dermal transfer cells mimic their in planta abaxial counterparts
in terms of wall ingrowth morphology (Talbot et al., 2001)
and transport function (Farley et al., 2000). Thus, the V. faba
cotyledon culture system (Offler et al., 1997) offers a validated
experimental platform from which to deduce developmental pro-
cesses orchestrating trans-differentiation to a TC morphology in
planta.

Early experiments utilizing transcriptome profiling found that
an enhanced proportion of genes, selectively induced in adaxial
epidermal cells undergoing trans-differentiation to a TC mor-
phology, carry auxin- and ethylene-responsive elements in pro-
moter regions of their orthologous genes (Dibley et al., 2009),
consistent with coordinated regulation by auxin and ethylene
(Swarup et al., 2002). A role for auxin inducing adaxial epi-
dermal cells to form TCs was confirmed utilizing auxin trans-
port and synthesis inhibitors (Dibley et al., 2009; Zhou et al.,
2010 and see Figure 4). Ethylene was shown to act as a reg-
ulatory signal initiating and sustaining trans-differentiation to

FIGURE 4 | Interrelationships between signals and signal cascades

leading to induction, organization, and construction of polarized

ingrowth walls in epidermal transfer cells of Vicia faba cotyledons. In
cultured cotyledons, a combination of declining intracellular glucose levels
and an auxin (IAA) regulated burst in ethylene production, initiates ingrowth
wall formation within adaxial epidermal cells. The glucose/ethylene sequence
is reproduced in planta and downstream events are deduced from findings
obtained using cultured cotyledons. Prior to the onset of cotyledon growth,
an extracellular invertase, localized to inner cells of the seed coat (dark
green), hydrolyzes sucrose and the glucose product, sensed by a cotyledon
epidermal cell (light green) hexokinase, blocks an ethylene signal cascade by
down regulating ethylene insensitive 3 (EIN3), a key ethylene signal cascade
transcription factor. Upon initiating expansion growth, the cotyledons crush
inner cells of the seed coat (see images of seeds cut through their
longitudinal plan illustrating cotyledon growth at two stages). Cell crushing

results in a loss of extracellular invertase activity and hence the glucose
signal. This is accompanied by an amplified wound-induced ethylene (C2H4)
signal cascade, mediated through EIN3, driving expression of respiratory
burst oxidases (Rbohs), trafficked to portions of the plasma membrane (blue)
that line the outer periclinal walls of cotyledon epidermal cells. The Rbohs
catalyze production of extracellular reactive oxygen species (ROS) that are
further reduced to form an extracellular hydrogen peroxide (H2O2) signal that
serves two known functions. These are activating expression of cell wall
building machinery through an unknown signal cascade (arrows with broken
shafts) and serving as a positional signal directing construction of the uniform
wall (dark gray) polarized to the outer periclinal walls (light gray) of the
cotyledon epidermal cells. How the polarized wall construction subsequently
is constrained to loci from which wall ingrowth papillae arise remains to be
determined (purple arrows with broken shafts) but likely involves directional
control by cytosolic calcium signals.
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a TC morphology (Zhou et al., 2010). Temporal and spa-
tial expression patterns of an ethylene biosynthetic gene, V.
faba 1-aminocyclopropane-1-carboxylic acid (ACC) synthase 2
(VfACS2), demonstrated that a rapid burst in ethylene biosynthe-
sis coincided with adaxial epidermal cells becoming competent
to form wall ingrowth papillae (Zhou et al., 2010). The ethy-
lene burst was primarily localized to adaxial epidermal cells
and was driven by auxin (Zhou et al., 2010; see Figure 4).
Protein abundance and gene expression profiles of key down-
stream ethylene signaling components, ethylene insensitive 3
(VfEIN3-1) and three ethylene response factors, showed that
ethylene-regulated signaling events were epidermal cell specific
and occurred rapidly before wall ingrowth induction (Zhou et al.,
2010). Intracellular concentrations of glucose, sensed through a
hexokinase-dependent pathway, determined progression of the
ethylene-signaling cascade through EIN3 to activate gene expres-
sion leading to wall ingrowth formation (Andriunas et al., 2011;
see Figure 4).

Upon ethylene signaling, V. faba respiratory burst oxidase
homologues (Vfrbohs) are rapidly induced (Andriunas et al.,
2012) and generate two sequential bursts in SOD-dependent
extracellular H2O2 production spatially restricted to outer per-
iclinal walls of epidermal cells (Andriunas et al., 2012; Xia
et al., 2012). The extracellular H2O2 signal serves two func-
tions in regulating ingrowth wall formation in adaxial epidermal
cells. First, H2O2 activates, in a yet-to-be-determined mecha-
nism, cell wall biosynthetic activity. Second, the H2O2 signal
functions as a positional cue that directs trafficking of cell
wall biosynthetic machinery to the outer periclinal wall to cat-
alyze assembly of the polarized uniform wall, the attenuation of
which impacts subsequent wall ingrowth formation (Andriunas
et al., 2012; Xia et al., 2012; see Figure 4). A currently unknown
mechanism re-directs deposition of cell wall material from lay-
ing down the uniform wall to one in which wall deposition
is restricted to loci from which wall ingrowth papillae arise
(Figure 4).

Together these findings provide insight into the possible
sequence of events leading to induction of TCs in abaxial epider-
mal cells of V. faba cotyledons developing in planta (Offler et al.,
1997; Figure 4). Here, abaxial epidermal TCs trans-differentiate
in a progressive basipetal wave as expanding cotyledons con-
tact and crush the innermost layers of thin-walled parenchyma
cells of the seed coat (Offler et al., 1989; Harrington et al., 1997;
see Figure 4). In this context, the detected sensitivity of VfACS2
expression in seed coats to mechanical wounding (Zhou et al.,
2010) suggests that crushing of their innermost cell layers in
planta (Harrington et al., 1997) could cause a spike in ethylene
production (Zhou et al., 2010; Figure 4). In turn, seed coat-
derived ethylene might drive an accompanying ethylene burst
in opposing abaxial epidermal cells of the cotyledons through
autoregulated expression of VfACS2 (Chang et al., 2008) that
initiates their trans-differentiation to a TC morphology (Zhou
et al., 2010). Coincident with the epidermal-cell specific ethy-
lene burst, their intracellular glucose levels decline (Borisjuk
et al., 1998) as a result of crushing seed coat cells in which
an extracellular invertase is specifically expressed (Weber et al.,

1996). Lowered intracellular glucose levels, sensed through a
hexokinase-dependent pathway, removes glucose repression of
EIN3 abundance thus allowing an ethylene-signaling cascade
through EIN3 to initiate trans-differentiation to a TC mor-
phology (Andriunas et al., 2011; Figure 4). Consistent with this
assertion, endogenously produced ethylene, released from an
experimentally-imposed mechanical wounding of seed coats and
pod walls, caused normally uncommitted adaxial epidermal cells
to form ingrowth walls (Zhou et al., 2010). Upon ethylene signal-
ing, downstream targets are rapidly induced (Dibley et al., 2009),
including a polarized NADPH oxidase- and superoxide dismu-
tase (SOD)-dependent burst in extracellular H2O2 production
(Andriunas et al., 2012; Xia et al., 2012), to culminate in con-
structing polarized ingrowth walls in the abaxial epidermal cells
(Figure 4).

Based on the scenario outlined above, the role of endogenous
auxin as part of the signaling complex, detected in vitro (Dibley
et al., 2009; Zhou et al., 2010), is currently unclear for in planta
trans-differentiation of abaxial epidermal cells of V. faba cotyle-
dons to a TC morphology. However, some hints are beginning
to emerge from studies of in planta trans-differentiation to a TC
morphology of basal endosperm cells of developing maize ker-
nels. For instance, attenuated ingrowth wall formation in the
maize mn-1 mutant, which causes loss of catalytic activity of
an extracellular invertase (INCW2) localized to basal endosperm
cells, has been accounted for by a lowered glucose signal, sensed
through a hexose kinase-dependent pathway, driving a positive
regulation of auxin biosynthesis and hence auxin levels in these
cells (LeClere et al., 2010). Similar conclusions linking auxin
maxima and basal endosperm cell trans-differentiation to a TC
morphology have been obtained in another maize mutant with
lowered auxin levels detected in their basal endosperm cells (de-
B18 mutant—Forestan et al., 2010). Significantly, TC formation
in attached wild type maize kernels (Forestan et al., 2010) and
cultured V. faba cotyledons (Dibley et al., 2009) share a common
feature of a delocalized distribution of PINFORMED1 (PIN1)
proteins in their trans-differentiating cells. This observation leads
to the speculation that, in the absence of wound-induced ethy-
lene formation as found for maize kernels and cultured V.
faba cotyledons, auxin maxima in the TC founder cells func-
tion to initiate the ethylene signal. Consistent with this asser-
tion is an up-regulated expression of genes encoding ethylene
metabolism enzymes and ethylene responsive transcription fac-
tors in barley endosperm cells undergoing TC formation (Thiel
et al., 2008, 2012). A respiratory burst oxidase is co-ordinately
expressed in developing barley endosperm TCs (Thiel et al.,
2008, 2012), implicating a regulatory role for reactive oxygen
species (Figure 4 and associated text). Ethylene and ROS may
also participate in regulating maize basal endosperm TC forma-
tion since BETL and MEG1 share homology with defensin-like
genes (Thompson et al., 2001) and their expression is known
to be responsive to ethylene (Wang et al., 2002) and/or ROS
(Gadjev et al., 2006). Overall this analysis suggests that the sig-
nals and signaling pathways responsible for regulating induction
of TCs in developing seeds could be conserved across mono- and
eudicots.
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DOES AN AUXIN-ETHYLENE-ROS SIGNALING CASCADE
REGULATE PHLOEM TRANSFER CELL
TRANS-DIFFERENTIATION?
Given that TCs are ubiquitous within the plant kingdom, the
potential exists for any cell type to trans-differentiate into a TC
morphology. For phloem cells, this potential is illustrated by TC
induction following invasion of the plant host vasculature by
root-knot nematodes (Hoth et al., 2008), stem and root par-
asites (Hibberd and Jeschke, 2001), nodules of nitrogen-fixing
bacteria (Pate and Gunning, 1972) and leafhoppers (Ecale-Zhou
and Backus, 1999 and see Section Phloem Invaders). Induction
of TC trans-differentiation undoubtedly relies on a specific cas-
cade of coordinated signals that, in part, may also depend
upon particular spatial relationships with surrounding cells. We
explore this question using the auxin-ethylene-ROS cascade reg-
ulating TC induction in developing seeds as a framework (see
Section Signals Regulating Transfer Cell Trans-Differentiation—
Developing Seeds Show the Way and Figure 4). These putative
TC inductive signals are evaluated against findings drawn from
formation of phloem TCs, or cells adjacent to the phloem, in
response to invasion by biotrophs, in particular, root-knot nema-
todes (Hoth et al., 2008) and, to a lesser extent, nitrogen-fixing
bacteria (Pate and Gunning, 1972 and see Section Functional Role
of Transfer Cells in Phloem Transport). Finally this information is
assembled into speculative scenarios that may account for TC for-
mation in the collection and transport phloem for each putatively
identified signal.

AUXIN MAXIMA DRIVE DE-DIFFERENTIATION OF FOUNDER CELLS
The most convincing evidence for auxin (IAA) maxima function-
ing as a developmental signal initiating trans-differentiation to
a TC morphology (see Section Signals Regulating Transfer Cell
Trans-Differentiation—Developing Seeds Show the Way) within
or proximal to the phloem comes from studies of nematode giant
cell development. For instance, a spike in auxin concentration
occurs as early as 18 h post-infection in giant cell progenitor cells
which then declines from 42 h post-infection to being absent
at 10 days post-infection (Karczmarek et al., 2004). The auxin
spike in developing giant cells likely results from an upregu-
lated expression of auxin efflux carriers (Hammes et al., 2005;
Damiani et al., 2012) and auxin biosynthetic genes (Barcala et al.,
2010) that collectively leads to a downstream auxin-signaling
cascade (Barcala et al., 2010). Similar events take place in syncytia-
forming nematodes where it has been shown that auxin signaling
mutants significantly lower establishment of effective nematode
infections (Grunewald et al., 2009). Early formation of nitrogen-
fixing nodules in legumes is also linked with auxin maxima in
nodule primordial and pericycle cells (Grunewald et al., 2009)
with the latter cells subsequently trans-differentiating to a TC
morphology (Pate and Gunning, 1972). In both cases, auxin
maxima appear to function as a cell de-differentiation step to
form a population of TC founder stem cells (Grunewald et al.,
2009).

The relationship between auxin maxima and TC formation
broadly can be mapped to, and account for, TC formation
throughout the phloem transport system. Here auxin maxima
and TC formation co-occur in developing minor vein networks

of collection phloem (Gunning et al., 1968; Aloni et al., 2003).
In the case of transport phloem, the relationship between auxin
maxima and TC formation tends to be localized to stem nodes
(Gunning et al., 1970; Aloni, 2010) and to sites of lateral root
formation (Aloni, 2010). In developing leaves of Pisum sativum,
CC/TCs differentiate concurrently with the minor vein network
(Gunning et al., 1970) with development of the latter regu-
lated by a canalized flow of auxin emanating from trichomes
and mesophyll cells (Aloni et al., 2003). If the cell-specific local-
ization of auxin maxima observed for wall ingrowth formation
in nematode giant cells (see above) and developing seeds (see
Section Signals Regulating Transfer Cell Trans-Differentiation—
Developing Seeds Show the Way) are an universal requirement
for TC formation, this may account for why only 20 to 30 percent
of Angiosperm species form TCs in their collection phloem (see
Table 1).

ETHYLENE—A DISPENSIBLE INTERCELLULAR INDUCTIVE SIGNAL?
Successful establishment of a biotrophic relationship with a plant
host, be it pathogenic (nematodes) or symbiotic (nitrogen-fixing
bacteria), involves suppression of host defenses coupled with a
localized re-programming of host cell development (e.g., Portillo
et al., 2013). Ethylene functions in both these processes as a
defense (Broekaert et al., 2006) and developmental (Vanstraelen
and Beková, 2012) signal. Consistent with suppression of host
defenses, transcriptomic evidence points to down regulation of
ethylene biosynthesis (Barcala et al., 2010), downstream compo-
nents of the ethylene transduction pathway (Caillaud et al., 2008)
including ethylene response factors (Portillo et al., 2013) during
early phases (3 and 7 days post infection) of nematode giant cell
development. In contrast, elevated rates of ethylene biosynthesis
coincide with the rapid phase of gall growth (9 to 16 days post
infection) that was increased further upon exposure to an exoge-
nous ethylene source (Glazer et al., 1983). A balance between
suppression of host defense responses and re-programming host
cell development likely depends upon a sophisticated mecha-
nism. A hint that such a mechanism exists has been revealed in
a detailed temporal expression analysis of six ethylene response
factor (ERF) isoforms of Lotus japonica roots during infection
with a nitrogen-fixing bacterium. The findings show that ERF
expression patterns were isoform specific and that expression of
LjERF1 had a positive effect on nodule formation (Asamizu et al.,
2008). This suggests that ethylene regulation of nodule forma-
tion alters across nodule development. Relevant to development
of pericycle TCs located proximal to nodule phloem strands,
ethylene biosynthetic gene expression is upregulated in pericycle
cells facing protophloem poles of the root stele (Heidstra et al.,
1997).

It is uncertain whether ethylene functions in inducing TC
development in collection and transport phloem at nodes and
sites of lateral root formation. Within collection phloem, jas-
monic acid selectively upregulates, but does not induce, depo-
sition of polarized wall ingrowths in phloem parenchyma TCs
(Amiard et al., 2007). This observation suggests that ethylene
functions as an intercellular signal for TC development as found
for developing V. faba cotyledons where its origin is maternal and
switches on filial epidermal cells to trans-differentiate into TCs by
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activating production of an extracellular ROS signal (Andriunas
et al., 2012; Xia et al., 2012). In this context, ethylene may
be superfluous for the non-polarized wall ingrowths formed in
nematode giant cells (Hoth et al., 2008) and CCs of collection
phloem (see Table S1) if an intracellular ROS signal was operative
within these cells (see next section). However, it is pertinent to
note that ethylene biosynthetic machinery is expressed in devel-
oping SEs (Gallie et al., 2009) at a stage that coincides with the
period during which CCs trans-differentiate to a TC morphology
in pea minor veins (Gunning et al., 1968).

ROS—ACTIVATOR OF, AND POLARITY SIGNAL FOR, UNIFORM WALL
DEPOSITION
ROS falls into the same category as ethylene in serving dual
functions of mounting defense responses (so-called oxidative
burst) and re-programming development during establishment
of a host plant/biotrophic relationship. Thus, a strong burst
in extracellular ROS production by host cell NADPH oxidases
and peroxidases accompanies root knot nematode invasion at
12 to 24 h post invasion before declining to lower levels dur-
ing giant cell formation (Melillo et al., 2006, 2011; Das et al.,
2008). During the latter period, peroxidases are expressed in
giant cells (Severino et al., 2012) that could regulate intracel-
lular ROS levels to induce cell wall biosynthesis linked with
ingrowth wall formation (Andriunas et al., 2012; Xia et al., 2012).
Intracellularly-produced ROS in nodule founder cells (Lee et al.,
2005) is essential for initiating nodule primordia in developing
legume-Rhizobium symbioses (D’Haeze et al., 2003). This intra-
cellular ROS may diffuse to, and induce, adjacent pericycle cells
to form ingrowth walls (Pate and Gunning, 1972).

Developing collection and nodal transport phloem are
exposed to a number of ROS sources including bundle sheath
cells exposed to high light (Galvez-Valdivieso et al., 2009) and
differentiating SEs (Beers and McDowell, 2001) and tracheary
elements (Karlsson et al., 2005) undergoing partial or complete
programmed cell death, respectively. Bundle sheath cell produced
extracellular ROS (H2O2) migrates through cell walls of adjoin-
ing vascular parenchyma cells (Galvez-Valdivieso et al., 2009).
However, ROS generated by bundle sheath cells is unlikely to
function as a TC-specific signal. First, ROS diffusing from bun-
dle sheath cells does not account for ingrowth wall deposition
in phloem parenchyma cells commonly polarized to SE poles
(see Table S1). Second, bundle sheath cells only generate ROS
in fully-expanded leaves whilst trans-differentiation of phloem
parenchyma and CCs to a TC morphology is completed prior to
full expansion (Gunning and Pate, 1974). Never-the-less, bun-
dle sheath cell ROS could be a component of the regulatory
system controlling the extent to which ingrowth walls develop
(Amiard et al., 2007 and see below). ROS arising from develop-
ing tracheary elements coincides with TC trans-differentiation,
but is unlikely to be a key player as, similar to bundle sheath
cell ROS, it would not provide positional information for the
polarized deposition of ingrowth walls in phloem parenchyma
cells. Thus, by elimination, this analysis brings focus to differ-
entiating SEs as the most likely source of a ROS signal inducing
TC formation by CCs and phloem parenchyma cells. A high
plasmodesmal connectivity between sister SEs and CCs (Patrick,

2012) offers a symplasmic delivery route for ROS to reach CCs
(see above for nematode giant cells). Symplasmic delivery of
ROS is consistent with the non-polarized deposition of ingrowth
walls in collection phloem CCs (see Table S1 and Figure 5A). In
contrast, wall ingrowth formation polarized to tips of phloem
parenchyma cells abutting SEs cannot be accounted for by a
SE signal delivered symplasmically. A symplasmic connection
between these cell types is absent (Patrick, 2012). Even if there
were a limited symplasmic connectivity, an intracellular ROS sig-
nal would not be capable of providing positional information to
the phloem parenchyma cells. An extracellular ROS signal abut-
ting phloem parenchyma cells could be released to the shared
cell wall from SEs by transport through clusters of aquapor-
ins (Bienert et al., 2007). This would generate a localized ROS
signal that would collectively induce cell wall biosynthesis as
well as polarized deposition of the ingrowth wall in the abut-
ting phloem parenchyma cell (Figure 5B) functioning along lines
comparable to extracellular ROS regulating polarized wall forma-
tion during tip growth of root hairs and pollen tubes (Swanson
and Gilroy, 2010). If the suggested requirement for aquaporins
being positioned in SE plasma membranes applies, this could
account for the low proportion of Angiosperm species develop-
ing phloem parenchyma TCs in combination with CC/TCs (see
Table 1). This model does not account for phloem parenchyma
cells alone forming TCs. This outcome would depend on block-
ing symplasmic movement of intracellular ROS from SEs to CCs
(Figure 5C). In this case, it is pertinent to note that elevated intra-
cellular ROS levels caused plasmodesmata to gate closed while
relatively lower ROS concentrations increased plasmodesmal per-
meability (Rutschow et al., 2011). Whatever the mechanism,
the inductive mechanism regulating phloem parenchyma cells to
trans-differentiate to a TC morphology is likely to be unique to
these cells accounting for the unusually low number of species
forming phloem parenchyma TCs alone in the collection phloem
(see Table 1).

Regulation of the extent of TC formation in phloem
parenchyma cells in response to abiotic stress supports a potential
role for ROS in ongoing ingrowth wall development. For exam-
ple, wall ingrowth deposition in leaf phloem parenchyma cells of
Senecio vulgaris and Arabidopsis was enhanced following expo-
sure to high light (Amiard et al., 2007) possibly driven by bundle
sheath cell generated extracellular H2O2 (Galvez-Valdivieso et al.,
2009). This H2O2 signal could amplify ingrowth wall biosyn-
thesis in phloem parenchyma TCs as demonstrated by a lack of
an enhanced wall ingrowth development when Gigantea mutants
of Arabidopsis are exposed to high light (Edwards et al., 2010)
possibly due to their enhanced ability to detoxify/scavenge ROS
(Cao et al., 2006). Conversely, an Arabidopsis vitamin E mutant
supporting depressed levels of tocopherol, a key ROS scavenger,
would likely have elevated ROS levels that would account for
their increased wall ingrowth formation (Maeda et al., 2006,
2008).

THE UNKNOWN SIGNAL GUIDING LOCALIZED DEPOSITION OF WALL
INGROWTHS
The requirement for a signal orchestrating deposition of wall
ingrowths necessitates that the signal creates localized domains
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FIGURE 5 | Speculative model illustrating reactive oxygen species

(ROS) mediated regulatory mechanisms that may account for

observed patterns of inter- and intracellular formation of ingrowth

walls (dark gray) in collection phloem companion cells (CC) and

phloem parenchyma cells (PP) undergoing trans-differentiation to a

transfer cell (TC) morphology. In all cases, developing sieve elements
(SEs), undergoing partial programmed cell death, generate an intracellular
ROS signal. (A) CC/TC trans-differentiation: SE-produced intracellular ROS
(red dots) diffuses (thick red arrows) into CC, through interconnecting
plasmodesmata, to induce formation of a non-polarized ingrowth wall
covering the entire CC wall. (B) CC/TC and PP/TC trans-differentiation: an
intracellular ROS signal induces ingrowth wall formation as described in (A).
In addition, intracellular ROS, released from developing SEs through plasma
membrane aquaporins abutting adjacent PP (thin red arrows) into the
shared SE/PP cell wall space, elicits a polarized formation of ingrowth walls
proximal to SEs. (C) PP/TC trans-differentiation: A transient and excessive
intracellular generation of ROS by developing SEs gates plasmodesmata
interconnecting CCs closed (filled in) thus preventing transmission of the
ROS signal (curved red arrows) across the developmental period in which
CCs are otherwise ROS-responsive. Ingrowth wall formation in PPs occurs
as described in (B).

within the plasma membrane in which wall-building machinery
is assembled. To our knowledge, there is no known example for
such a signal in the plant kingdom. However, such an organiza-
tion exists in animal cells. For example, localized Ca2+ signals,
formed by the combined activities of plasma membrane and
ER Ca2+ channel activity, control positioning of growth cones
at tips of growing axons (Tojima, 2012). In this context, exam-
ples exist for plant cells where transporters are clustered into
microdomains on their plasma membranes (see Eggert et al.,
2013 this volume). Thus, clusters of plasma membrane Ca2+
channels linked with Ca2+ effluxers could generate localized
Ca2+ signals in cells trans-differentiating to a TC morphol-
ogy. Significantly, Ca2+ transporters are expressed at feeding
sites of root-knot nematodes (Hammes et al., 2005). The col-
lective activity of these transporters would sculptor localized
Ca2+ signals (McAinsh and Pittman, 2008) to direct localized
delivery of wall building machinery through re-structuring the
cytoskeleton (Hepler et al., 2012) to assemble wall ingrowth
papillae.

CONCLUSIONS
In exploring the intimate association between TCs and phloem
transport some interesting observations have emerged that
identify profitable areas to advance understanding of drivers
regulating resource allocation and thus inform intervention
strategies to increase crop productivity. For instance, the adap-
tive significance of nodal TCs is highlighted by the percent-
age of Angiosperm species forming TCs at nodes far exceeding
that for leaf minor veins (Tables 1 cf., 2). Nodal TCs are posi-
tioned to play significant roles in regulating resource allocation
to optimize realization of reproductive potential (see Sections
Key Apoplasmic Steps in the Phloem Transport Pathway, Broad
Evolutionary Trends in Relation to Cellular Location of Transfer
Cells within Phloem Transport Pathways, and Functional Role
of Transfer Cells in Phloem Transport) and hence crop yield.
However, apart from the extensive survey by Gunning et al.
(1970), there is scant knowledge of the mechanisms regulat-
ing nodal TC induction and those underpinning their resource
transport functions. The future challenge will be to identify and
develop tractable experimental systems to address these challeng-
ing questions. Similarly for post-phloem transport, an analysis of
TC occurrence at symplasmic disjunctions located at interfaces
between generations in Bryophytes (gametophyte/sporophyte)
and developing Angiosperm seeds (maternal/filial) highlighted
a major evolutionary shift from an equal TC presence in both
generations for Bryophytes to one strongly biased to a fil-
ial location in Angiosperm seeds during their storage phase
of development (Table 3). Thus, a comprehensive understand-
ing of why filial TCs have become dominant in developing
seeds may open up opportunities to engineer increases in crop
yield.

While there is an emerging body of evidence demonstrat-
ing a positive relationship between wall ingrowth amplifica-
tion of plasma membrane surface areas and resource transport
rates of phloem loading and unloading, the functional contri-
bution of transporters targeted to these membranes remains
essentially untested (see Section Functional Role of Transfer
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Cells in Phloem Transport). Similarly, current knowledge of
inductive signals initiating trans-differentiation to a TC mor-
phology is fragmentary and is best understood for developing
seeds (see Sections Signals Regulating Transfer Cell Trans-
Differentiation—Developing Seeds Show the Way and Does an
Auxin-Ethylene-Ros Signaling Cascade Regulate Phloem Transfer
Cell Trans-Differentiation?). Arabidopsis phloem parenchyma
TCs are being used to address these knowledge gaps for collection
phloem TCs. However, the peculiarities of ingrowth wall develop-
ment in the less common phloem parenchyma TCs (see Sections
Broad Evolutionary Trends in Relation to Cellular Location of
Transfer Cells within Phloem Transport Pathways and Does an
Auxin-Ethylene-Ros Signaling Cascade Regulate Phloem Transfer
Cell Trans-Differentiation?) indicates caution will be needed in
extrapolating conclusions to inductive mechanisms for CC/TCs.
There is an even greater dearth of information about regulatory
mechanisms controlling induction and intracellular targeting of
membrane transporters in developing phloem TCs. Arguably
the root-knot nematode system affords the best opportunity to
study inductive signaling of TCs associated with the phloem (see
Section Does an Auxin-Ethylene-Ros Signaling Cascade Regulate
Phloem Transfer Cell Trans-Differentiation?). Transcriptomic
analyses are identifying cohorts of TC specific genes putatively
responsible for organizing and constructing their ingrowth walls.
At the mechanistic level for constructing ingrowth walls (see
Section Signals Regulating Transfer Cell Trans-Differentiation—
Developing Seeds Show the Way), the crucial process to enhance
plasma membrane surface area and thus membrane transport
capability, is to determine the signal(s) defining loci for wall
ingrowth deposition.

Since all plant species have the genomic capacity for TC
trans-differentiation, the potential exists for development of this

functionally important phloem cell type in strategic locations for
resource flow in species where TCs are absent. A combination of
broad transcriptomic analyses, directed molecular analysis and
mechanistic cell biology studies will be needed to achieve such
an outcome.
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Structural phloem proteins (P-proteins) are characteristic components of the sieve elements
in all dicotyledonous and many monocotyledonous angiosperms. Tobacco P-proteins were
recently confirmed to be encoded by the widespread sieve element occlusion (SEO)
gene family, and tobacco SEO proteins were shown to be directly involved in sieve tube
sealing thus preventing the loss of photosynthate. Analysis of the two Arabidopsis SEO
proteins (AtSEOa and AtSEOb) indicated that the corresponding P-protein subunits do
not act in a redundant manner. However, there are still pending questions regarding
the interaction properties and specific functions of AtSEOa and AtSEOb as well as the
general function of structural P-proteins in Arabidopsis. In this study, we characterized
the Arabidopsis P-proteins in more detail. We used in planta bimolecular fluorescence
complementation assays to confirm the predicted heteromeric interactions between
AtSEOa and AtSEOb. Arabidopsis mutants depleted for one or both AtSEO proteins lacked
the typical P-protein structures normally found in sieve elements, underlining the identity of
AtSEO proteins as P-proteins and furthermore providing the means to determine the role
of Arabidopsis P-proteins in sieve tube sealing. We therefore developed an assay based
on phloem exudation. Mutants with reduced AtSEO expression levels lost twice as much
photosynthate following injury as comparable wild-type plants, confirming that Arabidopsis
P-proteins are indeed involved in sieve tube sealing.

Keywords: sieve element occlusion, phloem, translocation, wound sealing, exudation, forisome

INTRODUCTION
The complex phloem system of higher plants distributes pho-
toassimilates and signaling molecules throughout the plant body.
The conducting sieve tubes that accomplish this long-distance
transport comprise sieve elements connected end-to-end with
intervening perforated sieve plates to promote efficient mass flow.
Angiosperm sieve elements are characterized by abundant struc-
tural phloem proteins (P-proteins; Cronshaw and Esau, 1967), the
identity and function of which has been debated for decades.

P-proteins of the fascicular phloem are today known to be
encoded by members of the widespread sieve element occlusion
(SEO) gene family (Pélissier et al., 2008; Rüping et al., 2010;
Ernst et al., 2011, 2012; Froelich et al., 2011). SEO-F (sieve ele-
ment occlusion by forisomes) members of the family were first
described in Fabaceae and shown to encode forisome components
(Noll et al., 2007; Pélissier et al., 2008; Müller et al., 2010; Rüping
et al., 2010). Forisomes are spindle-shaped P-proteins that can
undergo a reversible conformational change to occlude sieve tubes
(Knoblauch et al., 2001, 2003). The subsequent characterization
of SEO proteins in non-Fabaceae plants confirmed their proposed
role as conventional P-proteins in angiosperms (Froelich et al.,
2011; Anstead et al., 2012; Ernst et al., 2012).

P-proteins subunits are synthesized in immature, nucleated
sieve elements (Cronshaw and Esau, 1967, 1968; Esau and Cron-
shaw, 1967; Noll et al., 2007, 2009; Rüping et al., 2010; Bucsenez
et al., 2012; Ernst et al., 2012) and initially assemble as large protein
bodies (Steer and Newcomb, 1969). Toward the end of sieve ele-
ment maturation, these bodies disperse into filaments that relocate
to the cell periphery and ultimately form a meshed layer in func-
tional sieve tubes (Evert et al., 1973; Knoblauch and van Bel, 1998;
Froelich et al., 2011). Following injury, P-protein structures are
dislodged from their parietal position and translocate toward the
downstream sieve plate where they accumulate as rather large vis-
cous plugs (Anderson and Cronshaw, 1970). The long-discussed
ability of these P-protein plugs to halt or at least reduce photoas-
similate translocation was recently demonstrated in tobacco plants
lacking normal amounts of P-proteins (Ernst et al., 2012), but it is
unclear whether the same principles apply in Arabidopsis (Froelich
et al., 2011). This raises the interesting possibility that P-proteins
play varying roles in the sieve tube sealing process in different plant
species.

It is also unclear whether there is redundancy among the
SEO proteins in some species. The number of SEO genes iden-
tified in different plant species ranges from three (including one
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pseudogene) in Arabidopsis to 26 (including seven pseudogenes) in
soybean (Rüping et al., 2010; Ernst et al., 2011) and the conserved
sequences and expression profiles suggest potential functional
redundancy among the corresponding proteins (Lynch and Con-
ery, 2000). This issue was recently addressed in Arabidopsis, where
transfer DNA (T-DNA) insertion mutants lacking either AtSEOa
or AtSEOb did not accumulate the typical P-protein filaments in
sieve elements, although the remaining AtSEO gene was expressed
normally (Anstead et al., 2012). This was confirmed by microscopy
in the same mutant lines complemented with a green fluorescent
protein (GFP)-tagged version of the missing AtSEO protein. These
data indicate that AtSEOa and AtSEOb are likely to be structural
phloem filament proteins that are jointly required for filament
formation. However, the fundamental ability to form heteromers
could not be confirmed.

We therefore set out to characterize the role of SEO proteins in
Arabidopsis in more detail. The anticipated heteromeric interac-
tion between AtSEOa and AtSEOb was confirmed by bimolecular
fluorescence complementation (BiFC) studies in planta. Fur-
thermore, the generation and analysis of mutants with limited
expression of both AtSEO genes confirmed the hypothesis that
AtSEOa and AtSEOb are Arabidopsis P-proteins because the typ-
ical P-protein structures could accordingly not be detected in
these plants by transmission electron microscopy (TEM). The P-
protein-depleted plants also allowed us to examine the functional
role of structural P-proteins in Arabidopsis. We found that the
mutants lost twice as much photosynthate as comparable wild-
type plants following injury, providing the first direct evidence
that P-proteins are required for rapid phloem wound sealing in
the model plant Arabidopsis.

MATERIALS AND METHODS
Arabidopsis T-DNA INSERTION MUTANTS
Seeds of T-DNA insertion mutants for the genes AtSEOa
(At3g01670) and AtSEOb (At3g01680) were obtained from the
European Arabidopsis Stock Centre (NASC). Homozygous plants
were identified from the lines SALK_148614C (ΔAtSEOa) and
SM_3_34780 (ΔAtSEOb), which were used for further analysis.
All mutants are in a Columbia (Col-0) background.

PLANT GROWTH CONDITIONS
Plants were typically grown in phytochambers at 23/18◦C, 40% rel-
ative humidity and under long-day conditions (16/8-h light/dark
period). To increase the leaf size for exudation analysis, the corre-
sponding lines were cultivated under short-day conditions (8/16-h
light/dark period).

AGROINFILTRATION OF Nicotiana benthamiana
The interaction characteristics of AtSEOa and AtSEOb were
analyzed by BiFC in a plant background (Bracha-Drori et al.,
2004; Walter et al., 2004). The coding sequences of both genes
were amplified with and without translational stop codons
using primer combinations 5′-AGA TCATGA AGA TGG CCC
AAC GCT TTC AAT-3′ and 5′-ACA TCTAGA TTA CTC AAG
GCA GCA TTG GT-3′ or 5′-ACA TCTAGA CCC TCA AGG
CAG CAT TGG-3′ (AtSEOa) and 5′-AGA TCATGA AGA TGG
AGT CGC TGA TCA AG-3′ and 5′-ACA TCTAGA TTA GAA

GTT GTA GTT CTC GTC-3′ or 5′-ACA TCTAGA CCG AAG
TTG TAG TTC TCG TC-3′ (AtSEOb). After digestion with
BspHI/XbaI, the gene fragments were ligated into the NcoI/XbaI
sites of entry vector pENTR4 (Invitrogen). The recombinant
entry vectors were used to insert the AtSEO sequences into
GATEWAY-compatible pBatTL vectors, mediated by LR Clonase
(Invitrogen). The pBatTL vectors contained reporter sequences
encoding split variants of the monomeric red fluorescent pro-
tein mRFP1-Q66T (Jach et al., 2006) resulting in eight different
constructs (pBatTLAtSEOa/b:NmRFP, pBatTLAtSEOa/b:CmRFP,
pBatTLNmRFP:AtSEOa/b, and pBatTLCmRFP:AtSEOa/b). A
monomeric version of Emerald (mEmerald) was used as a con-
trol by converting the phenylalanine residue at position 223 to
arginine by polymerase chain reaction (PCR) mutagenesis using
primers 5′-AGA ACCATGGGT AAA GGA GAA G-3′ and 5′-AGA
ACTCGAGTG TTT GTA TAG TTC ATC CAT GCC ATG TGT AAT
CCC AGC AGC TGT TAC TCT CTC AAG AAG GAC CAT GTG-3′
with vector pGJ2628 as the template (kindly provided by Dr. Guido
Jach). The mEmerald fragment was digested with NcoI/XhoI and
inserted into vector pENTR4, which was again used to insert the
gene into the corresponding pBatTL vectors resulting in constructs
pBatTLmEmerald:NmRFP and pBatTLmEmerald:CmRFP.

For transient expression in N. benthamiana epidermal cells,
all BiFC constructs were introduced into Agrobacterium tumefa-
ciens strain GV31.01 pMP90. Leaves from 4-week-old plants were
infiltrated simultaneously with A. tumefaciens GV31.01 pMP90
(carrying the pBatTL vectors) and A. tumefaciens C58C1 (carry-
ing the pCH32 helper plasmid encoding Tomato bushy stunt virus
RNA silencing repressor p19; Voinnet et al., 2003). Infiltrated leaf
discs were punched out after 3 days and analyzed by confocal laser
scanning microscopy (CLSM).

CLSM IMAGING
N. benthamiana leaf discs were analyzed by CLSM using a Leica
TCS SP5X microscope with excitation/emission wavelengths of
543/570–630 nm for the detection of mRFP and 488/500–580 nm
for the detection of mEmerald.

GENERATION OF AtSEO KNOCKOUT/KNOCKDOWN LINES
To obtain Arabidopsis plants with reduced levels of both AtSEO
proteins, RNAi vectors producing AtSEOa or AtSEOb hairpin
(hp) RNAs were generated and used to transform the homozy-
gous T-DNA insertion mutants (ΔAtSEOa orΔAtSEOb) described
above. To ensure strong transgene expression in sieve elements,
the Cauliflower mosaic virus (CaMV) 35S promoter from the
RNAi vector pHANNIBAL (Wesley et al., 2001; kindly provided by
CSIRO Plant Industry) was removed by digestion with SacI/EcoRI
(including Klenow treatment) or SacI/XhoI, and replaced with
997-bp promoter fragments designated PAtSEOa and PAtSEOb,
amplified from Arabidopsis Col-0 genomic DNA. The PAtSEOa
SmaI/EcoRI primer combination was 5′-AGA CCCGGG GTC
GAGCGGCCGCTC AGC CGG AGA TCA TCC-3′ and 5′-
AGA GAATTC ATT GGC GAG GTT GAG AG-3′ to generate
PAtSEOa/pHANNIBAL. The PAtSEOb SacI/XhoI primer combina-
tion was 5′-AGA GAGCTC GTC GAGCGGCCGCAA AAC ATG
CAT AGA ATA AAC C-3′ and 5′-AGA CTCGAG TCT TGG TTC
AGT TTG CTT TTG-3′ to generate PAtSEOb/pHANNIBAL. In
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each case, the NotI site was introduced for a subsequent cloning
step. 400-bp fragments with different restriction sites were then
amplified from complementary DNA (cDNA) for AtSEOa (primer
combinations 5′-AGA GAATTC CAA GAT CCG CCG AGC-
3′/5′-AGA GGTACC TCA AAG AAG ATC ATG TCT GG-3′ and
5′-AGA GGATCC TCA AAG AAG ATC ATG TCT GG-3′/5′-AGA
TCTAGA CAA GAT CCG CCG AGC-3′) and AtSEOb (primer
combinations 5′-AGAGGTACC CTG TTC TGC ACA GGG AC-
3′/5′-AGA GGTACC CTC GCG AAG TCC AAG TG-3′ and 5′-AGA
AAG CTT CTG TTC TGC ACA GGG AC-3′/5′-AGA TCT AGA
CTC GCG AAG TCC AAG TG-3′). The gene fragments were
inserted into the EcoRI/KpnI and BamHI/XbaI sites (AtSEOa) or
KpnI and HindIII/XbaI sites (AtSEOb) of the modified pHAN-
NIBAL vectors to obtain PAtSEOahpAtSEOa/pHANNIBAL and
PAtSEObhpAtSEOb/pHANNIBAL. The hpRNA cassettes were iso-
lated by digestion with NotI and, after Klenow treatment, inserted
into the SmaI sites of binary plant transformation vectors pBIN19
(Bevan, 1984) or pLab12.1 (Post et al., 2012), resulting in the final
constructs pBPAtSEOahpAtSEOa and pLPAtSEObhpAtSEOb.

STABLE PLANT TRANSFORMATION
All binary vectors used for stable plant transformation were intro-
duced into A. tumefaciens strain LBA4404 by electroporation.
Arabidopsis plants were transformed using the floral dip method
(Clough and Bent, 1998).

REVERSE TRANSCRIPTASE PCR
AtSEO gene expression in the mutant lines was analyzed by isolat-
ing total RNA from young leaves using the NucleoSpin RNA Plant
Kit (Macherey-Nagel) followed by reverse transcriptase (RT)-PCR.
Superscript II (Invitrogen) was used for reverse transcription,
followed by RNA digestion (RNaseH; New England Biolabs).
Intron-spanning gene fragments were amplified using primer
combinations 5′-TGA TGT CAC ATC ACT TCT CTC CG-3′/5′-
TGC CAT GCT TCT GTG TAG AG-3′ (AtSEOa) and 5′-ATG GAG
TCG CTG ATC AAG-3′/5′-CAG TGA TCA TGT TGA TCT GAG-
3′ (AtSEOb). The Arabidopsis actin gene ACT2 (accession number
U41998) was amplified as an internal control using primers 5′-
CCT CAT CAT ACT CGG CCT TGG AG-3′ and 5′-GTA AGA
GAC ATC AAG GAG AAG CTC TC-3′.

TEM
The ultrastructure of the Arabidopsis sieve elements was analyzed
by cutting small stem segments, bisecting them longitudinally, fix-
ing the explants in 2% (vol/vol) glutaraldehyde and 3.5% (wt/vol)
sucrose for 3 h and incubating them in 1% (vol/vol) osmium
tetroxide for 2 h. Samples were dehydrated in ethanol and embed-
ded in LR White (Sigma). Ultrathin sections were stained for
30 min in 2% (wt/vol) uranyl acetate and 3 min in 4% (wt/vol)
lead citrate. The sections were examined with a Zeiss EM900
microscope fitted with an SIS Morada digital camera.

EXUDATION ANALYSIS
Arabidopsis plants (wild-type, n = 38; ΔAtSEOa, n = 44;
ΔAtSEOb, n = 28; ΔAtSEOa/↓AtSEOb lines I, n = 30; II, n = 52;
III, n = 54; ΔAtSEOb/↓AtSEOa lines I, n = 40; II, n = 44; III,
n = 54) were grown under short-day conditions for 9 weeks.

Fifteen mature leaves were cut from every plant included in the
analysis with a razor blade, jointly placed in one vial [contain-
ing 3 mL 1 mM MES (2-(N-morpholino)ethanesulfonic acid),
pH 7] and exuded for 10 min. Exudation experiments were car-
ried out consecutively for 2 days between zeitgeber times 2 and 8
with plants of all lines used in an alternating manner. After exu-
dation, samples were frozen in liquid nitrogen and lyophilized.
Freeze-dried samples of two plants were combined and dissolved
in 120 μL distilled water, and 50 μL of the solution was then
used to determine the quantity of D-glucose and sucrose using the
sucrose/D-glucose/D-fructose kit (Roche) as described by Ernst
et al. (2012). To determine the total sucrose content of total leaves,
these were ground under liquid nitrogen, and the extraction and
quantification of sugars was carried out using the sucrose/D-
glucose/D-fructose kit (Roche) according to the manufacturer’s
instructions.

RESULTS
AtSEOa AND AtSEOb FORM HETEROMERS IN A PLANT BACKGROUND
AtSEOa and AtSEOb were assumed to be non-redundant proteins
that undergo heteromeric interactions to form P-protein struc-
tures because the analysis of AtSEO complementation lines by
microscopy showed typical filaments only when both proteins
were expressed (Anstead et al., 2012). However, these data could
not be confirmed in yeast two-hybrid experiments, which showed
that both AtSEOa and AtSEOb could readily form homodimers
but not heterodimers. To resolve this apparent inconsistency
and to check whether heteromeric interaction might occur in
higher-order structures, we analyzed the interaction behavior
of AtSEOa and AtSEOb in a plant background using BiFC. To
reduce any potential impact of the reporter fragments, we fused
both split variants of the monomeric red fluorescent protein
mRFP-Q66T (Jach et al., 2006) to the N- and C-terminus of
AtSEOa and AtSEOb, respectively, resulting in eight different
constructs (pBatTLAtSEOa/b:NmRFP, pBatTLAtSEOa/b:CmRFP,
pBatTLNmRFP:AtSEOa/b, and pBatTLCmRFP:AtSEOa/b). These
were introduced into N. benthamiana leaves by agroinfiltra-
tion using all possible heteromeric combinations along with
appropriate controls (Figure 1).

The infiltration of MES buffer alone did not provoke any
defense reactions that might cause red fluorescence in the epi-
dermal cells (Figure 1A). Furthermore, to exclude reporter
fluorescence caused by the non-specific interaction of the mRFP
split fragments, we fused these to the coding sequence of the
non-interacting protein mEmerald. Leaves infiltrated with these
control constructs showed green fluorescence confirming that
the mEmerald fusions were efficiently expressed (upper part of
Figure 1B), whereas no mRFP fluorescence could be detected
(lower part of Figure 1B). Homomeric interaction events could
be detected for both AtSEOa and AtSEOb in all tested com-
binations. AtSEOa homomeric interactions always resulted in
rather large fluorescent complexes (Figure 1C, showing the com-
bination AtSEOa:NmRFP + AtSEOa:CmRFP as an example),
but AtSEOb homomeric interaction often yielded cytoplasmic
fluorescence, although some combinations also yielded com-
plexes (Figure 1D, showing the combination AtSEOb:NmRFP +
AtSEOb:CmRFP as an example). Most interestingly, the in planta
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FIGURE 1 | BiFC-based interaction studies in N. benthamiana
epidermal cells. (A) No red fluorescence was detected at 3 dpi in N.
benthamiana leaves infiltrated with MES buffer alone. (B) When mEmerald
was introduced into the split mRFP vector system, green fluorescence
confirmed the activity of the expression cassettes. No red fluorescence
could be detected, excluding the appearance of false positive signals due
to non-specific reporter fragment contact. (C) Homomeric interactions
among AtSEOa subunits always resulted in red fluorescent structural
complexes. (D) Homomeric interactions among AtSEOb subunits were
detected as either cytoplasmic fluorescence or as fluorescent complexes
(the inset image provides a detailed view of the complex). Fluorescence
indicating heteromeric interactions between AtSEOa and AtSEOb was
either evenly distributed in the cytoplasm (E) or derived from structural
complexes (F). Scale bars = 75 μm (A,B) and 25 μm (C,D,E,F).

BiFC approach showed definite interaction between AtSEOa and
AtSEOb (Figures 1E,F). Depending on the tag position and
the reporter protein variant, fluorescence was either evenly dis-
tributed in the cytoplasm (Figure 1E, showing the combination
AtSEOa:NmRFP + AtSEOb:CmRFP as an example) or, more
often, restricted to large protein complexes (Figure 1F, showing

the combination AtSEOa:CmRFP + AtSEOb:NmRFP as an exam-
ple). These experiments confirmed that AtSEOa and AtSEOb can
indeed interact in a heteromeric manner.

AtSEO KNOCKOUT/KNOCKDOWN PLANTS LACKING STRUCTURAL
P-PROTEINS SHOW NO DISTINCT MORPHOLOGICAL PHENOTYPE
AtSEOa and AtSEOb are thought to be non-redundant pro-
teins and single knockout mutants lacking either AtSEOa or
AtSEOb are known to lack the typical P-protein filaments
(Anstead et al., 2012). However, because the precise functions of
AtSEOa and AtSEOb in P-protein formation are still unknown,
we next set out to generate plants completely lacking AtSEO
proteins for further analysis. Therefore, the T-DNA insertion
mutants ΔAtSEOa and ΔAtSEOb were supertransformed with
hpRNA cassettes specific for the remaining functional AtSEO
gene, resulting in knockout/knockdown plant lines designated
ΔAtSEOa/↓AtSEOb and ΔAtSEOb/↓AtSEOa. The efficiency of
the knockout/knockdown combination was analyzed at the mes-
senger RNA (mRNA) level by RT-PCR using intron-spanning
primers. Figure 2A shows the expression profiles of AtSEOa
and AtSEOb in the young leaves of wild-type Arabidopsis plants,
T-DNA insertion mutants and the RNAi lines, confirming the
knockout of AtSEOa and AtSEOb in ΔAtSEOa and ΔAtSEOb and
the efficient silencing of the non-interrupted remaining AtSEO
gene in ΔAtSEOa/↓AtSEOb and ΔAtSEOb/↓AtSEOa. Minimal
residual expression of the silenced AtSEO genes was detected in
the knockout/knockdown lines (Figure 2A) and we were unable
to confirm silencing directly at the protein level because no
antibodies are available for the specific detection of AtSEOa or
AtSEOb.

Next, we used TEM to investigate the structural properties
of sieve elements. Therefore, stem sections from 5-week-old
plants (wild-type, ΔAtSEOa, ΔAtSEOb, ΔAtSEOa/↓AtSEOb, and
ΔAtSEOb/↓AtSEOa) were prepared as described above. Sieve ele-
ments of Arabidopsis wild-type plants were always characterized
by the abundance of P-protein filaments (Figure 2B). Because
of the wounding caused by explant preparation, P-proteins were
usually detected in the dispersed state with filaments detached
from their parietal positions and clearly occluding the sieve pores
(Figure 2E). In agreement with previous studies, we found that
the T-DNA insertion mutants ΔAtSEOa and ΔAtSEOb (only
impaired in expression of one single AtSEO gene) were also
unable to form typical P-protein structures, confirming that both
AtSEOa and AtSEOb are needed to form the filaments (Froelich
et al., 2011; Anstead et al., 2012). The knockout/knockdown lines
with only residual AtSEO gene expression (ΔAtSEOa/↓AtSEOb
and ΔAtSEOb/↓AtSEOa) also completely lacked P-protein-like
structures in the sieve elements (Figures 2C,D) and no fil-
aments accumulated at the sieve plates occluding sieve pores
(Figures 2F,G). Sieve element morphology was not affected by
the lack of structural P-proteins.

Plants of all lines were grown under standard conditions
for several weeks and none of the mutants showed any obvi-
ous phenotype differing from wild-type plants. The availabil-
ity of these plants therefore enabled us to analyze the long-
discussed functional role of Arabidopsis P-proteins in sieve tube
sealing.
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FIGURE 2 | Structural analysis of AtSEO-depleted Arabidopsis mutants.

(A) AtSEO single-knockout plants (ΔAtSEOa andΔAtSEOb) were used to
generate knockout/knockdown plants impaired in the expression of both
AtSEO genes (ΔAtSEOa/↓AtSEOb and ΔAtSEOb/↓AtSEOa). (B) TEM
showing sieve elements from wild-type Arabidopsis plants characterized
by abundant P-protein filaments clearly occluding sieve pores (E).

In contrast, the sieve elements of mutants ΔAtSEOa/↓AtSEOb (C,F)

and ΔAtSEOb/↓AtSEOa (D,G) were free of P-protein and no filaments
were observed in the sieve pores (F,G). C, callose; CC, companion
cell; PPF, P-protein filaments; SE, sieve element; SEP, sieve element
plastid; SP, sieve plate. Scale bars = 1 μm (B,C,D) and 0.5 μm
(E,F,G).

Arabidopsis PLANTS LACKING P-PROTEINS SHOW ENHANCED
BLEEDING FOLLOWING INJURY
Although P-proteins are known to disperse from the cell periph-
ery and accumulate on downstream sieve plates after injury, their
direct role in sieve tube sealing has long been subject to debate.
The first direct evidence for their capacity to prevent phloem
translocation was provided recently when tobacco mutants lack-
ing P-proteins were tested in exudation assays, showing that the
depleted plants lost on average nine times more photoassim-
ilate than corresponding wild-type plants (Ernst et al., 2012).
However, the function of P-proteins in Arabidopsis has been
questioned based on the microscopic analysis of plants express-
ing AtSEO-yellow fluorescent protein (YFP) fusion constructs
(Froelich et al., 2011). To address this discrepancy, we developed
an exudation assay to compare the loss of photoassimilate in wild-
type Arabidopsis plants and P-protein-depleted mutants following
injury.

We therefore grew wild-type Arabidopsis plants, single-
knockout mutants ΔAtSEOa and ΔAtSEOb and correspond-
ing knockout/knockdown plants (ΔAtSEOa/↓AtSEOb and

ΔAtSEOb/↓AtSEOa, lines I, II, and III). To increase the average
leaf size, all plants were cultivated under short-day conditions and
again no significant morphological phenotype was visible when
exudation experiments were carried out at the age of 9 weeks
(Figure 3). In Arabidopsis, most of the sugar is translocated
as sucrose (Haritatos et al., 2000). Therefore, the amount of
sucrose lost after injury should mirror the efficiency of sieve tube
sealing.

An experimental overview of the exudation assay is provided
in Figure 4A. We removed 15 mature leaves from each assayed
plant and pooled the exudates in one vial. We limited exudation
to 10 min, thus measuring the rapid sealing activity of P-proteins
while avoiding the onset of callose deposition, which promotes the
long-term sealing of sieve pores (van Bel, 2003; Xie et al., 2011).
After exudation, the samples were lyophilized and the freeze-dried
contents from two vials were redissolved and combined, therefore
representing the total exudates of 30 leaves derived from two indi-
vidual plants of the same line. We then determined the D-glucose
concentration of these final samples before and after the enzy-
matic hydrolysis of sucrose using the sucrose/D-glucose/D-fructose
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FIGURE 3 | Arabidopsis plants used for exudation analysis.

Arabidopsis wild-type (A), single-knockout ΔAtSEOa (B) and ΔAtSEOb
(C) and knockout/knockdown plants ΔAtSEOa/↓AtSEOb, lines I–III

(D,E,F), and ΔAtSEOb/↓AtSEOa,lines I–III (G,H,I), did not show any obvious
morphological phenotype prior to the exudation assay. All plants were grown
under short-day conditions to increase total leaf size.

kit (Roche), and sucrose concentrations were deduced from
the difference between the D-glucose concentrations before and
after enzymatic inversion (Figures 4A,B). Remarkably, all the
mutant lines tested in the exudation experiments showed a similar
enhanced loss of photoassimilate compared to wild-type plants
(Figure 4C). Mutant plants lacking one AtSEO gene and knock-
out/knockdown plants impaired in expression of both AtSEO
genes lost on average twice as much sucrose as wild-type plants.
To exclude the possibility that the differences in sucrose con-
tent might reflect the presence of more sucrose in the leaves of
the mutant plants, we prepared total leaf extracts from all plant

lines included in the assay and determined the sucrose concentra-
tions as described above. These measurements confirmed that the
sucrose contents in leaves of mutants were not generally increased
(Figure 4D) and that the enhanced loss of transport sugars should
therefore be a direct consequence of diminished P-protein con-
tents. Our experiments therefore show that the lack of P-protein
reduces the wound-sealing capacity of Arabidopsis plants. Fur-
thermore, comparable exudation rates of the single-knockout and
knockout/knockdown mutants confirm that both AtSEOa and
AtSEOb are required to form functional P-protein structures in
Arabidopsis sieve elements.
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FIGURE 4 | Analysis of exudation rates in wild-type Arabidopsis plants,

single AtSEO knockout mutants and AtSEO knockout/knockdown

mutants. (A) Schematic overview of the exudation studies. (B) The sucrose
content of exudates from wild-type plants (WT) and mutants impaired in the
expression of either one (ΔAtSEOa and ΔAtSEOb) or both AtSEO genes
(ΔAtSEOa/↓AtSEOb and ΔAtSEOb/↓AtSEOa, lines I–III, respectively) was
calculated from the difference in D-glucose concentration before (light blue
parts of bars) and after (total bars) the enzymatic conversion of sucrose.
(C) Summary of the exudation assays. The mean value of sucrose exuded

from wild-type plants was set as 1. The results represent means ± SD;
nWT = 19, nΔAtSEOa = 22, nΔAtSEOb = 14, nΔAtSEOa/↓AtSEOb lineI = 15,
nΔAtSEOa/↓AtSEOb lineII = 26, nΔAtSEOa/↓AtSEOb lineIII = 27,
nΔAtSEOb/↓AtSEOalineI = 20, nΔAtSEOb/↓AtSEOalineII = 22,
nΔAtSEOb/↓AtSEOalineIII = 27; *P ≤ 0.001, Mann–Whitney u test. (D) Total
leaf controls: total sugars were extracted from ground tissue and sucrose
concentrations were determined as described above. The results represent
means ± SD; nWT = 8; nΔAtSEOa = nΔAtSEOb = nΔAtSEOa/↓AtSEObI −III =
nΔAtSEOb/↓AtSEOaI −III = 4.
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DISCUSSION
NEW INSIGHTS INTO AtSEO INTERACTIONS
The analysis of AtSEO complementation lines clearly indicated
that both AtSEOa and AtSEOb are required to form the typ-
ical P-protein structures in sieve elements, because filaments
could only be detected when both proteins were present (Anstead
et al., 2012). This would almost certainly require some form
of heteromeric interaction between the subunits, although het-
erodimerization events have not been detected in previous yeast
two-hybrid experiments. We therefore carried out interaction
studies based on BiFC in a plant background. The infiltration
of homomeric combinations led to the formation of rather large
complexes of AtSEOa protein, whereas homomeric interaction
events for AtSEOb often resulted in cytoplasmic fluorescence but
also yielded similar complexes. Our experiments therefore con-
firmed the homomeric interaction potential of both AtSEOa and
AtSEOb (Anstead et al., 2012) and established that the interactions
also occur in planta. The combinatorial expression of AtSEOa and
AtSEOb fusions finally confirmed the predicted ability of the pro-
teins to interact in a heteromeric manner. These combinations
yielded complexes as well as evenly distributed cytoplasmic flu-
orescence. Because heteromers could be demonstrated in plants
but not in the yeast two-hybrid system, it is possible that the
interaction between AtSEOa and AtSEOb involves higher-order
structures, perhaps requiring the initial assembly of homomeric
multimers, although this will need to be investigated in future
experiments.

AtSEOa and AtSEOb are both required to form typical P-
protein filaments in Arabidopsis, indicating that the proteins are
not functionally redundant, although their functions may overlap
(Anstead et al., 2012). Our investigation of homomeric interac-
tions revealed different reporter signals for each protein: AtSEOa
formed complexes, whereas AtSEOb formed complexes but was
also detected as uniform cytoplasmic fluorescence. Such distinct
behavior may provide evidence that AtSEOa and AtSEOb have dif-
ferent roles in the formation of P-proteins, but the data should not
be over-interpreted because the interaction was investigated in a
non-phloem-cell background under the control of a non-native
promoter. The structures observed during the interaction experi-
ments were also clearly influenced by the position and/or size of
the fused split mRFP fragments.

Analogous investigations focusing on tobacco SEO proteins
also demonstrated a strong potential for interaction (Ernst et al.,
2012; Jekat et al., 2012). Further comparative analysis of the SEO
proteins from different species could provide insight into the
detailed mode of SEO interaction and polymerization, and the rel-
evant motifs that allow SEO proteins to form multimers. However,
Arabidopsis is currently the only angiosperm known to possess just
two expressed SEO genes, whereas, e.g., 19 SEO genes (including
SEO-F genes) are expressed in Glycine max (Rüping et al., 2010),
suggesting there may be species-dependent functional differences
among these proteins.

AtSEO PROTEINS ARE INVOLVED IN SIEVE TUBE SEALING
The involvement of P-proteins in rapid sieve tube sealing in
response to phloem wounding is a matter of debate. Phloem
explants normally contain P-proteins in the wounding state

with dispersed filaments accumulating at sieve plates and clearly
occluding pores, which is why the structural components were pro-
posed to be involved in sieve tube sealing (Cronshaw, 1981; Will
and van Bel, 2006; Furch et al., 2010). The first direct evidence
that P-proteins can indeed affect translocation was provided by
the analysis of tobacco mutants depleted for SEO proteins, which
lost on average nine times more photosynthate than wild-type
plants upon injury (Ernst et al., 2012). However, microscopic anal-
ysis of AtSEO-YFP fusion proteins expressed in Arabidopsis sieve
elements revealed slow movement of the resulting protein plugs
through sieve plates, leading to the hypothesis that AtSEO pro-
teins might not be able to affect transport through sieve tubes
(Froelich et al., 2011). We therefore developed an Arabidopsis exu-
dation assay to measure the direct loss of photosynthate after
wounding.

The generation of AtSEO knockout/knockdown mutants lack-
ing P-protein filaments in the sieve elements (but otherwise
showing no significant morphological differences to wild-type
plants) allowed us to investigate the function of Arabidopsis
P-proteins following injury. Our results clearly showed that Ara-
bidopsis P-proteins are required for sieve tube sealing because
mutants lacking P-protein structures lost significantly greater
amounts of transport sugars after wounding than correspond-
ing wild-type plants. Furthermore, our experiments provided
a potential explanation for the inconsistent results from ear-
lier studies: our BiFC experiments showed that the interaction
properties of AtSEOa and AtSEOb are influenced by the fused
reporter fragments, as also reported for the assembly properties
of NtSEO proteins fused to YFP (Ernst et al., 2012). The recombi-
nant AtSEO fusion proteins monitored in sieve elements passing
the sieve pores were therefore likely to be constrained in their
interaction properties, which might have led to a reduced sealing
capacity.

Although the Arabidopsis exudation assay demonstrated the sig-
nificant impact of AtSEO proteins on phloem translocation, the
loss of photosynthate in P-protein-depleted Arabidopsis mutants
was far less than previously reported in tobacco. This may reflect
the different sieve tube conductivity of the two species and
its impact on exudation (Thompson and Wolniak, 2008) but
it is also possible that the impact of P-proteins in sieve tube
sealing or their general sealing efficiency varies among differ-
ent species. Sieve element and sieve plate anatomy (e.g., the
number and size of pores) differ widely between species (Mul-
lendore et al., 2010) and the response to injury may consequently
involve differing mechanisms. Therefore, the detailed interplay
between P-proteins, callose and potential additional sieve ele-
ment components (such as sieve element plastids) in phloem
wound sealing will certainly be the topic of interesting future
studies.
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To elucidate the role of electrical signaling in the phloem of maize the tips of attached
leaves were stimulated by chilling and wounding. Two different signals were detected in
the phloem at the middle of the leaf using the aphid stylet technique: (1) action potentials
(AP) arose in the phloem after chilling; and (2) variation potentials (VPs) were evoked
after wounding the leaf tip. Combined electric potential and gas exchange measurements
showed that while the wound-induced VP moved rapidly towards the middle of the leaf to
induce a reduction in both the net-CO2 uptake rate and the stomatal conductance, there
was no response in the gas exchange to the cold-induced AP. To determine if electrical
signaling had any impact on assimilate transport the middle of the leaf was exposed
to 14CO2. Autoradiography of labeled assimilates provided evidence that phloem and
intercellular transport of assimilates from mesophyll to bundle sheath cells was strongly
reduced while the cold-induced AP moved through. In contrast, wound-induced VP did
not inhibit assimilate translocation but did reduce the amount of the labeled assimilate
in phloem and bundle sheath cells. Biochemical analysis revealed that callose content
increased significantly in chilled leaves while starch increased in chilled but decreased in
wounded leaves. The results led to the conclusion that different stimulation types incite
characteristic phloem-transmitted electrical signals, each with a specific influence on gas
exchange and assimilate transport.

Keywords: action potential, assimilate translocation, callose, gas exchange, phloem, plasmodesmata, variation

potential

INTRODUCTION
In recent decades it has become clear that the phloem not only
enables the bulk flow of assimilates but also transmits various
chemical and electrical signals. Since sieve elements and their
companion cells are more or less symplastically isolated from
neighboring cells and contain a saline luminal fluid (80–100 mM
K+), they represent a low-resistance channel for electrical con-
ductance and signal transmission along the plasma membrane.
It has been suggested that electrical signals play a major role in
inter- and intracellular communication and in the regulation of
physiological processes at both the molecular and organism level
(Davies, 1987). These signals can be evoked by various stimuli,
such as wounding (e.g., by chewing insects), cold-shock, heating,
light-pulses or touch, and they are responsible for rapid trans-
mission of information within the plant body in order to enable
a response of distant organs to (e.g.) dangerous events. Two main
types of electrical signals in plants have been identified: action
potentials (APs), evoked by non-damaging stimuli, and variation
potentials (VPs), triggered by mechanical damage or heating. APs
are less long lasting and travel faster than VPs and are mainly
transmitted along the phloem, while VPs depend on a rapid loss
of tension in the xylem vessels and can travel towards the phloem
to be propagated over long distances.

These two types of electrical signals are related to numerous
physiological effects in plants. Insectivorous plants, for example,

such as Drosera and Dionaea, use electrical signals within leaf
traps as a means of catching insects in order to secure their nitro-
gen supply (Williams and Pickard, 1972; Hedrich, 2012). The
mechanism of Dionaea trap closing was investigated in detail
during the last years by Forterre et al. (2005) and Volkov et al.
(2008), indicating that the release of elastic energy stored in the
trap leaves plays a main role in the rapid closing of the trap. In
Mimosa, meanwhile, electrical signals cause the leaflets to move,
making the leaf appear unappealing to a would-be herbivore. In
addition, recent studies have shown that heat-induced electrical
signals cause a strong local, as well as a systemic, reduction in
net CO2 uptake and the quantum yield of electron transport in
Mimosa (Koziolek et al., 2004), poplar (Lautner et al., 2005) and
maize (Grams et al., 2009).

Recently, strong evidence has been presented for a relation-
ship between electrical long-distance signaling, Ca2+ influx, and
cellular responses to this influx, including sieve-tube conduc-
tivity and mass flow (Van Bel et al., 2011). In the phloem of
Populus trichocarpa the spread of a heat-induced signal depends
on the availability of calcium (Lautner et al., 2005) and Ca2+
influx is suggested to be the key link between electrical sig-
nals and the resultant chemical responses. In maize, mean-
while, the amount of cytoplasmic calcium has been found
to increase during propagation of APs evoked by cold-shock
(Fromm and Bauer, 1994). Since a reduction of phloem
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transport was observed during electrical signaling in this ear-
lier study of maize, the aim of the present study was to clar-
ify the impact of phloem-transmitted electrical signals (APs
and VPs) on assimilate transport and distribution within the
maize leaf.

MATERIALS AND METHODS
PLANT MATERIALS
Maize plants (Zea mays L.) were grown from seeds in pots in
climate chambers under a light intensity of 400 µmol m−2 s−1

provided by mercury halide lamps and a 14 h light/10 h dark
period. The temperature was 24–25◦C and relative humidity was
70%. Measurements were performed on mature leaves on plants
between 80 and 120 cm in height.

PLANT STIMULATION AND SAMPLING
While one control plant remained untreated a tip of a mature leaf
of a second plant was cold-stimulated by ice water (4◦C) and a
leaf tip of a third plant was wounded by cutting. Electric poten-
tial recordings were made during stimulation at 8–10 cm distance
from the stimulation site. For biochemical analysis the leaf tip was
stimulated once per min and the middle part of the leaf was har-
vested in liquid nitrogen after a 15 min stimulation period. For
autoradiography leaf tips were also stimulated once per min and
leaves were harvested after a15 min as well as a 30 min stimulation
period.

ELECTRIC POTENTIAL RECORDINGS
A mature maize leaf was excised from a plant and the cut cross-
section of the leaf was submerged into a cuvette with artificial
pond water (composed of 1.0 mM NaCl, 0.1 mM KCl, 0.1 mM
CaCl2 and 1.0 mM MES, adjusted with Tris to pH 6.0) into which
a reference electrode was also immersed. The leaf was placed
inside a Faraday cage and aphids (Rhopalosiphum padi) were
allowed to settle overnight on the lower side. On the follow-
ing day one aphid was cut from its stylet by using a laser beam
generator (Beck, Neu-Isenburg, Germany) connected to a Zeiss
microscope. By using a micromanipulator the exudate at the stylet
stump was then brought into contact with the tip of a microelec-
trode filled with 100 mM KCl. The microelectrode was connected
to a preamplifier with an input impedance of >1012 ohms, to
which an amplifier (Model 750, WPI, USA) was attached. Prior
to each experiment, the microelectrode was calibrated by dipping
it into a trough with artificial pond water, which was connected
electrically with the reference electrode in the cuvette by an agar
bridge. After connecting the microelectrode to the stylet stump,
the resting potential of the sieve element was established and
the tip of the leaf was stimulated at 8–10 cm distance from the
site of the microelectrode. Action potentials were evoked by ice
water (4◦C) while VPs were generated by wounding (cutting) the
leaf tip.

LEAF GAS EXCHANGE MEASUREMENTS
Assessment of leaf gas exchange was performed using a Waltz
CQP-130 porometer (Effeltrich, Germany). Measuring condi-
tions were 250 µmol m−2 s−1 light intensity, a leaf temperature
of 25◦C, and 60% relative air humidity.

AUTORADIOGRAPHY
For macroautoradiographic demonstration of phloem trans-
port the middle of different treated leaves was exposed to 2.9
Mbq 14CO2. After 15 as well as 30 min all leaves were quickly
frozen in dry-ice, freeze-dried and exposed on X-ray film.
Microautoradiographs were made from the 14CO2 exposed blades
inside plexiglas boxes at the middle of the leaves after 15 min
exposure. Small sections of the leaves (1–3 mm in diameter)
were quickly frozen in isopentane which was pre-cooled with
liquid nitrogen. After freeze drying and embedding in Spurr’s
resin medium (Spurr, 1969) sections were cut with a Reichert
Ultracut E microtome and fixed with 0.1 N NaOH and 5% H5IO6,
which later improved the staining with 0.05% toluidine blue,
pH 7.0. The sections were coated with liquefied photoemulsion
(Ilford L4), exposed for 6 weeks and developed in a Kodak D-19
developer.

BIOCHEMICAL ANALYSIS
After the different treated leaves were quickly frozen in liquid
nitrogen, phosphorylated intermediates were measured according
to Hajirezaei et al. (2006). ATP was assayed in 100 mM Tris-HCl
(pH 8.1), 0.25 mM NADP+, 0.85 mM Glc, 0.56 units of Glc-6-P
dehydrogenase, and 0.7 units of phosphoglucose isomerase. 0.6
units of hexokinase were added to start the reaction. Other gly-
colytic intermediates and soluble carbohydrates were analysed as
described by Stitt et al. (1989).

Starch measurement was carried out essentially as described
by Ahkami et al. (2009). The sediment from the extraction was
washed two times in 0.5 ml of ethanol and suspended in 0.8 ml of
0.2 M KOH. After incubation for 1 h at 95◦C, the suspension was
neutralized by 0.14 ml of acetic acid and centrifuged. Then, 45 µl
of amyloglucosidase buffer was added to 5 µl of the suspension,
which was incubated overnight at 37◦C. The produced glucose
was assayed photometrically.

Callose was measured according to the method described by
Koehle et al. (1985) with some modifications. In particular, 50 mg
fresh tissue was frozen after the treatment and homogenized using
a mill (Retsch MM400, Germany) for 1 min in frozen state. The
homogenate was mixed with 500 µl 1N NaOH and incubated
for 15 min at 80◦C while shaking at 100 rpm. Subsequently the
homogenate was centrifuged at 14,000 rpm (425 g). 200 µl of the
supernatant was mixed with 400 µl 0.1% aniline blue (Sigma-
Aldrich, Germany) giving a red-violet colour. As blank 200 µl
NaOH was used instead of sample. Thereafter, 210 µl of 1N HCl
was added to all samples (colour turns to deep blue). The pH of
all samples was adjusted by the addition of 590 µl of a mixture
of 1M glycine and 1M NaOH. All samples were incubated then
for 20 min at 50◦C and allowed thereafter to stand for 30 min
at room temperature (colour disappears). The measurement was
carried out immediately after incubation using a fluorometer infi-
nite M200 (Tecan, Germany) with an excitation wavelength at
400 nm and an emission wavelength at 510 nm.

RESULTS
ELECTRICAL SIGNALING
After a microelectrode was brought into contact with a cut aphid
stylet, a resting potential of the sieve elements in the range
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of −141 to −157 mV (n = 5) could be detected. This resting
potential was similar to the sieve tube potential of Mimosa pudica
(Fromm, 1991). Subsequently, when the leaf tip was stimulated
by water ice at a distance of 10 cm, an action potential with
an amplitude of more than 70 mV and a speed of 3 cm s−1

was released (Figure 1A). For comparison, when the leaf tip was
wounded by cutting, a VP with a short transient depolarization
followed by a longer hyperpolarization, and a speed of 0.5 cm
s−1, was detected in the phloem (Figure 1B). Regarding refrac-
tory periods, it was found that it was not possible to generate a
second signal for 50 s after the first had occurred. We could detect
further signals when the leaf was stimulated once per minute,
however.

RESPONSE OF GAS EXCHANGE TO ELECTRICAL SIGNALING
The gas exchange was measured at the middle of the leaf while
the tip was being stimulated at a distance of 10 cm. Whereas
cooling had no effect on both the CO2 assimilation and tran-
spiration rates, wounding led to a clear reduction in both
parameters (Figure 2). The transpiration rate began to decrease
as soon as 6 min after wounding, indicating that wounding
the leaf tip causes stomatal closure in the rest of the leaf.
Simultaneously, a significant reduction in the assimilation rate
was detected.

RESPONSE OF ASSIMILATE TRANSLOCATION TO ELECTRICAL
SIGNALING
Plants identical in height and age were predarkened for 48 h
before the middle part of mature attached leaves was exposed to
14CO2 for 30 min. During this period one plant remained unstim-
ulated while the leaf tip of a second plant was cold-stimulated
(4◦C) once per minute and the tip of a third plant was

FIGURE 1 | Electrical signals measured with the aphid stylet technique

in a sieve element after stimulation of the leaf tip at a distance of

10 cm. (A) Stimulation of the tip by water ice triggered an action potential
travelling with a speed of 3 cm s−1 in a basipetal direction. (B) Wounding by
cutting the tip induced a variation potential propagating basipetally at a
speed of 0.5 cm s−1. (Typical signal time courses out of a total of five
measurements).

wounded once per minute. Macroautoradiography showed that
in untreated (Figure 3A) and wounded leaves (Figure 3C) the
14C-labeled photoassimilates extended in the expected normal
distribution from the exposed middle area (black) towards the
leaf base. In contrast, in cold-shocked leaves phloem trans-
port decreased significantly in all veins of the leaf (Figure 3B),
as has previously been shown by Fromm and Bauer (1994).
In another set of experiments plants were exposed to 14CO2

only for 15 min. Macroautoradiographs of such leaves showed
that phloem transport did not extend into the non-exposed
leaf base, either in unstimulated nor in stimulated plants
(Figure 4).

To check for physiological causes for the reduction of phloem
transport, microautoradiographs were made of the leaf areas
exposed to 14CO2. After a 30 min exposure period the tissue
was heavily labeled (not shown), therefore microautoradiographs
were made from leaves exposed to 14CO2 after 15 min. The
results are shown in Figure 5, and reveal that in unstimulated
leaves (Figure 5A) label accumulated massively in bundle-sheath
cells (B) of all veins, while the mesophyll (M) was only slightly
labeled. In comparison to unstimulated leaves, the microautora-
diographs of cold-stimulated leaves revealed that the transloca-
tion of 14C-assimilates from mesophyll to bundle-sheath cells
was significantly reduced (Figure 5B). Here, label appeared to
be more concentrated in the outer walls of the bundle-sheath
(arrows) than inside these cells. Clearly, therefore, cold-induced
action potentials yielded distinct inhibition of intracellular trans-
port in the maize leaf. The 14CO2 exposed areas of wounded
leaves, meanwhile, showing some label slightly accumulating
at the bundle sheath cell wall but that most of the label
was distributed more or less equally in all cells of the leaves
(Figure 5C).

FIGURE 2 | Changes in the assimilation (CO2) and transpiration (H2O)

rate after stimulation of the leaf tips by cooling or wounding. Data are
mean values ± SE from 10 leaves.
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FIGURE 3 | Macroautoradiographs of three maize leaves which were

labeled with 14CO2 for 30 min in the middle section. Labeled assimilates
were exported in a basipetal direction. (A) The left leaf remained
unstimulated, (B) the middle leaf was cold-shocked at the tip (starlet) and
(C) the right leaf was wounded at its tip (starlet) once per min.

FIGURE 4 | Macroautoradiographs of three maize leaves which were

labeled with 14CO2 for 15 min in the middle section. (A) Unstimulated
control leaf, (B) cold-shocked leaf at the tip (starlet) and (C) wounded leaf at
the tip (starlet). The leaves were stimulated once per min. At the white
circles within the labeled leaf blades samples were taken for
microautoradiography.

BIOCHEMICAL RESPONSES
To check if the different patterns of labeling are related to changes
in the photosynthetic metabolism, the concentrations of various
metabolites in the 14CO2 exposed areas were measured pho-
tometrically after a stimulation period of 15 min. In Table 1 it
is shown that, compared to unstimulated leaves, cold-shocked
leaves had higher malate, PEP, PGA, TrioseP and ATP, while starch
levels increased more than two-fold. Wounded leaves, in contrast,
exhibited lower levels of almost all investigated metabolites. The
dramatic increase of starch within the chloroplasts of the cold-
shocked leaves reflects the elimination of photosynthate transport
via plasmodesmata, while starch in the wounded leaves decreased
clearly in correlation to the reduction in CO2 uptake (Figure 2).

Callose is well known as a substance which serves to plug plas-
modesmata and occlude sieve-plate pores. Measurements showed

FIGURE 5 | Microautoradiographs of leaf areas which were exposed to
14CO2. (A) In the unstimulated leaf, label is concentrated in bundle sheath
cells (B). (B) In leaves which were cold-shocked at their tips label
concentrated at the cell walls between mesophyll (M) and bundle sheath
cells (arrows). (C) In tip-wounded leaves label was more or less distributed
equally in all living cells. There was a slight accumulation, however, at the
mesophyll/bundle sheath cell wall. P, phloem; PX, protoxylem; V, vessel.
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that in cold-shocked leaves callose concentrations increased sig-
nificantly compared to the unstimulated control leaves (Figure 6).
Obviously, the movement of photoassimilates from the meso-
phyll cells to the bundle sheath cells would be inhibited by closed
plasmodesmata in cold-stimulated leaves.

DISCUSSION
Previous studies on electrical signaling in maize have shown that
chilling leaf tips generates action potentials with amplitudes of
more than 50 mV which are transmitted basipetally in sieve tubes
(Fromm and Bauer, 1994). They were measured via severed aphid
stylets, as first described for the membrane potential by Wright
and Fisher (1981). APs are known to be generated by potassium,
chloride and calcium fluxes, and to reduce phloem transport in

Table 1 | Metabolite levels in unstimulated, cold-shocked and

wounded maize leaves (N = 5 ± SD).

Metabolite Content in

unstimulated

leaves

Content in

cold-shocked leaves

[µmol g−1 fresh wt]

Content in

wounded

leaves

Malate 2.10 ± 0.25 2.89 ± 0.18* 1.70 ± 0.45

PEP 0.35 ± 0.05 0.38 ± 0.17 0.27 ± 0.13

Pyruvate 0.54 ± 0.29 0.45 ± 0.15 0.29 ± 0.11

PGA 1.52 ± 0.38 1.61 ± 0.50 0.94 ± 0.16

DHAP 0.68 ± 0.12 1.10 ± 0.17* 0.32 ± 0.13*

GAP 0.04 ± 0.01 0.24 ± 0.05* 0.13 ± 0.01*

Sucrose 0.99 ± 0.18 0.86 ± 0.10 1.35 ± 0.21

Glucose 0.20 ± 0.07 0.18 ± 0.05 0.17 ± 0.09

Fructose 0.08 ± 0.01 0.08 ± 0.01 0.08 ± 0.02

ATP 0.13 ± 0.02 0.17 ± 0.05 0.11 ± 0.04

Starch 1564 ± 398 3640 ± 1050* 1040 ± 86

(Asterisks indicate significant differences to control—P = 0.05—, calculated by

student’s t-test). The photometrically measured data show that cold-shocked

leaves have higher malate, PEP, PGA, TrioseP, ATP and starch levels than

untreated leaves, whereas wounded leaves have lower levels of almost all

metabolites.

FIGURE 6 | Concentration of callose in untreated and cold-shocked

leaves (n = 4 ± SD). Callose increased significantly in cold-shocked leaves.

maize. In addition to cold-shock induced action potentials, re-
irrigation of drought-stressed maize plants also induce action
potentials, travelling via the phloem from roots to leaves in order
to regulate photosynthesis (Grams et al., 2007). Apart from cold
and watering stimuli, heat stimulation also evokes electrical sig-
nals in maize that travel through the leaf while reducing the net
CO2 uptake rate and the photochemical quantum yield of both
photosystems I and II (Grams et al., 2009).

The controlling factors in the reduction of phloem transport
caused by cold-induced action potentials are so far not clear, how-
ever. On the one hand, it is well known that chilling localized areas
of the transport path inhibits phloem transport in many plant
species, due to a mechanical blockage of sieve plate pores or to
a change in the hydrostatic pressure and osmolarity of the sieve
sap. Additionally, abrupt drops in temperature are also known to
cause an interruption of assimilate transport in plants (Pickard
et al., 1978; Minchin and Thorpe, 1983). The fact that cold-
induced action potentials also inhibit phloem transport distant
from the stimulation site, and the mechanisms through which
this is achieved still need to be clarified, however, and was one
aim of the present study. In this regard, callose is well known as
a substance that serves to plug plasmodesmata and occlude sieve-
plate pores. In regard to sieve-plate occlusion there is evidence
that this is a dual process involving protein in tandem with cal-
lose, since sieve elements have been observed to occlude quicker
by proteins than by callose production (Furch et al., 2007, 2010).
In Vicia faba, dependent on a rise in calcium concentration, pro-
tein bodies, so-called forisomes (Knoblauch et al., 2001), disperse
abruptly coincident with the propagation of an electrical signal
(Furch et al., 2007). In intact Cucurbita maxima plants, however, a
different mechanism for occlusion has been found: sieve element
proteins coagulate several centimeters away from the stimulation
site, while several minutes after stimulation callose deposition
reached its maximum (Furch et al., 2010). Such a dual occlusion
process guarantees very rapid and effective sieve tube sealing after
damage and should prevent sap loss from sieve tubes.

In the present study, microautoradiographs from the 14CO2-
exposed leaf areas showed that label accumulated at the outer
walls of bundle sheath cells upon cold stimulation (Figure 5B).
Furthermore, the levels of malate, PEP, TrioseP and ATP
increased. These metabolites occur primarily in the mesophyll
of maize leaves and their increase indicates that photosynthate
transport via plasmodesmata is interrupted. This conclusion is
confirmed by two other observations:

(a) the movement of photosynthetic intermediates between mes-
ophyll and sheath cells is restricted to the plasmodesmata
(Evert et al., 1977) and;

(b) a clear increase in the callose level in cold-shocked leaves
(Figure 6).

The increase in callose level is most likely to be responsible
for occluded plasmodesmata and thus an interruption in the
intracellular transport of photosynthetic intermediates which
might also lead to a reduction of the phloem loading pro-
cess. Furthermore, electrical signaling via plasmodesmata is
a well-known phenomenon (Van Bel and Ehlers, 2005) and
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plasmodesmata provide a route for the passage of electric cur-
rent between cells (Spanswick and Costerton, 1967; Spanswick,
1972). The macroautoradiographic demonstration of reduced
phloem transport in cold-shocked leaves (Figure 3B), therefore,
might be caused by a decrease of phloem loading as well as
by callose-occluded sieve-plate pores. A possible link between
electrical signaling and callose biosynthesis might be the calcium-
induced activation of callose synthase. Since action potentials are
known to be based on an initial influx of calcium (Kikuyama and
Tazawa, 1983; Beilby, 1984) an increase in cytoplasmic calcium
during electrical signaling might also serve to activate callose syn-
thase. Apart from callose, starch also increased significantly in
cold-shocked leaves (Table 1), probably due to the interruption
of assimilate transport and the fact that the CO2-uptake rate does
not respond to cold-induced action potentials (Figure 2).

In contrast to chilled leaves, tip-wounded leaves exhibited a
decrease in both CO2 uptake and transpiration rate (Figure 2).
The transpiration rate began to decrease as soon as 6 min after
wounding and was followed by a significant reduction in the
assimilation rate. These observations are in close agreement with
the reduction of label in the cells of the 14CO2 exposed leaf
areas (Figure 5C) and indicate that wounding the leaf tip causes
stomatal closure and photosynthetic decline in the middle of the
leaf. Consequently, starch content decreased in wounded leaves in
comparison to the unstimulated control leaves (Table 1). When
the leaf tip is wounded, the water status of the whole leaf changes
and thus xylem tension is lost. The resulting hydraulic wave can
be transduced into ion flux changes through mechanosensory
channels in the neighboring living cells (Stankovic et al., 1998;
Davies and Stankovic, 2006) to generate a VP which moves later-
ally via the plasmodesmata into the phloem from where it can be

propagated over long distances (Figure 1B). VPs (also called slow
wave potentials because of their slow repolarization phase) are
therefore a likely candidate for transmitting the wounding stim-
ulus and have been extensively studied in numerous plant species
such as cucumber and pea seedlings (Stahlberg and Cosgrove,
1992, 1994). Regarding the ionic mechanism, VPs usually are
initiated by mechanosensitive Ca2+ channels and also involve
a transient shutdown of a P-type H+-ATPase in the plasma
membrane (Stahlberg et al., 2006). However, in maize wounding
by cutting triggered a VP with a short transient depolarization
followed by a long-lasting hyperpolarization (Figure 1B). The
short depolarization exhibits AP-like kinetics which also has been
reported after repeated flaming of sunflower leaves (Davies et al.,
1991; Stahlberg et al., 2006). Since it is unlikely that the hyperpo-
larization is caused by a shutdown of the proton pump, in future
experiments other ionic fluxes are needed to explain signals of the
negative sign, such as K+-efflux or an activation of the proton
pump.

In conclusion, in a previous study (Fromm and Bauer, 1994)
we provide evidence that cold-shock induced action potentials
spread via the phloem through the leaf, and upon signal transmis-
sion, phloem transport is reduced. In the present study a range
of evidence is given that an increasing callose level occludes the
plasmodesmata between mesophyll and bundle sheath cells. As
a consequence, phloem loading is reduced and metabolite levels
increase within the mesophyll. In a similar way, wound-induced
VPs also travel via the phloem, however, in contrast to action
potentials, they lead to a reduction in photosynthesis and cal-
lose content. Future studies will be directed towards a better
understanding of the relationship between electrical signals and
physiological responses within the veins.
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In light of the important role of foliar phloem as the nexus between energy acquisition
through photosynthesis and distribution of the products of photosynthesis to the rest
of the plant, as well as communication between the whole plant and its leaves, we
examined whether foliar minor loading veins in three Arabidopsis thaliana ecotypes
undergo acclimation to the growth environment. As a winter annual exhibiting higher
rates of photosynthesis in response to cooler vs. warmer temperatures, this species
might be expected to adjust the structure of its phloem to accommodate greater fluxes of
sugars in response to growth at low temperature. Minor (fourth- and third-order) veins
had 14 or fewer sieve elements and phloem tissue comprised 50% or more of the
cross-sectional area. The number of phloem cells per minor loading vein was greater in
leaves grown under cool temperature and high light vs. warm temperature and moderate
light. This effect was greatest in an ecotype from Sweden, in which growth under
cool temperature and high light resulted in minor veins with an even greater emphasis
on phloem (50% more phloem cells with more than 100% greater cross-sectional
area of phloem) compared to growth under warm temperature and moderate light.
Likewise, the number of sieve elements per minor vein increased linearly with growth
temperature under moderate light, almost doubling over a 27◦C temperature range (21◦C
leaf temperature range) in the Swedish ecotype. Increased emphasis on cells involved
in sugar loading and transport may be critical for maintaining sugar export from leaves
of an overwintering annual such as A. thaliana, and particularly for the ecotype from the
northern-most population experiencing the lowest temperatures.

Keywords: Arabidopsis thaliana ecotypes, leaf vasculature, light acclimation, minor veins, phloem, temperature

acclimation

INTRODUCTION
Mature green leaves, through the process of photosynthesis, pro-
duce sugars in excess of the leaves’ own metabolic needs and
export large quantities of sugars to the many sinks of the plant.
It is well-known that plant sink activity, in turn, feeds back on
photosynthesis, with high sink activity inducing upregulation of
photosynthesis and the genes underlying photosynthetic activity
and low sink activity acting to repress photosynthetic genes and
photosynthesis (Layne and Flore, 1993; Paul and Foyer, 2001).
Recent studies have furthermore suggested that the process of
loading sugars into the plant’s sugar-transporting phloem for
export from the mature leaf (phloem loading) may also be tied
tightly into the leaf ’s photosynthetic performance. The leaf ’s rate
of photosynthesis may be influenced, or even limited, by phloem
features and phloem loading in the leaf ’s minor loading veins
(Amiard et al., 2005; Adams et al., 2007, 2013; Ainsworth and
Bush, 2011; Nikinmaa et al., 2013).

Insect vectors that tap into loading veins can furthermore
introduce various pathogens that utilize the phloem to travel
to other portions of the leaf and throughout the plant (Ding
et al., 1995, 1998; Gilbertson and Lucas, 1996; Lucas and Wolf,

1999; Cheng et al., 2000; Heller and Gierth, 2001; Zhou et al.,
2002; Taliansky et al., 2003; Waigman et al., 2004; Scholthof,
2005; Rasheed et al., 2006; Requena et al., 2006; Saha et al.,
2006; Gosálvez-Bernal et al., 2008; Peter et al., 2009; Vuorinen
et al., 2011). Perhaps not surprisingly, the minor loading veins are
responsive to not only pathogenic attack (Rioux and Quellette,
1991; Kpemoua et al., 1996; Narváez-Vásquez and Ryan, 2004;
Narváez-Vásquez et al., 2005) but also to various signaling path-
ways involving reactive oxygen, antioxidants, and plant hormones
(Provencher et al., 2001; Hofius et al., 2004; Maeda et al., 2006;
Amiard et al., 2007; Scarpella et al., 2010; Wenzel et al., 2012;
Baylis et al., 2013; Demmig-Adams et al., 2013; Zhiponova et al.,
2013). Furthermore, the plant vascular conduits provided by
phloem and xylem are primary avenues for communication
among different parts of the plant (Turnbull and Lopez-Cobollo,
2013). As the nexus for leaf functioning and interaction with the
rest of the plant, foliar vasculature plays a central role in many key
processes.

The smallest foliar veins are therefore of broad interest to
biologists working on many aspects of plant biology, including
photosynthesis, signaling (e.g., redox signaling) networks, and
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biotic defense, and additional studies are needed to better under-
stand the role of minor loading veins in plant metabolism and
response to the environment. Such studies depend on an under-
standing of what distinguishes foliar minor loading veins (Esau,
1977) from larger veins. As a leaf develops, the phloem of the
larger veins provide a passage for the import of carbohydrates into
the developing (sink) leaves, with the minor veins only becoming
functional in phloem loading and carbohydrate export once the
leaf gains photosynthetic competency and transitions from being
a sink to an active source of carbohydrates for the rest of the plant
(Turgeon, 1989; McGarry and Ayer, 2008).

Haritatos et al. (2000) conducted a detailed characterization of
the minor loading veins of the model plant Arabidopsis thaliana
(Columbia ecotype) grown under a single controlled growth
regime consisting of a 12 h photoperiod (photon flux density,
or PFD, of only 200 µmol photons m−2 s−1) with 20◦C/18◦C
day/night temperatures (leaf temperatures not specified). Given
that A. thaliana is a winter-active annual species that upregu-
lates photosynthesis in response to growth at lower temperatures
(Strand et al., 1997, 1999), we suspected that it might also exhibit
acclimatory adjustments in the phloem to accompany such pho-
tosynthetic acclimation. We therefore grew three ecotypes of
A. thaliana under various environmental conditions to identify
features of the phloem that may respond to those conditions.

MATERIALS AND METHODS
PLANT SPECIES
Three A. thaliana (L.) Heynhold ecotypes were character-
ized, i.e., wildtype Columbia (Col-0; Arabidopsis Information
Resource collection; http://www.arabidopsis.org/) and two eco-
types obtained from natural populations in north-central Sweden
and central Italy (Ågren and Schemske, 2012). Species other
than A. thaliana characterized for comparison include squash
(Cucurbita pepo L. cv. Italian Zucchini Romanesco), sunflower
(Helianthus annuus L. var. Soraya), and spinach (Spinacia oleracea
L. cv. Giant Nobel).

GROWTH CONDITIONS
Arabidopsis thaliana plants were grown from seed, after vernal-
ization at 4◦C for 4 days, under four different controlled growth-
chamber conditions (leaf temperature of 24–26◦C day/20◦C night
resulting from air temperatures of 25◦C day/20◦C night, or leaf
temperature of 12–16◦C day/12.5◦C night resulting from air tem-
peratures of 8◦C day/12.5◦C night, 9 h photoperiod of 400 or
1000 µmol photons m−2 s−1) where they were fertilized with
nutrients every other day. Squash, sunflower, and spinach were
grown from seed under controlled growth-chamber conditions
(leaf temperature of 24–26◦C day/20◦C night resulting from
air temperatures of 25◦C day/20◦C night, 9 h photoperiod of
400 µmol photons m−2 s−1). Mean daytime leaf temperatures
of 25◦C and 14◦C are used throughout to refer to the respec-
tive growth temperature regimes. Plants grown at 14◦C (8◦C
air temperature) were germinated at an air temperature of 25◦C
until cotyledons emerged, then transferred to 15◦C (air temper-
ature) for 1 week before transfer to 8◦C (air temperature). Only
fully expanded mature leaves of non-flowering A. thaliana plants
(6–8 weeks old) that emerged under final growth conditions

were characterized. Arabidopsis thaliana rosettes were 12–15 cm
in diameter, and leaf blades characterized ranged between 3 and
5 cm in length (not including petiole). Only fully expanded,
mature leaves of squash, sunflower, and spinach were character-
ized (4-week-old plants).

Arabidopsis thaliana plants were also grown under two addi-
tional temperature regimes (15◦C day/18◦C night and 35◦C
day/25◦C night) under a 9 h photoperiod of 400 µmol photons
m−2 s−1 for anatomical characterization.

LEAF TISSUE PREPARATION AND VEIN MEASUREMENTS
During excision and glutaraldehyde fixation of tissue from fully
expanded A. thaliana leaves, 2 mm2 segments were removed from
regions between second-order veins (as defined by Hickey, 1973)
for characterization of third- and fourth-order veins. Care was
taken to sample tissue greater than 2 mm from the midrib and
3 mm from the leaf margin in the central region of the leaves
(excluding the leaf apical and basal regions). Second-order veins
were also characterized to (i) ensure that only third- and fourth-
order veins, and not smaller portions or branches of second-order
veins, were included in the analyses and (ii) determine whether
any additional differences existed between second-order veins vs.
third- and fourth-order veins. For squash, sunflower, and spinach
plants, leaf tissue was excised as described for A. thaliana except
that third-order veins in squash and sunflower were avoided
because of their large size, resulting in a noticeable rib above and
below the vein, and high vein order number present (seven vein
orders for squash and sunflower). Leaf tissue embedding in Spurr
resin for microscopy and tissue preparation for vein density mea-
surements were conducted as described in Amiard et al. (2005).
Tissue sections of 0.8 to1.0 µm for light microscopy were stained
for 30 min (Toluidine blue, 0.1%; sodium borate, 1%; in water).

Seven to ten third- and fourth-order veins were character-
ized from each of four plants from each A. thaliana ecotype
for each growth condition. All third- and fourth-order veins cut
perpendicular to the vein were measured and included in anal-
yses regardless of size. While vein order assignment as third-
and fourth-order veins was straightforward for many veins, a
clear differentiation between third- and fourth-order veins at a
cross-sectional level was not possible, and third- and fourth-order
veins were thus not segregated. Vein cross-sectional areas were
measured using Image-J (Rasband W.S., ImageJ, U.S. National
Institute of Health, Bethesda, Maryland, USA, http://imagej.nih.

gov/ij/, 1997–2012), and linear regressions, correlation coeffi-
cients, and polynomial fit lines were created using JMP statisti-
cal software (SAS Institute, Cary, North Carolina). Comparison
of regression lines (slope and intercept) was conducted using
an analysis of covariance (ANCOVA) (Sokal and Rohlf, 1981).
Comparisons among two means were conducted using a Student’s
t-test.

RESULTS
Phloem cross-sectional area of leaf sections (consisting of all
sieve elements, companion cells, and phloem parenchyma cells
bounded by the bundle sheath and xylem cells) increased in close
proportion with increases in vein cross-sectional area for veins up
to 2000 µm2 and exhibited a broader range of phloem areas for
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veins with areas greater than 2000 µm2 in leaves of A. thaliana
Col-0, spinach, and squash grown at 25◦C under 400 µmol pho-
tons m−2 s−1 (Figures 1A–C). On the other hand, sunflower
grown under the same conditions possessed veins that exhib-
ited proportional increases in phloem area with vein area only
up to a vein area of 1000 µm2, no veins with cross-sectional
areas between 1000 and almost 2000 µm2, and larger veins (2000–
4000 µm2) showing little increase in phloem area (Figure 1D).
This leveling off was therefore due to further substantial increases
in xylem cross-sectional area with little increase in phloem cross-
sectional area. Thus, classification of minor veins vs. larger veins,
for which the increase in vein size is due largely to increased
water-conducting xylem tissue, is a straightforward matter of
measuring vein cross-sectional area in sunflower leaves, whereas
a more detailed analysis of vein structure is required for distin-
guishing minor loading veins from larger veins in other species. A
detailed analysis of the foliar veins of A. thaliana, and acclimatory
adjustments of the phloem within the minor veins in response to
different growth conditions, is presented here.

Vasculature of mature, fully expanded A. thaliana leaves has
been separated into four vein orders based on size and branch-
ing patterns (Hickey, 1973; Haritatos et al., 2000). The midrib is a
first-order, or primary, vein, with 5 second-order veins branch-
ing off the midrib per leaf side (Figure 2A). Both first- and
second-order veins exhibited distinct ribs above and below the
vein, and a larger cross-sectional area and different phloem cell
organization compared to that of third- and fourth-order veins
(images not shown). Third- and fourth-order veins branched
off a higher-order vein for all A. thaliana ecotypes and growth

FIGURE 1 | Relationship between the cross-sectional area of phloem

(all phloem cells combined) and the cross-sectional area of the entire

vein for individual veins of (A) A. thaliana Col-0 (n = 44), (B) spinach

(n = 45), (C) squash (n = 48), and (D) sunflower (n = 65) grown at 25◦C

under 400 µmol photons m−2 s−1.

conditions characterized, as was also reported by Haritatos et al.
(2000) for the A. thaliana Columbia ecotype. Second-, third-, and
fourth-order veins indicated in Figure 2A are examples of regions
selected for vascular cross-sectional characterization.

FIGURE 2 | (A) Vein orders in a cleared A. thaliana leaf (Swedish ecotype)
grown at 25◦C, with first order (1◦) being the midrib and second-order veins
(2◦) comprised of main vascular branches off the midrib (typically five per
leaf side, with five shown here either as portions or in their entirety), as
defined by Hickey (1973). Third-order veins (3◦) branch off the second order
veins, and fourth-order veins (4◦) are the smallest and can branch off all vein
orders. (B) Cross-sectional light microscopic images are representative of
fourth-order veins from mature leaves grown in warm (25◦C) or cool (14◦C)
conditions under moderate light (400 µmol photons m−2 s−1). The vein
shown from the plant grown at 25◦C (B, left panel) contains seven sieve
elements in the lower (abaxial) phloem region of the vein and features
phloem parenchyma (angular and light colored) and companion cells
(rounded and dark colored). The vein shown from the plant grown at 14◦C
(B, right panel) contains 12 sieve elements and features associated phloem
cells encroaching into the upper (adaxial) region occupied by xylem cells.
Scale bars shown are 5 mm for vein pattern and order (A) and 20 µm for
fourth-order veins (B, same scale for both panels). The Italian and Col-0
ecotypes exhibited the same venation pattern and similar vein
cross-sectional ultrastructure as shown here for the Swedish ecotype.
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Haritatos et al. (2000) used the number of sieve elements
(sugar-transporting phloem cells) per vein to delineate vein order,
with 10 or fewer sieve elements used as a good indicator of
putative minor loading veins in A. thaliana. For all three eco-
types grown at 25◦C under moderate or high light, all third- and
fourth-order veins indeed contained 10 or fewer sieve elements
(e.g., Figure 2B; number of sieve elements per minor vein ranged
between 3 and 10). Compared to growth at 25◦C under 400 µmol
photons m−2 s−1, the number of sieve elements, and the total
cross-sectional area occupied by sieve elements, was greater in
third- and fourth-order veins under all other growth conditions
(Figures 2B, 3A,B). Some third- and fourth-order veins of all eco-
types contained more than 10 (up to 14) sieve elements under
high light and lower temperature (Figures 3A, 4). There was also
a trend for a greater number, and greater cross-sectional area, of
companion and phloem parenchyma cells with growth at lower
temperature and at higher PFD, which was especially pronounced
in the Col-0 and Swedish ecotypes (Figures 3C,D, 4). In addi-
tion, growth at lower temperature and greater PFD resulted in
an altered organization of cell types within veins. All three A.
thaliana ecotypes grown at 25◦C exhibited a clear separation
into upper (adaxial) xylem cells and lower (abaxial) phloem cells
(Figure 2B, left panel). Plants grown at 14◦C, however, did not
always exhibit a clear delineation between regions of phloem and
xylem cells, especially in the smaller fourth-order veins, although
cell types were typically still discernable (Figure 2B, right panel).
In leaves grown at 14◦C, phloem cells were sometimes present in
the lateral regions of the xylem (Figure 2B, right panel), and in
rare cases were observed above (adaxial to) tracheids (the con-
ducting elements of the xylem through which water and nutrients
are transported) (Figure 4). In some cases, the number of xylem
parenchyma cells was diminished.

Since Haritatos et al. (2000) had reported that minor load-
ing (third- and fourth-order) veins likely possess no more than
10 sieve elements, and phloem structural changes in response to
environmental conditions had not been reported previously, we
conducted a detailed analysis of the structure and composition
of over 425 veins from the three ecotypes of A. thaliana grown
under various temperature and light regimes to ascertain that we
were not inadvertently including second-order veins in our anal-
yses. We used two criteria to compare minor loading veins with
larger veins. One criterion was based on the finding of up to 14
sieve elements in the minor loading veins of the Swedish eco-
type. A second feature was based of the proportion of the vein
occupied by phloem cells, quantified as the cross-sectional area of
the vein comprised of phloem tissue. Clearly discernible second-
order veins of 14◦C grown plants exhibited a cross-sectional area
of phloem tissue relative to total vein area of 48% and less, while
third and fourth order veins invariably exhibited a 57% or greater
fraction of vein area comprised by phloem for the Swedish eco-
type. Veins of A. thaliana were therefore classified as (i) minor
loading veins when the number of sieve elements was ≤14 and
phloem cross-sectional area constituted 50% or more of total
cross-sectional area of the vein or (ii) larger second-order veins
when the phloem contained 15 or more sieve elements and vein
cross-sectional area occupied by phloem tissue constituted less
than 50% of total cross-sectional area of the vein.

Distinguishing second-order veins from third- and fourth-
order veins of the Swedish ecotype of A. thaliana grown under
14◦C and moderate light of 400 µmol photons m−2 s−1 as
described above revealed several clear patterns. As one might
expect, cross-sectional area of sieve elements of the phloem
increased proportionally with increases in the area of tracheids
of the xylem as veins increased in size from fourth- and third-
order to larger second-order veins (Figure 5A). Likewise, total
cross-sectional area of sieve elements per vein increased in pro-
portion to total cross-sectional vein area over the range of veins
characterized (Figure 5B), as would be expected to allow sugar
flow from fourth- and third-order tributaries into larger second-
order veins. On the other hand, third- and fourth-order veins
possessed a considerably greater cross-sectional area of those
phloem cells (companion cells and phloem parenchyma cells)
directly associated with sieve elements when compared with veins
classified as larger, second-order veins, although the smallest
of the second-order veins did overlap with the minor loading
veins (Figure 6). An allocation of a greater amount of tissue to
companion and phloem parenchyma cells involved in moving
sucrose into the sieve elements in fourth- and third-order veins
would indeed be consistent with the role of these latter veins
in actively loading sugars, and this trend is continued into the
stem tissue where companion cells are greatly diminished com-
pared to sieve elements (Esau, 1977). Moreover, second-order
veins could be separated completely from third- and fourth-
order veins when cross-sectional area of all phloem cells (sieve
elements + companion cells + phloem parenchyma cells) was
plotted against total cross-sectional vein area (Figure 7). Fourth-
and third-order veins thus, once again, clearly exhibited a greater
emphasis on phloem for a given cross-sectional vein area than
the larger second-order veins for all three A. thaliana ecotypes
(Figure 7).

In the present analysis, a small number of putative third- and
fourth-order veins (from plants grown at cool temperature) that
contained 14 or fewer sieve elements, but did not contain at least
50% of their vein cross-sectional area dedicated to phloem, were
not included here as minor loading veins. One possible reason for
this anomaly is that these veins may have been from second-order
vein branches off the main second-order vein; such occasional
branching or forking in second-order veins has been described
(Hickey, 1973). An example for such an infrequently encountered
branch may be the upward branch coming off the labeled second-
order vein in Figure 2A (for another example, see Haritatos et al.,
2000). Inclusion of such smaller-than-usual second-order veins is
not likely to skew data in A. thaliana due to the low abundance of
such branches.

A significant impact of temperature on vein development is
revealed by examining the relative percentage of veins with dis-
tinct numbers of sieve elements in the three A. thaliana lines
(Figure 8). The fourth- and third-order veins of all three eco-
types of A. thaliana grown at 25◦C under either moderate or
high light contained 10 or fewer sieve elements (Figure 3A),
with a slightly greater mean sieve element number for the
Swedish ecotype as represented by the second-order polyno-
mial fit lines in Figure 8A. In contrast, when plants were grown
at 14◦C under moderate light (400 µmol photons m−2 s−1),
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FIGURE 3 | Characterization of fourth- and third-order veins (veins

containing ≤14 sieve elements and phloem area/vein area ≥0.5) from

leaves of Italian, Col-0, and Swedish ecotypes of A. thaliana grown

under different controlled temperature (◦C daytime leaf temperature)

and light (µmol photons m−2 s−1) conditions. (A) Sieve element number
per minor loading vein. (B) Cross-sectional area of sieve elements per minor

loading vein. (C) Companion and phloem parenchyma cell (CC + PC) number
per minor loading vein. (D) Cross-sectional area of CCs + PCs per minor
loading vein. Mean ± standard error of the mean (n = 4 plants). Statistically
significant differences indicated with lower case letters (P < 0.05), i.e.,
means sharing a common letter are not statistically different from one
another.
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some fourth- and third-order veins of all ecotypes contained
more than 10 sieve elements, with the Swedish ecotype pos-
sessing the greatest number of sieve elements per minor vein
(Figure 8B).

FIGURE 4 | Cross-section of a minor loading vein from the Swedish

ecotype of A. thaliana grown under cool (14◦C leaf temperature) and

high light (1000 µmol photons m−2 s−1) conditions, illustrating the

presence of phloem tissue beside and above the tracheids. This vein
possesses 13 sieve elements and 6 tracheids, with SE and T indicating the
uppermost sieve element and tracheid, respectively.

FIGURE 6 | Relationship between the cross-sectional area of

companion and phloem parenchyma cells associated with sieve

elements and the area of sieve elements for individual second-, third-,

and fourth-order veins from the A. thaliana Swedish ecotype grown at

14◦C under 400 µmol photons m−2 s−1. Individual veins (n = 52) were
segregated by sieve element (SE) number and ratio of phloem area/vein
area into veins containing ≤14 SEs and phloem area/vein area ≥0.5 (black
squares; putative minor loading veins) or ≥15 SEs and phloem area/vein
area <0.5 (open squares; second order veins). Linear regression lines
drawn for each segregated group of veins (≤14 SEs or ≥15 SEs), and
statistically significant differences in slope and intercept (ANCOVA)
between regression lines is indicated (∗∗ = P < 0.01). Linear regression
analyses for each line are y = 13.6 x + 142, R2 = 0.60, and P < 0.001 (black
squares) and y = 8.4 x + 351, R2 = 0.91, and P < 0.001 (open squares).

FIGURE 5 | Relationship between the cross-sectional sieve element area

of a vein and (A) the cross-sectional tracheid area of a vein and (B) the

cross-sectional area of the entire vein for individual second-, third-, and

fourth-order veins from the Swedish ecotype grown at 14◦C under

400 µmol photons m−2 s−1. Individual veins (n = 52) were segregated by
sieve element (SE) number and ratio of phloem area/vein area into veins
containing ≤14 SEs and phloem area/vein area ≥0.5 (black squares; putative
minor loading veins) or ≥15 SEs and phloem area/vein area <0.5 (open

squares; second order veins). Linear regression lines drawn for each
segregated group of veins (≤14 SEs or ≥15 SEs), and statistically significant
differences in slope and intercept (ANCOVA) between regression lines is
indicated (n.s. = not significant at P ≤ 0.05). Linear regression analyses for
each line are (A) y = 0.12 x + 47, R2 = 0.34, and P < 0.01 (black squares)
and y = 0.14 x + 46, R2 = 0.54, and P < 0.01 (open squares); (B) y = 0.03
x + 24, R2 = 0.64, and P < 0.001 (black squares) and y = 0.04 x − 11,
R2 = 0.91, and P < 0.001 (open squares).
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FIGURE 7 | Relationship between phloem cross-sectional area (all

phloem cells combined) and total vein cross-sectional area for

individual second-, third-, and fourth-order veins from the A. thaliana
Swedish (A), Col-0 (B), and Italian (C) ecotypes grown at 14◦C under

400 µmol photons m−2 s−1. Individual veins (n = 52, Swedish; n = 56,
Italian; n = 46, Col-0) were segregated by sieve element (SE) number and
ratio of phloem area/vein area into veins containing ≤14 SEs and phloem
area/vein area ≥0.5 (black squares; putative minor loading veins) or ≥15
SEs and phloem area/vein area <0.5 (open squares; second order veins).
Linear regression lines shown for each segregated group of veins (≤14 SEs
or ≥15 SEs), and statistically significant differences in slope and intercept
(ANCOVA) between regression lines is indicated (∗∗∗ = P < 0.001). Linear
regression analyses for each line are (A) y = 0.57 x + 184, R2 = 0.91, and
P < 0.001 (black squares) and y = 0.34 x + 243, R2 = 0.85, and P < 0.001
(open squares), (B) y = 0.62 x + 60, R2 = 0.87, and P < 0.001 (black
squares) and y = 0.30 x + 94, R2 = 0.82, and P < 0.001 (open squares),
and (C) y = 0.66 x + 15, R2 = 0.96, and P < 0.001 (black squares) and
y = 0.35 x + 60, R2 = 0.94, and P < 0.001 (open squares).

To evaluate the origin of the additional phloem cells that
developed in the minor loading veins of leaves that grew under
lower temperature and higher PFD, the total number of phloem
cells and of xylem cells, as well as the ratio of phloem to xylem
cells, were compared among the three ecotypes and four primary
growth conditions. This comparison revealed that the total num-
ber of phloem cells increased with increased growth PFD, and
especially with decreased growth temperature, whereas there was
no consistent difference in the total number of xylem cells with
growth condition (Table 1). The phloem to xylem cell ratio thus
increased with increased PFD and decreased temperature during
growth (Table 1). Additionally, relationships among the phloem
cells of the minor loading veins were evaluated for leaves of the
Swedish ecotype that developed under moderate light at the two
temperatures. Whereas the number of companion cells per minor
loading vein was significantly greater in the leaves that developed
at the lower temperature, there was no significant difference in
the number of companion cells per phloem cell or the number of
companion cells per sieve element (Table 2).

To examine how the number of sieve elements scaled with
growth temperature under a common growth PFD condition, the
number of sieve elements per minor loading vein was assessed
from plants growing under four different growth temperature
regimes under the 9 h photoperiod of moderate light (Figure 9).
Sieve element number per minor vein increased linearly with
decreasing temperature only slightly and not significantly in the
Italian ecotype, but linearly and significantly (almost doubling
from high to low growth temperature over the examined range) in
the Swedish ecotype. The Col-0 ecotype exhibited a response that
was intermediate between that of the Italian and Swedish ecotypes
(data not shown).

DISCUSSION
We have demonstrated that the conditions under which plants
are grown, and leaves have developed, affect the number of sieve
elements, and overall phloem cross-sectional area, in minor load-
ing (third- and fourth-order) veins of A. thaliana. Moreover, the
magnitude of the impact of growing conditions on the phloem
of minor loading veins depended on the geographic origin of the
ecotypes of this species. On the other hand, the total number of
xylem cells did not differ appreciably in the minor veins of leaves
that developed under different growth conditions, and thus the
additional phloem cells present in the minor veins of leaves that
developed under high light, and particularly under low temper-
ature, did not arise at the expense of xylem tissue. Furthermore,
the development of additional phloem tissue into the plane of the
vascular bundle normally occupied exclusively by xylem, and in
extreme cases even above (adaxial to) the xylem, may be the most
efficient way to increase phloem-loading capacity. Simply increas-
ing the numbers of cells in the abaxial portion of the loading vein
would increase the distance between the inner-most cells of the
phloem and the bundle sheath cells, and those inner-most cells
would likely receive considerably less sucrose that they might oth-
erwise be able to load and transport. The sucrose synthesized in
the photosynthetically active mesophyll cells of the leaves passes
through the bundle sheath cells that surround the vascular tis-
sue before being loaded into the phloem. By generating additional
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FIGURE 8 | Percent of third- and fourth-order veins (y-axis) with a given

sieve element number per minor loading vein (x-axis) for Italian (open

circles), Col-0 (gray triangles), and Swedish (black squares) A. thaliana

ecotypes grown under moderate light (400 µmol photons m−2 s−1) in (A)

warm (25◦C) or (B) cool (14◦C) conditions. Second-order polynomial line fit
for Italian (dashed line), Col-0 (dotted line), and Swedish (solid line) ecotypes.

Table 1 | The total number of phloem cells, the total number of xylem cells, and the ratio of phloem cell number to xylem cell number per

minor loading (third- and fourth-order) vein in leaves of the Italian, Col-0, and Swedish ecotypes of A. thaliana grown under four different

temperature and PFD regimes.

Ecotype Vascular metric Leaf temperature and PFD in µmol photons m−2 s−1 during growth

25◦C, 400 25◦C, 1000 14◦C, 400 14◦C, 1000

Italian No. of phloem cells 34 ± 1b 36 ± 2a, b 36 ± 1a, b 40 ± 2a

No. of xylem cells 13 ± 1 n.s. 12 ± 1 12 ± 1 12 ± 1

phloem/xylem 2.6 3 3 3.3

Col-0 No. of phloem cells 32 ± 1b 33 ± 1b 38 ± 3b 49 ± 2a

No. of xylem cells 13 ± 1 n.s. 10 ± 1 10 ± 1 13 ± 1

phloem/xylem 2.5 3.3 3.8 3.8

Swedish No. of phloem cells 35 ± 1b 36 ± 1b 47 ± 1a 53 ± 2a

No. of xylem cells 13 ± 1 n.s. 15 ± 1 13 ± 1 15 ± 1

phloem/xylem 2.7 2.4 3.6 3.5

Means ± standard error of the mean (n = 4) and statistically significant differences indicated with lower case letters, i.e., means sharing a common letter are not

statistically different from one another, P < 0.05, n.s., not significantly different. Statistics conducted independently for number of phloem and xylem cells per vein

within each ecotype, i.e., comparisons conducted horizontally in the table.

Table 2 | Companion cell (CC) number, number of companion cells relative to all phloem cells, and number of companion cells per sieve

element (SE) in the minor loading (third and fourth order) veins of leaves of the Swedish ecotype of A. thaliana that developed under

moderate light (400 µmol photons m−2 s−1) at a leaf temperature of either 25◦C or 14◦C.

Leaf temperature during development Number of companion cells Number of CCs/phloem cells Number of CCs per sieve element

25◦C 14.1 ± 0.7 0.41 ± 0.01 1.86 ± 0.08

14◦C 19.4 ± 0.7 0.40 ± 0.01 1.93 ± 0.04

Level of significance P < 0.001 n.s. n.s.

Means ± standard error of the mean (n = 4), n.s., not significantly different.
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FIGURE 9 | Differences in sieve element number per minor loading

(third- and fourth-order) vein among Italian (open circles) and

Swedish (black squares) ecotypes of A. thaliana dependent on air

temperature (A) or leaf temperature (B) during growth under

moderate light (400 µmol photons m−2 s−1). Means ± standard error

of the mean (n = 4) shown; significant relationship at P < 0.05 indicated
by an ∗. Linear regression analyses for each line are (A) Swedish
y = −0.12 x + 11, R2 = 0.97 and Italian y = −0.01 x + 8, R2 = 0.22 and
(B) Swedish y = −0.14 + 12, R2 = 0.94 and Italian y = −0.02 + 8,
R2 = 0.17.

phloem cells in close proximity to the bundle sheath cells in the
adaxial portion of the vein, and away from the other phloem cells,
phloem loading should be maximized for the vein as a whole.

For an overwintering annual like A. thaliana, the impor-
tance of increasing the number of companion cells (as drivers
of phloem loading) and sieve elements (as conduits for the flux
of sugars) at cooler temperature may lie in the ability to keep
sugars moving out of the leaf even as the viscosity of phloem
sap increases with decreasing temperature. To further evaluate
this possibility, the impact of decreasing temperature on the
viscosity of sucrose, and the corresponding increase in sieve ele-
ment numbers and cross-sectional area, were estimated. Deeken
et al. (2002) reported that the concentration of sucrose in the
phloem of A. thaliana was 0.34 ± 0.05 M, or approximately 12%
(w/w). Swindells et al. (1958) determined that the viscosity of
a 12% solution of pure sucrose was 1.25 centipoises at 25◦C
and increased to 1.66 centipoises when the temperature was
lowered to 15◦C. The ratio of the viscosity of a 12% sucrose
solution at 15◦C vs. 25◦C is thus 1.33. The ratios of the num-
bers of sieve elements per minor loading vein (Figure 3A), and
total sieve element cross-sectional area per minor loading vein
(Figure 3B), from leaves that developed under low temperature
(14◦C leaf temperature) vs. warm temperature (25◦C leaf tem-
perature) but under common PFDs are shown in Table 3. These
latter ratios are equal to, or greater than, the 1.33 ratio of the vis-
cosity of a 12% sucrose solution at 15◦C compared to 25◦C for
both the Swedish and Col-0 ecotypes, with the exception of the
sieve element number in the foliar minor loading veins of the
Col-0 ecotype grown under 400 µmol photons m−2 s−1 (Table 3).
There are several factors that could contribute to deviations in
these metrics, including the fact that the A. thaliana plants from
which the phloem sucrose concentration was determined were
only grown at moderate temperature and under lower PFDs than

Table 3 | Ratio of total number of sieve elements per minor loading

vein and of total sieve element cross-sectional area per minor loading

vein from leaves that developed under low temperature (14◦C leaf

temperature) vs. under warm temperature (25◦C leaf temperature).

Ecotype Growth PFD (µmol

photons m−2 s−1)

Ratio from minor veins that developed

at 14◦C compared to 25◦C

Sieve element

number

Sieve element

cross-sectional area

Swedish 400 1.33 1.79

Swedish 1000 1.43 1.42

Col-0 400 1.22 1.53

Col-0 1000 1.41 1.51

Italian 400 1.11 1.10

Italian 1000 1.19 1.22

the plants characterized here (i.e., the concentration of sucrose
in the phloem may be different in the plants grown in the cur-
rent study) and the nocturnal temperature of the plants grown at
the lower temperature in the current study dropped to 8◦C for
the duration of the night (when sucrose would have continued to
be exported from the leaves). Nonetheless, the greater number of
sieve elements, and particularly the sieve element cross-sectional
area, of minor loading veins that developed under cooler tem-
perature are likely to contribute to an increased loading and
transport of sucrose in the minor veins of leaves that would oth-
erwise not be possible. That the Swedish ecotype experiencing
lower temperatures under natural conditions for a greater frac-
tion of the year than the Italian ecotype (Ågren and Schemske,
2012) should show the greatest increase in, and greatest number
of, phloem cells in response to growth at higher PFD and cooler
temperature is consistent with the latter interpretation.
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In a subsequent paper (Cohu et al., 2013, Under Review), we
show that there is a strong and significant correlation between
both number and cross-sectional area of the sieve elements and
the cells associated with the sieve elements (companion and
phloem parenchyma cells) and photosynthetic capacity in these
three ecotypes of A. thaliana grown under different environ-
mental conditions. The ability to increase the number of cells
associated with loading and transporting sugars from the leaf is
but one of several potential acclimatory responses leaves exhibit to
presumably facilitate increased export of photosynthate from the
leaves to accommodate higher rates of photosynthesis. Additional
acclimatory responses include an increase in vein density (Amiard
et al., 2005; Adams et al., 2007, 2013), an increase in the wall
ingrowths of transfer cells in some apoplastic loaders (Amiard

et al., 2005, 2007), and an increase in the volume of intermediary
cells of symplastic loaders (Adams et al., 2013).

ACKNOWLEDGMENTS
Supported by the National Science Foundation (Award Numbers
IOS-0841546 and DEB-1022236 to Barbara Demmig-Adams and
William W. Adams III) and the University of Colorado at Boulder.
We thank our colleagues Profs. Douglas Schemske and Jon Ågren
for providing seeds of the Swedish and Italian ecotypes of A.
thaliana, Tyler Dowd for assistance with vascular characteriza-
tion, and Dr. Anza Darehshouri for embedding and cutting of
some tissue samples. The authors are also indebted to the two
reviewers of this manuscript who suggested changes that greatly
improved the paper.

REFERENCES
Adams, W. W. III, Cohu, C. M.,

Muller, O., and Demmig-Adams,
B. (2013). Foliar phloem infras-
tructure in support of photosyn-
thesis. Front. Plant Sci. 4:194. doi:
10.3389/fpls.2013.00194

Adams, W. W. III, Watson, A. M.,
Mueh, K. E., Amiard, V., Turgeon,
R., Ebbert, V., et al. (2007).
Photosynthetic acclimation in the
context of structural constraints
to carbon export from leaves.
Photosynth. Res. 94, 455–466. doi:
10.1007/s11120-006-9123-3

Ågren, J., and Schemske, D. W. (2012).
Reciprocal transplants demonstrate
strong adaptive differentiation of
the model organism Arabidopsis
thaliana in its native range. New
Phytol. 194, 1112–1122. doi:
10.1111/j.1469-8137.2012.04112.x

Amiard, V., Demmig-Adams, B., Mueh,
K. E., Turgeon, R., Combs, A. F.,
and Adams, W. W. III. (2007). Role
of light and jasmonic acid signaling
in regulating foliar phloem cell wall
ingrowth development. New Phytol.
173, 722–731. doi: 10.1111/j.1469-
8137.2006.01954.x

Amiard, V., Mueh, K. E., Demmig-
Adams, B., Ebbert, V., Turgeon,
R., and Adams, W. W. III.
(2005). Anatomical and photo-
synthetic acclimation to the light
environment in species with dif-
fering mechanisms of phloem
loading. Proc. Natl. Acad. Sci.
U.S.A. 102, 12968–12973. doi:
10.1073/pnas.0503784102

Ainsworth, E. A., and Bush, D. R.
(2011). Carbohydrate export
from the leaf: a highly regulated
process and target to enhance
photosynthesis and productivity.
Plant Physiol. 155, 64–69. doi:
10.1104/pp.110.167684

Baylis, T., Cierlik, I., Sundberg, E., and
Mattsson, J. (2013). Short intern-
odes/stylish genes, regulators of

auxin biosynthesis are involved in
leaf vein development in Arabidopsis
thaliana. New Phytol. 197, 737–750.
doi: 10.1111/nph.12084

Cheng, N.-H., Su, C.-L., Carter, S. A.,
and Nelson, R. S. (2000). Vascular
invasion routes and systemic
accumulation patterns of tobacco
mosaic virus in Nicotiana ben-
thamiana. Plant J. 23, 349–362. doi:
10.1046/j.1365-313x.2000.00788.x

Deeken, R., Geiger, D., From, J.,
Koroleva, O., Ache, P., Langenfeld-
Heyser, R., et al. (2002). Loss of the
AKT2/3 potassium channel affects
sugar loading in the phloem of
Arabidopsis. Planta 216, 334–344.
doi: 10.1007/s00425-002-0895-1

Demmig-Adams, B., Cohu, C., Amiard,
V., van Zadelhoff, G., Veldink, G. A.,
Muller, O., et al. (2013). Emerging
trade-offs—impact of photoprotec-
tants (PsbS, xanthophylls, and vita-
min E) on oxylipins as regula-
tors of development and defense.
New Phytol. 197, 720–729. doi:
10.1111/nph.12100

Ding, X. S., Carter, S. A., Deom,
C. M., and Nelson, R. S. (1998).
Tobamovirus and potyvirus accu-
mulation in minor veins of inoc-
ulated leaves from representatives
of the Solanaceae and Fabaceae.
Plant Physiol. 116, 125–136. doi:
10.1104/pp.116.1.125

Ding, X. S., Shintaku, M. H., Arnold,
S. A., and Nelson, R. S. (1995).
Accumulation of mild and severe
strains of tobacco mosaic virus in
minor veins of tobacco. Mol. Plant–
Microbe Interact. 8, 32–40. doi:
10.1094/MPMI-8-0032

Esau, K. (1977). Anatomy of Seed Plants.
2nd Edn. New York, NY: John Wiley
and Sons.

Gilbertson, R. L., and Lucas, W. J.
(1996). How do viruses traffic on
the ‘vascular highway’? Trends Plant
Sci. 1, 260–268. doi: 10.1016/1360-
1385(96)10029-7

Gosálvez-Bernal, B., Genovés, A.,
Navarro, J. A., Pallás, V., and
Sánchez-Pina, M. A. (2008).
Distribution and pathway
for phloem-dependent move-
ment of Melon necrotic spot
virus in melon plants. Mol.
Plant Path. 9, 447–461. doi:
10.1111/j.1364-3703.2008.00474.x

Haritatos, E., Medville, R., and
Turgeon, R. (2000). Minor
vein structure and sugar trans-
port in Arabidopsis thaliana.
Planta 211, 105–111. doi:
10.1007/s004250000268

Heller, A., and Gierth, K. (2001).
Cytological observations of
the infection process by
Phomopsis helianthi (Munt.-
Cvet) in leaves of sunflower.
J. Phytopath. 149, 347–357. doi:
10.1046/j.1439-0434.2001.00635.x

Hickey, L. J. (1973). Classification of
the architecture of dicotyledonous
leaves. Amer. J. Bot. 60, 17–33. doi:
10.2307/2441319

Hofius, D., Hajirezaei, M.-R., Geiger,
M., Henning, T., Melzer, M., and
Sonnewald, U. (2004). RNAi-
mediated tocopherol deficiency
impairs photoassimilate export
in transgenic potato plants. Plant
Physiol. 135, 1256–1268. doi:
10.1104/pp.104.043927

Kpemoua, K., Boher, B., Nicole, M.,
Calatayud, P., and Geiger, J. P.
(1996). Cytochemistry of defense
responses in cassava infected
by Xanthomonas campestris pv.
manihotis. Can. J. Microbiol. 42,
1131–1143. doi: 10.1139/m96-145

Layne, R., and Flore, J. A. (1993).
Physiological responses of Prunus
cerasus to whole-plant source
manipulation. Leaf gas exchange,
chlorophyll fluorescence, water
relations and carbohydrate
concentrations. Physiol. Plant.
88, 44–51. doi: 10.1111/j.1399-
3054.1993.tb01758.x

Lucas, W. J., and Wolf, S. (1999).
Connections between virus move-
ment, macromolecular signaling
and assimilate allocation. Curr.
Opin. Plant Biol. 2, 192–197. doi:
10.1016/S1369-5266(99)80035-1

Maeda, H., Song, W., Sage, T. L.,
and DellaPenna, D. (2006).
Tocopherols play a critical role
in low temperature adaptation and
phloem loading in Arabidopsis.
Plant Cell 18, 2710–2732. doi:
10.1105/tpc.105.039404

McGarry, R. C., and Ayer, B. G. (2008).
A DNA element between At4g28630
and At4g28640 confers companion-
cell specific expression following the
sink-to-source transition in mature
minor vein phloem. Planta 228,
839–849. doi: 10.1007/s00425-008-
0786-1

Narváez-Vásquez, J., Pearce, G.,
and Ryan, C. A. (2005). The
plant cell wall matrix harbors a
precursor of defense signaling
peptides. Proc. Natl. Acad. Sci.
U.S.A. 102, 12974–12977. doi:
10.1073/pnas.0505248102

Narváez-Vásquez, J., and Ryan, C.
A. (2004). The cellular localiza-
tion of prosystemin: a functional
role for phloem parenchyma in sys-
temic wound signaling. Planta 218,
360–369. doi: 10.1007/s00425-003-
1115-3

Nikinmaa, E., Hölttä, T., Hari, P.,
Kolari, P., Mäkelä, A., Sevanto, S.,
et al. (2013). Assimilate transport
in phloem sets conditions for leaf
gas exchange. Plant Cell Environ. 36,
655–669. doi: 10.1111/pce.12004

Paul, M. J., and Foyer, C. H. (2001).
Sink regulation of photosynthesis.
J. Exp. Bot. 52, 1383–1400. doi:
10.1093/jexbot/52.360.1383

Peter, K. A., Gildow, F., Palukaitis,
P., and Gray, S. M. (2009). The
C terminus of the polerovirus P5
readthrough domain limits virus
infection to the phloem. J. Virol.

Frontiers in Plant Science | Plant Physiology July 2013 | Volume 4 | Article 240 | 175

http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Cohu et al. Acclimation of minor vein architecture

83, 5419–5429. doi: 10.1128/JVI.
02312-08

Provencher, L. M., Miao, L., Sinha, N.,
and Lucas, W. J. (2001). Sucrose
export defective1 encodes a novel
protein implicated in chloroplast-
to-nucleus signaling. Plant Cell 15,
1127–1142.

Rasheed, M. S., Selth, L. A., Koltunow,
A. M. G., Randles, J. W., and
Rezaian, M. A. (2006). Single-
stranded DNA of Tomato leaf
curl virus accumulates in the
cytoplasm of phloem cells.
Virology 348, 120–132. doi:
10.1016/j.virol.2005.11.054

Requena, A., Simón-Buela, L.,
Salcedo, G., and García-Arenal,
F. (2006). Potential involve-
ment of a cucumber homolog
of phloem protein 1 in the
long-distance movement of
Cucumber mosaic virus particles.
Mol. Plant–Microbe Interact. 19,
734–746. doi: 10.1094/MPMI-
19-0734

Rioux, D., and Quellette, G. B. (1991).
Barrier zone formation in host
and nonhost trees inoculated with
Ophiostoma ulmi. 1. Anatomy and
histochemistry. Can. J. Bot. 69,
2055–2073. doi: 10.1139/b91-258

Saha, P., Dasgupta, I., and Das, S.
(2006). A novel approach for
developing resistance in rice
against phloem limited viruses by
antagonizing the phloem feed-
ing hemipteran vectors. Plant
Mol. Biol. 62, 735–752. doi:
10.1007/s11103-006-9054-6

Scarpella, E., Barkoulas, M., and
Tsiantis, M. (2010). Control

of leaf and vein development
by auxin. Cold Spring Harbor
Perspec. Biol. 2:a001511. doi:
10.1101/cshperspect.a001511

Scholthof, H. B. (2005). Plant
virus transport: motions of
functional equivalence. Trends
Plant Sci. 10, 376–382. doi:
10.1016/j.tplants.2005.07.002

Sokal, R. R., and Rohlf, F. J. (1981).
Biometry: The Principles and
Practices of Statistics in Biological
Research. New York: W. H. Freeman
and Company.

Strand, Å., Hurry, V., Gustafsson,
P., and Gardeström, P. (1997).
Development of Arabidopsis
thaliana leaves at low tempera-
ture releases the suppression of
photosynthesis and photosyn-
thetic gene repression despite the
accumulation of soluble carbohy-
drates. Plant J. 12, 605–614. doi:
10.1046/j.1365-313X.1997.00605.x

Strand, Å., Hurry, V., Henkes, S.,
Huner, N. P. A., Gustafsson, P.,
Gardeström, P., et al. (1999).
Acclimation of Arabidopsis leaves
at low temperatures. Increasing
cytoplasmic volume accompanies
increased activities of enzymes
in the Calvin cycle and in the
sucrose-biosynthesis pathway.
Plant Physiol. 119, 1387–1397. doi:
10.1104/pp.119.4.1387

Swindells, J. F., Snyder, C. F., Hardy,
R. C., and Golden, P. E. (1958).
“Viscosities of sucrose solutions
at various temperatures: tables of
recalculated values,” in Supplement
to National Bureau of Standards
Circular 440. Available online

at: http://babel.hathitrust.org/cgi/
pt?id=mdp.39015077295460

Taliansky, M., Mayo, M. A., and Barker,
H. (2003). Potato leafroll virus: a
classic pathogen shows some new
tricks. Mol. Plant Path. 4, 81–89. doi:
10.1046/j.1364-3703.2003.00153.x

Turgeon, R. (1989). The sink–source
transition in leaves. Annu. Rev.
Plant Physiol. Plant Mol. Biol.
40, 119–138. doi: 10.1146/
annurev.pp.40.060189.001003

Turnbull, C. G. N., and Lopez-Cobollo,
R. M. (2013). Heavy traffic in the
fast lane: long-distance signalling by
macromolecules. New Phytol. 198,
33–51. doi: 10.1111/nph.12167

Vuorinen, A. L., Kelloniemi, J.,
and Valkonen, J. P. T. (2011).
Why do viruses need phloem
for systemic invasion of plants?
Plant Sci. 181, 355–363. doi:
10.1016/j.plantsci.2011.06.008

Waigman, E., Ueki, S., Trutnyeva, K.,
and Citovsky, V. (2004). The ins and
outs of nondestructive cell-to-cell
systemic movement of plant viruses.
Crit. Rev. Plant Sci. 23, 195–250. doi:
10.1080/07352680490452807

Wenzel, C. L., Marrison, J., Mattsson,
J., Haseloff, J., and Bougourd, S. M.
(2012). Ectopic divisions in vascular
and ground tissues of Arabidopsis
thaliana result in distinct leaf
venation defects. J. Exp. Bot. 63,
5351–5364. doi: 10.1093/jxb/ers196

Zhiponova, M. K., Vanhoutte, I.,
Boudolf, V., Betti, C., Dhondt,
S., Coppens, F., et al. (2013).
Brassinosteroid production and
signaling differentially control cell
division and expansion in the leaf.

New Phytol. 197, 490–502. doi:
10.1111/nph.12036

Zhou, C. L. E., El-Desouky, A., Sheta,
H., Kelley, S., Polek, M., and
Ullman, D. E. (2002). Citrus tristeza
virus ultrastructure and associated
cytopathology in Citrus sinensis
and Citrus aurantifolia. Can. J.
Bot. 80, 512–525. doi: 10.1139/
b02-030

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 17 April 2013; accepted: 16
June 2013; published online: 05 July
2013.
Citation: Cohu CM, Muller O, Demmig-
Adams B and Adams III WW (2013)
Minor loading vein acclimation for three
Arabidopsis thaliana ecotypes in response
to growth under different temperature
and light regimes. Front. Plant Sci. 4:240.
doi: 10.3389/fpls.2013.00240
This article was submitted to Frontiers in
Plant Physiology, a specialty of Frontiers
in Plant Science.
Copyright © 2013 Cohu, Muller,
Demmig-Adams and Adams. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in other
forums, provided the original authors
and source are credited and subject to
any copyright notices concerning any
third-party graphics etc.

www.frontiersin.org July 2013 | Volume 4 | Article 240 |

5

176

http://babel.hathitrust.org/cgi/pt?id=mdp.39015077295460
http://babel.hathitrust.org/cgi/pt?id=mdp.39015077295460
http://dx.doi.org/10.3389/fpls.2013.00240
http://dx.doi.org/10.3389/fpls.2013.00240
http://dx.doi.org/10.3389/fpls.2013.00240
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


ORIGINAL RESEARCH ARTICLE
published: 08 July 2013

doi: 10.3389/fpls.2013.00241

Phloem development in nematode-induced feeding sites:
the implications of auxin and cytokinin
Birgit Absmanner1, Ruth Stadler2 and Ulrich Z. Hammes 1*
1 Cell biology and plant biochemistry, University Regensburg, Regensburg, Germany
2 Molecular Plant Physiology, Friedrich Alexander University Erlangen Nürnberg, Erlangen, Germany

Edited by:
Aart Van Bel,
Justus-Liebig-University Giessen,
Germany

Reviewed by:
Ykä Helariutta, University of
Helsinki, Finland
Christina Eleanor Offler, The
University of Newcastle, Australia

*Correspondence:
Ulrich Z. Hammes, Cell biology and
plant biochemistry, University
Regensburg, Universitaetsstrasse
31, 93053 Regensburg, Germany
e-mail: ulrich.hammes@
biologie.uni-regensburg.de

Sedentary plant parasitic nematodes such as root-knot nematodes and cyst nematodes
induce giant cells or syncytia, respectively, in their host plant’s roots. These highly
specialized structures serve as feeding sites from which exclusively the nematodes
withdraw nutrients. While giant cells are symplastically isolated and obtain assimilates
by transporter-mediated processes syncytia are massively connected to the phloem by
plasmodesmata. To support the feeding sites and the nematode during their development,
phloem is induced around syncytia and giant cells. In the case of syncytia the unloading
phloem consists of sieve elements and companion cells and in the case of root knots it
consists exclusively of sieve elements. We applied immunohistochemistry to identify the
cells within the developing phloem that responded to auxin and cytokinin. Both feeding
sites themselves did not respond to either hormone. We were able to show that in
root knots an auxin response precedes the differentiation of these auxin responsive cells
into phloem elements. This process appears to be independent of B-type Arabidopsis
response regulators. Using additional markers for tissue identity we provide evidence that
around giant cells protophloem is formed and proliferates dramatically. In contrast, the
phloem around syncytia responded to both hormones. The presence of companion cells
as well as hormone-responsive sieve elements suggests that metaphloem development
occurs. The implication of auxin and cytokinin in the further development of the
metaphloem is discussed.

Keywords: sieve element, companion cell, protophloem, metaphloem, root knot nematode, cyst nematode

INTRODUCTION
Nematodes are destructive pathogens that inflict considerable
damage to a wide variety of plants (Sasser and Freckman, 1987).
Among the plant-parasitic nematodes are migratory species and
sedentary nematodes. The latter invade a host plant’s root and
induce specialized feeding sites, from which exclusively nutrients
are withdrawn. The two most prominent groups of sedentary
nematodes are root knot nematodes (RKN) and cyst nematodes
(CN). The life cycles of these two types of nematodes are fairly
similar, however, there are also marked differences. The life cycle
starts when the juveniles hatch from the eggs. The only free-
living larval stage is the second juvenile (J2) stage, which migrates
through the soil in search for a host plant. The juveniles enter
the root and move toward the stele where they set up the feeding
site. How the initial cell is chosen is not clear, but after injection
of secretions from subpharingeal glands the initial cell undergoes
marked changes that differ considerably between RKN and CN.
The precise mechanisms that lead to the differentiation processes
of both feeding sites are complex but remain poorly understood
[for a recent review see Gheysen and Mitchum (2011)]. While the
initial events have received much attention, the later stages of a
successful interaction between sedentary nematodes and plants
are only poorly understood. It is known that the development
of nematodes is dependent on the nutritional status. If nutri-
ent supply is high more females develop whereas more males

develop when nutrient supply is not optimal (Trudgill, 1967,
1972). The male nematodes leave the feeding sites and CN males
will then proceed to fertilize females whereas the offspring of RKN
is formed by parthenogenesis (Liu et al., 2007). Once the eggs
are formed the female dies. The eggs of RKN are disposed in a
gelatinous egg-mass and in case of cyst nematodes the eggs are
embedded in the eponymous cyst, which is formed by the dead
female and represents a durable stage that can survive in the soil
for years.

The events on the plant side that lead to a successful support of
the different feeding sites share some similarities, i.e., induction,
growth of the feeding site and vascularization but there are also
marked differences.

In the case of RKN there are typically four to eight founder
cells that eventually develop into giant cells (GCs) (Jones and
Payne, 1978). These cells enlarge dramatically and can reach sizes
of up to a millimeter. Throughout their entire lifetime GCs retain
single cell identity. Both GCs and the surrounding tissue give
rise to the eponymous root knot that can be easily spotted by
the naked eye. Interestingly, the size of the root knot does not
correlate strictly with GC size or the amount of other tissues
in the structure. It rather appears to be specific for a particu-
lar interaction. For example, Meloidogyne artiellia induces huge
root-knots on chickpea (Cicer arientium) but only small ones
on faba bean (Vicia faba), whereas in the case of Meloidogyne
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incognita the situation is the opposite (Vovlas et al., 2005). In
the mature stage a high metabolism, a large density of organelles,
multiple nuclei, the lack of a large central vacuole and marked
cell wall ingrowths characterize fully developed giant cells (Jones
and Northcote, 1972). The latter hallmark is typically found also
in other transfer cells which are characterized by elevated trans-
port over their plasma membrane to facilitate the development
of sink tissues, e.g. seeds (Offler et al., 2002). As it is the case
for transfer cells in seed coats, it could be shown that GCs are
symplastically isolated from the surrounding tissue, i.e., not con-
nected by plasmodesmata (Hoth et al., 2008). Consistent with
the symplastic isolation and their identity as transfer cells, trans-
port proteins are massively regulated during the infection and
loss of transporter function leads to severe phenotypes in nema-
tode development (Hammes et al., 2005; Marella et al., 2013). To
support the growth of the giant cells and, consequently, the nema-
todes, the vasculature surrounding the GCs changes significantly.
Xylem vessels appear to be distorted and often they are not con-
nected to each other (Fester et al., 2008). The phloem undergoes
even more dramatic changes. Companion cells (CCs) are initially
present around developing GCs but they appear to be absent from
the phloem in the mature stages (Hoth et al., 2008). Whether CCs
lose their identity, are consumed during the development or they
de-differentiate remains elusive. The phloem in a mature root
knot consists exclusively of cells that display sieve element (SE)
characteristics and often remain nucleated. Furthermore, these
cells are massively connected to each other by plasmodesmata to
facilitate assimilate flow from cell to cell (Hoth et al., 2008). How
the assimilates get out of the phloem and into the GC apoplast is
not known at present.

In the case of CN the initial founder cell breaks down the
cell walls to the neighboring cells, which eventually leads to
the formation of a syncytium (Sijmons et al., 1991; Golinowski
et al., 1996). In its mature stage the syncytium is functionally
equivalent to the giant cells, again sharing very obvious sim-
ilarities such as the dense cytoplasm, multiple nuclei and the
high metabolic activity of a multicellular entity. Striking differ-
ences can be observed in terms of vascularization and nutrient
flow into the syncytium. In both types of feeding structures new
phloem is formed. However, in contrast to the situation in root
knots, sieve elements and companion cells are present in this
phloem. Nevertheless, both cell types are induced around syncy-
tia to facilitate nutrient supply (Hoth et al., 2005). The phloem
of syncytia, too, is massively interconnected by plasmodesmata
but in contrast to giant cells syncytia become connected to the
phloem by secondary plasmodesmata (Hoth et al., 2008). As a
consequence, the flow of assimilates into syncytia occurs passively
by diffusion through plasmodesmata. Consistent with symplastic
loading of nutrients into syncytia, transport proteins play a far
less important role (Puthoff et al., 2003).

In the last couple of years enormous progress has been made
to identify and understand the molecular players and the pre-
cise mechanisms that define tissue identity in the vasculature
under “normal” circumstances reviewed by (Miyashima et al.,
2013). In the primary root meristem phloem and xylem devel-
opment are closely linked. A mutant in the ALTERED PHLOEM
DEVELOPMENT (APL) gene fails to specify phloem and in its

place xylem development occurs. It is also known that the com-
binatorial effects of the two phytohormones auxin and cytokinin
play a crucial role in specifying the xylem axis, thereby defining
the spatial constraints in which phloem development can take
place (Bishopp et al., 2011a,b,c). On the other hand, surpris-
ingly little is known about the events that are associated with
“secondary” vascularization events, i.e., the connection of tissues
or organs to the existing vasculature or its secondary prolifera-
tion. Events similar to the vascularization of nematode-induced
feeding sites described above are also observed in a number of
other pathogen interactions, for example crown galls induced by
Agrobacterium tumefaciens or the interaction with parasitic plants
such as dodder (Cuscuta sp.) or mistletoe (Viscum sp.) (Aloni
et al., 1995; Birschwilks et al., 2006). Furthermore, the nodules,
which are formed during the beneficial interaction between nitro-
gen fixing bacteria and legumes, are vascularized to maintain
the exchange of fixation products and assimilates, respectively
(Schultze and Kondorosi, 1998). Vascularization occurs not only
in organismic interactions: plants are also able to form new vas-
cular elements after wounding or grafting (Behnke and Schulz,
1980; Kollmann and Glockmann, 1985; Rachowbrandt and
Kollmann, 1992). In the latter case, which is of great agronomic
relevance, even vascular elements of different species become con-
nected to support healthy growth of the chimaera. In all these
processes the phytohormone auxin seems to play an important
role, often also in combination with other phytohormones (Aloni,
1979; Aloni et al., 1990, 1995). In the case of nematode infec-
tion the early events of feeding site initiation were shown to
be dependent on auxin (Goverse et al., 2000; Karczmarek et al.,
2004; Grunewald et al., 2009). On the other hand nothing is
known about the role of auxin during the vascularization of
nematode-induced feeding sites, which occurs at later stages of
feeding site development. For this reason we examined the auxin
response of the vasculature of wild type Arabidopsis plants and
mutants of the auxin signaling pathway throughout the infection
with the root knot nematode Meloidogyne incognita or the cyst
nematode Heterodera schachtii. We show that in root knots an
auxin response, but no cytokinin response, occurs in cells, which
develop into phloem cells. In the mature stage the sieve element
marker antibody RS6 (Khan et al., 2007) can label virtually all
cells that were auxin-responsive. Using GUS staining we demon-
strate that the corresponding gene is expressed in the phloem
cells throughout development. Additionally, the APL gene, which
is used as a marker for protophloem and companion cells is
expressed in these cells. In contrast to the phloem formation
around giant cell, the developing sieve elements surrounding syn-
cytia responded to both, auxin and cytokinin but the companion
cells responded only to auxin. The data suggest that the phloem
around giant cells has protophloem identity and the phloem
around syncytia metaphloem identity.

MATERIALS AND METHODS
PLANT MATERIAL
Transgenic Arabidopsis thaliana lines containing PDR5:GFP
(Ottenschlager et al., 2003) or PDR5:GUS (Ulmasov et al., 1999)
were used to monitor auxin response. Cytokinin response was fol-
lowed using the PTCS:GFP line described by (Müller and Sheen,

Frontiers in Plant Science | Plant Physiology July 2013 | Volume 4 | Article 241 | 178

http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Absmanner et al. Phloem development in nematode-induced feeding sites

2008). The PSUC2:GFP transgenic line expressing soluble GFP
under control of the companion cell specific AtSUC2 promoter
was described in (Imlau et al., 1999). APL promoter activity was
monitored in a PAPL:GUS transgenic line (Bonke et al., 2003). In
order to monitor promoter activity of the sieve element marker
RS6 a 998 kb fragment upstream of the RS6 coding region was
amplified by PCR from Col-0 genomic DNA and introduced into
the pMDC162 vector (Curtis and Grossniklaus, 2003) by gate-
way cloning. Primer sequences are available upon request. The
auxin resistant mutant axr1-3/axr4-2 (Hobbie and Estelle, 1995)
was obtained from ABRC. The homozygous T-DNA insertion line
aux1 was previously published (Yang et al., 2006).

GROWTH CONDITIONS AND INFECTION WITH NEMATODES
For surface sterilization, seeds of the lines described above were
incubated in 70% ethanol p.A. for 3 min and subsequently in
an aqueous solution of 1% NaOCl and 0.1% Mucasol® for
2 min. The seeds were washed 4 times in sterile water, resus-
pended in 0.1% agarose and plated on Gamborg medium sup-
plied with 2% sucrose. After 2 days of vernalization at 4◦C,
plates were incubated in a growth chamber under short day
conditions at 22◦C. Two weeks later, the plants were infected
with the H. schachtii or M. incognita second stage juveniles
(J2), respectively. For infection with H. schachtii, cysts were
harvested from sterile agar stocks and incubated in 3 mM
ZnCl2 at 25◦C. After 4 days, freshly hatched (J2) were col-
lected, washed with sterile water and used for inoculation of
plant cultures. In case of M. incognita, freshly hatched J2 were
obtained from eggs that were collected from infected tomato
plants (Solanum lycopersicum cv. Moneymaker). The J2 were
surface sterilized by incubating them in 0.02% HgCl2 for 30 s.
Afterwards, they were washed with sterile water and used for
inoculation.

CONFOCAL LASER SCANNING MICROSCOPY
GFP fluorescence was analyzed using a Zeiss Axiovert 200 M
microscope equipped with a confocal laser scanning unit LSM 510
META using the 488 nm line of the argon laser for excitation and
a BP 505–550 filter for selective GFP detection.

SECTION PREPARATION AND IMMUNOHISTOCHEMISTRY
Immunohistchemistry was performed as described (Meyer et al.,
2000). Semi-thin-sections with a thickness of 3 µm were pre-
pared at a microtome and were treated with antibodies diluted
in blocking buffer as follows: mouse monoclonal RS6 antibody
1:10 (Khan et al., 2007); rabbit polyclonal anti-GFP antiserum
1:100; goat anti-mouse-Cy3 conjugate 1:80 (Dianova); goat anti-
rabbit-Cy2 conjugate 1:80 (Dianova). Sections were mounted in
50% glycerol and fluorescence was analyzed at an Axioskop FL
epifluorescence microscope (Zeiss) using the Zeiss filter sets no.
46 (Cy2, excitation: BP 500/20, beam splitter: FT 515, emission:
BP 535/30) and no. 15 (Cy3, excitation: BP 546/12, beam splitter:
FT 580, emission: LP 590).

STAINING FOR GUS ACTIVITY
For histochemical localization of GUS activity, root material was
infiltrated with 1.25 mM X-Gluc in staining solution (0.05 M
NaPO4 pH 7.2, 0.5 mM K3Fe(CN)6, 0.5 mM K4Fe(CN)6, 1%

Triton X-100) and incubated at 37◦C until blue staining was
clearly visible. Samples were washed three times with 0.05 M
NaPO4 pH 7.2 and analyzed by brightfield microscopy. For thin
sections, root material was embedded in 5% low melting agarose
and sectioned to 60 µm using a vibratome.

RESULTS
We wanted to investigate the effect of auxin and cytokinin on
phloem development in the two different feeding sites, root
knots and syncytia induced by RKN or CN, respectively. The
importance of auxin during the very early stages of nematode
infestation has been documented. In order to investigate which
cells within the feeding sites show an auxin response we used
the well-documented PDR5:ER-GFP plant line that expresses
ER-localized GFP under control of the auxin responsive DR5
promoter (Ottenschlager et al., 2003).

AUXIN RESPONSE IN UNINFECTED WILD TYPE ROOTS
The Arabidopsis plants used for infection were grown on
Gamborg medium for 2 weeks prior to infection (see materi-
als and methods section). We examined GFP fluorescence in
uninfected control roots of this age (Figure 1). In agreement
with previous data fluorescence was observed in the root tips
(Figures 1A,B) and in lateral root primordial (Figures 1C,D).
In the differentiated parts of the root, approximately 2 cm dis-
tal of the root tip, fluorescence was also always detectable in
two cell files in the stele (Figures 1E,F). In order to iden-
tify the cell type that displayed the auxin response within the
stele we performed immunolocalization experiments on sec-
tioned PDR5:ER-GFP plant root material (Figure 2). We used
the previously described monoclonal RS6 antiserum to iden-
tify sieve elements (Khan et al., 2007) and a polyclonal GFP
antiserum to identify the auxin responsive cells. In the stele
approximately 2 cm distal of the root tip the auxin response,
shown in green, occurred in cells directly adjacent to the sieve
elements, shown in red (Figures 2B–D). Cells decorated by the
antisera were obviously located at the phloem pole of the stele.
Based on the characteristic position of the auxin responsive
cells with respect to the sieve elements and the xylem, cells
with wide lumens and thick walls, we identified these cells as
companion cells. In slightly older sections of the root (approx-
imately 3 cm distal of the tip) the pattern observed was similar
(Figures 2E–H). The auxin responsive cells were always directly
adjacent to the sieve elements that were labeled by the RS6 anti-
serum. Taken together, these data show that a constitutive auxin
response occurs in cells within the fully differentiated phloem
of 2-week-old Arabidopsis wild type roots. The auxin response
occurs in cell directly adjacent to sieve elements, the compan-
ion cells.

AUXIN RESPONSE IN ROOT KNOTS INDUCED BY Meloidogyne
incognita
In order to identify auxin responsive cells in root knots of
PDR5:ER-GFP plants we monitored GFP-fluorescence through-
out their development (Figure 3). Above and below young galls,
approximately 7 days after infection (dai), fluorescence was vis-
ible in the cell files described above (Figures 3A,B). Within
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FIGURE 1 | GFP fluorescence in uninfected roots of 2-week old

PDR5:ER-GFP Arabidopsis plants. Fluorescence is observed in auxin
responsive tissues. (A,B) Root tip (A) GFP channel (B) Overlay of GFP
fluorescence and bright field image. (C,D) Lateral root primordium (C) GFP
channel (D) Overlay of GFP fluorescence and bright field image. Within the
vasculature approximately 2 cm above the root tip (E,F) fluorescence is
observed in two cell files. (E) GFP fluorescence (F) Overlay of GFP
fluorescence and bright field image. Scale bars represent 20µm.

the root knot fluorescence was observed surrounding an area
that displayed no fluorescence (asterisk in A). Approximately
14 dai (Figures 3C,D) and 17 dai (Figures 3E,F) fluorescence was
observed in a net-like pattern that surrounded fluorescence-free
areas, which are in the position of the giant cells (asterisks). In
fully mature and differentiated root knots the fluorescence pat-
tern was similar but in general slightly weaker (Figures 3G,H).
We never observed fluorescence at the position of giant cells
using PDR5:ER-GFP plants. To increase the sensitivity we also
infected PDR5:GUS plants (Figure 4). The data obtained sup-
ported the notion that an auxin response occurs in the root
knot but is absent from the giant cells, which are readily vis-
ible (asterisks in Figure 4C). The fluorescence or staining pat-
tern observed throughout development of the root knot was
highly reminiscent of that described in a previous study in which
the fluorescence resulting from GFP expressed under control of
the companion cell specific SUC2 promoter diffused from the

companion cells into the sieve elements surrounding the giant
cells (Hoth et al., 2008). In order to determine the earliest time
point at which the net-like pattern becomes apparent first, we
directly compared the fluorescence pattern of PDR5:ER-GFP and
PSUC2:GFP plants 7 dai and 14 dai (Figure 5). At 7 dai GFP fluo-
rescence of PSUC2:GFP plants was still limited to the companion
cells of the vasculature, indicating that plasmodesmata allowing
the diffusion of GFP had not formed (Figures 5A,B). In con-
trast, in PDR5:ER-GFP plants the occurrence of the fluorescence
was already visible (Figures 5E,F). At 14 dai the plasmodes-
mata allowing the diffusion of GFP from the companion cells
into the cells surrounding the giant cells as described earlier
had occurred (Figures 5C,D) (Hoth et al., 2008). The pattern
of fluorescence observed in PDR5:ER-GFP plants looked strik-
ingly similar the that of PSUC2:GFP plants(Figures 5G,H). These
data indicate that the cells that will eventually form the net
surrounding giant cells experience an auxin response prior to
their differentiation and also prior to becoming interconnected
by plasmodesmata. To demonstrate this at the cellular level
we performed immunolocalization experiments using the GFP
antiserum to identify cells responding to auxin and the RS6
antiserum to decorate sieve elements (Figure 6). Figures 6A–D
shows a section through a root-knot at 10 dai. The giant cells
are readily identified. At two opposite poles an elevated num-
ber of cells that were decorated with the RS6 serum, shown in
red, had formed (Figure 6C; arrow heads in Figure 6D). Most
cells that were adjacent to the giant cells were labeled by the
GFP antiserum, shown in green, thereby forming a closed ring
surrounding the giant cells (Figure 6B). Figures 6E–L shows
that at 17 dai the giant cells become surrounded by a high
number of sieve elements, decorated by the RS6 antiserum
(Figures 6G,H), consistent with previous findings (Hoth et al.,
2008). Surprisingly, almost all cells that were labeled with the
sieve element marker were also labeled by the GFP antiserum
(Figures 6H,L). This indicates that all the cells that differenti-
ated into sieve elements were experiencing an auxin response and
that very early during the infection cycle the cells surrounding
the giant cells become auxin responsive and after the onset of
this auxin response differentiate into sieve elements. We hardly
ever observed cells that were labeled by the GFP serum exclu-
sively. One rare example is shown in Figure 6L (arrow). This
suggests that at 17 dai the formation of the sieve element net is
complete.

It is noteworthy that we never detected GFP in giant cells,
which means that these cells themselves do not respond to auxin.

In order to demonstrate that the RS6 promoter is active
throughout the development of the root knot we performed GUS
staining (Figure 7). We could show that the expression pattern
of the RS6 promoter mirrors the formation of the symplastic
domain specified by the diffusion of GFP. In uninfected roots
of infected plants staining was limited to the stele in two cell
files (Figures 7A,B). The staining pattern was sustained in early
developmental stages of root knot development (Figure 7C). At
10 dai staining became diffuse and extended from the phloem
poles (Figure 7D). In mature root knots staining was observed in
a net-like pattern surrounding the giant cells. This indicates that
once cells become auxin responsive the RS6 gene is transcribed.
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FIGURE 2 | Identification of auxin responsive cells by

immunohistochemistry in sections through roots of 2-week old

PDR5:ER-GFP Arabidopsis plants. (A–D) Section through a root approximately
2 cm above the root tip corresponding to the part of the root in which early
giant cell development occurs. (E–H) Section through a slightly older part of
the root. (B–D) and (F–H) are details of (A) and (E), respectively, indicated by

the square. (B,F) Auxin responsive cells decorated by a GFP antibody. The
position is consistent with a companion cell identity. Green color results from a
Cy2-conjugated secondary antibody. (C,G) Cells decorated with the sieve
element marker antiserum RS6. Red color results from a Cy3-conjugated
secondary antibody. (D,H) are overlays of (B,C) and of (F,G), respectively. Scale
bars represent 20 µm in (A,E) and 5 µm in (B)–(D) and (F)–(H).

FIGURE 3 | GFP fluorescence in roots of PDR5:ER-GFP Arabidopsis plants

infected with M. incognita. Fluorescence is observed in auxin responsive
tissues. Note the net-like structure of the tissue consisting of cells displaying

GFP fluorescence. (A,C,E,G) GFP fluorescence. (B,D,F,H) Overlay of GFP
fluorescence and bright field image. (A,B) 7 dai, (C,D) 14 dai (E,F) 17 dai,
(G,H) 21 dai. Scale bars represent 100 µm.

In order to address the role of auxin in phloem develop-
ment in root knots further we employed auxin resistant or
auxin transport mutants. Unfortunately, strong auxin response
mutants or auxin resistant mutants display severely disturbed
root development and a highly reduced number of lateral roots,
which are missing entirely in some cases. For this reason we
used auxin mutants for which it was reported that they can
be infected with nematodes (Goverse et al., 2000). The aux1
mutant is a knock-out line carrying a T-DNA insertion in

the gene encoding the high-affinity auxin influx carrier AUX1
(Yang et al., 2006); the axr1-3/axr4-2 mutant displays a high
degree of auxin resistance (Hobbie and Estelle, 1995). The DR5
marker was introgressed into the mutant backgrounds. Figure 8
shows the auxin response in aux1 mutants (Figures 8A–H)
and axr1-3/axr4-2 double mutants (Figures 8I–P). The fluores-
cence pattern observed was essentially undistinguishable from
that of wild type plants. Furthermore, the females on these
plants developed properly. Thus, the auxin response leading to
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phloem differentiation occurred normally in these mutants. This
indicated that phloem development is independent of AUX1-
mediated auxin influx as well as of AXR1 action. However, it
is noteworthy that we observed numerous lateral roots associ-
ated with the root knots (Figures 8D,F,H,J,L,N,P) despite the fact
that the mutants show strongly reduced lateral root formation
(Hobbie and Estelle, 1995). Also, this is somewhat in contrast to
the observation of (Goverse et al., 2000) who described that upon
infection of the axr1-3/axr4-2 mutant with H. schachtii, no lateral
roots at all were found associated with feeding sites.

AUXIN RESPONSE IN THE PHLOEM ADJACENT TO SYNCYTIA INDUCED
BY Heterodera schachtii
In order to identify auxin-responsive cells in the tissues adja-
cent to the syncytium and to understand if the syncytium itself
responds to auxin in its mature stage we infected PDR5:ER-GFP
plants with J2 juveniles of the beet-cyst nematode Heterodera
schachtii. The fluorescence pattern observed was also in this case

FIGURE 4 | Auxin response visualized by GUS-staining in M. incognita
infected PDR5:GUS plant roots. (A) uninfected parts of the root displayed
a normal staining pattern. The tissue within the root-knot 7 dai (B) and
17 dai (C) displayed an auxin response. Giant cells (asterisks in C) were not
stained. Scale bars represent 200 µm.

very much reminiscent of that when using PSUC2:GFP plants
(Hoth et al., 2005, 2008). However, the syncytium itself appeared
to be free of fluorescence (Figures 9A,B). To identify the cells that
responded to auxin we performed immunohistochemistry using
the GFP antiserum to identify auxin-responsive cells and the RS6
antiserum to label sieve elements (Figures 9C–F). We were able to
identify cells that had differentiated into sieve elements at an ele-
vated number (Figure 9E) consistent with earlier studies (Hoth
et al., 2005). Again, most cells that were decorated by the RS6
antiserum were also labeled by the GFP antiserum (Figure 9D),
suggesting that also the sieve elements around syncytia or the cells
that they developed from, were responding to auxin. In marked
contrast to the situation in root knots we also found cells which
were clearly labeled only by the GFP antiserum (Figure 9F). The
characteristic position of these cells with respect to the sieve ele-
ments as well as to the syncytium is strongly suggesting that these
cells are companion cells, which were clearly identified previously
(Hoth et al., 2005). As it was the case for giant cells we never
observed a GFP-positive syncytium using this method. This indi-
cates that both feeding sites don’t display an auxin response in
their mature and fully differentiated stage.

Taken together, the results indicate that in both nematode
interactions cells in vicinity of the feeding site are exposed to an
auxin response. In the case of root knots this leads to the develop-
ment of sieve elements and in the case of the syncytia-associated
phloem to the proliferation of companion cells and sieve ele-
ments. This differential response cannot be explained by the auxin
responsiveness alone.

CYTOKININ RESPONSE IN ROOT KNOTS
Auxin is well-known to act in a finely tuned combination with
other phytohormones, particularly cytokinin. In order to study
the cytokinin response we used PTCS:ER-GFP Arabidopsis plants

FIGURE 5 | Comparison of GFP fluorescence in root-knots of a

M. incognita infected PSUC2:GFP plant (A–D) and a PDR5:ER-GFP plant

(E–H) at 7 dai (A and B, E and F) and 14 dai (C and D, G and H). At 7 dai,
GFP-fluorescence is limited to the sieve element/companion cell complex of

the regular phloem in (A,B) but present in more cells in (E,F). At 14 dai, GFP
fluorescence is seen in a net-like pattern in both a PSUC2:GFP (C,D) and a
PDR5:ER-GFP plant (G,H). (A,C,E,G) GFP fluorescence, (B,D,F,H) Overlay of
GFP fluorescence and bright field image. Scale bars represent 100 µm.
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FIGURE 6 | Identification of auxin responsive cells by

immunohistochemistry in sections through root-knots of

PDR5:ER-GFP Arabidopsis plants infected with M. incognita. (A–D)

Section through a root knot 10 dai. (E–H) Section through root knot
17 dai. (I–L) detail of a section through a root knot 17 dai. (B,F,J) Auxin
responsive cells decorated by a GFP antibody. Green color results from a
Cy2-conjugated secondary antibody. (C,G,K) Cells decorated with the

sieve element marker antiserum RS6. Red color results from a
Cy3-conjugated secondary antibody. (D,H,L) are overlays of (B,C), (F,G),
and (J,K), respectively. Arrow heads in (D) point to RS6-positive cells
located at two poles within the stele, probably the location of the initial
phloem poles. Arrow in (L) points to the rarely observed cells that are
exclusively labeled by the GFP antiserum. Scale bars represent 20 µm in
(A–H) and 10 µm in (I–L).

that express ER-localized GFP under control of a synthetic
cytokinin-responsive promoter. The TCS promoter contains the
concatemerized binding motifs for B-type response regulators
which in Arabidopsis mediate the transcriptional activation of
early cytokinin target genes, fused to a minimal CamV35S pro-
moter (Müller and Sheen, 2008). Figure 10 shows the typical flu-
orescence observed in these plants. Cytokinin response was seen
in the root tip (Figure 10A), consistent with prior studies (Müller
and Sheen, 2008). In contrast to the findings for the PDR5:ER-GFP
plants we did not observe fluorescence in the stele, indicating
that companion cells do not display a marked cytokinin response.
Interestingly, we also never detected a cytokinin response in root
knots neither in the giant cells themselves nor the surrounding
tissues throughout the entire development (Figures 10C–F). This
suggests that in the case of the phloem development in root knots
auxin seems to play a crucial role and cytokinin response medi-
ated by B-type RR genes does not occur at a level that can be
detected using this approach.

CYTOKININ RESPONSE OF SYNCYTIA-ADJACENT PHLOEM
In order to investigate if the phloem around syncytia responded
to cytokinin we infected PTCS:ER-GFP Arabidopsis plants with
H. schachtii J2 juveniles. In contrast to the situation in root
knots we observed a cytokinin response associated with syn-
cytia (Figures 11A,B). To gain insights at the cellular level we
performed immunolocalization of GFP and the RS6 marker
(Figures 11C–F). We could demonstrate the presence of GFP in
cells associated with the syncytia (Figure 11D). Colocalization
with the RS6 marker antibody confirmed that these cells were
sieve elements. Interestingly—and in marked contrast to the pat-
tern observed for the auxin response—we failed to detect cells
that were labeled by the GFP antibody exclusively. This indi-
cates that also the companion cells associated with the syncytia
do not display a cytokinin response. The phloem surrounding
syncytia is made up of companion cells, which display the same
response to hormones as companion cells in uninfected roots,
and of sieve elements which are responsive to both auxin and
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FIGURE 7 | Activity of the RS6 promoter visualized by GUS staining in

PRS6:GUS plants. In control sections of plants roots infected with
M. incognita staining is observed throughout the stele (A,B). In root knots
5 dai the staining is still limited to the stele (C). In root-knots 10 dai the
staining is spreading out but still in the position of the original phloem pole
(D). In mature root-knots (E), 17 dai, staining is observed around the giant
cells. Scale bars represent 200 µm.

cytokinin. The fact that the sieve elements respond to the hor-
mones clearly points to the notion that also these sieve elements
were formed de novo and either still contain nuclei or lost them
very shortly before.

IDENTITY OF THE PHLOEM AROUND GIANT CELLS
The phloem around giant cells is clearly different from the
phloem surrounding syncytia and the phloem that is typically
found in roots. The most obvious observation is the absence
of companion cells and the fact that nuclei were observed. In
order to gain more insight about the identity of this phloem
by infection of PAPL:GUS plants (Figure 12). The APL gene
is expressed in the nucleated protophloem of developing roots
and also in companion cells (Bonke et al., 2003). We observed
the expression of the GUS gene in two cell files in uninfected
root, consistent with previous studies (Figure 12A). In a root
knot 7 dai staining was observed throughout the knot, exclud-
ing the giant cells (Figure 12B). Also in a mature root knot at
17 dai the staining was visible as a network around the giant
cells (Figure 12C). To confirm this finding, cross sections were
prepared. Figure 12D shows a section directly above the root
knot, indicated by the separation of the xylem elements (arrow).
The staining is clearly seen in the companion cells. In the cen-
ter of the root knot, the staining domain is much broader
and is found in populations of cells adjacent to the giant cells
(Figure 12E). As companion cells are absent from the root knot,
these APL expressing cells most likely represent the nucleate

sieve elements of the root knot phloem. We therefore propose
that the phloem around the giant cells has protophloem iden-
tity.

DISCUSSION
HORMONE RESPONSE IN DIFFERENTIATED ARABIDOPSIS ROOTS
Auxin is a key regulator of plant development. Its role in root
development, both embryonic and postembryonic is documented
in close to 2000 papers (state spring 2013). The auxin responsive
DR5 promoter has been used widely to visualize auxin response
in a multitude of tissues in several plant species throughout devel-
opment. In the Arabidopsis root an auxin maximum is found
in the root tip where it plays a critical role in the positioning of
the stem cell niche (Miyashima et al., 2013). This auxin maxi-
mum is brought about by the concerted action of a number of
transport systems including pin-formed (PIN) proteins and ABC-
type transporters that transport auxin acropetally in the stele
toward the root tip (Benjamins and Scheres, 2008). In the dif-
ferentiation zone auxin—in combination with cytokinin—also
plays a critical role in the specification of proto- and metaxylem
(Bishopp et al., 2011a). The auxin responsiveness of these cells
was visualized in PDR5:ER-GFP plants (Bishopp et al., 2011b,c).
Cytokinin response in roots was typically visualized by pro-
moter elements from Arabidopsis response regulators (ARR) that
respond to cytokinin, fused to GUS or ER-GFP. The position
of the cytokinin maximum in the root tip correlates well with
that of auxin and the combinatorial role of both hormones in
root development is obvious (Bishopp et al., 2011a; Miyashima
et al., 2013). Fairly recently the synthetic TCS promoter, harbor-
ing the concatemerized B-type Arabidopsis response regulator
(ARR)-binding motifs and a minimal 35S promoter was intro-
duced to monitor the positive transcriptional output of cytokinin
signaling (Müller and Sheen, 2008). It is important to keep in
mind that this promoter does not allow drawing conclusions
about A-type ARRs that repress cytokinin signaling in a negative-
feedback loop (Müller and Sheen, 2007). In both cases, auxin
and cytokinin signaling, the vast majority of the studies deal
with root tips 2–5 days after germination while clearly differen-
tiated parts of the root 2 or more weeks after germination have
not been examined. We found that the expression of reporters
driven by both the DR5 and the TCS promoters in root tips
and lateral root primordia was consistent with published results
(Ottenschlager et al., 2003; Müller and Sheen, 2008). In addi-
tion to these well-known auxin responsive tissues we found that
companion cells responded to the hormone (Figure 2). While
there is no published support for this observation there are
several arguments in favor of companion cells exhibiting a con-
stitutive auxin response. First, the proto- and metaxylem that
exhibit an auxin response in the differentiation zone are fully
developed, i.e., they are transformed into dead, water conduct-
ing vessels and the position of the DR5-positive cells with respect
to the sieve elements clearly argues against a possible xylem
identity. Second, as mentioned above, it is by now commonly
accepted that auxin and cytokinin are transported in the stele,
particularly in the phloem (Bishopp et al., 2011c). In the devel-
oped parts of the root the phloem consists of fully differentiated
sieve elements and companion cells. Mature sieve elements loose
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FIGURE 8 | GFP fluorescence in M. incognita-induced root knots of

plants expressing ER-GFP under control of the DR5 promoter in a

mutant background. (A–H) aux1 background, (I–P) axr1-3/axr4-2
background. Fluorescence is observed in auxin responsive tissues in a

seemingly unaltered pattern. (A,C,E,G,I,K,M,O) GFP fluorescence.
(B,D,F,H,J,L,N,P) Overlay of GFP fluorescence and bright field image.
(A,B,I,J) 7 dai, (C,D,K,L) 14 dai (E,F,M,N) 17 dai, (G,H,O,P) 21 dai. Scale bars
represent 100 µm.

their nucleus during maturation and consequently the ability
to respond to stimuli by transcriptional changes. Companion
cells integrate a variety of environmental stimuli for example the
decision to flower takes place in these cells (An et al., 2004).
It seems reasonable that the companion cells in the conducting
phloem exhibit a constitutive auxin response to monitor auxin
concentration along the transport path to integrate hormonal
information. On the other hand we failed to observe a positive
transcriptional output indicated by the absence of fluorescence in
PTCS:ER-GFP plants. Whether cytokinin signaling and response
do not take place or are not important in companion cells of the
metaphloem remains to be established by examining the response
of the A-type ARRs that repress cytokinin signaling via a negative
feedback loop.

It is noteworthy that even if a constitutive auxin response in
companion cells occurs, this is probably not the crucial cue in
specifying cell identity because in an extensive study no pro-
moter elements in the SUC2 promoter of the companion cell
marker were identified that indicated a regulation by either of the
hormones (Schneidereit et al., 2008).

HORMONE RESPONSE IN NEMATODE-INDUCED TISSUES- THE ROLE
OF THE FEEDING SITE
The first observation we made was that fully differentiated feeding
sites themselves—i.e., giant cells or syncytia—never responded to
auxin. Other studies found DR5-driven reporter gene activity in
young feeding sites (Goverse et al., 2000; Karczmarek et al., 2004;
Grunewald et al., 2009). A model in which the feeding site acts
as source of auxin, which is transported into the surrounding
tissue to induce differentiation of these cells has been proposed
(Grunewald et al., 2009). It is known that an auxin response in
the syncytia or giant cells occurs at early stages but this phe-
nomenon is a transient process and we therefore failed to detect
auxin response in the feeding sites at the time points under inves-
tigation. Nevertheless, our data do not exclude the possibility that
feeding sites act as a source of auxin to trigger the developmental
effects in the surrounding vasculature. DR5 activity only provides
information about auxin response but not about auxin concen-
tration. Unfortunately, the auxin concentrations in the feeding
sites as well as in the surrounding cells are not known. Therefore,
it is currently impossible to resolve this issue.
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FIGURE 9 | Auxin response in roots of H. schachtii -infected

PDR5:ER-GFP Arabidopsis plants 14 dai. (A,B) GFP fluorescence in intact
syncytia. (A) GFP fluorescence, (B) Overlay of GFP fluorescence and bright
field image, arrow points to the nematode. (C) Bright field image of a
section through a syncytium 14 dai. (D–F) is a detail of the indicated
position in (C). (D) Auxin responsive cells decorated by a GFP antibody.
Green color results from a Cy2-conjugated secondary antibody. (E) Cells
decorated with the sieve element marker antiserum RS6. Red color results
from a Cy3-conjugated secondary antibody. (F) is an overlay of (D,E). Scale
bars represent 100 µm in (A,B), 20 µm in (C) and 10 µm in (D–F).

With respect to the feeding sites themselves the same obser-
vation was made for cytokinin. Neither in syncytia nor in giant
cells TCS promoter activity could be detected. It is possible that
A-type ARRs are positively regulated in feeding sites, which we
would not detect in PTCS:ER-GFP plants. However, in a previous
study the response of the A-type ARR5 promoter, visualized by
GUS staining, was investigated in RKN-infested roots. In agree-
ment with our data also this promoter did not appear to be active
in the feeding site itself, indicating that cytokinin response does
not occur (Lohar et al., 2004). The same logic as for auxin also
applies in the case of cytokinins: it is possible that the feeding
site itself does not respond to cytokinin but acts a source of the
hormone that triggers changes in the surrounding tissues.

HORMONE RESPONSE IN NEMATODE-INDUCED TISSUES- WHAT
TRIGGERS THE DIFFERENTIATION OF PHLOEM SURROUNDING
FEEDING SITES?
Irrespective of the source of the hormones our data indicate that
the phloem around syncytia and giant cells responds to auxin

FIGURE 10 | GFP fluorescence in Arabidopsis plants expressing

ER-GFP under the control of the TCS-promoter. Fluorescence is
observed in cytokinin responsive tissues. (A,B) GFP fluorescence in the
root tip of a 2 week old PTCS:ER-GFP plant. (A) GFP fluorescence. (B)

Overlay of GFP fluorescence and bright field image. (C,D,E,F) GFP
fluorescence in M. incognita–induced root-knots in PTCS:ER-GFP plants at
7 dai (C,D) and 14 dai (E,F). Throughout development staining was diffuse
and virtually absent from root knots. (C,E) GFP fluorescence. (D,F) Overlay
of GFP fluorescence and bright field image. Scale bars represent 50 µm in
(A,B) and 100 µm in (C–F).

and/or cytokinin and that the ratio of auxin to cytokinin is
involved in the differential vascularization of both feeding sites.
The results obtained for the two different types of vasculature
found in RKN and CN induced tissues are discussed separately
in the following sections.

Root knots
The phloem around giant cells consists of cells that display exclu-
sively sieve element identity but do not express the companion cell
marker SUC2 (Hoth et al., 2008). In the present study we show
that the cells surrounding giant cells display an auxin response
as early as 1 week after infection. At this time the vasculature
surrounding the giant cells appears unaffected. The SUC2 gene
appears to be expressed normally and the formation of plas-
modesmata allowing the diffusion of GFP out of the regular
root phloem and into the nematode-induced phloem tissue and
there from cell to cell that is found in later stages of RK devel-
opment obviously has not occurred (Figures 5A,B). Between
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FIGURE 11 | Cytokinin response in roots of H. schachtii -infected

PTCS:ER-GFP Arabidopsis plants 14 dai. (A,B) GFP fluorescence in intact
syncytia. (A) GFP fluorescence, (B) Overlay of GFP fluorescence and bright
field image, arrow points to the nematode. (C) Bright field image of a
section through a syncytium 14 dai. (D–F) is a detail of the indicated
position in (C). (D) Cytokinin responsive cells decorated by a GFP antibody.
Green color results from a Cy2-conjugated secondary antibody. (E) Cells
decorated with the sieve element marker antiserum RS6. Red color results
from a Cy3-conjugated secondary antibody. (F) is an overlay of (D,E). Scale
bars represent 100 µm in (A,B), 20 µm in (C) and 10 µm in (D–F).

1 and 2 weeks after infection the cells change their identity.
The sieve element marker RS6 is expressed and readily detected
(Figures 6A–D) and the cells become interconnected by plasmod-
esmata forming a symplastic domain. All these observations are
consistent with earlier results (Hoth et al., 2008). The phloem
around giant cells responded to auxin throughout the develop-
ment of the females and even after the cells have assumed sieve
element identity. In agreement with the observation that no cells
expressing SUC2 could be found in root knots we hardly ever
observed cells that were exclusively responding to auxin with-
out also testing positively for the sieve element marker. This is
an additional line of evidence that there are no companion cells
in root knots rather than the possibility that the companion cells
within this structure are simply not expressing the SUC2 gene.
We showed earlier that the sieve elements in root knots are fre-
quently nucleated and are in principle capable of a transcriptional

FIGURE 12 | Activity of the APL promoter visualized by GUS staining

in PAPL:GUS plants. In control sections of plants roots infected with
M. incognita staining is observed in two cell files within the stele (A). In
root knots 7 dai the staining is limited to the stele but also observed in
patches within the root knot (B). In mature root knots 17 dai staining is
observed in a net-like pattern in cells surrounding the giant cells (C). (D,E)

Cross sections through a root knot 17 dai. (D) section through the very
beginning of the root knot indicated by the separation of the xylem
elements (arrow). GUS staining is limited to four cells, probably companion
cells. (E) Cross section through the center of the root knot. Promoter
activity indicated by the GUS staining is observed in the cells surrounding
giant cells. Scale bars represent 100 µm in (A), 200 µm in (B,C) and 50 µm
in (D,E).

response to the hormone. We can, however, not rule out that
some of these sieve elements developed further and their nuclei
degraded. This implies that the GFP is still detectable in a fully
differentiated state of the sieve element that exhibits slow or no
protein turn over. There are no data on the half life time of GFP
in fully developed sieve elements but GFP is a fairly stable protein
with a reported half life time of up to 24 h even in rapidly divid-
ing cultures of E. coli (Andersen et al., 1998). Taken together the
results show that all cells that assumed sieve element identity were
experiencing an auxin response. Consistently, an auxin response
element is found in the promoter of the sieve element marker
whose expression pattern fits perfectly with the phloem symplas-
tic domain surrounding giant cells (Figure 7E). We hypothesize
that auxin response is a prerequisite of sieve element identity if
formed by secondary processes.

In contrast to auxin we did not observe a cytokinin response
mediated by B-type ARRs in root-knots. This does not rule out
that there is cytokinin response per se in root knots. In an earlier
study ARR5 was used to monitor cytokinin response (Lohar
et al., 2004). ARR5 was found to be induced in the cells around
giant cells. This particular gene belongs to the A-type cytokinin
response regulators that repress cytokinin signaling by a negative
feedback loop. This suggests that in the sieve elements around
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giant cells processes activated by cytokinin need to be tightly reg-
ulated and are not taking place at an elevated level. It is possible
that a negative regulation of downstream targets occurs and per-
haps represses further phloem differentiation, i.e., metaphloem
development. This is further substantiated by the notion that
there appear to be some similarities between giant cell vascular-
ization and lateral root formation, i.e., the expression of A-type
ARR genes and the lack of response to cytokinin as judged by
the expression of B-type ARRs while, at the same time, an high
auxin responsiveness is observed (Benkova and Bielach, 2010;
Bishopp et al., 2011a). Our data obtained from the infection of
auxin responsive mutants are pointing toward the same direction.
In agreement with other studies where the same mutants were
infected with H. schachtii, the infection rates were low. In marked
contrast, lateral root formation obviously occurred frequently,
especially associated with the root knots (Goverse et al., 2000).
A possible explanation is that once the feeding site is successfully
initiated the vascularization occurs independently of these par-
ticular AXR genes or gene combinations. Due to the high auxin
response around the giant cells even in the mutant background in
combination with high A-type ARR and low B-type ARR response
the ratio of auxin to cytokinin enables lateral root formation
at almost normal levels. Nevertheless, further studies involving
cytokinin resistant mutants are necessary to gain insight in the
role of this hormone.

Our results raise the question what the identity of the phloem
in root knots is. It is possible that the phloem is secondary
metaphloem. This would imply that in root knots metaphloem
initials produce only sieve element daughters and that the
auxin/cytokinin balance plays a role in this process. While we can-
not rule out this possibility and clearly, more data are needed
to come to a definite answer there are several lines of evidence
that favor a different hypothesis. Obviously, this phloem shares
certain obvious features with protophloem i.e., the cells are nucle-
ated frequently and we never detected companion cells, a cell type
that is generally found in metaphloem. The fact that we found
only very few cells in a mature root knot, which exclusively dis-
played an auxin response as we observed in fully differentiated
metaphloem companion cells, as well as the absence of SUC2
points to the notion that companion cells are really absent from
root knots. It remains elusive how and why companion cells are
consumed or absent from the phloem in root knots. A possible
explanation is that the sieve elements display a mixed identity.
Physiologically, the repression of SUC2 or not expressing the
gene makes a lot of sense. Assimilates, including sucrose, need to
leave the unloading phloem and be sequestered in the apoplast.
The presence of SUC2 would lead to re-import of sucrose into
the phloem. Turning down the expression of SUC2 would direct
the flow of sucrose into giant cells, provided they possess a means
to facilitate the uptake of sucrose. Indeed earlier studies found
another sucrose transporter, SUC1 to be specifically up-regulated
in root knots (Hammes et al., 2005). The possibility that the
sieve elements in root knots are protophloem is supported by the
expression of the APL gene in the phloem of root knots. This
gene encodes a transcription factor that is required to specify
phloem cells. In the wild type root it is expressed in the pro-
tophloem sieve elements and in the metaphloem in companion

cells (Bonke et al., 2003). However, since APL is also expressed in
early metaphloem sieve elements (Helariutta, personal commu-
nication), the true nature of these sieve elements remains elusive.
The fact that companion cells are absent from root knots clearly
favors the possibility that the sieve elements are protophloem
sieve elements. Furthermore, protophloem is induced in wol/fass
double mutants, suggesting that protophloem sieve elements do
not require a cytokinin response (Scheres et al., 1995). As stated
above there are certain similarities between lateral root forma-
tion and root knot vascularization. It is important to notice that
also during lateral root formation the first phloem cells, which
are formed and connect the new organ to the existing vascula-
ture, are protophloem cells. Taken together our results indicate
that the differential auxin and cytokinin response that occurs in
the cells around giant cells would induce them to proliferate and
assume protophloem identity. This would require at least one
more signal in addition to auxin and cytokinin that triggers pro-
tophloem rather than metaphloem development and keeps the
protophloem in an active state for a relatively long period of time.
Obviously, this would also imply that there are no signals that
trigger development of metaphloem in root knots or alternatively
a mechanism is active that suppresses metaphloem differentiation
in root knots.

Syncytia
As previously published the phloem around syncytia consists of
sieve elements and companion cells as it has been shown in a
number of studies using molecular markers suggesting it is typ-
ical metaphloem (Hoth et al., 2005, 2008). We found that both
cell types, sieve elements and companion cells responded to auxin
whereas only sieve elements but not companion cells responded
to cytokinin in a B-type ARR mediated fashion. In the case
of companion cells the responsiveness to both hormones was
also observed in the wild type roots of a similar age, i.e., they
responded to auxin, but not to cytokinin, indicating that these
are general features of metaphloem companion cells. On the other
hand the fact that we observed an auxin and cytokinin response in
the sieve elements seems surprising because typically fully differ-
entiated sieve elements lack nuclei and, therefore, cannot respond
on a transcriptional level. In marked contrast to the situation in
root knots the phloem elements surrounding syncytia still dis-
play the typical elongated shape and we therefore assumed that
the sieve elements would be typical metaphloem sieve elements.
However, it should be kept in mind that the phloem around syn-
cytia is of secondary origin and proliferates to support the devel-
opment of the feeding site. It is possible that some of the sieve ele-
ments still contained nuclei and the degeneration of the nucleus
had not already taken place. The metaphloem sieve elements may
have performed an auxin response shortly after the division of the
metaphloem initial and the GFP is still detectable as explained
above. It is known that the metaphloem proliferates around
syncytia but there are significantly more sieve elements than com-
panion cells produced (Hoth et al., 2005). It is also well-known
that cytokinins are required for secondary growth and prolifera-
tion of vascular elements in the shoots (Matsumoto-Kitano et al.,
2008; Nieminen et al., 2008; Hejatko et al., 2009). It is tempting
to speculate that the ratio of auxin to cytokinin response in
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the two cell types has an impact on the number of cell divisions
the cells undergo after the initial division of the metaphloem
initial. If the ratio is in favor of cytokinin the sieve elements
proliferate and in the opposite case the cells assume companion
cell identity. This implies that high auxin levels in companion cells
restrict their proliferation and may contribute to companion cell
identity. It will be interesting to find out if similar processes hold
true in the limited secondary growth of the Arabidopsis root and
to find out why auxin and cytokinin act exclusively on phloem
proliferation in the vicinity of nematode-induced feeding sites.

CONCLUSION
The data presented here suggest that the phloem around
giant cells is protophloem but the phloem around syncytia
is metaphloem. This indicates that the ratio of auxin and

cytokinin triggers the development and proliferation of differ-
ent types of phloem. More markers for proto- and metaphloem
are needed to address the question how the auxin/cytokinin
balance causes different effects on the development of these
tissues. These effects can—so far—only be explained by the exis-
tence of a signal secreted from the feeding sites that acts in
combination with auxin and cytokinin and induces the prolif-
eration of different types of phloem and also suppresses xylem
development.
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The phloem is often regarded as a relatively straightforward transport system composed
of loading (collection), long-distance (transport), and unloading (release) zones. While this
simple view is necessary and useful in many contexts, it belies the reality, which is that
the phloem is inherently complex. At least three types of sieve element–companion cell
complexes are found in minor veins of leaves. Individual species may have more than
one type, indicating that they employ multiple loading strategies, even in the same vein.
Gene expression data in particular point to heterogeneity in sieve element–companion cell
complexes of minor veins, perhaps in all flowering plants. Phloem heterogeneity in the
transport phloem is also evident in many species based on anatomical, biochemical and
gene expression data. In this regard, members of the Cucurbitaceae are especially complex
and interesting. We conclude that a hidden world of specialized phloem function awaits
discovery.

Keywords: phloem loading, heterogeneity, sieve elements, companion cells

INTRODUCTION
Early anatomists noted many differences in phloem structure
within and between species. These differences include, but are
by no means limited to, sieve tube dimensions and content, sieve
plate structure, wall composition and, at the organization level, the
association of different types of parenchyma cells, the presence
or absence of internal phloem, and differences in structure and
longevity of protophloem, metaphloem, and secondary phloem.
In addition, the intricate sieve tube systems in members of the
Cucurbitaceae are a continuing source of fascination. In this paper
we focus primarily on recent studies of heterogeneity in the load-
ing phloem of leaves and also review recent attempts to unravel
structure/function relationships in the transport phloem of the
cucurbits.

PHLOEM LOADING AND MINOR VEINS
PHLOEM LOADING MECHANISMS
Three phloem loading mechanisms are known and there is evi-
dence (see below) that more than one mechanism can be, and often
is, used by a single species (van Bel, 1993; Turgeon, 2010a; Aoki
et al., 2012). Each mechanism has associated with it a distinctive
type of companion cell.

In apoplastic loading, sucrose produced in mesophyll cells
enters the cell wall space (apoplast) and is taken up into the
minor vein phloem by transporters. This is a thermodynamically
active process that uses the proton gradient as an energy source.
Several authors have comprehensively reviewed sucrose trans-
porters (Sauer, 2007; Braun and Slewinski, 2009; Kuhn and Grof,
2010; Slewinski and Braun, 2010). The companion cells associated
with apoplastic loading are usually unspecialized in appearance,
except for those with cell wall ingrowths. The cytoplasm may be
dense, and these unspecialized cells are often referred to as “ordi-
nary” companion cells (Grusak et al., 1996). These minor vein

companion cells are symplastically connected to adjacent cells, in
addition to their sieve element, but the plasmodesmata are not
numerous. This makes sense since a highly porous interface at this
location would create a futile pump-leak cycle. In some species
the walls of companion cells engaged in loading have prominent
ingrowths that facilitate uptake from the apoplast. When wall
ingrowths are present the cells are called “transfer cells” (Pate and
Gunning, 1969). The presence of companion cells specialized as
transfer cells seems, according to present evidence, to be a clear
indication that loading occurs from the cell wall space.

Polymer trapping is another loading strategy with a very dis-
tinct companion cell type. These companion cells, known for
historical reasons as “intermediary cells,” are larger than most
ordinary companion cells or phloem parenchyma cells. They have
dense cytoplasm, many small vacuoles, and extremely abundant
plasmodesmata that connect them to adjacent bundle sheath cells
(Turgeon et al., 1993). The plasmodesmata are highly branched,
more so on the intermediary cell side than on the bundle sheath
side. Polymer trapping occurs when sucrose diffuses into the inter-
mediary cells through these cytoplasmic connections and is then
converted to raffinose and stachyose (Zhang and Turgeon, 2009).

In passive loading, sucrose and other transport compounds
such as sugar alcohols simply diffuse into the phloem from
the mesophyll without conversion to other compounds (Rennie
and Turgeon, 2009). These companion cells have abundant, but
symmetrically branched, plasmodesmata.

ACTIVE VERSUS PASSIVE LOADING
Phloem loading via the apoplast or by polymer trapping elevates
the concentration of sugar in the companion cells to much higher
levels than in the mesophyll and is therefore thermodynamically
active. As the name implies, passive loading is thermodynamically
downhill at the companion cell interface; transport compounds
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follow their concentration gradient into the companion cell.
Therefore the sucrose, and in some species the combined sucrose
and sugar alcohol concentration, in leaves of passive loaders is
considerably higher than that of most active loaders (Rennie and
Turgeon, 2009). Nonetheless, the phloem pressure osmotically
generated by passive loaders is relatively low (Turgeon, 2010b).

This raises an interesting point concerning the role of phloem
pressure. It has been generally assumed that active loading evolved
to increase solute concentration, and therefore hydrostatic pres-
sure, in the phloem to motivate long-distance transport by the
Münch mechanism. However, passive loading is almost exclusively
associated with trees, where the transport distances are longest.
This suggests that the pressure difference between source and sink
tissues needed to drive Münch pressure flow may be relatively
low (Turgeon, 2010b) and that phloem pressure in many species
of smaller stature exceeds that need. The true phloem pressure
differential required for long-distance transport is a matter of
continuing discussion (Mullendore et al., 2010; Jensen et al., 2012).

WHY THREE LOADING MECHANISMS?
Evolutionary theory tells us that loading mechanisms must confer
advantages to the plants that adopt them. The obvious advan-
tage to symplastic loading is that material is able to move from
the surrounding cells into the phloem along an open-access chan-
nel. Did symplastic loading evolve specifically to load sucrose in
this manner? This seems unlikely given that sucrose is efficiently
loaded along the apoplastic route in so many plants. More likely
is the possibility that other beneficial molecular species slip into
the phloem through the plasmodesmata and thereby avoid what
may be a hostile or difficult-to-traverse route through the cell
walls and membranes. At present these putative molecular species
remain unknown; their identification is potentially an exciting
and unexplored aspect of phloem physiology. Defense compounds
or signal macromolecules capable of directed transport through
plasmodesmata are candidates.

As noted above, the advantage to active loading has seemed
obvious for a long time: it generates the pressure needed to drive
transport over long distances. However, the capacity of many large
plants to operate effectively with less pressure suggests that other
explanations are needed (Turgeon, 2010b). What other purposes
might phloem pressure fill? There are many possibilities and all
of them could play a part. An obvious and often-discussed role
for pressure is that its release forces the coagulated contents of the
sieve tubes against the sieve plates as part of the wound sealing
mechanism.

Another way of looking at phloem pressure is that adaptive
advantage derives from the high sugar content of the sieve tubes.
Elevated sugar concentrations present a severe osmotic challenge
to potential phloem feeders. Also, the theoretical optimal con-
centration of sugar that maximizes mass transfer of carbohydrate
while minimizing the resultant impedance to flow is close to that
found in the phloem (Jensen et al., 2013).

Yet another possibility is that the benefit derives not from high
phloem sugar but from low non-structural carbohydrate (NSC)
content in the rest of the leaf (Turgeon, 2010a). Reducing NSC
content to its minimum in the lamina (or anywhere else in the
plant) increases growth potential by freeing up fuel needed for

rapid growth. Indeed, herbaceous plants, as a rule, maintain the
lowest possible levels of leaf NSC consistent with nighttime needs
(Fondy and Geiger, 1982; Smith and Stitt, 2007). Given such low
sucrose content in mesophyll cells, some form of active loading is
needed to bring the sugar content and pressure in the phloem up
to levels needed to drive transport effectively. Since rapid growth is
such a strong determinant of success in herbaceous plants (Lam-
bers and Poorter, 1992), one would expect passive loading, with its
requirement for high foliar sucrose content, to be non-adaptive.
Indeed, passive loading is rare in herbs.

If the rapid growth argument is valid for herbs, why not for
trees? Why do so many woody plants use the passive mechanism,
which requires elevated laminar sucrose content? One reason
appears to be that trees must maintain high foliar solute levels
to offset low whole-plant hydraulic conductance (Fu et al., 2011).
In effect, they elevate solute concentrations in the leaf to facili-
tate water transport in the xylem. Given the need for high laminar
sugar concentrations, trees cannot take advantage of the low NSC-
strategy used by herbaceous plants to potentiate growth. As a
corollary, they have no need to use energy to increase sugar content
and pressure in the phloem.

Do these strategies confer ecological advantages? Early corre-
lations of loading types with climate indicated that symplastic
loading is uncommon in cold-climate plants (Gamalei, 1989). In
these analyses polymer trapping and passive loading species were
conflated into a single group. When they are separated it is clear
that there is a weak correlation of polymer trapping with tropical
climates, for unknown reasons (Davidson et al., 2011). More evi-
dent is the virtual absence of passive loading species in the arctic
(Davidson et al., 2011). This can be explained by the fact that vir-
tually all passive loading species are trees, which are absent in the
arctic for reasons unassociated with phloem loading or transport.

The adoption of different loading strategies also has conse-
quences in terms of adaptation to the light environment (Amiard
et al., 2005). In effect, the different structural components are
variables or tools that can be manipulated to adjust to chang-
ing conditions. For example, in plants with wall invaginations in
the companion cells (transfer cells), the ingrowths become more
extensive and convoluted in high light, which increases export
capacity (Wimmers and Turgeon, 1991; Offler et al., 2003; Patrick,
2013). Polymer trap plants appear to be constrained by the inabil-
ity to produce more plasmodesmata and as a result mature leaves
are unable to acclimate as readily when the plants are transferred
from low to high light (Amiard et al., 2005). The plants acclimate
eventually by growing new leaves with higher vein density, which
increases plasmodesmatal frequency per unit area of leaf surface.

LOADING HETEROGENEITY IN SINGLE SPECIES
As the apoplastic loading model was being developed, it was
assumed that the mechanism was ubiquitous. Then, when other
loading strategies were found, they were thought to be unique to
particular species or families. Thus, it became common to iden-
tify the different mechanisms with specific plants. Solanaceous
species were termed “apoplastic loaders,” cucurbits were “polymer
trappers” and later, trees such as willow and poplar were termed
“passive loaders.” However, it is becoming increasingly clear that
some, and perhaps all, plants use more than one mechanism.
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Therefore it is more correct to use the loading terms to describe
the mechanisms themselves, rather than the particular species in
which they are found, even if that mechanism is dominant.

Early hints of heterogeneity in loading mechanisms were evi-
dent in the 1990s when tests of the apoplastic loading mechanism
were conducted in transgenic solanaceous plants by expressing
invertase in the apoplast (von Schaewen et al., 1990; Dickinson
et al., 1991) or downregulating the sucrose transporter (Riesmeier
et al., 1994). These treatments severely inhibited phloem load-
ing, photoassimilate export and growth. However, in many cases
the plants that were most profoundly affected were nonetheless
able to grow, if slowly, at least in low light. This result has since
been replicated in other species. For example, although Arabidop-
sis is considered to be an apoplastic loader (Wippel and Sauer,
2012), mutants with no sucrose (SUC2) transporter activity can
be grown to reproductive maturity on soil (Srivastava et al., 2009).
Also, polymer trap plants in which raffinose and stachyose synthe-
sis is essentially eliminated are weak, but in low light they survive
and grow (McCaskill and Turgeon, 2007).

These results suggest that at least some plants harbor a redun-
dant phloem loading mechanism(s), a conclusion supported by
early structural evidence. In a key paper, van Bel et al. (1992) noted
that both intermediary cells and transfer cells are present in the
minor veins of Acanthus mollis, strongly suggesting a “mixed load-
ing” strategy of polymer trapping and apoplastic loading. Indeed,
it seems likely that all polymer trap plants use both mechanisms
simultaneously. In the cucurbits, intermediary cells are found on
the abaxial side of the minor veins, while a single ordinary com-
panion cell occupies the adaxial position (Turgeon et al., 1975;
Schmitz et al., 1987). In progressively larger vein orders, ordinary
companion cells increase in proportion to the number of interme-
diary cells which consistently occupy the flanks of the vein. This is
true in other families also, as illustrated in Coleus blumei (Fisher
and Eschrich, 1985). In still larger veins, which function more in
long-distance transport than phloem loading, the intermediary
cells disappear altogether.

How much photoassimilate is loaded by the ordinary compan-
ion cells in polymer trap plants? An estimate can be derived by
analyzing the sugar profile of the transport stream since ordinary
companion cells load sucrose without conversion to raffinose fam-
ily oligosaccharides (RFOs). In most RFO species the amount of
radiolabeled stachyose greatly exceeds the amount of radiolabeled
sucrose downstream of the leaf blade after it has been labeled with
14CO2 (Turgeon et al., 1993), suggesting that polymer trapping
is the dominant mechanism. However, these results are difficult
to interpret without knowledge of the specific activities of the
labeled chemical species. Direct measurements of sugars from
aphid stylets inserted into the phloem of the polymer trapping
plant Alonsoa meridionalis indicate that 21% of the sugar is sucrose
and 77% is raffinose and stachyose combined (Voitsekhovskaja
et al., 2006). These results confirm that most loading occurs in
the intermediary cells. Some of the sucrose could as well since it
is present in intermediary cells as a substrate for RFO synthesis
and there should be no impediment for diffusion of sucrose from
intermediary cells into the sieve tubes. Nonetheless, this amount
of sucrose in aphid stylet sap suggests that ordinary companion
cells contribute meaningfully to the transport stream.

Another way to test this hypothesis is to downregulate the
sucrose transporter and thereby interfere with the function of
ordinary companion cells. Downregulating SUT1 in Verbascum
phoeniceum did not result in typical symptoms of transport inhi-
bition such as starch accumulation, inhibition of photosynthesis or
leaf chlorosis (Zhang and Turgeon, 2009). A small amount of sol-
uble carbohydrate accumulated in the leaves of the most severely
affected transgenics, indicating that apoplastic loading may play a
role in transport, but if so it appears to be relatively small.

As noted above, in some polymer trap species, especially in the
Scrophulariaceae and related families (van Bel et al., 1992; Tur-
geon et al., 1993), transfer cells replace the ordinary companion
cells in the minor veins and can be even larger than the inter-
mediary cells. Thus the proportional representation of polymer
trapping and apoplastic loading is species specific. At one end of
the spectrum, intermediary cells dominate and the plants translo-
cate stachyose with little sucrose. These species include, but are not
limited to, the cucurbits, Catalpa speciosa (Turgeon and Medville,
2004), and many members of the Scrophulariaceae (Turgeon et al.,
1993). In species with transfer cells in the minor veins in addition
to intermediary cells, including Asarina spp. (Turgeon et al., 1993;
Voitsekhovskaja et al., 2006), and several other members of the
Scrophulariaceae (Turgeon et al., 1993), there is less [14C]stachyose
and more [14C]sucrose in the transport stream following exposure
of the leaf to 14CO2. Amborella trichopoda, the only member of
the Amborellaceae and sister to all other extant angiosperms, is
another interesting case. In this shrub, found only in New Cale-
donia, the smallest veins are composed of a cluster of ordinary
companion cells, enveloped on the abaxial side by a string of inter-
mediary cells (Figure 1; Turgeon and Medville, 2011). This species
transports almost equal amounts of sucrose and stachyose.

Asarina spp. and Fraxinus spp. are especially interesting since,
on the basis of several lines of structural and physiological evi-
dence, these plants use all three loading strategies. They transport
sucrose, RFOs, and mannitol (Zimmermann and Ziegler, 1975;
Turgeon et al., 1993). As discussed above, it is reasonable to assume
that at least some of the sucrose loads via the apoplastic path-
way. This is especially true in the case of Asarina, which has large
transfer cells in the minor veins and in which sucrose is the pri-
mary transport sugar (Turgeon et al., 1993; Voitsekhovskaja et al.,
2006). In both species, sucrose also enters the intermediary cells
through the plasmodesmata because they synthesize and trans-
port RFOs. The mannitol appears to enter the intermediary cells
through plasmodesmata, as does sucrose. The reason for suspect-
ing this pathway for mannitol is that, when leaf discs are provided
with exogenous [14C]mannitol, the radiolabel does not accumu-
late in the minor veins as would be expected if it loads actively
by transporters (Figure 2). In contrast, when this experiment is
conducted with species that transport sugar alcohols but do not
have companion cells with symplastic connections between the
mesophyll and phloem, such as Plantago major (Reidel et al., 2009;
Fu et al., 2011) and Apium graveolens (celery; Rennie and Turgeon,
2009), the radiolabel accumulates in the veins, in the same way as
sucrose. Therefore, in species with intermediary cells, sugar alco-
hol presumably loads symplastically and passively and is carried
away in the phloem along the pressure gradient formed by active
RFO synthesis in the intermediary cells.
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FIGURE 1 |Transmission electron micrograph of an Amborella
trichopoda vein. (X) xylem, (P) parenchyma cell, (CC) ordinary companion
cell, (IC) intermediary cell, (B) bundle sheath, (*) sieve element. Note the
ring of ICs that line the abaxial side of the vein, with companion cells on the
inside of the vein. Scale bar = 2 μm (from Turgeon and Medville, 2011;
reprinted with permission).

FIGURE 2 | Autoradiograph of Asarina scandens leaf discs following

uptake of [14C]sucrose or [14C]mannitol. Radiolabel from [14C]sucrose,
but not [14C]mannitol, accumulates in the veins (figure modified from
Rennie and Turgeon, 2009; reprinted with permission).

When Zimmermann and Ziegler (1975) conducted a large sur-
vey of transport sugars, primarily in trees, they found RFOs in the
phloem sap of many species. As expected, these species include
polymer trappers such as Catalpa and Fraxinus. However, a num-
ber of trees that are likely passive loaders, based on structural
grounds, were also found to contain small but significant amounts
of RFOs in the phloem, primarily raffinose (Figure 3). Signifi-
cantly, tree species in the Zimmermann and Ziegler survey that
do not transport detectable amounts of RFOs are in families asso-
ciated with apoplastic loading (Figure 3) lending credence to the
hypothesis that RFOs play a role in symplastic phloem loading

even in “passive” loading species where they are only present in
small concentrations.

Interestingly, when the first step in RFO synthesis, production
of galactinol, was upregulated in tobacco, a species that predom-
inantly uses apoplastic loading, significant amounts of raffinose
were detected in the phloem (Ayre et al., 2003). Raffinose synthe-
sis is downstream of galactinol synthesis in the RFO pathway. This
suggests that although the RFOs are normally below the thresh-
old of detection in the phloem sap in tobacco, and perhaps other
plants, the underlying mechanism for RFO synthesis is present in
some form within the phloem tissue (Turgeon et al., 2001; Ayre
et al., 2003).

Other herbaceous plants that are considered apoplastic loaders,
including Arabidopsis, also transport small amounts of raffinose
in addition to sucrose (Haritatos et al., 2000b). Arabidopsis has a
diverse population of cells in the vasculature, including phloem
parenchyma cells with wall ingrowths (Haritatos et al., 2000b;
Maeda et al., 2006). At present the site of synthesis of raffinose
in Arabidopsis and in the trees that transport small amounts of
RFOs is not known, and the function of these sugars in phloem
loading and transport is obscure.

Why maintain a heterogeneous phloem loading and transport
system? Different phloem loading strategies may confer differ-
ent advantages under various environmental conditions. Thus, it
is likely that multiple phloem loading mechanisms allows plants
to rapidly adapt to biotic and abiotic stresses. In melon plants,
infection with cucumber mosaic virus increases the proportion of
sucrose to raffinose and stachyose by upregulating sucrose loading
(Shalitin and Wolf, 2000; Shalitin et al., 2002) while the activities
of the enzymes in the raffinose and stachyose synthesis pathway
remain unaffected (Gil et al., 2011).

PHLOEM HETEROGENEITY IN MONOCOTS
Monocot leaves are very different from most dicot leaf blades
(Nardmann et al., 2004). According to the phyllode hypothesis,
at an early point in their history monocots suffered a dramatic
reduction of the upper lamina and what we now refer to as a “leaf
blade” is an extrapolation of the petiole (Arber, 1918) or “lower
leaf zone” (Kaplan, 1973), with the lower leaf blade now restricted
to the tip of the leaf (Arber, 1918). The lower leaf zone or peti-
olar origin of the present day blade would explain why monocot
leaves have parallel, rather than reticulate venation (Arber, 1918;
Kaplan, 1973). Phloem loading occurs in the minor and interme-
diate veins; whereas transport out of the leaf occurs in the large
lateral veins. Transfer of the photoassimilate from the collection
phloem to the transport phloem within the large veins occurs via
the transverse veins that connect adjacent parallel veins (Kuo et al.,
1972). Interestingly, some of the features of minor veins that are
common in dicot leaf blades appear to be missing in monocots
(Evert et al., 1978). No known monocots have intermediary cells
or use the polymer trapping mechanism. Although, similar to the
patterns in eudicots, a few monocots have been found to contain
transfer cells within the phloem region of the leaf blade (Pate and
Gunning, 1969; Wilson et al., 1985; Lalonde et al., 2001).

Continuing this line of reasoning, the loss or drastic reduction
of the upper leaf blade may have also altered minor vein-specific
programs of phloem loading, specifically the enzymes required for
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FIGURE 3 |Transport sugars in the leaf tissue and phloem of species

exhibiting different strategies of phloem loading. Non-structural
carbohydrate (NSC) concentrations (from Rennie and Turgeon, 2009) are
compared with the percentages of the same sugars in phloem exudate (from
Zimmermann and Ziegler, 1975). Note the absence of raffinose and stachyose

in the plants, including tree species, that load from the apoplast, whereas
trees that load passively have detectable levels of these sugars. The
proportion of raffinose and stachyose in the phloem sap of polymer trapping
plants is higher in the phloem than in the leaf because they are synthesized in
the phloem.

polymer trapping and sucrose transporters involved in apoplastic
loading. Perhaps this is why the monocots that have been ana-
lyzed, primarily grasses, do not employ transporters in the Group
2 clade, those that drive apoplastic loading in eudicots (Braun and
Slewinski, 2009). Because Group 2 transporters are missing in the
monocots, if they load from the apoplast they must use trans-
porters from other clades, most likely those that mediate sucrose
retrieval in the transport phloem. The ability of alternative sucrose
transporters to load the phloem was recently demonstrated in
Arabidopsis. Phloem loading was restored in the Atsuc2 mutant
background when AtSUT1 was expressed under the control of
the AtSUC2 promoter (Wippel and Sauer, 2012). In monocots,
specifically grasses, only the SUT1 transporter, a member of the
monocot specific Group 1 clade, has been shown to function in
phloem loading (Slewinski et al., 2009). The orthologs of this pro-
tein in sugar cane (ShSUT1) and rice (OsSUT1) do not function in
phloem loading and the transporters that carry out this function
have not yet been identified (Braun and Slewinski, 2009).

Grasses also appear to have a heterogeneous transport system
(Evert et al., 1978), as most veins in the leaves have two types of
sieve elements: thin- and thick-walled (Figure 4). The thin-walled
sieve elements have ordinary companion cells (Evert et al., 1978).
When the leaf is exposed to 14CO2, the thin-walled elements in

FIGURE 4 |Transmission electron micrograph of a maize minor vein

showing thick- and thin-walled sieve elements. Thick-walled sieve
elements (O) are closely associated with the xylem (X). (P) parenchyma cell,
(CC) companion cell, (*) thin-walled sieve element. Scale bar = 2.5 μm.

the minor and intermediate veins become heavily labeled, sug-
gesting they are the major conduits for photoassimilate export
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(Fritz et al., 1989). In contrast, thick-walled sieve elements lack
companion cells, have abundant plasmodesmatal connections to
the adjacent parenchyma cells (Evert et al., 1978). Additionally,
the relative number of thick-walled sieve elements declines in
the largest classes of veins as well as the transport phloem. The
major role of thick-walled sieve elements may be in retrieval
from the xylem (Botha et al., 2008), but they also become lightly
labeled in the 14CO2 experiments (Fritz et al., 1989), and there-
fore may have a limited export role. This could help explain
how maize plants that are homozygous for the zmsut1 muta-
tion are still able to survive and produce fertile spikelets in the
tassels under certain environmental conditions (Slewinski et al.,
2009). In barley, aphids preferentially feed on the thin-walled
sieve tubes, suggesting there are different metabolite profiles
between the two types of sieve tubes (Matsiliza and Botha, 2002).
Mir1-CP, a defense cysteine protease accumulates in thick-walled,
but not thin-walled sieve elements in maize (Lopez et al., 2007).
There are many plasmodesmata between thick-walled sieve ele-
ments and vascular parenchyma cells and dye movement studies
suggest a retrieval function from the xylem (Evert et al., 1978;
Botha et al., 2008). However, the function of the thick-walled
sieve elements in long-distance phloem transport, if any, remains
unclear.

Is it possible that the thick-walled sieve elements in grasses share
identity with both phloem and xylem? Analysis of the Arabidopsis
altered phloem development (apl) mutants indicates that phloem
and xylem overlap in their developmental programs (Bonke et al.,
2003). APL is a MYB coil–coil type transcription factor that is
essential for companion cell development and sieve element differ-
entiation. Arabidopsis apl mutants fail to undergo the asymmetric
cell division that gives rise to companion cells and they pro-
duce a phloem-to-xylem phenotype in that the mutant phloem
strands (sieve elements), have xylem-like characteristics such as
elaborate cell wall thinking that is usually found in the tracheary
elements (Bonke et al., 2003). When APL is ectopically expressed
throughout the vascular core, the protein represses xylem differen-
tiation and induces phloem-like characteristics in the xylem tissue
(Bonke et al., 2003; Carlsbecker and Helariutta, 2005). It has also
been shown that immature xylem cells can transdifferentiate into
phloem during bark regeneration in trees (Pang et al., 2008). Given
the interplay between phloem and xylem differentiation (Carls-
becker and Helariutta, 2005; Miyashima et al., 2013), it is tempting
to speculate that intermediates between both vascular identities
could arise, leading to rapid diversity in both structure and physi-
ology. Interestingly, the thick-walled sieve elements reside close to
the xylem bundle in grasses (Figure 4). Thus the proposed mobile
signals that lead to the differentiation of the phloem region of the
bundle may not suffice to fully induce differentiation of the thick-
walled precursor cells into thin-walled type phloem. Additionally,
the thick-walled sieve elements in grasses appear to share many of
the same characteristics as the modified phloem in the apl mutant.
Both lack companion cells, have parenchyma cells similar to those
usually associated with the xylem, and have thickened cell walls
(Evert et al., 1978; Bonke et al., 2003; Botha et al., 2008). The walls
of the thick-walled sieve elements appear to be lignified in wheat
(Triticum aestivum; Kuo and O’Brien, 1974), but not in Zea mays
(Walsh, 1974). As a test of this hypothesis it would be interesting

to determine whether there are similar or shared gene expression
patterns for thick-walled sieve elements and the xylem.

HETEROGENEITY IN GENE EXPRESSION
In Alonsoa, a polymer trap plant, sucrose transporter mRNA
(Voitsekhovskaja et al., 2006) and protein (Knop et al., 2004; Voit-
sekhovskaja et al., 2006) are present in the companion cells that
mediate apoplastic loading, but not in the intermediary cells. Con-
versely, the stachyose synthase protein is found in the intermediary
cells (Holthaus and Schmitz, 1991) and absent from the ordinary
companion cells (Voitsekhovskaja et al., 2009).

These differences in gene expression occur in a specific type of
plant – those that load by polymer trapping – in which heterogene-
ity is expected based on observable structural and physiological
heterogeneity. More intriguing is evidence of heterogeneity in
apparently uniform cell populations. For example, in Plantago
major, an apoplastic loader, one subset of companion cells in
the minor veins exhibits sucrose and sorbitol transporter activ-
ities, but another subset is missing the sorbitol transporters
(Ramsperger-Gleixner et al., 2004).

Another example, and one that suggests widespread, possi-
bly ubiquitous, heterogeneity in minor vein phloem, comes from
studies of the galactinol synthase (GAS) gene. GAS catalyzes the
first step in stachyose production in polymer trap plants. The pro-
moter (pGAS) is exquisitely localized to intermediary cells (Beebe
and Turgeon, 1992; Haritatos et al., 2000b; McCaskill and Turgeon,
2007). But pGAS is also active in plants that do not load by poly-
mer trapping. In tobacco, an unrelated species that produces no
detectable galactinol or stachyose in minor veins, pCmGAS from
melon is strongly active (Figures 5B and 6D,F; Haritatos et al.,
2000b). These results indicate that there is a conserved regulatory
program in tobacco minor veins that activates pCmGAS. Inter-
estingly, only two of the three companion cells activate pCmGAS
in tobacco (Figures 5B and 6F). Therefore, although the com-
panion cells in the tobacco minor vein look identical, they are
heterogeneous in their programming. Note that this is the same
localization pattern as in melon and other polymer trap plants
(Figure 5A). Remnants of this underlying RFO mechanism in the
phloem may also explain why RFOs were found in the phloem sap
of tobacco that ectopically produced galactinol in the leaves, as
discussed earlier (Ayre et al., 2003).

Evidence for heterogeneity extends well beyond tobacco. pCm-
GAS is active in the minor veins of every species in which it has
been tested (Arabidopsis, Asarina, poplar, tobacco and Verbascum;
Figure 6). The purpose of the genetic program that activates pGAS
is unknown, but its activity in all loading types suggests a program
that has deep, conserved functions. Perhaps certain subsets of
minor vein phloem cells synthesize different compounds related
to defense or signaling. The activities of other phloem-specific
promoters such as rolc, and those from the several viruses (Dutt
et al., 2012) have not been tested for cell specificity in minor veins.

Vascular parenchyma cells also display heterogeneity. Phloem
parenchyma cells in the minor veins of some species (Pate and
Gunning, 1969), including Arabidopsis (Haritatos et al., 2000b), di-
fferentiate into transfer cells in a non-continuous pattern along the
length of the phloem (Chinnappa et al., 2013) with wall ingrowths
primarily at the interface with the sieve element–companion cell
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FIGURE 5 | Schematic diagrams of minor veins from Verbascum (A),

Tobacco (B), and Arabidopsis (C). Minor vein phloem. CCs are red, PP cells
green, sieve elements are yellow, parenchyma cells are blue, xylem is white,
IC = intermediary cell. Blue hatching indicates pGAS::GUS activity. Note that,

except for the presence of PP cells in tobacco, cell arrangement and GUS
staining patterns are the same in Verbascum and Tobacco. In Arabidopsis,
parenchyma cells (blue) are also transfer cells. Cell wall ingrowths (jagged
edges) localize on the phloem interface.

FIGURE 6 | GUS staining driven by the galactinol synthase promoter

from Cucumis melo in leaves of (A) Poplar, (B) Verbascum,

(C) Arabidopsis, and (D)Tobacco. (E) is the staining pattern in a
developing poplar leaf demonstrating that the tip (source) expresses
the GUS gene more strongly than the base (sink). (F) is a transverse

section of tobacco leaf tissue illustrating specific GUS staining in two
of three companion cells (CC). (P) parenchyma cell, (*) sieve element.
Scale bars = 400 μm in (A–D); 1 mm in (E); and 5 μm in (F)

(C, D, and F are from Haritatos et al., 2000a. Reprinted with
permission).

complex (Figure 5C). These ingrowths are more extensive in high
light (Amiard et al., 2005; Adams et al., 2007), suggesting that they
facilitate unloading into the apoplast as the initial step in phloem
loading. Recently, a subset of the newly discovered SWEET trans-
porters (Chen et al., 2012) has been shown to fulfill the function
of efflux proteins that release sucrose into the apoplast within the
phloem. However, analysis of SWEET11 and 12 promoter activities
show that these genes are only expressed in a subset of parenchyma
cells (Chen et al., 2012), presumably transfer cells, again suggest-
ing some degree of functional heterogeneity. Wall ingrowths in the
phloem parenchyma cells of minor veins appear to have more than
one function since deposition of wall material is also enhanced by

exposure to cold (Maeda et al., 2006). The involvement of jasmonic
acid in the signaling system also suggests a role in defense against
pathogens and/or insects (Amiard et al., 2005; Adams et al., 2007).
Thus, phloem parenchyma transfer cells may also have other func-
tions that support phloem physiology apart from a direct role in
carbohydrate loading.

HETEROGENEITY IN THE TRANSPORT PATHWAY
As described in early anatomical studies, the phloem in shoots and
roots of angiosperms is far from uniform (Esau, 1965). Variation
is apparent in the arrangement of primary vascular bundles, the
presence or absence of internal phloem, the presence or absence
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of vascular bundles in the pith, and production of secondary
phloem, either by a single cambium or by successive cambial
layers. This structural complexity undoubtedly underlies func-
tional diversity, but aside from a few notable examples, this area
of phloem physiology has not been extensively explored.

Some of the ultrastructural and physiological specialization
found in the collection phloem of the leaf is reflected in more sub-
tle forms within the transport phloem (Kempers et al., 1998). For
example, plants that transport mostly sucrose maintain stronger
membrane potentials and lower symplastic continuity in the trans-
port phloem than plants with intermediary cells (Hafke et al.,
2005). Perhaps the larger raffinose and stachyose molecules are
less prone to leakage through the plasma membrane of the trans-
port phloem than sucrose. If this is the case there would be less
need for a strong membrane potential to drive retrieval back into
the phloem, but it would also necessitate symplastic continuity to
supply surrounding cells with sugar.

Another common example of heterogeneity in the transport
pathway is the presence of phloem internal as well as external
to the xylem (bicollateral phloem) in a number of families. In
tomato, import into sink leaves occurs in the internal phloem while
export occurs in the external phloem, and during the sink–source
transition transport is bidirectional (Houngbossa and Bonnemain,
1985). The same pattern is seen in virus transport. For example,
Cucumber mosaic virus travels in the external, rather than the
internal phloem of Tetragonia expansa (Ohki, 2010) and tobacco
mosaic virus is exported from Nicotiana benthamiana leaves in
the external phloem and imported into sink leaves in the internal
phloem (Cheng et al., 2000).

Biochemical specialization associated with the phloem is appar-
ent in a few well-studied species. For example, in the Madagascar
periwinkle (Catharanthus roseus), early steps in the synthesis of
monoterpene indole alkaloids, secondary metabolites with thera-
peutic value, take place in parenchyma cells associated with the
internal phloem (Geu-Flores et al., 2012; Simkin et al., 2013).
Botha et al. (1977) also suggest that cardenolides are transported
in the internal phloem.

The cucurbits are especially well known for the complexity of
their phloem in petioles, stems, and fruit (Crafts, 1932). The
plants have bicollateral vascular bundles composed of internal
and external phloem (fascicular phloem), plus an extensive net-
work of sieve tubes outside the bundles (extrafascicular phloem).
The extrafascicular phloem of cucurbits consists of longitudinally
oriented peripheral sieve tubes at the margins of the fascicular
phloem and entocyclic sieve tubes just inside the sclerenchyma
ring, connected by laterally oriented commissural sieve tubes.
Extrafascicular phloem also includes the longitudinally oriented
ectocyclic sieve tubes found outside the sclerenchyma ring (Zhang
et al., 2012).

Recent studies have shown that the two phloem systems, fascic-
ular and extrafascicular, differ in both composition and function.
In pumpkin, the phloem proteins PP1 and PP2 and their mRNAs
are found in all phloem types but are most abundant in the cortical
bundles and the bundles associated with the extrafascicular sieve
elements (Bostwick et al., 1992; Clark et al., 1997). However, recent
compositional analysis on exudates and stylet samples in pump-
kin indicate that PP1 and PP2 are present in the extrafascicular,

but not in fascicular, phloem exudate (Walz et al., 2004; Gaupels
et al., 2012). This suggests that although the PP1 and PP2 genes
are transcribed and translated in both phloem types, the proteins
do not exude from the fascicular phloem. Prominent proteins
of about 32 and 60 kDa found in stylectomy samples from the
fascicular phloem are not abundant in extrafascicular exudates
(Gaupels et al., 2012). Also, the common sieve element occlusion
(SEO/Common P) protein, separate from PP1 and PP2, involved
in wound sealing of the phloem in pumpkin is present only in the
fascicular phloem (Ernst et al., 2012).

Although researchers have recently clarified that the sap from
the incised stem or petiole of pumpkin originates from the
extrafascicular phloem (Zhang et al., 2010, 2012; Gaupels et al.,
2012; Zimmermann et al., 2012), this discovery is being inaccu-
rately generalized to all cucurbit species (Zhang et al., 2010; Atkins
et al., 2011; Gaupels et al., 2012; Gaupels and Ghirardo, 2013).
A recent study showed that the extrafascicular phloem origin of
the sap is not a universal phenomena in the Cucurbitaceae (Zhang
et al., 2012). In addition to pumpkin and cucumber, trials were also
conducted on other species in the Cucurbitaceae. Zucchini (Cucur-
bita pepo) exuded primarily from the extrafascicular phloem in a
pattern much like pumpkin, whereas watermelon (Citrullus lana-
tus), bitter apple (Citrullus colocynthis), luffa (Luffa acutangula),
calabash (Lagenaria siceraria), and winter melon (Benincasa hisp-
ida) exuded primarily from the fascicular phloem, in a pattern
much like cucumber. This study also showed that contamination
from hexose, and presumably other compounds, is still a prob-
lem even in cucumber in which the sap mainly exudates from the
fascicular phloem (Zhang et al., 2012). Although there is a higher
stachyose/hexose ratio in cucumber versus pumpkin phloem sap,
it is not entirely safe to conclude that there is less contamination
in cucumber because stachyose is also a storage compound and
could also be a contaminant. The extremely diluted characteristics
of cucumber sap, similar with pumpkin sap, further suggests that
most of the fluid comes from sources outside of phloem.

There is little doubt that fascicular phloem in cucurbits is the
major translocation stream for carbohydrates, but what is the
function of extrafascicular phloem? Following 14CO2 fixation in
the lamina, radiolabel appears in the extrafascicular, as well as
the fascicular phloem (Webb and Gorham, 1964), but this does
not necessarily indicate that photoassimilate flows along this sieve
tube network. It could be that there is exchange between the two
systems and that the extrafascicular phloem functions more as
a biochemical factory than as a distribution network (Turgeon
and Oparka, 2010). Indeed, recent proteomic and metabolomic
analyses of the extrafascicular phloem in cucurbits, which the
authors refer to with justification as a type of laticifer, revealed
many defense proteins and secondary compounds (Gaupels et al.,
2012).

Metabolome analyses have also shown that the majority of small
compounds detected by gas chromatography/mass spectrometry
(GC/MS) in extrafascicular phloem exudates are either missing
or at much lower concentrations in profiles of fascicular tissues
(Zhang et al., 2010). Although PP1 and PP2 both exude from the
extrafascicular phloem in pumpkin, only PP2 was identified from
cucumber exudates. This further indicates a complicated origin of
the exudates from these two species (Walz et al., 2004).
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There are also differences in protein composition between
the internal fascicular and external fascicular phloem sieve tubes
(Zhang et al., 2010). After incision of cucumber stems, approx-
imately twice as many droplets are observed, and 3.7 times as
much exudate volume is collected, over the internal fascicular
phloem compared to the external fascicular phloem, indicating
a difference in sieve tube sealing (Zhang et al., 2012).

HETEROGENEITY AND THE EVOLUTION OF DOMINANT
PHLOEM LOADING TYPES
Phylogenetic analyses indicate that the evolution of loading types
has a complex history (Gamalei, 1989, 1991; Turgeon et al., 2001).
The presence of extensive plasmodesmatal connections between
minor vein companion cells and surrounding cells appears to be
ancestral in the angiosperms. This suggests that the first flowering
plants used the passive loading strategy and that apoplastic load-
ing and polymer trapping evolved later. However, this conclusion
must be viewed with caution given the widespread occurrence of
heterogeneity in minor veins, both in structure and function. It is
possible that even the earliest angiosperms were capable of phloem
loading by more than one mechanism and that what we consider
the loading type of any plant, including basal species, may simply
be a dominant form.

If minor vein phloem heterogeneity is as widespread as we sug-
gest, then the emergence of a dominant form in one group or
another in the present era likely occurs as an elaboration, rather
than the de novo fabrication, of specific mechanisms. For exam-
ple, polymer trapping has evolved independently several times
as a recognizable trait (Turgeon et al., 2001), but other plants
translocate small amounts of RFOs (Zimmermann and Ziegler,
1975). Therefore, the appearance of polymer trapping as a princi-
pal mechanism, as it is in many species of the Asteridae, could be
accomplished by the upregulation of the RFO pathway, coupled

to an increase in the number of existing plasmodesmata, and a
slight modification of their internal structure. The evolution of
apoplastic loading, from this perspective, occurs by the loss of
plasmodesmata and the concurrent upregulation of sucrose trans-
porters that are required in the transport phloem for retrieval of
lost solute.

CONCLUSION
The phloem is best characterized for its role in carbohydrate
transport and partitioning but also has broader roles in the
transport of minerals, defense compounds and signal macro-
molecules throughout the plant. Multiple mechanisms may be
necessary to transport this diverse array of compounds and
macromolecules from cell to cell. Previously, phloem hetero-
geneity was only considered an oddity or curiosity, occurring
in select species. Yet the structural and physiological pat-
terns seen in the more exaggerated examples appear to be
conserved throughout vascular plants, albeit in more subtle
forms.

Heterogeneity in phloem loading and transport appears to be
more widespread than previously thought and many aspects of
physiology and development that underpin the diversity within
cells of the phloem tissues remain unknown. Understanding the
complexity in this system will shed light on how plants partition
resources, adapt and evolve to their environment and cope with
biotic and abiotic stress.
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The identification of FLOWERING LOCUS T (FT) and several FT homologs as phloem-mobile
proteins that regulate flowering has sparked the search for additional homologs involved
in the long-distance regulation of other developmental processes. Given that flowering
and tuber induction share regulatory pathways, the quest for long-distance tuberization
signals has been further stimulated. Several tuberization regulators have been proposed
as mobile molecules, including the FT family protein StSP6A, the plant growth regulators
gibberellins and the microRNA miR172. Although some of these hypotheses are attractive
and plausible, evidence that these molecules are transmissible in potato has yet to be
obtained.Two mRNAs encoding transcription factors, StBEL5 and POTATO HOMEOBOX 1
(POTH1), are mobile and correlate with tuber induction. However, evidence that StBEL5 or
POTH1 are required for tuberization is not available yet. Therefore, there are several good
candidates for long-distance molecules in the tuberization process. Further research should
test their role as systemic tuberization signals.

Keywords: tuberization, potato, long-distance signaling, FLOWERING LOCUS T, gibberellins

The induction of tuber formation is a key developmental transi-
tion for the production of potatoes, one of the most important
food crops. Understanding the regulation of tuber induction is
essential to devise strategies to improve tuber yield and qual-
ity. During the last two decades we have started to comprehend
this regulation, with the identification of genes that control
tuberization (Jackson, 1999; Abelenda et al., 2011). This has
been facilitated by the tremendous progress in understanding
the control of flowering, which is similar to tuberization in
aspects such as the response to photoperiod and the involve-
ment of phloem-mobile signals (Suárez-López, 2005; Abelenda
et al., 2011). This Perspective paper focuses on recent findings
that suggest several molecules as candidates for systemic signals
controlling tuber induction.

LONG-DISTANCE SIGNALS REGULATE TUBERIZATION AND
FLOWERING
Short day (SD) photoperiods promote tuberization, whereas
long days (LDs), high nitrogen levels and high temperatures
inhibit or delay tuberization. Within the tuberization process, it
is important to distinguish between tuber induction and tuber
development and growth. Induction takes place when signals
are produced in leaves and transported through the phloem
to underground stems (stolons), or when mobile signals that
inhibit tuberization are repressed (Jackson, 1999; Suárez-López,
2005). This leads to the initiation of tuber development and
growth, which determines tuber shape, number, and weight.
Although tuber yield is often used to assess tuber induction,

changes in tuber yield can result from alterations in many
different factors, including overall plant growth, photoassimi-
late partitioning, the strength of induction, tuber development,
etc. (Ewing and Struik, 1992). The time of tuber initiation is
therefore a much better indicator of tuber induction than tuber
yield.

Grafting experiments using potato plants induced and non-
induced to tuberize demonstrated the existence of transmissible
substances decades ago (Gregory, 1956; Chapman, 1958), but the
identification of these signals has proven difficult. Recent advances
in the study of other developmental processes provide hints for
finding long-distance tuberization signals. The intensive search
for a phloem-mobile flowering signal, called florigen, has led to
the identification of several FLOWERING LOCUS T (FT) family
members as leaf-produced proteins that travel to the shoot apical
meristem, where they induce flowering (Turck et al., 2008; Tsuji
et al., 2013). In Arabidopsis thaliana, FT expression is activated
by the transcriptional regulator CONSTANS (CO) in leaf phloem
cells in response to floral inductive photoperiods (An et al., 2004;
Ayre and Turgeon, 2004).

However, florigen is not a single molecule. Positive and neg-
ative transmissible regulators of flowering exist (Bernier, 1988;
Matsoukas et al., 2012). Several FT family members can per-
form these functions. In rice, Heading date 3a (Hd3a) and RICE
FLOWERING LOCUS T 1 (RFT1) act as florigenic signals under
different photoperiods (Tamaki et al., 2007; Komiya et al., 2009).
In Arabidopsis ATC acts as a mobile repressor or antiflorigen
and TWIN SISTER OF FT (TSF) might function as a florigen
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(Yamaguchi et al., 2005; Mathieu et al., 2007; Jang et al., 2009;
D’Aloia et al., 2011; Huang et al., 2012). In addition, several FT-
related proteins have been detected in phloem exudates of diverse
species (Giavalisco et al., 2006; Lin et al., 2007; Aki et al., 2008).

Many RNAs are present in phloem exudates and a few have
been reported to act in long-distance signaling (Sasaki et al., 1998;
Ruiz-Medrano et al., 1999; Kim et al., 2001; Doering-Saad et al.,
2002; Haywood et al., 2005). Movement of FT and ATC RNAs has
been shown, but the FT RNA accelerates flowering less effectively
than the protein and the RNA together (Li et al., 2009, 2011; Huang
et al., 2012; Lu et al., 2012). Other reports indicate that transloca-
tion of the FT protein, but not the RNA, is required to promote
flowering (Lifschitz et al., 2006; Mathieu et al., 2007; Notaguchi
et al., 2008). These findings suggest that movement of the FT
mRNA can help to induce flowering, but movement of the FT pro-
tein is much more crucial. In addition to FT proteins and RNA,
other types of molecules, such as hormones and metabolites, have
been postulated as long-distance floral signals (Turnbull, 2011;
Dinant and Suárez-López, 2012).

IS FT A PHLOEM-MOBILE TUBERIZATION SIGNAL?
Transmissible signals for flowering and tuberization are inter-
changeable. Tobacco scions induced to flower promote
tuberization when grafted onto potato stocks kept under non-
tuber-inducing conditions (Chailakhyan et al., 1981). When a rice
Hd3a-GFP fusion is expressed in potato phloem, it can move
across a graft junction to stolons and induce tuber formation
(Navarro et al., 2011), suggesting that a similar protein exists
in potato. Indeed, several FT-like genes have been identified in
this species. One of them encodes StSP3D, which mainly affects
flowering, and another encodes StSP6A, which induces tuber for-
mation, a role similar to that of FT in flowering control (Navarro
et al., 2011). The effect of StSP6A on tuberization is transmitted
through grafts (Navarro et al., 2011). Altogether, these findings
strongly suggest that StSP6A is probably a mobile tuberization
signal.

There are similarities, but also differences, in the regulation
of FT genes. StSP6A is negatively regulated by StCO (Figure 1),
a potato CO-like protein that represses tuberization under non-
inductive LDs (Navarro et al., 2011; González-Schain et al., 2012).
StCO does not seem to play a role under SDs (González-Schain
et al., 2012). By contrast, Arabidopsis CO promotes FT tran-
scription only under inductive photoperiods (Turck et al., 2008).
In rice Hd3a is repressed or activated by the CO-like protein
Hd1 under non-inductive or inductive conditions, respectively,
and in addition RFT1 is up-regulated and promotes flowering
much later under non-inductive conditions (Tsuji et al., 2013).
These differences stress the need to test hypotheses based on
flowering-time models, rather than simply extrapolating them to
tuberization. Demonstrations that StSP6A moves are therefore
eagerly awaited.

Two additional FT family members from potato, StTFL1 and
StSP5G, might be related to the tuberization process. StTFL1
mRNA levels are high in stolons before induction and decrease
at early stages of tuber development. Overexpression of StTFL1
causes an increase in the number of tubers produced (Guo et al.,
2010), suggesting a role in tuber induction or development. The

expression pattern of StSP5G suggests that this gene might play an
opposite role to that of StSP6A in tuberization control (Navarro
et al., 2011; Kloosterman et al., 2013), although a functional anal-
ysis of this gene has not been reported so far. Further analyses
of StTFL1 and StSP5G to determine their biological functions
should be pursued, given that FT-related proteins affect other
developmental processes aside from flowering and tuberization
(Pin and Nilsson, 2012; Hiraoka et al., 2013). As many FT-like
proteins are mobile, it would be worth testing StTFL1 and StSP5G
movement.

StBEL5 AND POTH1 mRNAs AS PUTATIVE TRANSMISSIBLE
SIGNALS
Two mRNAs have been proposed as long-distance signals regulat-
ing tuberization. StBEL5 and POTATO HOMEOBOX 1 (POTH1)
are homeobox transcription factors that interact with each other
(Chen et al., 2003). Overexpression of POTH1 increases the num-
ber of tubers produced relative to wild-type (WT) plants in
in vitro tuberization assays (Rosin et al., 2003). Overexpression
of StBEL5 enhances tuber formation under SDs and promotes
tuberization under non-inductive LDs. StBEL5 mRNA moves
from overexpressing scions to WT stocks and movement corre-
lates with increased tuber yield (Chen et al., 2003; Banerjee et al.,
2006). Graft transmission of POTH1 mRNA has also been shown
(Mahajan et al., 2012). Transcription of StBEL5 and POTH1 in
vascular cells (Banerjee et al., 2006; Mahajan et al., 2012) is con-
sistent with movement of their transcripts through the phloem.
Additional experimental approaches support translocation of
StBEL5 mRNA and have been previously reviewed (Hannapel,
2010).

However, there are numerous caveats to be aware of when inter-
preting the movement of StBEL5 and POTH1 RNAs, as well as
their effects on tuberization. First, POTH1 has not been shown
to affect tuber formation in soil-grown plants. Second, whether
StBEL5 and/or POTH1 are required for tuber induction in WT
plants has not been demonstrated, as only overexpression alters
tuber induction or development. Third, RNA movement has
been shown from overexpressing plants, but not from WT plants
(Banerjee et al., 2006; Mahajan et al., 2012), and it has not been
tested whether movement is required for tuberization. Fourth,
POTH1-overexpressing plants exhibit dramatic alterations in the
vasculature (Rosin et al., 2003; Mahajan et al., 2012). It is possi-
ble that the tuber phenotype of POTH1-overexpressing plants and
graft transmission of POTH1 mRNA are indirect consequences of
these alterations. Fifth, both POTH1 and StBEL5 are transcribed
in stolons, with an increase in StBEL5 transcription at early stages
of tuber formation (Banerjee et al., 2006; Mahajan et al., 2012),
casting doubts on the need of movement from leaves. Finally, it
has not been excluded that movement of StBEL5 and/or POTH1
proteins may occur.

Therefore, although StBEL5 and POTH1 RNAs are able to
move, further research is needed to demonstrate whether this
has any biological relevance. This can be addressed by simul-
taneously silencing StBEL5 and POTH1 or several StBEL par-
alogs, which have been proposed to act redundantly (Chen
et al., 2003). Whether the StBEL5 protein moves should also be
tested.
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FIGURE 1 | Model for the regulation of tuber induction by

phloem-mobile signals. The main candidates for mobile signals are the
StSP6A protein, two RNAs – StBEL5 and miR172 – and GAs. The production,
and possibly the movement, of these four factors is regulated by a complex
genetic network. PHYB, StSUT4, and StCO repress tuberization in response
to LDs. GAs also seem to act as repressors, whereas StSP6A and perhaps
miR172 and StBEL5 act as tuberization promoters under inductive SD
conditions. Under LDs, PHYB represses the expression of StSP6A and
StGA20ox1, which encodes an enzyme that catalyzes the synthesis of GA20.
PHYB up-regulates miR172 and StBEL5 in leaves and down-regulates them in
stolons, which might result from a repression of StBEL5 mRNA and miR172
movement from leaves to stolons. Under LDs, StSUT4 induces StGA20ox1
and StCO, which represses StSP6A. Under SDs, StSUT4 inhibits StCO,
relieving StSP6A repression. In addition to StSP6A, SDs up-regulate miR172
and StBEL5. miR172 induces StBEL5, probably through the repression of

miR172 target genes, such as StRAP1, which would act as StBEL5
inhibitors. StBEL5 represses StGA20ox1 in a complex with POTH1. StGA3ox2
catalyzes the conversion of GA20 to GA1, an active GA. StSP6A, StBEL5
mRNA, miR172, and GAs presumably translocate to stolons through the
phloem. In the stolons, StSP6A promotes tuber development, at least in
part through up-regulation of StGA2ox1, which converts active GAs into
inactive forms. miR172 up-regulates StBEL5, which together with POTH1
down-regulates StGA20ox1, reducing the synthesis of active GAs, which
repress tuber development. Under LDs, GA20 would move from leaves to
stolons and would be converted to GA1, thus repressing tuber development.
Under SDs, there would be less GA20 available and tuber development
can occur. Thick gray arrows indicate RNA movement, and thick black
arrows indicate protein or GA movement. Discontinuous lines indicate
that movement or regulation has been suggested, but not
demonstrated.

miR172 AFFECTS TUBERIZATION IN A
GRAFT-TRANSMISSIBLE MANNER
To date, miR172, which regulates flowering in several species,
is the only microRNA (miRNA) shown to affect tuber induc-
tion (Martin et al., 2009; Zhu and Helliwell, 2011). The effect
of miR172 in potato has been reported in overexpressing plants,
which form tubers under LDs, tuberize early under SDs and show
up-regulation of StBEL5. Inactivation would help to confirm if
miR172 is required for tuberization control.

There is growing evidence that small RNAs, including short
interfering RNAs (siRNAs) and miRNAs, move cell-to-cell and
systemically (Himber et al., 2003; Yoo et al., 2004; Lin et al.,
2008; Pant et al., 2008; Chitwood et al., 2009; Carlsbecker et al.,

2010; Dunoyer et al., 2010; Molnar et al., 2010). The effect of
miR172 overexpression is graft transmissible, suggesting that this
miRNA regulates long-distance signals that control tuberization
or, alternatively, that miR172 itself is a mobile signal. In grafting
experiments, miR172-overexpressing scions accelerated tuberiza-
tion of WT stocks, but the reciprocal graft combination did
not tuberize early. The simplest interpretation is that miR172 is
required in aerial organs, rather than in stolons, to promote tuber-
ization. However, increases of miR172 levels in stolons correlate
with tuber induction, while changes in leaves do not (Martin et al.,
2009). At least two hypotheses can explain this apparent con-
tradiction: (1) overexpression of miR172 in stocks might not be
sufficient to counteract tuber-inhibiting signals derived from WT
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scions; and (2) factors required for miR172 processing might be
present or active in leaves but not in stolons. Detection of miR172
in potato phloem cells and phloem exudates of several species,
as well as graft transmission in Nicotiana benthamiana, is consis-
tent with the notion of this miRNA being mobile (Buhtz et al.,
2008, 2010; Martin et al., 2009; Kasai et al., 2010; Varkonyi-Gasic
et al., 2010). In addition to its putative role as a systemic signal,
it has been proposed that miR172 might participate in cell-to-
cell communication (Abelenda et al., 2011; Marín-González and
Suárez-López, 2012). Given the potential of miRNAs to act as
transmissible signals, it will be worth studying whether miR172
moves.

ROLE OF GIBBERELLINS IN TUBERIZATION
The plant hormones gibberellins (GAs) are present in phloem sap
and seem to act as florigenic molecules in some species (Eriksson
et al., 2006; King et al., 2006, 2008). The last steps in the biosyn-
thesis of active GAs are catalyzed by GA 20-oxidase (GA20ox) and
GA 3-oxidase (GA3ox). Biologically active GAs, including GA1,
GA3, and GA4, are inactivated by GA 2-oxidase (GA2ox) enzymes
(Hedden and Thomas, 2012).

Gibberellins are involved in the control of tuber induction or
development. Different observations have led to the assumption
that GAs inhibit tuberization under LDs. Tuberization would take
place when GA levels decrease in response to SDs (Rodríguez-
Falcón et al., 2006). This decrease seems necessary to arrest
longitudinal stolon growth and allow stolon swelling (Jackson,
1999). But are high GA levels really required to repress tuber
induction under LDs? Silencing of a potato GA20ox (StGA20ox1)
and manipulation of the levels of a GA3ox (StGA3ox2) do not
induce tuberization under LDs (Carrera et al., 2000; Bou-Torrent
et al., 2011). In addition, a GA2ox, StGA2ox1, affects tuberization
in vitro, but not in soil-grown plants (Kloosterman et al., 2007),
leading to the conclusion that StGA2ox1 is a tuber-identity gene
rather than a regulator of tuber induction. Local up-regulation of
StGA2ox1 in stolons by StSP6A (Navarro et al., 2011) is consistent
with this interpretation.

Moreover, the expression patterns of several GA biosynthetic
enzymes and the phenotypes of plants with altered levels of these
enzymes do not always fit with the hypothesis of GAs repressing
tuberization. For example, although StGA3ox2 is down-regulated
at the initiation of tuber development, StGA20ox1 and StGA20ox3
are up-regulated (Kloosterman et al., 2007). Both StGA20ox1-
silenced lines and plants overexpressing StGA3ox2 tuberize earlier
than WT plants under SDs, despite showing opposite changes
of GA1 levels (Carrera et al., 2000; Bou-Torrent et al., 2011). As
GA biosynthesis involves feedback and feedforward regulations
(Hedden and Thomas, 2012), some of these contradictions can
be explained through negative feedback regulation of StGA20ox
genes by active GAs, but this still has to be demonstrated.

To explain some of these conflicting results, it has recently been
proposed that GA20 – the immediate precursor of GA1 – would
be mobile, whereas GA1 would not. In StGA3ox2-overexpressing
plants, increased conversion of GA20 to GA1 in aerial parts would
reduce the amount of GA20 transported to stolons, resulting in low
levels of GA1 in stolons and early tuberization (Bou-Torrent et al.,
2011). This interesting hypothesis fits well with some observations.

However, as StGA20ox genes are expressed in stolons (Carrera
et al., 1999), GA20 is expected to be synthesized here. StGA3ox2-
overexpressing plants would then have increased conversion of
GA20 to GA1 also in stolons, which should repress tuberization.
Localized silencing of StGA20ox1 and StGA3ox2 in leaves and
stolons and grafting experiments using plants with altered levels
of these enzymes would help to elucidate the role of GA20 and
GA1. It will also be necessary to test GA20 movement in potato
plants and whether movement is required to prevent tuberization.
More work is also needed to determine whether GAs play a role in
tuber induction or they regulate tuber development by preventing
stolons from being competent to respond to leaf-derived inductive
signals. Nowadays it cannot be excluded that GAs perform both
functions.

SUCROSE AND OTHER PUTATIVE LONG-RANGE SIGNALING
MOLECULES
Sucrose is a metabolite, a source of energy and a signaling molecule
and it has been proposed as a transmissible substance for tuberiza-
tion and flowering (Sheen et al., 1999; Suárez-López, 2005; Ruan,
2012). Transcripts of sucrose transporters are phloem mobile in
several species, including potato, which suggests a possible signal-
ing role for these RNAs (Liesche et al., 2011). A potato sucrose
transporter, StSUT4, is involved in flowering and tuberization
control. Inhibition of StSUT4 induces tuberization under LDs.
Graft transmission of this phenotype, together with an increase
in sucrose export from leaves of StSUT4-silenced plants, suggest
a role for StSUT4 in long-distance signaling at least in part via
source to sink carbon flux (Chincinska et al., 2008). In addition,
StSUT4 regulates the production of putative long-distance signals,
such as StSP6A and probably GAs (Chincinska et al., 2008, 2013).

There is additional evidence of a link between sucrose and GAs
during tuberization. In vitro treatment with high sucrose concen-
trations, which induces tuber formation, reduces endogenous GA1

levels in stolons before tuber initiation (Xu et al., 1998). Exogenous
GA treatment, conversely, up-regulates StSUT4 (Chincinska et al.,
2008). Altogether these observations indicate a complex interplay
between GAs and sucrose during tuber induction or development.
Understanding the different roles that sucrose plays in tuber for-
mation, as a starch precursor, energy source and signal, deserves
further attention.

Other molecules, such as metabolites, hormones, and pep-
tides have the potential to act as mobile signals, but their
roles in tuberization are not yet clear (Jackson, 1999; Fernie
and Willmitzer, 2001; Dinant and Suárez-López, 2012). Graft-
ing of tomato mutants onto potato stocks has been proposed
as a strategy to elucidate the role of hormones in long-distance
signaling, although the results so far point to effects on assimi-
late distribution rather than on signaling pathways (Peres et al.,
2005).

THE ROLE OF PHYTOCHROME B IN REGULATING MOBILE
SIGNALS
The photoreceptor phytochrome B (PHYB) plays an interest-
ing role in the control of tuber induction, as it affects several
putative systemic tuberization molecules. Grafting experiments
using PHYB-silenced plants, which tuberize under LDs, led to
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the proposal that PHYB induces a mobile tuberization repres-
sor(Jackson et al., 1998). However, these plants show increased
levels of StSP6A mRNA and reduced levels of StBEL5 mRNA and
miR172 in leaves, as well as increased levels of these three RNAs
in stolons (Martin et al., 2009; Navarro et al., 2011), indicating
that PHYB inhibits the expression and/or movement of tuber-
inducing molecules. Probably positive and negative regulators of
tuberization respond to light signals through the action of PHYB.

Several effects of PHYB on plant development are mediated
by GAs (Lau and Deng, 2010). In potato, PHYB affects GA syn-
thesis or signaling, as StGA20ox1 mRNA abundance is increased
in PHYB-silenced plants, which show several phenotypes char-
acteristic of alterations in GA homeostasis (Jackson et al., 2000).
In addition, StSUT4 probably mediates some effects of PHYB on
plant development (Chincinska et al., 2008). How PHYB regulates
all these genes is not known. PHYB controls long-distance regu-
lation of other processes, pointing to a general role of PHYB in
systemic signaling (Griebel and Zeier, 2008; Suzuki et al., 2011).

CONCLUSION AND FUTURE CHALLENGES
We have recently witnessed substantial advances in our knowl-
edge of potato tuber induction. Although the identity of mobile

tuberization molecules is yet unknown, they are probably similar
to flowering signals. Several good candidates have been pro-
posed (Figure 1). Further research should test whether they act
as genuine systemic tuberization signals.

Long-distance communication involves the production of sig-
nals, but also requires phloem loading, transport and unloading,
as well as the response of target tissues to the translocated sig-
nals. Once the chemical nature of the signals is established,
dissecting all these processes will be easier. The availability of the
potato genome sequence (Xu et al., 2011) will facilitate these tasks.
Interspecific grafting and experimental approaches used in other
species, such as analyses of phloem sap composition, visualization
of reporters fused to putatively mobile proteins and strategies to
disrupt intercellular signaling, can be employed to address these
questions.
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Numerous signal molecules move through the phloem to regulate development, including
proteins, secondary metabolites, small RNAs and full-length transcripts. Several full-length
mRNAs have been identified that move long distances in a shootward or rootward
direction through the plant vasculature to modulate both floral and vegetative processes
of growth. Here we discuss two recently discovered examples of long-distance transport
of full-length mRNAs into roots and the potential target genes and pathways for these
mobile signals. In both cases, the mobile RNAs regulate root growth. Previously, RNA
movement assays demonstrated that transcripts of StBEL5, a transcription factor from
the three-amino-loop-extension superclass, move through the phloem to stolon tips to
enhance tuber formation in potato (Solanum tuberosum L.). StBEL5 mRNA originates in
the leaf and its movement to stolons is induced by a short-day photoperiod. Movement of
StBEL5 RNA to roots correlated with increased growth and the accumulation of several
transcripts associated with hormone metabolism, including GA2-oxidase1, YUCCA1a
and -c, several Aux/IAA types, and PIN1, -2, and -4 was observed. In another example,
heterografting techniques were used to identify phloem-mobile Aux/IAA transcripts in
Arabidopsis. Movement assays confirmed that these Aux/IAA transcripts are transported
into the root system where they suppress lateral root formation. Phloem transport of
both StBEL5 and Aux/IAA RNAs are linked to hormone metabolism and both target
auxin synthesis genes or auxin signaling processes. The mechanisms of transport for
these mobile RNAs, the impact they have on controlling root growth, and a potential
transcriptional connection between the BEL1/KNOX complex and Aux/IAA genes are
discussed.

Keywords: auxin, hormones, mobile RNAs, non-cell-autonomous, potato, StBEL5

INTRODUCTION
MOBILE SIGNALS TO THE ROOT
The phloem functions as a remarkably efficient conduit for
transferring numerous signal molecules throughout the plant.
Proteins, metabolites, small RNAs and messenger RNAs move
readily through the sieve element system to regulate develop-
ment and respond to environmental changes. Some of the best
examples include the Flowering Locus T protein that medi-
ates flowering (reviewed by Turck et al., 2008) and GAI and
Knotted1-like transcripts that regulate SAM development and
leaf architecture (Kim et al., 2001; Haywood et al., 2005). These
signal molecules function by moving through the phloem in a
shootward direction but there are also good examples of shoot-
to-root signaling as well. These basipetally directed signals have
been implicated in controlling development and in responding to
nutritive stress. Well-documented cases range from leaf-derived
signals for nodule formation to microRNAs that communicate
nutritional imbalances.

Nodule formation in legumes is tightly controlled by an intri-
cate root-to-shoot-to-root signaling loop termed autoregulation
of nodulation (Ferguson et al., 2010). This long-distance signal-
ing pathway includes peptide hormones, receptor kinases and
small metabolites. During nodule formation, a specific pep-
tide hormone is transported from roots to leaves triggering the

production of a leaf-derived signal that moves down into roots
to suppress further nodulation. As another example, by visualiz-
ing radiolabeled hormones in young seedlings, cytokinins have
been implicated as signals that move basipetally via symplas-
tic connections in the phloem into roots (Bishopp et al., 2011).
This long-distance basipetal transport of cytokinin is critical in
regulating polar auxin transport and maintaining the vascular
pattern in the root meristem. Phloem-derived miRNAs have also
been established as information molecules with the capacity to
move down into roots. During phosphate deprivation, miR399
moves from shoots to roots to enhance inorganic phosphate (Pi)
uptake and translocation (Lin et al., 2008). This miRNA tar-
gets the ubiquitin-conjugating E2 enzyme 24, designated PHO2,
suppressing its activity (Aung et al., 2006). PHO2 functions to
repress Pi uptake and a pho2 mutant over-accumulates Pi (Dong
et al., 1998). Overall, the interaction between miR399 and PHO2
plays a crucial role of in the maintenance of Pi homeostasis. The
phloem-mobile miR395 appears to operate in a similar fashion as
a general component of the regulatory network of sulfate assimi-
lation (Buhtz et al., 2010; Matthewman et al., 2012). Small RNAs
involved in gene silencing also move from shoot to root across
grafts and have the capacity to direct epigenetic modifications in
the genome of recipient cells that can influence growth and devel-
opment (Molnar et al., 2010; Bai et al., 2011; Melnyk et al., 2011).
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FUNCTIONAL PHLOEM-MOBILE RNAs
Either by phloem cell microdissection or analysis of phloem sap,
the transcriptome of phloem is revealed to include thousands
of full-length mRNAs with a wide range of potential functions
(Omid et al., 2007; Deeken et al., 2008; Kehr and Buhtz, 2008).
Despite the fact that so many mRNAs have been identified in
phloem sap, the movement of only a few has been confirmed to
be associated with a function. These include StBEL5 (Banerjee
et al., 2006) and POTH1 (Mahajan et al., 2012) of potato, CmGAI
of pumpkin (Haywood et al., 2005), PFP-LeT6 from tomato
(Kim et al., 2001), and AUX/IAA (Notaguchi et al., 2012) and
FLOWERING LOCUS T (Li et al., 2011; Lu et al., 2012) from
Arabidopsis. Whereas, there are numerous examples of acropetal
movement of mRNAs confirmed through grafting experiments
(Kim et al., 2001; Haywood et al., 2005; Kanehira et al., 2010; Yang
and Yu, 2010), there are only a few examples of full-length RNAs
moving in a rootward direction. GAI transcripts of apple exhib-
ited the capacity to move in both directions across a graft union,
from scion to stock and from stock to scion (Xu et al., 2010). Two
specific transcript types, AUX/IAA and StBEL5, have been shown
to move into roots and affect a phenotype. Both are involved in
auxin synthesis or signaling. The mechanisms of their movement
and the potential regulatory networks they affect are the topics of
this report.

AUX/IAA mRNAs MOVE INTO ROOTS AND SUPPRESS GROWTH
AUX/IAA (Auxin/indoleacetic acid) proteins are important tran-
scriptional regulators involved in auxin signaling (Tiwari et al.,
2001). In general, they act as repressors by interacting with auxin
response factors bound to auxin response elements of target genes
that control numerous aspects of growth (Tiwari et al., 2001,
2004). Two types of AUX/IAA transcripts were first identified in
phloem sap of melon (Cucumis melo). These melon RNAs were
detected in the scion of heterografts of pumpkin/melon confirm-
ing that specific AUX/IAA RNAs were capable of long-distance
trafficking (Omid et al., 2007). Using tobacco/Arabidopsis hetero-
grafts, a subsequent screen of the AUX/IAA family in Arabidopsis
revealed two AUX/IAA RNAs, designated IAA18 and −28, capa-
ble of long-distance transport (Notaguchi et al., 2012). Using a
GUS marker in transgenic lines, promoter activity of both of these
genes was localized to leaf vascular tissue.

To assess the function of phloem-mobile IAA18 in root for-
mation, the gain-of-function mutant, diaa18, was used in hetero-
grafts with WT stocks (Notaguchi et al., 2012). This dominant
mutant, in which the protein is not targeted for degradation
by the 26S proteasome, exhibits stable repressor activity in the
auxin signaling cascade (Chapman and Estelle, 2009; Vanneste
and Friml, 2009). In this model, because the IAA18 protein is
not degraded in the diaa18 mutant, it functions to repress root
growth even in the presence of auxin. When IAA18 is degraded,
auxin response factors are released and auxin activity and lateral
root growth are enhanced (Notaguchi et al., 2012). Previous work
showed that diaa18 plants exhibited severe defects in lateral root
formation, reflective of its role in root development (Rogg et al.,
2001; Fukaki et al., 2002; Uehara et al., 2008; Péret et al., 2009;
Notaguchi et al., 2012). Micrografting experiments showed that
the capacity of diaa18 to repress root growth was transmitted

from the scion to the rootstock (Notaguchi et al., 2012). This
repression of root growth by the diaa18 scion occurred both with
and without auxin treatments.

RNA movement assays utilizing heterografts of WT and double
mutants demonstrated that transcripts of both IAA18 and −28
moved from WT scions (Col-0) into both primary and lateral
roots of stocks of the double mutant iaa18;iaa28 (Notaguchi et al.,
2012). These results clearly establish the long-distance transport
of both IAA types and a strong correlation of IAA18 movement
with repression of root growth. Using a virus vector system and
a Myc protein tag, Notaguchi et al. (2012) showed that, whereas
IAA18 and −28 transcripts could move through the phloem,
neither of their respective proteins has the capacity to enter
the sieve tube system. These results suggest that these two pro-
teins are unlikely to function as long-distance signaling agents in
A. thaliana and are consistent with the established instability of
these proteins (Rogg and Bartel, 2001).

StBEL5 IS TRANSPORTED INTO ROOTS AND AFFECTS GROWTH
Previous work has clearly established the mRNA of StBEL5, a
transcription factor of the three-amino-loop-extension super-
class, as phloem mobile and enhancing the tuberization process
in potato (Solanum tuberosum L.) by targeting genes that con-
trol growth (Banerjee et al., 2006). Working in tandem with
the Knotted1-type transcription factor, POTH1, StBEL5 mediates
vegetative development by regulating hormone levels (Chen et al.,
2003). The BEL5/POTH1 complex binds specifically to a double
TTGAC core motif present in target gene promoters (Chen et al.,
2004).

RNA movement assays demonstrated that StBEL5 transcripts
move through the phloem to stolon tips, the site of tuber induc-
tion. StBEL5 mRNA originates in the leaf, and its movement to
stolons is induced by a short-day photoperiod. Recent work has
established that StBEL5 also moves into roots and affects root
growth. Movement into underground organs has been assayed
in several studies in a transgenic line, designated GAS:BEL5, that
transcribes StBEL5 in leaves only (Banerjee et al., 2006, 2009; Lin
et al., 2013). Using the leaf-specific galactinol synthase (GAS)
promoter (Ayre et al., 2003) to drive StBEL5 expression and
a transgenic RNA-specific sequence tag, movement of StBEL5
RNA into other organs may be readily monitored by using qRT-
PCR. In this system, any RNA driven by the GAS promoter and
detected in organs other than the leaf is the result of long-distance
transport. This promoter construct can essentially separate accu-
mulation by transcription from accumulation by movement.
These GAS:BEL5 lines are robust, slightly dwarf [probably due
to the activation of GA2ox1 expression in GAS:BEL5 leaves (Lin
et al., 2013)], and exhibit normal leaf morphology and enhanced
root and tuber development. This phenotype was similar to
35S:BEL5 OE lines except for the shorter plant stature (Chen et al.,
2003).

Using both movement assays in whole plants (Figure 1A) and
heterografts of GAS:BEL5 scions and WT stocks (Figure 1B),
movement of transgenic StBEL5 into roots was tested. The GAS
promoter drives leaf-specific expression (Ayre et al., 2003) and
in whole transgenic GAS:BEL5 plants, substantial amounts of
transgenic StBEL5 RNA were transported into both primary and
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FIGURE 1 | Movement of transgenic StBEL5 mRNA from leaf to root.

Quantification of movement was performed on transgenic lines expressing
full-length StBEL5 RNA driven by the galactinol synthase (GAS) promoter of
melon (Cucumis melo) (A). This promoter is predominately expressed in the
minor veins of leaf mesophyll but not in other parts of the plant (Ayre et al.,
2003; Banerjee et al., 2009). Relative levels of StBEL5 RNA were quantified
(A) from total RNA extracted from new leaves (�), and from either primary
(�) or secondary ( ) root samples of a SD-grown GAS:BEL5 transgenic
plants. One-step RT-PCR was performed using 200–250 ng of total RNA, a
primer for the NOS terminator sequence specific to all transgenic RNAs and a
gene-specific primer for the full-length StBEL5 transcript. These primers
specifically amplify only transgenic BEL5 RNA. All PCR reactions were
standardized and optimized to yield product in the linear range. Homogenous
PCR products were quantified by using ImageJ software (Abramoff et al.,
2004) and normalized by using 18S rRNA values. Standard errors of the
means of three replicate samples are shown. For heterografts (B),

micrografts were performed with replicates of either GAS:BEL5 scions on
WT andigena stocks or GAS:GUS scions on WT andigena stocks. After 2
weeks in culture, grafts were moved to soil and grown under LDs for 3
weeks and then under SDs for 2 weeks before harvest of roots and leaves.
After RNA extraction, RT-PCR with gene-specific primers was performed on
RNA from WT lateral roots of both heterografts. A second PCR was
performed with nested primers for both types. RNA from scion leaf samples
was used as a positive control (scion samples). Two different gene-specific
primers were used with a non-plant sequence tag specific for the transgenic
StBEL5 RNA to discriminate from the native RNA. Four plants were assayed
for both heterografts and are designated 1–4. Wild-type RNA from lateral
roots of whole plants (S. tuberosum ssp. andigena) was used in the RT-PCR
reactions with StBEL5 transgenic GSPs as a negative control (WT root).
Similar negative results were obtained with RNA from WT leaves. (reprinted
from Figure 1 of Lin et al., 2013; Copyright American Society of Plant
Biologists, www.plantphysiol.org).

lateral roots (Figure 1A). To confirm this movement, heterografts
of GAS:BEL5 scions and WT stocks were performed and RT-
PCR assays were used to detect the StBEL5 transgenic RNA in
the roots of WT stock material (Figure 1B). As a negative control
GAS:GUS transgenic lines were grafted as scions onto WT stocks.
Transgenic StBEL5 RNA was detected in lateral roots of WT stock
from four separate GAS:BEL5/WT heterografts whereas, no GUS
RNA was detected in lateral roots from WT stock from four sep-
arate GAS:GUS/WT heterografts (Figure 1B). In correlation with
the long-distance transport of transgenic StBEL5 into roots, root
growth was enhanced in the transgenic GAS:BEL5 lines in both
soil-grown and in vitro plants by approximately 75% (Figure 2A).
Root growth from these transgenic lines was more vigorous and
robust than in WT lines (Figure 2B).

AUTO-REGULATION OF StBEL5 IN ROOTS
Examination of the upstream sequence of the StBEL5 promoter
revealed the presence of the BEL/Knox tandem TTGAC motif
(Chen et al., 2004) with the two core motifs on opposite strands
of the DNA (Lin et al., 2013). This discovery suggested the possi-
bility that the StBEL5 gene could be auto-regulated. To test this
possibility, two promoter constructs of StBEL5, both approxi-
mately 2.0 kb in length, were designed and fused to GUS, one
with both motifs intact (proBEL5) and another with one of the
motifs deleted, designated mut-proBEL5 (Figure 3). In transgenic
lines driving GUS expression with the WT proBEL5 construct,
activity was detected in both primary and lateral roots and in
the phloem and cortex of primary roots (Lin et al., 2013). In
the transgenic lines with the mut-proBEL5 construct, GUS activ-
ity was greatly reduced in lateral roots and in the phloem and

FIGURE 2 | Root development of transgenic lines of Solanum
tuberosum ssp. andigena grown in vitro and in soil. For root fresh
weight harvests (A), in vitro plantlets were grown for 4 weeks at 27◦C
under 16 h light, 8 h dark. Roots from in vitro transgenic lines were
generally longer and more robust than WT controls (B). Soil plants were
grown in pots in a growth chamber under long days (16 h light, 8 h dark) at
24◦C days and 18◦C nights and harvested after 7 weeks. The SE of the
mean of several plants is shown (A). One asterisk indicates a significant
difference (p < 0.05) and two asterisks, a significant difference (p < 0.01)
using a Student’s t test. (Reprinted from Figure 2 of Lin et al., 2013;
Copyright American Society of Plant Biologists, www.plantphysiol.org).

cortex of primary roots. Overall, these results suggest that auto-
regulation of the StBEL5 gene is occurring in roots and that this
expression is localized to cortical and phloem cells. Consistent
with these observations, levels of endogenous StBEL5 RNA are
increased 2.4-fold in lateral roots of GAS:BEL5 plants relative to
StBEL5 in WT roots (Lin et al., 2013). Figure 1A shows the rela-
tive level of transgenic StBEL5 RNA that is transported into these
lateral roots.
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RESULTS
LONG-DISTANCE TRANSPORT OF StBEL5 INTO ROOTS TARGETS GENE
EXPRESSION
Because of the role the StBEL5/KNOX complex plays in targeting
genes involved in hormone synthesis and signaling pathways and
with recent results confirming StBEL5′s effect on the induction
of GA2-oxidase1, YUCCA1a, and isopentenyl transferase (IPT) in
roots (Lin et al., 2013), a search for tandem TGAC motifs present
in upstream sequence of several hormone genes was undertaken.
Sequences meeting the criteria of a double motif present within
2.0 kb of the start codon (LAX4 was the only exception) included
three PIN genes (PIN1, −2, and −4), two YUCCA1 genes (1a and
1c), two LIKE-AUX1 genes (LAX1 and −4), one auxin response
factor (ARF8), and AGL8, which is the potato MADS box gene,
POTM1-1, shown previously by Rosin et al. (2003) to be involved
in cyokinin regulation (Table 1). These elements contained link-
ers between the core motifs ranging from 2 to 24 nt. The motifs

FIGURE 3 | Schematic of the modification of the wild-type StBEL5
promoter sequence. To create the mutated BEL5 promoter used in the
transgenic lines reported here, one of the tandem TTGAC cis-elements
(underlined and bold) that make up the binding motif for StBEL5 and its
Knotted1-like partner, POTH1 (Chen et al., 2004), was deleted. To facilitate
cloning, this 5-base motif plus the TGC linker and eight other bp (all in
brackets) were removed and replaced by the ctgcag sequence. The intact
wild-type double motif sequence begins 820 nt upstream from the start of
the StBEL5 5′ untranslated region (Chatterjee et al., 2007). (Reprinted from
Figure 6 of Lin et al., 2013; Copyright American Society of Plant Biologists,
www.plantphysiol.org).

of YUCCA1c and LAX4 contained no linker. All four 5′ to 3′ DNA
strand orientations for the two core motifs are represented by this
group: head-to-head, tail-to-tail, head-to-tail, and tail-to-head
(Table 1).

To assay RNA levels of target induction by mobile transgenic
StBEL5, RNA samples were taken from lateral roots of the same
soil-grown plants used in Figure 1A and compared to target
RNAs from WT roots. In this phloem-transport induction sys-
tem, GAS:BEL5 transgenic lines express StBEL5 only in leaves so
that any BEL5 RNA detected elsewhere (e.g., roots) represents
long-distance transport. qRT-PCR was performed on eight of
the potato genes of Table 1 plus StBEL5, YUCCA1a, and GA2-
oxidase1 as controls. StBEL5 induces expression of YUCCA1a,
GA2oxidase1 and its own gene in lateral roots (Lin et al., 2013). Six
of the candidate genes exhibited induction in response to StBEL5
accumulation (Figures 4A,B). Levels of LAX4 and ARF8 exhibited
no significant increase. Both PIN2 and YUCCA1c transcript levels
increased by approximately 5-fold.

Because the GAS:BEL5 line expresses StBEL5 in the leaves,
the possibility exists that these target RNAs are up-regulated in
leaves and may either move down to roots or activate pathways
that lead to their induction in roots. Previous work with this sys-
tem showed that several genes activated by StBEL5 in roots or
stolons were not induced in leaves. These included YUCCA1a
and -c, ISOPENTENYL TRANSFERASE, and StBEL5 and −22
(Lin et al., 2013, Figure 4B). One notable exception is GA2ox1
which is induced in both leaves and roots (Lin et al., 2013). As
previously discussed, this increase in leaves may very likely explain
the slight dwarf phenotype exhibited by GAS:BEL5 transgenic
lines. An assay for leaf RNA of the four induced auxin genes,
StPIN1, −2, −4, and StLAX1, in the same GAS:BEL5 line used for
root induction was performed (Figure 5A). There was no induc-
tion of StLAX1 in leaves but the three PIN genes showed slight
increases of their transcript levels in leaves that corresponded
very closely to their induction levels in roots (Figure 5B). The

Table 1 | Target genes of StBEL5 with tandem TTGAC core motifs in the upstream sequence.

Gene Motif No. Orientation Nt upstream Comments Promoter source

StBEL5 GTCAAtgcTTGAC* 1 HtH 820 (TSS) BEL5/POTH1 bind Andigena

StPIN1 TTGACactgagtttttcgattGTCAA

TTGACctacatacaatctGTCAA*

2 TtT
TtT

1249 (AUG)
914 (AUG)

Auxin efflux Phureja

StPIN2 GTCActatGTCAA* 1 HtT 1343 (AUG) Auxin efflux Phureja

StPIN4 TGACactttcaGTCA 1 TtT 486 (AUG) Auxin efflux Phureja

StGA2ox1 TTGACaaGTCA* 2 TtT 1768 (AUG) double, palindromic motif Phureja

YUCCAla TTGACcttaTTGAC* 1 TtH 641 (AUG) Auxin synthesis Phureja

YUCCAlc TGACTTGAC* 1 TtH 651 (AUG) Auxin synthesis Phureja

IPT TTGACaaGTCA*

GTCAAtgcaTGAC

2 TtT
HtH

1408(AUG)
568 (AUG)

OsKn1 OE lines induce IPT RNA Phureja

LAX1 TTGACttttgatctTTGAC* 1 TtH 922 (AUG) Auxin influx Phureja

LAX4 TTGACTGAC 1 TtH 2629 (AUG) Auxin influx Phureja

ARF8 GTCAActccacaatGTCA 1 HtT 138 (AUG) Auxin response factor Phureja

AGL8 GTCAttttcttcaatttgtctcgcttgtGTCA 1 HtT 1990 (TSS) POTM1-1 Phureja

The TGAC core motifs running 5 ′ to 3 ′ are in bold letters. Linker sequence between the motifs is shown in lower case letters. The location of the motif is designated

upstream from either the transcription (TSS) or the translation (AUG) start site. Orientation of the two motifs are designated: HtH, head-to-head; TtT, tail-to-tail; TtH,

tail-to-head; or HtT, head-to-tail. An asterisk indicates binding to the BEL5/POTH1 complex via gel-shift assays was confirmed.
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FIGURE 4 | RNA accumulation of several genes in secondary roots of

GAS:BEL5 plants (A). In these transgenic lines (�), transgenic StBEL5
transcripts accumulate in roots (Lin et al., 2013). Quantitative real-time
RT-PCR with gene-specific primers was used to calculate the relative
amounts of each RNA (A). StBEL5 was included as a positive control. Each
sample was measured in triplicate and normalized against StActin8 RNA. The
fold change in expression was calculated as the comparative threshold cycle

method value relative to the mean values obtained from the WT samples (�).
YUCCA1c induction in primary and lateral roots of GAS:BEL5 plants (B).
Quantification of mRNA in these samples was performed as described by Lin
et al. (2013). Standard deviations of the means of three biological replicates
are shown with one, two, and three asterisks indicating significant
differences (p < 0.05, p < 0.01, p < 0.001, respectively) using a Student’s
t-test. YucA, YUCCA1a.

one exception was StPIN2 which exhibited a 1.8-fold increase in
leaves but a 4.8-fold increase in roots. This very high level of root-
specific accumulation was also reported for the tomato ortholog
of PIN2 (Pattison and Catala, 2012). The correlation in transcript
levels in both leaves and roots for StPIN1 and −4 would suggest a
similar transcriptional relationship. It is conceivable that StPIN2
transcripts are transported to roots but to date there is no report
of any phloem-mobile PIN mRNAs.

To determine if the StBEL5/POTH1 complex interacts with the
double elements identified in upstream sequence of the induced
genes, gel-shift assays were undertaken on select targets from
Table 1 and Figure 4 (Figure 6). The four cis-elements tested for
binding represented three of the four strand orientations: tail-to-
head for YUCCA1c, tail-to-tail for StIPT and StPIN1, and head-
to-tail for StPIN2. The linker region between the TTGAC core
motifs of these four elements ranges from no linkers for YUCCA1c
to a 13-nt linker for the StPIN1 motif. StIPT and StPIN2 con-
tain linkers of 2 and 4 nt, respectively. Despite the diversity in
strand orientation and linker length, binding of proteins to these
elements was consistently strongest for the BEL5/POTH1 com-
plex and the StBEL5 protein alone (Figure 6). No interaction was
observed with the glutatione S-transferase (GST) protein alone.

INDUCTION OF AUX/IAA IN ROOTS OF GAS:BEL5 PLANTS
Using ChIP-seq, targets of KNOTTED1 in maize included many
genes involved with gibberellic acid, brassinosteroid, cytokinin,

and auxin synthesis and signaling pathways (Bolduc et al., 2012).
Among the target hormonal genes that bound to KNOTTED1,
differential gene expression occurred preferentially for auxin-
related genes, including transcription factors involved in auxin
signaling like AUX-IAA and ARFs. KNOTTED1 binds to eighteen
AUX/IAA and twenty ARF genes, almost half of the AUX-IAA and
ARF genes identified in the maize genome (Bolduc et al., 2012;
Supplemental Table 7). The ChIP-seq analysis further demon-
strated that KNOX transcription factors have degenerate binding
sites and that specificity may be acquired through an interaction
with binding partners like the BEL1-type transcription factors. In
potato, the BEL1/KNOX interaction has been well-documented
(Chen et al., 2004; Lin et al., 2013). Of the twenty-seven potato
AUX/IAA genes, fourteen contain the tandem TGAC core motif
representing all four orientations in their upstream sequences
(Table 2). These observations coupled with the results of Bolduc
et al. (2012) suggest the intriguing possibility that a connec-
tion exists between the BEL1/KNOX transcriptional complex and
AUX/IAA gene activity. To test this hypothesis, induction of select
StAUX/IAA genes was assayed in the roots of the GAS:BEL5 line.
Four StIAA genes, IAA3, −14, −22, and −24, that contained
the double TTGAC motif (Table 2) also exhibited induction in
correlation with an increase in StBEL5 transcripts, whereas two
genes without double TTGAC motifs in their upstream sequence,
StIAA4 and −5, exhibited no such increase (Figure 7). The group
of genes showing positive induction represented all four motif
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FIGURE 5 | Accumulation of RNA for select target genes in leaves of

GAS:BEL5 plants (A) and a comparison of values in both leaves and

roots (B). In these transgenic lines (�), transgenic StBEL5 transcripts are
transcribed in leaves and move to roots (Lin et al., 2013). Quantitative
real-time RT-PCR with gene-specific primers was used to calculate the
relative amounts of each RNA. StBEL5 was included as a positive control.
Each sample was measured in triplicate and normalized against StActin8
RNA. The fold change in expression was calculated as the comparative
threshold cycle method value relative to the mean values obtained from the
WT samples (�). The WT value is equivalent to 1.0. Standard deviations of
the means of three biological replicates are shown with two and three
asterisks indicating significant differences (p < 0.01 and p < 0.001,
respectively) using a Student’s t-test.

orientations (tail-to-head, head-to-tail, head-to-head, and tail-
to-tail, respectively) with linker sequence between TGAC cores
ranging from 0 (StIAA3) to 12 (StIAA24) nt. Induction levels of
the four StIAA genes exhibited a negative correlation with the
length of the linker sequence suggesting that linker length may
influence rate of transcriptional activity. The strongest induction
was with StIAA3 and levels of induction decreased steadily as
the linker length increased from 0 to 1, 4, and 12 nt (Figure 7,
Table 2).

DISCUSSION
IAA18 AND StBEL5 REGULATE TRANSCRIPTION
Two unique full-length messenger RNAs that originate in leaf
vascular tissue, transverse graft unions to move into roots and
impact growth. Both are transcription regulators. IAA18, a puta-
tive transcription repressor, dimerizes with auxin response factors
(ARFs) to suppress their effect in enhancing auxin activity. In
Arabidopsis, there are twenty-nine AUX/IAA genes and in rice
and maize there are thirty-one (Liscum and Reed, 2002; Jain
et al., 2006; Wang et al., 2010). Most AUX/IAA proteins contain

four highly conserved domains that facilitate dimerization to tar-
get proteins and degradation of the AUX/IAA proteins via the
ubiquitin-proteasome pathway (Dharmasiri et al., 2005). Under
low auxin concentration, ARFs are inhibited by their interaction
with domains III and IV of the AUX/IAAs (Ulmasov et al., 1997;
Hagen and Guilfoyle, 2002). Elevated auxin levels releases ARFs
from the repressor heterodimer by promoting the degradation
of AUX/IAA proteins (Tiwari et al., 2001; Berleth et al., 2004;
Dharmasiri et al., 2005). AUX/IAA proteins function in regulating
lateral root formation, apical dominance, apical hook curva-
ture, petiole epinasty, leaf architecture, and fruit development.
In the model presented by Notaguchi et al. (2012), shoot-derived
IAA transcripts are transported into the root tip and contribute
to the regulation of lateral root formation. They propose that
this regulation is accomplished by an interaction between IAA18
and cytokinin as negative repressors, and auxin as the positive
regulator. Their results, however, do not rule out the possible
involvement of other signaling agents, including other mobile
AUX/IAA transcripts.

Whereas IAA18 functions as a transcription regulator through
its interaction with ARFs, the mobile RNA, StBEL5, encodes
a transcription factor that acts directly in tandem with a
KNOTTED1-like partner to bind to conserved motifs in upstream
sequence of numerous target genes that impact hormone syn-
thesis and transport. StBEL5 is regulated in several ways. Its
transcription is activated by low levels of white light and short
days then facilitate long-distance transport of its mRNA (Banerjee
et al., 2006; Chatterjee et al., 2007). RNA chaperone proteins
bind to StBEL5 RNA to potentially mediate movement, stabilize
the RNA, and repress translation (Cho et al., 2012). Established
as a chaperone for mobile RNAs in pumpkin, a polypyrimidine
tract-binding (PTB) protein of potato binds to the 3′ untrans-
lated region of StBEL5 (Mahajan et al., 2012). Interaction with
a PTB protein can mediate movement and repress translation
until it is activated at functional sites in specific cells of roots
and stolons. Similar to other BEL1-like transcription factors,
StBEL5 is functional with an interactive KNOX partner that is
co-expressed and co-localized (Bhatt et al., 2004; Cole et al.,
2006).

A NETWORK OF CONTROLS
In a remarkable feedback process, auxin moves through the
phloem into roots (Chhun et al., 2007) and controls degradation
of AUX/IAA proteins, proteins encoded by phloem-mobile tran-
scripts (Notaguchi et al., 2012). Now we add a third component,
mobile transcripts of StBEL5, a transcription factor that targets
and induces both biosynthetic (YUCCA1) and transport (PIN,
LAX) genes in the IAA pathway. These layers of regulation suggest
a complex and finely tuned network of control that has very likely
evolved across species with fundamental conserved components.
There are twenty-seven non-redundant AUX/IAA genes identified
in potato (Wu et al., 2012; Table 2) but as yet, none have been con-
firmed as phloem-mobile. If any potato AUX/IAA transcripts are
mobile, then one would expect their levels in phloem cells to be
relatively high. Both IAA18 and StBEL5 are transcribed in phloem
cells and subsequently loaded into sieve elements (Banerjee et al.,
2006; Notaguchi et al., 2012). Based on RNA-Seq data, six of the
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FIGURE 6 | Gel-shift assays of various tandem TGAC core motifs (bold,

upper case nucleotides) in four putative target genes of StBEL5 and

POTH1 with a range of linker sequence (lower case nucleotides)

between motifs. Included here are YUCCA1c, StIPT (isopentenyl
transferase), and StPIN1 and −2. The StBEL5 and POTH1 proteins were
expressed and purified with a carboxyl-terminal glutatione S-transferase
(GST) fusion tag. Each DNA bait was tested for binding with StBEL5-GST,

POTH1-GST or GST alone or with StBEL5-GST and POTH1-GST together. Ten
fm of synthesized DNA probes 50 nt in length labeled with biotin were used
in the binding reaction. The amounts of StBEL5 and POTH1 proteins used in
these assays were adjusted to achieve equivalent molarity. Unlabeled DNA
bait at 100X, 200X, and 500X concentrations relative to the labeled probe was
used in the competition assays. Arrows indicate approximate location of
shifted bands.

twenty-seven AUX/IAA RNAs of potato, including the ortholog of
IAA18, exhibit very high abundance levels in phloem cells compa-
rable to two known mobile RNAs (Table 3). This data is consistent
with the possibility that select AUX/IAA RNAs of potato may also
be phloem mobile.

Movement and localization of signals and elicitors are key
issues when considering auxin’s role in meristem development,
vascular tissue development and the genesis of lateral roots. To
add one more layer of control, StBEL5 auto-regulates its own
expression in roots and stolons (Lin et al., 2013). StBEL5 tran-
scription is localized to root phloem and accumulation of its
mobile, transgenic RNA in roots was correlated with increased
stele diameter of primary roots, anomalies in the organization
of the vascular core, and increased lateral root formation (Lin
et al., 2013). All three of these observations can be explained by
changes in hormone activity of cytokinin, gibberellic acid, and
auxin (Dettmer et al., 2009; Gou et al., 2010; De Smet, 2012).
Induction assays showed that StBEL5 targets genes are involved
in the metabolism of all three (Figures 4 and 7; Lin et al., 2013).
Both zeatin and isopentenyl types of cytokinins increased in over-
expression lines of StBEL5 in potato (Chen et al., 2003) and
over-expression of BEL1-like genes produced plants that were
dwarf due to decreases in active gibberellin levels (Dong et al.,
2000; Müller et al., 2001). In similar fashion, a BEL1-like tran-
scription factor was required for regulating both cytokinin and
auxin signaling pathways, including PIN1 activity, to establish the

correct pattern of ovule development in Arabidopsis (Bencivenga
et al., 2012).

A TRANSCRIPTIONAL CONNECTION?
ChIP-seq analysis revealed numerous target genes of KNOTTED1
in maize involved with hormone synthesis and signaling and
demonstrated that KN1 plays a key role in a regulatory network
that influences myriad aspects of development (Bolduc et al.,
2012). The maize ga2ox1-like binding motif with two TGAC core
motifs (Bolduc and Hake, 2009) was identified as an important
element present within the KN1-bound regions. Several AUX-
IAA and ARF genes were identified as targets as well. Because
of the strong interaction of the StBEL5/POTH1 complex with
TGAC core elements (Figure 6, Chen et al., 2004), it is plau-
sible that BEL1-like transcription factors are also involved in
many of the interactions documented in this ChIP-seq analysis.
For example, at least three genes identified in the KNOTTED1
screen, GA2ox1, IPT, and PIN1, contain elements that bind to
StBEL5/POTH1 and are induced by StBEL5 (Figures 4 and 6, Lin
et al., 2013).

Although the strongest relative in vitro binding was observed
with KNOTTED1 protein alone with tandem TGAC core motifs
on the same strand of DNA with a 3-bp linker gap (Bolduc et al.,
2012, Supplemental Table 4), we have consistently observed that
the most robust gel shifts involved the POTH1/BEL5 heterodimer
with motifs on both the same and opposite strands and with
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FIGURE 7 | RNA accumulation of several StAUX/IAA genes in

secondary roots of GAS:BEL5 plants. In these transgenic lines (�),
transgenic StBEL5 transcripts accumulate in roots (Lin et al., 2013).
Quantitative real-time RT-PCR with gene-specific primers was used to
calculate the relative amounts of each RNA. Each sample was measured in
triplicate and normalized against StActin8 RNA. The fold change in
expression was calculated as the comparative threshold cycle method
value relative to the mean values obtained from the WT samples (�).
Standard deviations of the means of three biological replicates are shown
with one, two, and three asterisks indicating significant differences
(p < 0.05, p < 0.01, p < 0.001, respectively) using a Student’s t-test.
StBEL5 and StPIN2 were included as positive controls. StIAA4 and -5 do
not contain a double TTGAC motif in their upstream sequence (Table 2).

linkers between core motifs ranging from zero to 13 bp (Table 1;
Figure 6; Chen et al., 2004; Lin et al., 2013). This discrepancy in
binding affinity in response to the strand orientation of tandem
motifs or linker length between motifs may be a function of the
spatial dynamics of the KNOX/KNOX or POTH1/BEL5 dimers.
Even though the homeodomains of KNOTTED1- and BEL1-like
transcription factors are almost identical, molecular weight dif-
ferences are significant. StBEL5 has a molecular weight of 76 kDa,
whereas the KNOTTED1-types (including POTH1) are approx-
imately 37–40 kDa. A BEL1/KNOX transcriptional complex may
very well impart a degree of specificity and spatial flexibility not
provided by a KNOTTED1 homodimer.

In summary, these results confirm that AUX/IAA RNAs like
IAA18 and StBEL5 and its transcriptional partners are involved in
a complex developmental network that regulates hormone activ-
ity in roots through the long-distance transport of their mRNAs.
Despite the apparent complexity of this system, however, it is
almost certain that other long-distance signaling agents, includ-
ing phloem-mobile RNAs, are also functional in regulating root
morphology and are awaiting discovery.

MATERIALS AND METHODS
PLANT MATERIAL
Soil-grown plants were maintained in a growth chamber under
either a long-day (16 h light at 22◦C, 8 h dark at 18◦C) or a short-
day (8 h light at 22◦C, 16 h dark at 18◦C for 12 days) photoperiod
with a fluence rate of 400 µmol m−2 s−1. Leaves and roots from

GAS:BEL5 plants were harvested from soil-grown plants at the
12- to 13-leaf stage, frozen in liquid nitrogen and stored at -80◦C
prior to RNA extraction. Primary and secondary root types could
be distinguished by their morphology. Primary roots are thicker
and often exhibit a light purple color, whereas secondary roots are
bright white.

REAL TIME qRT-PCR
Total RNA was extracted from all the plant tissues using the
RNeasy Plant Mini Kit (Qiagen, USA) according to manufac-
turer’s instructions. RNA samples with 260/280 ratio from 1.9
to 2.1 and 260/230 ratio from 2.0 to 2.5 were used for qRT-
PCR analysis. qRT-PCR analysis was performed with qScript™
One-Step SYBR Green qRT-PCR Kit (Quanta Biosciences) fol-
lowing manufacturer’s protocol. Briefly, 50 ng aliquots of total
RNA template was subjected to each qRT-PCR reaction in a final
volume of 15 µl containing 7.5 µl One-step SYBR Green Master
Mix and 0.3 µl of qScript One-step Reverse Transcriptase along
with target specific primers (200 nM). All reactions were per-
formed in triplicate using Illumina Eco qPCR machine (Illumina,
USA) with fast qPCR cycling parameters (cDNA synthesis: 50◦C,
5 min; Taq activation: 95◦C, 2 min; PCR cycling (40 cycles): 95◦C,
3 s/60◦C, 30 s). StACT8 (accession number GQ339765) was used
as an endogenous control for normalization of the total RNA tem-
plate in a reaction. The relative gene quantification (comparative
threshold cycle) method (Livak and Schmittgen, 2001) was used
to calculate the expression levels of different target genes. Primers
ranged from 98 to 160 bp and were mostly designed spanning
the introns in order to detect any genomic DNA contamination.
Specificity of primers was determined by melting curve analy-
ses and agarose gel (3%) electrophoresis performed following the
qRT-PCR experiments. A standard curve was generated based on
6-point (10-fold) serial dilutions of cDNA to calculate the gene
specific PCR efficiency. PCR efficiencies of primers ranged from
97 to 110 %.

PROTEIN EXPRESSION AND PURIFICATION
Glutathione S-transferase (GST) fusion constructs of StBEL5 and
POTH1 described by Chen et al. (2004) were used for prepa-
ration of GST-tagged StBEL5 and POTH1. For GST-POTH1
expression, pGEX-POTH1 was transformed into BL21 Star (DE3)
E. coli cells (Invitrogen, CA). Cells were grown at 37◦C until the
OD600 reached 0.6, induced with 1.0 mM IPTG and cultured at
30◦C for 5 h. For expression of GST-StBEL5, pGEX-StBEL5 was
transformed into ArticExpress E. coli cells (Agilent, CA). Cells
were grown at 37◦C until the OD600 reached 0.6, induced with
1.0 mM IPTG and cultured at 4◦C for 48 h. The GST-tagged
protein purification was performed using the Pierce GST Spin
Purification kit.

GEL-SHIFT ASSAYS
Oligos with 3′ biotin labeling were synthesized by the DNA
Sequencing and Synthesis Facility, Iowa State University, Ames,
IA. Double-stranded DNA was prepared by hybridization of
complementary synthetic oligonucleotides. Gel-shift assays were
performed using the LightShift Chemiluminescent EMSA Kit
from Thermo Scientific according to the manufacturer’s protocol
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Table 2 | Tandem TGAC core motifs present in the upstream sequences of AUX/IAA genes of potato.

Potato IAA #

(Wu et al., 2012)

Arabidopsis ortholog Potato gene ID TTGAC element Orientation Base pairs from AUG

1 IAA4 PGSC0003DMG400016317 GTCAActtGTCA HtT 1546

2 IAA1 PGSC0003DMG400020139 no — —

3 IAA1 PGSC0003DMT400049677 TTGACTTGAC TtH 1394

4 IAA9 PGSC0003DMG400006393 no — —

5 IAA13 PGSC0003DMG400029339 no — —

6 IAA8 PGSC0003DMG400002550 TGACctaatTTGAC TtH 2524

7 IAA17 PGSC0003DMG400016280 no — —

8 IAA16 PGSC0003DMG402002635 no* — —

9 IAA16 PGSC0003DMG402019457 TGACttattgcTTGAC TtH 1674

10 IAA16 PGSC0003DMG400005327 no — —

11 IAA19 PGSC0003DMG400002636 no — —

12 IAA3 PGSC0003DMG400013445 TTGACataacaaTTGAC TtH 794

13 ARF9 PGSC0003DMG400005794 no — —

14 IAA18/28 PGSC0003DMG400002608 GTCAtGTCAA HtT 2091

15 ARF9 PGSC0003DMG400000118 TGACtctaagacatTTGAC TtH 1873

16 IAA19 PGSC0003DMG400016512 GTCAcTTGAC HtH 2233

17 IAA3 PGSC0003DMG400005338 GTCAtttagattTTGAC HtH 1152

18 IAA29 PGSC0003DMG400020478 TTGACacatttgaTGAC TtH 992

19 IAA29 PGSC0003DMG400030896 no — —

20 IAA33 PGSC0003DMG400043142 no — —

21 IAA29 PGSC0003DMG400013765 no — —

22 IAA10 PGSC0003DMG400008586 GTCAAttaaTTGAC HtH 712

23 IAA4 PGSC0003DMG400006108 no* — —

24 IAA14 PGSC0003DMG400006093 TGACaatacataagaaGTCAA TtT 667

25 IAA12 PGSC0003DMG400001498 TTGACattTTGAC TtH 2319

26 IAA27 PGSC0003DMG400000375 no — —

27 ARF16 PGSC0003DMG400021560 GTCAA-20 nt-GTCAA HtT 2235

StBEL5 PGSC0003DMG400005930 GTCAAtgcTTGAC HtH 970

These twenty-seven genes were identified by Wu et al. (2012) and were designated numbers from 1 to 27 (first column). Arabidopsis orthologs are shown in the

second column. The PGSC ID numbers are from the potato genome database. The TGAC core motifs running 5′ to 3′ are in bold letters. Linker sequence between

the motifs is shown in lower case letters. The location of the motif is designated upstream from the translation (AUG) start site. Orientation of the two motifs

are designated: HtH, head-to-head; TtT, tail-to-tail; TtH, tail-to-head; or HtT, head-to-tail. An asterisk indicates some upstream sequence was not available from the

potato genome. The motif of StBEL5 is shown as a control. StBEL5 auto-regulates its own gene (Lin et al., 2013).

Table 3 | Abundance of AUX/IAA transcripts of potato from phloem-associated cells of petioles and stems.

Phloem source IAA2 IAA3 IAA4 IAA6 IAA9 IAA10 IAA13 IAA14 IAA15 IAA21 IAA26 BEL5 GAI

Petiole 49 0 7410 18 2762 3493 0 3571 10656 176 3262 9592 2545

Stem 106 0 13694 52 2531 2556 26 5245 11580 242 5116 5531 2092

The potato IAA genes were identified and numbered by Wu et al. (2012). Total counts were derived from RNA-Seq data from RNA extracted from laser-capture

microdissected phloem-associated cells of petioles or stems from Solanum tuberosum ssp. andigena plants grown under a short-day photoperiod. Total count

values represent the sum of three biological replicates. StBEL5 and StGAI are included as mobile RNA controls. Six StIAA RNAs exhibited abundance values for

both petiole and stem phloem greater than the StGAI values. IAA14 is the AtIAA18/28 ortholog in potato.

provided in the kit with the following modifications. Twenty ul
DNA-binding reactions were set up on ice containing 20 mM
HEPES (pH 7.5), 10% glicerol (V/V), 0.5% Triton X-100 (V/V),
0.5 mM EDTA (pH 8.0), 50 mM KCl, 2 mM MgCl2, 20 ng/µl BSA,
1 mM DTT, 50 ng/ul of poly(dI-dC) as a non-specific competi-
tor. Ten fmol of labeled DNA was used for all targets. 200 ng of

StBEL5, 100 ng of POTH1 and 200 ng of GST proteins were used
as indicated in Figure 6. The binding system was incubated on
ice for 60 min before electrophoresis. For the competitive assay,
unlabeled double stranded DNA fragments were incubated with
the recombinant protein on ice for 30 min before addition of the
labeled probe.
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RNA-Seq ANALYSIS
RNA-Seq was performed on RNA extracted from laser-capture
microdissected (LCM) phloem cells of potato (S. tuberosum ssp.
andigena) plants grown under short-day conditions (Yu et al.,
2007). RNA was isolated using the PicoPure™ RNA Isolation kit
(Arcturus). RNA amplification using 70–260 pg of LCM RNA
samples from three biological replicates from both stem and peti-
ole sections was performed. The Ovation RNA-Seq kit (NuGEN)
was used for cDNA synthesis. One ug of cDNA from each replicate
sample was subjected to 100-cycle paired- or single-end sequence
cluster generation on an Illumina HiSeq 2000 instrument at the
DNA Facility, Iowa State University. The reads from sequencing
were saved in fastq format and aligned to the potato genome
(PGSC_DM_v3.4_gene.fasta & PGSC_DM_v3.4_gene.gff
from http://solanaceae.plantbiology.msu.edu/pgsc_download.
shtml) with Genomic Short-read Nucleotide Alignment Program
(GSNAP). False Discovery rate (FDR) was set at 0.05. Read num-
bers were recorded for each replicate and analyzed for abundance.
The longest peptide sequence was selected from the genome
database for all the genes in both the stem and petiole lists
(PGSC_DM_v3.4_pep_representative.fasta). Functions of these
genes were analyzed with Blast2Go (http://www.blast2go.com/
b2glaunch/start-blast2go).

PRIMERS AND OLIGOS USED FOR qRT-PCR AND GEL-SHIFT ASSAYS
Primers used for qRT-PCR
BEL5F: 5′-CTGCAACAGCTAGGAATGATG-3′
BEL5R: 5′-ATGATTTTGTCTGAATCCTTTGGG-3′
GA2ox1F: 5′- AGGCACAGAGTGATCGCAGAT-3′
GA2ox1R: 5′- TGGTGGCCCTCCAAAGTAAA-3′
YUCCA1aF: 5′-CATTATCACAAATAAAAACCGGAAA-3′
YUCCA1aR: 5′-TGCCATCTAAAAATCTTGCACC-3′
PIN1F: 5′- GCACCAAATCCTGGCATGT-3′
PIN1R: 5′- AGCTGTATTCTTGTGTGCTTTGGT-3′
PIN2F: 5′-GCAAGTTTGATTGGACTCATTTG-3′
PIN2R: 5′-TGAGATCGAACCTTTTACAATCG-3′
PIN4F: 5′- GTTTCATTGCGGCGGATTC-3′
PIN4R: 5′- CCCATAGCGAAAGAACAACC-3′
LAX1F: 5′- GCGCCTATCCACCACTAAGAAG-3′
LAX1R: 5′- GAAGTATTGCAACAACCCCATGTA-3′
LAX4F: 5′- GCCACCGTGCACAACTAGG-3′
LAX4R: 5′- CACTAACACATTTTGGGTTACATGC-3′
ARF8F: 5′- CAGCCTAAGCGGCATCTTCT-3′
ARF8R: 5′- AGCCTTTTGGCGCTAACAAA-3′

AGL8F: 5′- AGCAAAACAACCAGCTTTCCAA-3′
AGL8R: 5′- TGATCCCACTGATTTTGCTGTG-3′
YUCCA1cF: 5′-ACAAATACAAAGAGGTGTGTATTCGT-3′
YUCCA1cR: 5′-CGTAGTCATTGTATCCGTCCTGA-3′
ACTF: 5′-TGATTGGTATGGAAGCTGCAG-3′
ACTR: 5′-CCACTGAGCACAATGTTACCG-3′
StIAA3 Fw: CTGATCTTCGATCAATTTCATGG
StIAA3 Rv: GACCTATTGCTGCCTTGTGCTA
StIAA4 Fw: CCAGCATTACTATTAGGCGAGG
StIAA4 Rv: CCATGTCGTAATCAGGTAAAGC
StIAA5 Fw: GACTACTGAGGCCAAAGGACTTG
StIAA5 Rv: TGTGGTCTCATTTGATCATTTGC
StIAA14 Fw: TGATGTGAATGAGCTAACGAGATG
StIAA14 Rv: GCTTCTGCAACTACACTTGAACAA
StIAA22 Fw: TAGGTCAGACAAAGAATCAACTT
StIAA22 Rv: CCATCCACTAAAATTTCCTTCTA
StIAA24 Fw: AAGCCAATTGATGGTGTGCA
StIAA24 Rv: ATACAAGCACATGAAAACAACAA

Sequences of oligos used for gel shifts
YUCCA1cS: 5′-AAAAAATTACAAATAAATGACTTGACTAATGT
TGTTATTAATCTCCACA-3′
YUCCA1cA: 5′-TGTGGAGATTAATAACAACATTAGTCAAGTC
ATTTATTTGTAATTTTTT-3′
IPTS: 5′-TTTTTTTTTGGTTTTAAGTTTGACAAGTCAGGTCT
AATTTGACATCCTT-3′
IPTA: 5′-AGGATGTCAAATTAGACCTGACTTGTCAAACTTAA
AACCAAAAAAAAA-3′
PIN1Fw: 5′-GTCTGTGTATGATTTTGACCTACATACAATCTGT
CAACTAATGTGTATGA-3′
PIN1Rv: 5′-TCATACACATTAGTTGACAGATTGTATGTAGGTC
AAAATCATACACAGAC-3′
PIN2Fw: 5′-AAATGTGAAAGTCACTATGTCAATCATTATTT-3′
PIN2Rv: 5′-AAATAATGATTGACATAGTGACTTTCACATTT-3′
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The phloem is the conduit through which photoassimilates are distributed from
autotrophic to heterotrophic tissues and is involved in the distribution of signaling
molecules that coordinate plant growth and responses to the environment. Phloem
function depends on the coordinate expression of a large array of genes. We have
previously identified conserved motifs in upstream regions of the Arabidopsis genes,
encoding the homologs of pumpkin phloem sap mRNAs, displaying expression in
vascular tissues. This tissue-specific expression in Arabidopsis is predicted by the
overrepresentation of GA/CT-rich motifs in gene promoters. In this work we have searched
for common motifs in upstream regions of the homologous genes from plants considered
to possess a “primitive” vascular tissue (a lycophyte), as well as from others that lack
a true vascular tissue (a bryophyte), and finally from chlorophytes. Both lycophyte and
bryophyte display motifs similar to those found in Arabidopsis with a significantly low
E-value, while the chlorophytes showed either a different conserved motif or no conserved
motif at all. These results suggest that these same genes are expressed coordinately in
non-vascular plants; this coordinate expression may have been one of the prerequisites
for the development of conducting tissues in plants. We have also analyzed the phylogeny
of conserved proteins that may be involved in phloem function and development. The
presence of CmPP16, APL, FT, and YDA in chlorophytes suggests the recruitment of
ancient regulatory networks for the development of the vascular tissue during evolution
while OPS is a novel protein specific to vascular plants.

Keywords: vascular tissue, phloem, evolution, companion cell, sieve element

INTRODUCTION
The vascular tissue played an essential role in the adaptation
of plants to land, allowing the great diversification of tracheo-
phytes, plants harboring conducting tissues. While non-vascular
land plants are also quite diverse and include species that have
successfully colonized a variety of niches, the sheer number of
tracheophyte species as well as its diversity in geographical dis-
tribution, shape and size is overwhelming. This in no small part
has resulted from this evolutionary innovation.

The evolution of specialized cell types that gave rise to con-
ducting tissues allowed the distribution of nutrients to all plant
organs, which evidently also led to cell and tissue specialization,
or, as is also termed, a division of labor. The vascular tissue gave
rise more recently to two well-defined transport systems within
plants, the xylem and the phloem. While the first one has a direct
role in the delivery of water and mineral nutrients from roots to
aerial tissues, the phloem is involved in the transport of fixed
carbon as well as other nutrients from photosynthetic to het-
erotrophic tissues. In addition, a wealth of evidence indicates
that the vasculature functions in signaling between distant tis-
sues (Lucas et al., 2013). Indeed, on one hand, several responses
to environmental cues, as well as to a genetic program, imply such
long-distance signaling. For example, response to drought stress
is regulated by abscisic acid (ABA) transport from roots to shoots
via the xylem (Sauter et al., 2001); the control of nodule number

in legumes results from the transport of a signaling molecule
from leaves to roots, presumably through the phloem (Krusell
et al., 2002). Flower induction, the paradigm of phloem inter-
organ signaling, which has been extensively reviewed (Corbesier
et al., 2007; Lin et al., 2007; Tamaki et al., 2007), involves the
transport from photosynthetic leaves to the shoot apex of a
protein, FLOWERING LOCUS T (FT; and possibly also RNA).
Thus, it is clear that the vascular tissue, and in particular the
phloem, the focus of this work, plays an essential role in plant
adaptation.

Plants include the tracheophytes, chlorophytes, (single-celled
and colonial taxa) and bryophytes. Although obviously the extant
representatives of chlorophytes and non-vascular bryophytes can-
not by any means be considered primitive or less evolved than
vascular plants, it can be argued that they share some primi-
tive features common to all plants ancestors, such as unicellu-
larity or less modified cell types. These can also illustrate the
likely steps (not necessarily in chronological order, and most
probably occurring simultaneously and evolving independently
in different plant lineages) that gave rise to modern vascular
plants, evidently starting with the evolution of multicellularity.
Next, specialization occurred in such manner that originated
heterotrophic cells, including those that were able to absorb
mineral nutrients and water from soil as well as those that
gave rise to reproductive tissue (Lucas et al., 2013). It can be

www.frontiersin.org July 2013 | Volume 4 | Article 261 | 221

http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Physiology/10.3389/fpls.2013.00261/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=ANGELICAMARTINEZ_NAVARRO&UID=91107
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=GalvanGordillo&UID=87481
http://community.frontiersin.org/people/BeatrizXoconostle-C%C3%A1zares/100960
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=RobertoRuiz-medrano&UID=57943
mailto:rmedrano@cinvestav.mx
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Martínez-Navarro et al. Vascular gene expression

envisaged that other events in the early evolution of land plants
involved the establishment of novel developmental programs
that resulted in sieve cells (as in gymnosperms) and eventu-
ally in sieve elements on one hand, and in vessel elements on
the other. The genetic networks underlying such processes have
been intensely studied, more so in the case of xylem differ-
entiation, in which case a study using comparative genomics
revealed that xylem transcriptomes were more conserved dur-
ing evolution than other tissues transcriptomes in vascular plants,
being the functional domains of genes specially conserved point-
ing to the presence of an ancestral xylem transcriptome; also,
a phylogenetic analysis showed that evolution of xylem tran-
scriptome follows the branch divergence patterning than plant
species (Li et al., 2010). Less is known on the pathways lead-
ing to Companion Cell-Sieve Element (CC-SE) differentiation,
although recent work has helped identify key proteins involved
in such process.

Efforts have been made to identify genes involved in the tran-
sition from unicellular algae to multicellular land plants as well
as the transition from non-vascular to vascular plants, uncover-
ing that most of the genes involved in vasculature formation and
differentiation were already present in non-vascular plants; so the
evolution of vasculature involved, additionally to some innova-
tions, the co-option and integration of ancestral developmental
pathways (Banks et al., 2011).

It is likely that reprogramming the expression of certain genes
must have been important during the evolution of the vascu-
lature. In particular, it is conceivable that the evolution and
development of new structures or tissues in any organism nec-
essarily involves the coordinated expression of a set of genes, both
temporally and spatially.

In the present work, we addressed the evolution of vascu-
lar gene expression by examining regulatory upstream regions of
genes from various species, the homologs of which in pumpkin
encode transcripts found in pumpkin phloem sap exudates, rang-
ing from chlorophytes to monocots and dicots, but also including
a plant lacking true vascular tissue, and another one that dis-
plays “primitive” conducting tissues. We selected these genes that
have the highest number of ESTs found in phloem sap exudates,
although it is clear that these may be expressed in other tissues
in addition to phloem. Furthermore, the upstream regions of
these genes from Arabidopsis (termed SETP, for Sieve Element
Transcript Promoters set) harbor an overrepresented common
motif, directing gene expression in the vasculature in mature
leaves (Ruiz-Medrano et al., 2011). It must be mentioned that
several of the analyzed genes from Arabidopsis have not been
characterized in detail and thus the transcriptional start site is
not known. The present work is based on some assumptions:
(1) Not all phloem sap transcripts are necessarily transported
through the phloem, since some may originate from neighbor-
ing damaged cells; however, it is likely that most are synthe-
sized in phloem cambium, CC or phloem parenchyma and thus
reflect gene activity in the phloem, or at least in vascular tis-
sues, as evidenced by in situ hybridization of pumpkin phloem
sap transcripts and histochemical analysis of plants express-
ing GUS fusions to upstream regions of the Arabidopsis gene
homologs for these transcripts (Ruiz-Medrano et al., 1999a,b;

Xoconostle-Cázares et al., 1999; Ruiz-Medrano et al., 2007, 2011).
(2) Gene promoters harboring common motifs are expressed in
a coordinated fashion; the more common motifs they share the
coordination is tighter (spatially and/or temporally; see for exam-
ple Harmer et al., 2000), although this should not be always
necessarily the case. (3) The closest homolog to the correspond-
ing pumpkin gene should be expressed in a similar fashion,
i.e., will correspond to a gene also expressed in vascular tis-
sue. This assumption is especially crucial when dealing with
members of large gene families, not necessarily sharing a com-
mon expression pattern. (4) While the upstream regions of the
analyzed genes are termed promoters, several have been poorly
characterized and therefore may include 5′ untranslated regions
(UTR). Therefore, it is possible that several motifs found in
Arabidopsis lie within the 5′UTR of these genes (Ruiz-Medrano
et al., 2011).

There is an implicit limitation in this approach, and it is
that the analyzed sequences belong to taxa whose genomes have
been deciphered. These taxa correspond to plants with basic
and/or economic importance; thus, some of them may not be
representative from an evolutionary viewpoint.

The predicted phylogeny of some key proteins involved in
phloem function and differentiation was also analyzed. The
results suggest that most dicot and some monocot genes expressed
in vascular tissue share GA/CT motifs, as found in Arabidopsis
(Ruiz-Medrano et al., 2011). Interestingly, no such motifs were
found in chlorophytes, and at least in one of those analyzed,
no common motif could be discerned in this gene promoter
set. 51 SETPHs were found in chlorophytes but not in all ana-
lyzed algal species, suggesting an ancient function of these genes
not related with vascular expression (Figure 5, Table 2) Finally,
the dendrograms suggest that phloem evolution occurred by
the recruitment of preexisting genes involved in certain reg-
ulatory networks, as well as the appearance of novel genes
altogether.

MATERIALS AND METHODS
The sequences analyzed are described in a previous work (Ruiz-
Medrano et al., 2011). These correspond to genes for transcripts
that have been found in pumpkin phloem sap exudates. It is
reasonable to assume that the homologs from extant taxa are
expressed in a similar manner, and that phloem sap transcripts
result from the activity of gene promoters in the CC or neighbor-
ing cell types.

SEQUENCES
Upstream sequences from extant plant taxa were retrieved from
phytozome (http://phytozome.net/). First, the protein sequences
from Arabidopsis were obtained through the Arabidopsis
Information Resource (TAIR; http://www.arabidopsis.org/).
Afterwards, a BLAST search was carried out using the cor-
responding Arabidopsis protein sequence as query into the
proteome database of interest; afterwards the upstream 1 kb
sequences were obtained for each protein homolog from the
data set (see Tables 1, 2, S1). 5′UTRs were included in case
the transcriptional start site was not known for the gene in
question.
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Table 1 | List of SETPs used for this analysis.

ID Function Functional categorization Tissue-specificity

At1g04100 IAA10 indoleacetic acid-induced protein 10 Protein binding, transcription factor activity Sperm cell, root protophloem and
metaphloem protoplast, xylem, stem

At1g09060 Zinc finger, RING-type;Transcription factor
jumonji/aspartyl beta-hydroxylase

Transcription factor activity Sperm cell, shoot phloem companion cell

At1g16070 AtTLP8, TLP8 tubby like protein 8 Transcription factor activity Shoot apex, root vascular tissue cell

At1g17440 EER4, TAF12B Transcription initiation
factor TFIID subunit A

DNA or RNA binding Chalazal seed coat, testa

At1g19210 Integrase-type DNA-binding superfamily
protein

DNA or RNA binding, transcription factor
activity

Root phloem pole pericycle protoplast,
columella protoplast, xylem, chalazal
endosperm

At1g19220 ARF19, IAA22, ARF11 auxin response
factor 19

DNA or RNA binding, protein binding,
transcription factor activity

Giant cell, xylem

At1g19600 pfkB-like carbohydrate kinase family
protein

Kinase activity Peripheral endosperm, hypocotyl,
peripheral endosperm, hypocotyl

At1g34260 FAB1D FORMS APLOID AND
BINUCLEATE CELLS 1A

Kinase activity, nucleotide binding,
transferase activity

Sperm cell, pollen

At1g43700 VIP1, SUE3 VIRE2-interacting protein 1 DNA or RNA binding, protein binding,
transcription factor activity

Chalazal seed coat, protoplast, giant cell

At1g43900 Protein phosphatase 2C family protein Hydrolase activity Shoot phloem companion cell, root
phloem companion cell

At1g48090 Calcium-dependent lipid-binding family
protein

Other binding Sperm cell, guard cell

At1g49620 KRP7, ICN6, ICK5 cyclin-dependent kinase
inhibitor family protein

Protein binding Petal, columella protoplast, carpel

At1g51800 Leucine-rich repeat protein kinase family
protein

Kinase activity, nucleotide binding,
transferase activity

Leaf protoplast, root hair cell protoplast,
guard cell, lateral root

At1g53300 TTL1 tetratricopetide-repeat
thioredoxin-like 1

ND Root xylem pole pericycle protoplast, root
phloem pole pericycle protoplast, axillary
root, pistil

At1g57700 Protein kinase superfamily protein Kinase activity, nucleotide binding,
transferase activity

Suspensor, testa

At1g61370 S-locus lectin protein kinase family protein Kinase activity, nucleotide binding,
transferase activity

Leaf protoplast, root phloem pole
pericycle protoplast, pericycle, guard cell

At1g63700 EMB71, YDA, MAPKKK4 Protein kinase
superfamily protein

Kinase activity, nucleotide binding,
transferase activity

Chalazal seed coat, peripheral endosperm

At1g66150 TMK1 transmembrane kinase 1 Kinase activity, nucleotide binding,
transferase activity, receptor binding
activity

Root cortex protoplast, root endodermis
and quiescent center protoplast, shoot
apical meristem, leaf primordia

At1g77450 anac032, NAC032 NAC domain containing
protein 32

DNA or RNA binding, transcription factor
activity

Guard cell protoplast, root endodermis and
quiescent center protoplast, pericycle,
elongation zone

(Continued)
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Table 1 | Continued

ID Function Functional categorization Tissue-specificity

At1g79580 SMB, ANAC033 NAC (No Apical
Meristem) domain transcriptional regulator

DNA or RNA binding, transcription factor
activity

Columella protoplast, lateral root cap
protoplast, root tip, interfascicular
cambium cell

At1g80070 SUS2, EMB33, EMB177, EMB14
|Pre-mRNA-processing-splicing factor

ND Endosperm, chalazal endosperm

At2g16750 Protein kinase protein with adenine
nucleotide alpha hydrolases-like domain

Kinase activity, nucleotide binding,
transferase activity

Stamen, root endodermis and quiescent
center cell

At2g17290 CPK6, ATCDPK3, ATCPK6
Calcium-dependent protein kinase family
protein

Kinase activity, nucleotide binding, protein
binding, transferase activity

Pollen, root protoplast, senescent leaf,
roots

At2g40270 Protein kinase family protein Kinase activity, nucleotide binding,
transferase activity

Leaf protoplast, senescent leaf, cauline
leaf

At2g45950 ASK20, SK20 SKP1-like 20 Other enzyme activity Sperm cell, root protophloem and
metaphloem protoplast, pollen

At3g03770 Leucine-rich repeat protein kinase family
protein

Kinase activity, nucleotide binding,
transferase activity

Petal, chalazal seed coat

At3g07610 IBM1 Transcription factor jumonji (jmjC)
domain-containing protein

Transcription factor activity Giant cell, senescent leaf

At3g10550 MTM1, AtMTM1 Myotubularin-like
phosphatases II superfamily

Hydrolase activity Sperm cell, protoplast, suspensor

At3g14205 Phosphoinositide phosphatase family
protein

Hydrolase activity Pollen, root protoplast, guard cell

At3g15220 Protein kinase superfamily protein Kinase activity, nucleotide binding,
transferase activity

Starch sheath (endodermis) cell, root
xylem protoplast, internode cell

At3g24240 Leucine-rich repeat receptor-like protein
kinase family protein

Kinase activity, nucleotide binding,
transferase activity

Lateral root primordium protoplast, root
xylem pole pericycle protoplast, pericycle,
root tip

At3g24550 ATPERK1, PERK1 proline extensin-like
receptor kinase

Kinase activity, nucleotide binding,
transferase activity

Chalazal seed coat, root cortex cell

At3g25840 Protein kinase superfamily protein Kinase activity, nucleotide binding,
transferase activity

Sperm cell, chalazal seed coat

At3g46290 HERK1 hercules receptor kinase 1 Kinase activity, nucleotide binding,
transferase activity

Leaf protoplast, root cortex protoplast,
stigma, radicle

At3g47570 Leucine-rich repeat protein kinase family
protein

Kinase activity, nucleotide binding,
transferase activity

Giant cell, xylem

At3g55470 CmPP16 homolog Unknown molecular functions Leaf protoplast, guard cell protoplast, root
culture, senescent leaf

At3g55610 P5CS2 delta 1-pyrroline-5-carboxylate
synthase 2

Kinase activity, transferase activity Sperm cell, suspensor

At4g05420 DDB1A damaged DNA binding protein 1A DNA or RNA binding, protein binding,
nucleic acid binding

Xylem, cork

(Continued)
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Table 1 | Continued

ID Function Functional categorization Tissue-specificity

At4g11800 Calcineurin-like metallo-phosphoesterase
superfamily protein

Hydrolase activity Columella protoplast, root xylem pole
pericycle protoplast, pericycle, stigma

At4g16360 5’-AMP-activated protein kinase beta-2
subunit protein

Kinase activity, protein binding,
transferase activity

Stigma, abscission zone

At4g17880 Basic helix-loop-helix (bHLH) DNA-binding
family protein

DNA or RNA binding, protein binding,
transcription factor activity

Xylem, cork

At4g23900 Nucleoside diphosphate kinase family
protein

Kinase activity, nucleotide binding,
tranferase activity,

Root phloem protoplast, root protophloem
and metaphloem protoplast, stamen,
pedicel

At4g24890 ATPAP24, PAP24 purple acid phosphatase
24

Hydrolase activity Root epidermal atrichoblast protoplast,
stamen, phloem

At4g26690 SHV3, MRH5, GPDL2 PLC-like
phosphodiesterase family protein

Kinase activity, hydrolase activity Guard cell protoplast, root cortex
protoplast, leaf primordia, petiole

At4g26930 MYB97, AtMYB97 myb domain protein 97 DNA or RNA binding, transcription factor
activity

Pollen, phloem

At4g31630 Transcriptional factor B3 family protein DNA or RNA binding, transcription factor
activity

Starch sheath (endodermis) cell, internode
cell

At5g02010 ATROPGEF7, ROPGEF7 RHO
guanyl-nucleotide exchange factor 7

Other molecular functions Root xylem protoplast, root stele
protoplast, shoot apex, root vascular
tissue cell

At5g03300 ADK2 adenosine kinase 2 Kinase activity Root xylem pole pericycle protoplast,
elongation zone, root tip

At5g03790 ATHB51, LMI1, HB51 homeobox 51 DNA or RNA binding, nucleic acid binding,
transcription factor activity

Shoot apex, carpel

At5g07370 IPK2a, ATIPK2A inositol polyphosphate
kinase 2 alpha

Kinase activity, transferase activity Abscission zone, protoplast, cotylledon
and leaf guard cell

At5g08630 DDT domain-containing protein Unknown molecular functions Sperm cell, chalazal endosperm

At5g47840 AMK2 adenosine monophosphate kinase Kinase activity, nucleotide binding,
transferase activity

Leaf primordia, shoot apex

At5g54380 THE1 protein kinase family protein Kinase activity, nucleotide binding,
transferase activity

Root cortex protoplast, root endodermis
and quiescent center protoplast,
elongation zone, cotyledon and leaf
pavement cell

At5g64940 ATATH13, ATH13, ATOSA1, OSA1 ABC2
homolog 13

Transferase activity, transporter activity Leaf primordia, shoot apex

At5g65210 TGA1 bZIP transcription factor family
protein

DNA or RNA binding, protein binding,
transcription factor activity

Leaf protoplast, radicle, roots

At5g66080 Protein phosphatase 2C family protein Hydrolase activity Root cortex protoplast, root epidermis and
lateral root cap protoplast, petal, guard cell

At5g67380 CKA1, ATCKA1 casein kinase alpha 1 Kinase activity, nucleotide binding, protein
binding, transferase activity

Columella protoplast, pollen, shoot apex
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Table 2 | List of Arabidopsis gene homologs not found in chlorophytes.

Arabidopsis homolog 
Chlamydomonas 
reinhardtii 

Volvox carteri 
 

Coccomyxa 
subellipsoidea Micromonas psilla 

Ostreococcus 
lucimarinus 

At5g65210           

At1g49620           

At4g26690 *   *     

At1g79580   *       

At1g17440 * *   * * 

At3g24240 *   * * * 

At5g03790           

At5g67380 *   * * * 

At1g04100           

At5g02010         * 

At3g10550         * 

At4g31630           

At4g11800 *   *     

At1g77450           

At1g19220     *     

*Present.

Not present.

Potential homolog with a high E-value (>10−3 ).

GENE LIST
The Functional categorization was obtained from TAIR.
The tissue specific gene expression was obtained form
GENEVESTIGATOR (www.genevestigator.com/).

PROMOTER ANALYSIS
The upstream sequences were then compared with a proba-
bilistic approach, using the Multiple EM for Motif Elicitation
method (MEME; http://meme.nbcr.net/meme/; Bailey and
Elkan, 1994) with the following settings: a maximum of
3 motifs per promoter, and 6–10 bases motif length. Also,
the analyzed sequences were shuffled to provide for control
sequences. The common motifs found for each promoter
set were graphically represented using the Weblogo program
(http://weblogo.threeplusone.com/create.cgi; Crooks et al.,
2004).

PHYLOGENETIC ANALYSIS
Protein sequences for homologs of pumpkin CmPP16, and
Arabidopsis FT, APL, Octopus and YDA were obtained
from Phytozome. Protein sequences were retrieved
from The Arabidopsis Information Resource database
(www.arabidopsis.com). BLAST analysis was done in the
Phytozome database (www.phytozome.net) and the most
representative proteins in each taxa were selected. Aminoacid
sequences were aligned using CLUSTAL X2 (Larkin et al., 2007)
and edited manually with SEAVIEW4 program (Gouy et al.,
2010). Maximum-likelihood and Neighbor-Joining phylogenies
were generated form the alignments in MEGA5 (Tamura et al.,
2011). The substitution matrix P-distance (Nei and Kumar, 2000)
was used for Neighbor-joining and Dayhoff model (Schwarz
and Dayhoff, 1979) for Maximum-likelihood reconstruction.

Pairwise deletion Gaps/missing data treatment was chosen
for Neighbor-Joining method and Partial deletion with a site
coverage cutoff of 95% for Maximum-likelihood method. An
heuristic search was used for Maximum-likelihood initial tree
as follows: maximum parsimony method was used when the
number of common sites was 100 or less than one fourth of
the total number of sites; otherwise, the BIONJ method with
MCL distance matrix was used. Replicates consisting in 1000
bootstraps were used for the statistical support of all phylogenetic
trees.

RESULTS
MOST EMBRYOPHYTES SHARE AN OVERREPRESENTED GA/CT MOTIF
IN UPSTREAM REGIONS OF SETP HOMOLOGS (SETPHs)
It was assumed that the closest homologs to genes expressed in
vascular tissue in Arabidopsis would have a similar expression
pattern in other species. Therefore, a BLASTP search was carried
out for each of the plant species for which its genome has been
sequenced. Then, the corresponding 1 kb upstream region was
retrieved. The list of 57 Arabidopsis genes and their promoters,
used to search for their homologs in other plant species is shownt
These genes showed overlapping functions, according to their
GO, of which 26 (45%) encoded kinases, 20 (35%) for nucleotide
binding proteins and 14 (25%) for transcription factors; also,
in most of them phloem from different organs is the tissue in
which tgese genes are generally expressed at higher levels (data
not shown), according to the Genevestigator database (Table 1).
These were termed SETPH, based on the nomenclature described
before, for Sieve Element Transcript gene Promoter Homolog
(Ruiz-Medrano et al., 2011). There is information on the vascular
expression of some of these genes, such as At1g34260, At1g63700,
At1g14205, At5g65210, At1g19220, At3g03770, At3g55470, and
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At5g66080 (Ruiz-Medrano et al., 2011). Interestingly, in chloro-
phytes several genes were not found, or the similarity was too
weak to consider these as orthologs of the Arabidopsis genes
(Table 2).

A probabilistic method, Multiple EM for Motif Elicitation
(Bailey and Elkan, 1994) has been used previously in our group
in order to detect common motifs in upstream regions of
Arabidopsis homologs of pumpkin genes for transcripts isolated
from phloem sap exudates (Ruiz-Medrano et al., 2011). Indeed,
this method predicted the most abundant motif in this pro-
moter set, GA/CT repeats, which coincided with those found
using enumerative methods. More importantly, promoters har-
boring such repeats were found to be active in vascular tissues,
as well as in other tissues. Also recently, the CT rich motifs were
reported in CRF (cytokinin response factors) family genes which
have strongest expression in phloem tissue, supporting the notion
that these motifs are conserved and overrepresented in promot-
ers of genes expressed in this tissue (Zwack et al., 2012). Thus,
this method was used for detection of common motifs, if any, in
the same gene promoter set in other species. These are shown
in Table S1, which includes most members of Viridiplantae,
the genomes of which have been deciphered. These are mostly
embryophytes, including the moss Physcomitrella patens as the
sole representative of bryophytes; a tracheophyte with a less
developed conducting tissue, Selaginella moellendorffii; and sev-
eral dicot and monocot species. Also included are five species
of chlorophytes showing colonial organization (Volvox carteri) as
well as unicellular algae. The results of this analysis suggest that
most dicots harbor a GA/CT rich motif similar to the Arabidopsis
SETPs (Figures 1A,B). The three motifs with the lowest E-value
are shown for each SETPH. In addition, common motifs were
searched for in the same, shuffled sequences as a control. A cut-
off value of E = 10−6 for Motif 1 was set; no common motifs
were found in shuffled sequences whatsoever below this value.
In the “native” sequences (i.e., not subjected to shuffling) those
that did show such high values were present in few promoters and
were quite degenerate. For example, in Coccomyxa subellipsoidea
no motif with an E-value smaller than 1 was found, indeed, it
was the only SETPH set in which no common motifs were found
(Table S1).

In monocots, the grasses Panicum virgatum and Brachypodium
distachyon SETPHs also harbored GA/CT rich motifs with a
low E-value; a similar situation was found with Setaria italica
(Table S1), suggesting that indeed the presence of the afore-
mentioned motifs may correlate to vascular-specific expression.
However, no such motif was found overrepresented in neither
Sorghum bicolor nor Zea mays SETPHs; in this last instance rel-
atively high E-values were found for the most overrepresented
motifs, A/T-rich in both cases (Figure 1; Table S1).

Interestingly, a similar overrepresented motif was found in
S. moellendorffi (Figure 2). This species is of particular interest
because it has specialized, water-conducting tissues, albeit less
complex than those observed in angiosperms and gymnosperms;
in fact, the vessels of this plant have been considered as a
“primitive” feature but involving the same character transforma-
tion as angiosperms and gymnosperms. Unlike angiosperms and
gymnosperms, Selaginella phloem cells also present “primitive”

features such as clustered pores as sieve areas and the presence
of degenerated nuclei (Burr and Evert, 1973). Regardless, the
presence of an overrepresented GA/CT rich motif in this SETPH
with an extremely low E-value (10−32) supports the notion that
these genes are expressed in a coordinated manner, and may
be expressed also in its conducting tissues. On the other hand,
C/G rich motifs with a low A/T content were detected in the
P. patens SETPHs, which may be related to the GA/CT rich motif
observed in tracheophyte SETPHs (Figure 2). It is worth men-
tioning that another overrepresented signature, a GT/AC–rich
motif, was also present in some dicots; and, interestingly, in at
least two chlorophyte SETPHs.

CHLOROPHYTES SETPHs SHARE DIFFERENT COMMON MOTIFS
The same analysis was applied to the chlorophytes SETPHs in
order to search for common motifs and determine whether these
SETPHs may be expressed coordinately. Quite different motifs
were found in this case; and, as mentioned before, one SETPH did
not harbor common motifs, except for three shared by few pro-
moters and of a degenerate nature (Figure 2; Table S1). It must
be considered that no counterparts of 10–13 genes were found
in chlorophytes (Table 2). While extremely low E-values were
observed for some of these motifs (in particular a CGT repeat),
these were present in a smaller subset of SETPHs, but at a high
frequency in such promoters. Thus a more precise measurement
of specific motif abundance was required in order to compare the
frequency of such motifs in chlorophyte SETPHs as well as the
GA/CT motif in embryophyte SETPHs.

CHLOROPHYTES AND EMBRYOPHYTES SETPHs HARBOR DISTINCT
TYPES OF OVERREPRESENTED MOTIFS AT DIFFERENT FREQUENCIES
A more quantitative analysis was carried out with the afore-
mentioned SETPHs. First, the average number of each of the
three motifs with lowest E-values per promoter was determined.
Of mention, aside from the GA/CT and A/T rich motifs found
in embryophytes, as well as the CGT and A/T rich motifs in
chlorophytes, additional ones were found in other SETPHs.
For example, a G-Box was found overrepresented in the Citrus
clementina SETPH (Figure 1B). This cis-element is a transcrip-
tion factor binding site involved in different types of responses,
such as in light and drought (Liu et al., 2008; Lata and Prasad,
2011). On the other hand, a Conserved Late Element-like motif
(CLE) was present in several Medicago truncatula SETPHs. This
motif was first found in the Begomovirus common region, and
is involved in late gene activation; interestingly, a small region of
the Coat Protein gene promoter harboring these motifs is capa-
ble of directing vascular-specific expression (Sunter and Bisaro,
1997; Ruiz-Medrano et al., 1999b). Thus, vascular expression may
require different motifs specific for each taxon. Additionally, the
GA/CT rich motifs are also present in promoters active in tissues
other than phloem, such as pollen, or in genes expressed in diverse
tissues, such as ribosomal proteins and cyclins (Ruiz-Medrano
et al., 2011).

In the embryophytes SETPH, the motif with the highest aver-
age number per promoter was the A/T sequence, while in chloro-
phytes it was the CGT-repeat motif (Figure 3). However, this can
be misleading, given that few promoters could harbor several of
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FIGURE 1 | Continued
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FIGURE 1 | (A,B) MEME analysis of SETPHs from monocots (upper panel) and dicots (lower panel). Shown are the three overrepresented motifs in each
promoter set identified by MEME analysis with the lowest Expectation (E) values below each motif.

such motifs, thus biasing the abundance of such motifs in those
particular SETPHs.

Therefore, the number of each motif present per number of
taxa was determined in order to estimate their relative abun-
dance (Figure 4). Evidently, the number of GA/CT motifs was
higher than all the other ones in embryophytes, while the CGT
motif was more abundant in chlorophytes. Thus, the SETPHs
of these two lineages could be expressed coordinately, except for
C. subellipsoidea. However, the number of common motifs in
chlorophytes is smaller than in embryophytes (Table S1), so a
smaller subset of genes is expressed in a similar way. Nevertheless,
Ostreococcus SETPHs showed the highest number of different

common motifs in chlorophytes, suggesting that their expression
is tightly coordinated (Table S1).

The results of this analysis suggest that the activity of the same
set of SETPHs in different taxa from embryophytes is coordinated
in a similar way, given the frequency of the shared GA/CT rich
motifs. Interestingly, the same motif is overrepresented in S. moel-
lendorffii and in P. patens, this last species lacking a true vascular
tissue. Furthermore, a similar set of SETPHs in chlorophytes may
also show some degree of coordination in its expression, suggest-
ing that such potential coordination of gene activity was already
present in ancient lineages leading to both chlorophytes and
embryophytes. Furthermore, the absence of shared motifs in the
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FIGURE 2 | MEME analysis of SETPHs from S. moellendorffii and P. patens (upper panel) and from chlorophytes (lower panel). Shown are the three
overrepresented motifs in each promoter set identified by MEME analysis with the lowest Expectation (E) values below each motif.

SETPHs of C. subellipsoidea may suggest that this species is more
distantly related from vascular plants than other chlorophytes.

PHYLOGENETIC ANALYSIS OF PROTEINS INVOLVED IN PHLOEM
DIFFERENTIATION AND/OR FUNCTION
From the previous section it can be inferred that coordinated
expression of genes, aside from obvious functions in response
to environmental stimuli or to a developmental program, may
lead to novel structures, particularly in colonial or multicellu-
lar organisms. Evidently, proteins or other regulatory elements
(such as non-coding RNAs) with novel features that may arose

via gene or genome duplication, may had an important role
in the evolution of multicellularity and in the development of
new adaptation mechanisms (i.e., new developmental or signal
transduction pathways, structures, etc.). The vascular tissue of
plants is such an adaptation, while not necessarily a prerequi-
site for colonization of terrestrial ecosystems. Considering the
diversity of non-vascular plants, it is evident that the vascular
system represented an advantage that allowed the diversification
and occupation of a large array of niches by tracheophytes, as
well as a large increase in size. In particular, although the infor-
mation regarding the factors involved in phloem differentiation
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FIGURE 3 | Graphic representation of average number of motifs per promoter in embryophytes (left; blue), and in chlorophytes (right; green).

and function is still fragmentary, recent work has discovered
the role of some genes in phloem development (Lucas et al.,
2013). The phylogeny of such genes, as well as those for fac-
tors that are presumably required for phloem function, should be
helpful to determine the ontogeny of the vascular tissue during
evolution.

The following proteins were selected for a phylogenetic analy-
sis: (1) ALTERED PHLOEM DEVELOPMENT (APL). This pro-
tein is member of the MYB coiled-coil transcription factor family
required for the proper formation of sieve elements and com-
panion cells, and additionally inhibits xylem differentiation as
demonstrated by analysis of apl mutants and ectopic expres-
sion of the gene (Bonke et al., 2003). (2) OCTOPUS (OPS) is a
membrane-associated polar protein, which is expressed in provas-
cular cells and later constrained to the phloem cell lineage, giving
rise to the phloem cell continuity (Truernit et al., 2012). This gene
is thought to act in a XYLOGEN-like manner although it does not
possess any known domains required for its function (Truernit
et al., 2012). (3). YDA, which is a MAPKK Kinase involved in
asymmetric cell division during embryonary and stomatal devel-
opment (Bergmann et al., 2004; Lukowitz et al., 2004). This
protein positively regulates embryogenesis, while in stomata it
inhibits stomatal precursor cell division. YDA is expressed also
in vascular tissue, and more precisely in phloem (Ruiz-Medrano

et al., 2011), so it is reasonable to assume that it has a role
in phloem development. (4) Floral Locus T (FT). This protein,
which binds phosphatidylethanolamine and is an inhibitor of
RAF kinase, has a crucial role in flower induction; it is trans-
ported from mature photosynthetic leaves to the vegetative apical
meristem where it induces flower initiation and thus is a major
component of florigen (Kardailsky et al., 1999; Corbesier et al.,
2007; Lin et al., 2007; Tamaki et al., 2007; Taoka et al., 2011). Thus,
FT is involved in long-distance signaling, and would be expected
to have acquired this novel function only in angiosperms. (5)
CmPP16; this protein and its transcript were found originally in
pumpkin phloem sap. CmPP16 has been shown to bind RNA in a
non-selective manner and is able to assist its cell-to cell transport
(Xoconostle-Cázares et al., 1999). Its immunolocalization, as well
as the in situ localization of its RNA have demonstrated that both
coincide in CC and in the phloem translocation stream, at least in
cucurbits, and also discards the notion that these originate from
damaged cells (Ruiz-Medrano et al., 1999a, 2007; Xoconostle-
Cázares et al., 1999). Its role in phloem function is unknown,
but its pervasive presence in all embryophytes to date suggests
an important role in phloem function, likely in long- distance
signaling.

All trees were constructed using sequences retrieved from
the Phytozome database (www.phytozome.net). Figure S2 shows
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FIGURE 4 | Graphic representation of total number of motifs per total taxa in embryophytes (left; blue), and in chlorophytes (right; green).

the resulting dendrogram for APL, using Maximum Likelihood.
Three large clades are discernible: the tracheophytes, the lyco-
phytes and bryophytes closely grouped together, and the chloro-
phytes. These do indeed harbor an APL homolog with a
relatively low E-value ranging from 10−14 to 10−16, but show-
ing in all cases similarity restricted to the N-terminus, which
corresponds to the MYB DNA-binding domain (Prouse and
Campbell, 2012). Thus a preexisting gene in the plant lineage
may have been recruited for the phloem-specification program.
This is a situation different from that of OCTOPUS. Indeed,
no homologs for this protein were found in chlorophytes and
P. patens. A sequence showing weak similarity, limited to 25
amino acids in its N-terminus, turned out in S. moellendorffii
Thus, this sequence was utilized as outgroup. The results show
that monocots and dicots form two separate clades (Figure S2).
Interestingly, Eucalyptus camaldulensis OCTOPUS forms a sin-
gle clade within tracheophytes equally distant to monocots and
dicots. It is likely that this gene arose de novo during plant evolu-
tion, which reflects the relatively recent specialization of phloem
development.

FT is a good example of a phloem-long distance signaling pro-
tein; it has distant homologs in bryophytes and lycophytes but not
in chlorophytes. The maximum likelihood dendrogram shown
in Figure S3 indicates that this gene is also a recent innovation,
definitely present only in embryophytes. The C. subellipsoidea
sequence was used as outgroup given its divergence. S. moellen-
dorffii and P. patens form a single clade, and tracheophytes form
another. However, the groupings observed within this clade do
not correspond to the known phylogenetic relationships among
vascular plants; for example, the Vitis vinifera FT homolog is
the most divergent sequence within tracheophytes. Furthermore,
there are four well-defined groups, one including monocots.
Thus, the dendrogram may reflect functional specialization of FT
rather than phyletic relationships between these plant taxa.

A Maximum Likelihood dendrogram of CmPP16 shows a
topology not unlike FT (Figure S4). However, there are impor-
tant differences. The first one, there is a clear potential homolog
in a chlorophyte, O. lucimarinus, in contrast to other taxa from
this group. This groups with the P. patens homolog. C. subel-
lipsoidea “CmPP16” was again used as an outgroup; in general
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chlorophytes harbor sequences of very limited homology, if at
all, and such similarity is restricted to the putative Cdomain
found in the C-terminus of these proteins (E-value > 10−3).
Additionally, the chlorophyte sequences are much larger (300–
350 amino acids in length in chlorophytes vs. 130–150 amino
acids in tracheophytes), and it is possible that the tracheophyte
CmPP16 was derived from the aforementioned segment of an
ancestral chlorophyte C2-domain containing protein. It must be
mentioned that the Neighbor-Joining method failed to produce a
meaningful dendrogram; the topology of this tree is essentially a
large polytomy (Figure S1). This could be explained by high rates
of substitution among these proteins.

The phylogenetic analysis of YDA suggests an ancient origin
of this gene (Figure S5). C. subellipsoidea was also used as out-
group, given its weak similarity to embryophyte MAPKKK. In
bryophytes and tracheophytes YDA homologs are numerous pos-
sibly by duplication events. Indeed, the pathways in which these
proteins function allowed for the appearance of structures essen-
tial for the colonization of terrestrial (or more precisely, aerial)
ecosystems, such as embryo, stomata, and vascular tissue (Hamel
et al., 2006). The YDA homologs have a central conserved region
that includes the serine/threonine kinase domain. Arabidopsis
YDA possesses two unique domains, N-terminal and C-terminal,
which greatly increases its size, possibly suggesting a functional
specialization. The Carica papaya YDA homolog appears closely
related to chlorophyte sequences perhaps because of its much
smaller size than its angiopserm counterparts rather than for
similarity.

DISCUSSION
THE ORIGIN OF THE VASCULAR TISSUE MAY HAVE INVOLVED GENE
COORDINATION OF ANCESTRAL SETPHs
The knowledge of the genetic networks that determine the iden-
tity and differentiation of vascular tissue is still rudimentary,
although xylem ontogeny and evolution is better understood
than that of phloem. Recent work has identified important genes
directly related to phloem development; on the other hand, high
throughoutput analysis of whole plant genomes, transcriptomes
and proteomes provide tools for a more detailed evolutionary
analysis of the vascular tissue. The present study aims to add some
evolutionary perspective on the regulatory networks in which
these genes function.

In a previous work we have identified a shared sequence sig-
nature in promoters of Arabidopsis genes expressed in vascular
tissue (SETPs), a GA/CT-rich motif overrepresented in these
upstream regions (Ruiz-Medrano et al., 2011). Thus, the same
gene set was searched for common motifs in most plant genomes
whose genome sequence is available (SETPHs). Similar motifs
are found in all tracheophytes, and, interestingly, in the lyco-
phyte S. moellendorffii and the bryophyte P. patens. The fact that
most of these SETPHs harbor such motifs suggests that they are
regulated coordinately in embryophytes, i.e., are expressed in vas-
cular tissue. This is especially important considering, as has been
mentioned before, that lycophytes and bryophytes lack a true vas-
cular tissue, although S. moellendorffii as well as other lycopods
do display water-conducting cells and thus could be considered
an intermediate between land non-vascular and vascular plants

(Niklas, 1997). Furthermore, given the diversity in development
and morphology of these conducting cells, it has been suggested
that the vascular system of plants arose more than once in the
tracheophyte lineage (Niklas, 1997).

The most frequent motifs found in the embryophytes SETPHs,
using the MEME algorithm, conform to the GA/CTn arrange-
ment, or the closely related GAA/CTTn arrangement. In the first
case it has been demonstrated that a GA octadinucleotide found
in the promoter of a homeobox gene from barley regulates its
transcription (Santi et al., 2003). A 126 bp fragment derived from
the Arabidopsis SUC2 gene promoter, harboring a GA/CT-rich
sequence, was found to direct expression in the vasculature, and a
short promoter fragment derived from a vascular expressed gene
(and also harboring several GA/CT repeats), At1g34260 from
Arabidopsis, was likewise capable of directing vascular expres-
sion when adjacent to the CaMV minimal promoter, although
only consistently in T0 plants (Schneidereit et al., 2008; Ruiz-
Medrano et al., 2011). In both cases the motifs present are similar,
but not identical, to the auxin-response elements described previ-
ously (Li et al., 1994). This is in agreement with the fact that, while
pervasive in embryophytes, the GA/CT motif was not identical
between different SETPHs, and, in some cases, these were either
not found or present at a high E-value. More importantly, auxin
is a key regulator in vascular differentiation (Lucas et al., 2013).
This could be explained considering that for various SETPHs,
there is more than one homolog, so it is possible that the actual
ortholog was not selected, or at least one that was not expressed
in vascular tissue. It is noteworthy that a similar motif is found
in non-vascular plants, with a very significant (low) E-value, and
present in roughly half of the analyzed SETPHs (Table S1). It is
then likely that the same set of genes that is expressed in vas-
cular tissue in tracheophytes are also expressed coordinately in
bryophytes. A different matter is what type of coordination do
the expression of these genes display, temporal, spatial or both,
but it is tempting to speculate that this coordination was impor-
tant during the evolution of vascular tissue. It will be interesting
to determine the expression patterns of these genes, now that
the genetic transformation of these species is technically possi-
ble, which will surely shed light on the evolution of vascular gene
expression.

As for chlorophytes, no GA/CT motifs were found in their
SETPHs, but a CGT-repeat was found as the most frequent and
with an extremely low E-value (Figure 4). However, these were
concentrated in O. lucimarinus and M. pusilla, biasing its repre-
sentation in these SETPHs. Nevertheless, it is worth mentioning
that these genes, or most of them, may be expressed coordinately.
Indeed, recent evidence indicates that in the case of O. luci-
marinus, a marine picoalgae, there are several genes expressed
in a coordinated fashion relative to genes from other microor-
ganisms occupying the same niche, mostly in response to light
(Ottesen et al., 2013). At least two of these genes are also present
in the SETPH analyzed in this work, a calcium-dependent pro-
tein kinase and a MYB transcription factor family member. The
frequency of common motifs with a significantly low E-value
in V. carteri and C. reinhardtii is much lower, which could be
interpreted as both having less genes from the SETPH set which
are regulated coordinately. In any case, gene coordination in
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chlorophyte SETPHs may be not as extended as in embryophytes,
and altogether absent in at least one case, C. pseudoellipsoidea.
Evidently, the analysis of additional chlorophyte SETPHs as more
genome sequences become available will allow determining the
validity of these conclusions. It must be mentioned that vascu-
lar plants likely evolved from a streptophyte ancestor (Becker
and Marin, 2009). Extant members of this group include mul-
ticellular green alga; unfortunately, to date no genomes from
these taxa have been reported, but once available its analysis will
afford valuable information regarding the evolution of the plant
vasculature.

PHYLOGENETIC ANALYSIS OF PROTEINS INVOLVED IN PHLOEM
DIFFERENTIATION AND/OR FUNCTION SUPPORT THE NOTION THAT
SOME AROSE de novo DURING EVOLUTION AND OTHERS WERE
RECRUITED FROM PREEXISTING PATHWAYS
Besides a strict coordination of the activity of SETPHs, it is
likely that the recruitment of factors already present in the tra-
cheophytes ancestor, as well as the appearance of novel ones
(for example via editing, alternative splicing, genome duplication
and/or gene rearrangements) was important for the evolution of
the plant vascular system. Our results involving the phylogenetic
analysis of selected proteins required for phloem differentiation
and/or function (such as long-distance signaling) support such
notion (Figure 5).

Many important genes involved in land plant development
regulation are highly conserved such as transcription factors gene
families. Most are shared among angiosperms, and mosses and
only a few are present in chlorophytes (Riaño-Pachón et al., 2008).
APL was one of the first proteins identified involved in phloem
differentiation; as such, no close homologs were expected in
chlorophytes. However, APL is a member of the MYB transcrip-
tion factor family, which regulate cell proliferation and differen-
tiation in distantly related taxa from animals to fungi (Prouse
and Campbell, 2012), proteins containing a MYB domain were
actually found in the SETPHs of chlorophytes, but the similar-
ity to tracheophyte APL is limited precisely to the MYB domain.
The ancient tracheophyte S. moellendorfii forms a monophyletic
group with P. patens as a sister taxon (Figure S1). A possible
explanation could be that APL function in S. moellendorfii is more
related to its role in P. patens predating its recruitment in sieve ele-
ment and companion cell differentiation in more recent lineages.
The existence of this protein in algae and non-vascular plants sug-
gests a different role in ancestral lineages and its later recruitment
as a part of the phloem development machinery.

APL thus originated from a preexisting protein, involved in
the transcriptional regulation of a set of genes. Since the DNA-
binding domain of the MYB proteins is similar, it is reasonable
to assume that the target genes may be similar in chlorophytes
and embryophytes. Additionally, these proteins show a contin-
uum in sequence similarity, when S. moellendorffii and P. patens
are considered, throughout all plant taxa. Also, MYB factors regu-
late a number of processes, including secondary metabolism, cell
proliferation and differentiation and response to environmental
stress (Dubos et al., 2010) some of which are likely absent in
chlorophytes, so this recruitment of preexisting factors must have
occurred several times during plant evolution.

OCTOPUS is an example of a protein factor involved in
phloem differentiation that arose de novo. As described in the
previous section, no homologs for this protein were found in
chlorophytes. The groupings do not reflect the established phylo-
genetic relationships between tracheophytes, and unequal length
of branches is evident, suggesting a rapid evolution of this gene,
as well as adaptation of given taxa to particular niches. Its func-
tional similarity with XYLOGEN raises the question about how
two different proteins not related by ancestry could display sim-
ilar functions in vascular tissue ontogeny (Truernit et al., 2012).
This question cannot be answered satisfactorily based solely on
bioinformatic analysis; experimental studies involving overex-
pression and deletion of this gene will be required to elucidate
this functional similarity.

Flower induction has been known for decades to involve long
distance communication through the phloem (Jaeger et al., 2006;
Corbesier et al., 2007; Lin et al., 2007; Tamaki et al., 2007).
Flowering locus T (FT) is a strong candidate for being the flori-
genic signal, although a role for its RNA cannot be discarded.

Evolutionary analysis of streptophytes, which include the basal
land plants and charophyte algae, indicate that features such as
plasmodesmata and apical growth possibly appeared before land
colonization by plants (Becker and Marin, 2009). Furthermore,
the presence of mobile proteins such as members of the KNOX
protein family in chlorophyte algae indicates that plasmodesmal
function is evolutionarily conserved (Pires and Dolan, 2012). It
is therefore possible that the intercellular transport of the FT
ancestor occurs in streptophytes, but evidently serving a different
function.

The phylogenetic tree for FT (Figure S3) shows that this
protein is present in P. patens and S. moellendorffii; it is prob-
able that FT had rudimentary functions that resemble its role
in angiosperms, involving cell to cell movement conceivably
required for controlling apical growth. No FT homologs exist
in chlorophytes, with the exception of C. subellipsoidea (two
potential homologs present in the Phytozome genome database),
which was used as outgroup. Two bursts of evolutionary
change occurred in the lineages giving rise to P. patens and
S. moellendorffii. One important burst is also observed within the
angiosperms in the monocot clade, which is in agreement with
the number of potential protein homologs clustered within this
subgroup; no other important changes in the evolutionary rate
are evident within angiosperms. One explanation for this could
be that no important duplication events occurred during the
evolution of FT genes in flowering plants outside the monocots.
Three major clades are observed in the unrooted tree for flow-
ering plants (Figure S6); two different clades in dicots, one of
them being the most conserved, and monocots showing the most
substitutions from the ancestral FT. V. vinifera was grouped alone
and therefore it was not possible to infer its real relationship with
other taxa.

Studies of viral movement proteins in plant systems have high-
lighted important mechanisms used for plant virus to utilize the
host machinery operating in long distance communication sys-
tem in plants and hence establish viral infection (Gilbertson and
Lucas, 1996; Simón-Buela and García-Arenal, 1999; Lough and
Lucas, 2006; Requena et al., 2006). CmPP16 is a plant paralog of
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FIGURE 5 | Phylogeny of SETPHs in plants. Presence of SETPHs
are shown in each taxa. Minus signs refer to absence of orthologs
in chlorophytes. YDA, CmPP16, FT and APL are present in

chlorophytes and thus can be considered as ancient genes while
OPS likely appeared first in Selaginella and is thus considered an
innovation.

viral movement proteins and is likewise capable to bind RNA in
a non-selective manner and to interact and modify plasmodes-
matal size exclusion limit (SEL) (Xoconostle-Cázares et al., 1999).
Although much effort has been done to understand plant virus
evolution, its rapid change rate difficults a better understanding of
the functional constraints operating in the elements, responsible
for the selective transport of macromolecules through the phloem
long-distance communication system. A phylogenetic analysis
of this protein was carried out using the Maximum Likelihood
method using O. lucimarinus as the outgroup, a dendrogram
is shown with considerably variation rates among all the taxa
under study with no easily distinguishable natural clades beyond
Brassicaceae (resolved with values of bootstrap >70%).

In plants the MAPK protein family is quite extensive, com-
pared to mammals and other organisms. Only in Arabidopsis

there are 20 genes encoding MAPKs, 10 MAPKKs and 60
MAPKKKs, whereas in yeast there are six for each [MAPK Group
(Mitogen-activated protein kinases), 2002]. One of these proteins
is the Arabidopsis protein YDA (a MAPKKK), which controls the
asymmetric cell division in stomata, embryo development and
inflorescence architecture (Bergmann et al., 2004; Lukowitz et al.,
2004; Meng et al., 2012). Experimental analysis of the YDA gene
promoter showed that it is not only active in stomata but also in
companion cells (Ruiz-Medrano et al., 2011). Since phloem dif-
ferentiation involves the asymmetric division of a phloem mother
cell, phloem expression of this gene suggests a role for YDA in the
development of this tissue.

In addition to YDA, the stomatal and embryo developmental
programs share other elements of the MAPK pathway. These tis-
sues predate the origin of the vascular tissue; therefore it can be
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hypothesized that YDA as well as other factors could have been
recruited during the appearance of the vascular tissue (Figure 5).

CONCLUDING REMARKS
The plant vascular system allowed the great diversification of
extant plants, in geographical distribution, structural diversity
and size. The fossil record has shed light on the morpholog-
ical steps likely to have occurred during the evolution of this
tissue. The analysis of the genes involved in vascular tissue cell
differentiation in different species with varying degree of vas-
cular specialization, or lack thereof may help reconstruct which
molecular factors were initially required for the appearance of the
vasculature. On the other hand, the analysis of the expression pat-
tern of this set of genes in both vascular and non-vascular plants
will be important to reconstruct the genetic networks involved
in its evolution. Given the importance of phloem and xylem
in plant productivity (and that most, if not all, crops are tra-
cheophytes), this knowledge will have important applications. A
more complete knowledge of such networks will benefit from
the deciphering of gymnosperm genomes, as well as from strep-
tophytes, the closest algal relatives of land plants. In all, our
results suggest that the coordinate expression of a set of genes,
as well as the appearance of novel genes, and the recruitment of
existing ones with a role in other signaling and developmental
networks, were important for the evolution of the plant vascular
system.
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Table S1 | Types of Motifs and frequency of Motifs in analyzed SETPHs.

Alignments in FASTA format: APL, OPS, FT, CmPP16, YDA.

Figure S1 | Phylogenetic analysis of the APL gene. Arabidopsis APL protein

sequence was retrieved form TAIR (http://www.arabidopsis.org) and used

as query. Protein homologs were identified by BLAST search against the

phytozome database (http://phytozome.net). Full length protein sequences

were aligned with ClustalX2. The alignment parameters used were:

Pairwise alignment: Gap opening 35, Gap extension 0.7; Multiple

alignment: Gap opening 15, Gap extension 0.3. Evolutionary analyses

were conducted in MEGA5. The evolutionary Phylogenetic reconstruction

(shown as dendrogram) was inferred using the maximum likelihood

statistical method. Bootstrap values higher than 70% are shown (1000

replicates). The analysis involved 37 amino acid sequences. Chlorophytes

were used as outgroups to improve the phylogenetic tree. Red triangle:

Dicots, Blue triangle: monocots, Purple triangle: lycophytes. Green

square: Bryophytes, Gray circle: Chlorophytes. Species and accession

number are shown. The same symbols were used in subsequent figures.

Figure S2 | Phylogenetic analysis of FT gene in plant species. Arabidopsis

FT protein sequence was retrieved form TAIR (http://www.arabidopsis.org)

and used as query. Protein homologs were identified by BLAST search

against the phytozome database (http://phytozome.net). Full length protein

sequences were aligned with ClustalX2. The alignment parameters used

were: Pairwise alignment: Gap opening 35, Gap extension 0.7; Multiple

alignment: Gap opening 15, Gap extension 0.3. Evolutionary analyses

were conducted in MEGA5. The evolutionary Phylogenetic reconstruction

(shown as dendrogram) was inferred using the maximum likelihood

statistical method. Bootstrap values higher than 70% are shown (1000

replicates). The analysis involved 35 amino acid sequences.

C. subellipsoidea was used as outgroup.

Figure S3 | Phylogenetic analysis of OCTOPUS gene in plant species.

Arabidopsis OCTOPUS protein sequence was retrieved form TAIR

(http://www.arabidopsis.org) and used as query. Protein homologs were

identified by BLAST search against the phytozome database

(http://phytozome.net). Full length protein sequences were aligned with

ClustalX2. The alignment parameters used were: Pairwise alignment: Gap

opening 35, Gap extension 0.7; Multiple alignment: Gap opening 15, Gap

extension 0.3. Evolutionary analyses were conducted in MEGA5. The

evolutionary Phylogenetic reconstruction (shown as dendrogram) was

inferred using the neighbor-joining statistical method. Bootstrap values

higher than 70% are shown (1000 replicates). The analysis involved 30

amino acid sequences. S. moellendorffii was used as outgroup.

Figure S4 | Phylogenetic analysis of CmPP16 homologs. CmPP16 protein

sequence was retrieved form TAIR (http://www.arabidopsis.org) and used

as query. Protein homologs were identified by BLAST search against the

phytozome database (http://phytozome.net). Full-length protein sequences

were aligned with ClustalX2. The alignment parameters used were:

Pairwise alignment: Gap opening 35, Gap extension 0.7; Multiple

alignment: Gap opening 15, Gap extension 0.3. Evolutionary analyses

were conducted in MEGA5. The evolutionary Phylogenetic reconstruction

(shown as dendrogram) was inferred using the maximum likelihood

statistical method. Bootstrap values higher than 70% are shown (1000

replicates). The analysis involved 37 amino acid sequences.

C. subellipsoidea was used as outgroup.

Figure S5 | Phylogenetic analysis of YDA protein. The Arabidopsis YDA

protein sequence was retrieved form TAIR (http://www.arabidopsis.org)

and used as query. Protein homologs were identified by BLAST search

against the phytozome database (http://phytozome.net). Full length protein

sequences were aligned with ClustalX2. The alignment parameters used

were: Pairwise alignment: Gap opening 35, Gap extension 0.7; Multiple

alignment: Gap opening 15, Gap extension 0.3. Evolutionary analyses

were conducted in MEGA5. The evolutionary Phylogenetic reconstruction

(shown as dendrogram) was inferred using the neighbor-joining statistical

method. Bootstrap values higher than 70% are shown (1000 replicates).

The analysis involved 39 amino acid sequences. C. subellipsoidea was

used as outgroup.

Figure S6 | FT unrooted tree. Full length protein sequences were aligned

with ClustalX2. The alignment parameters used were: Pairwise alignment:

Gap opening 35, Gap extension 0.7; Multiple alignment: Gap opening 15,

Gap extension 0.3. Evolutionary analyses were conducted in MEGA5. The

evolutionary Phylogenetic reconstruction was inferred using the maximum

likelihood statistical method. Bootstrap values higher than 70% are shown

(1000 replicates).
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Many plants employ energized loading strategies to accumulate osmotically-active solutes
into the phloem of source organs to accentuate the hydrostatic pressure gradients that
drive the flow of water, nutrients and signals from source to sinks. Proton-coupled
symport of sugars from the apoplasm into the phloem symplasm is the best studied
phloem-loading mechanism. As an alternative, numerous species use a polymer trapping
mechanism to load through symplasm: sucrose enters the phloem through specialized
plasmodesmata and is converted to raffinose-family oligosaccharides (RFOs) which
accumulate because of their larger size. In this study, metabolic engineering was used to
generate RFOs at the inception of the translocation stream of Arabidopsis thaliana, which
loads from the apoplasm and transports predominantly sucrose, and the fate of the sugars
throughout the plant determined. Three genes, GALACTINOL SYNTHASE, RAFFINOSE
SYNTHASE and STACHYOSE SYNTHASE, were expressed from promoters specific to the
companion cells of minor veins. Two transgenic lines homozygous for all three genes
(GRS63 and GRS47) were selected for further analysis. Three-week-old plants of both
lines had RFO levels approaching 50% of total soluble sugar. RFOs were also identified
in exudates from excised leaves of transgenic plants whereas levels were negligible in
exudates from wild type (WT) leaves. Differences in starch accumulation between WT
and GRS63 and GRS47 lines were not observed. Similarly, there were no differences in
vegetative growth between WT and engineered plants, but the latter flowered slightly
earlier. Finally, since the sugar composition of the translocation stream appeared altered,
we tested for an impact on green peach aphid (Myzus persicae Sulzer) feeding. When
given a choice between WT and transgenic plants, green peach aphids preferred settling
on the WT plants. Furthermore, green peach aphid fecundity was lower on the transgenic
plants compared to the WT plants. When added to an artificial diet, RFOs did not
have a negative effect on aphid fecundity, suggesting that although aphid resistance
in the transgenic plants is enhanced, it is not due to direct toxicity of RFO toward
the insect.

Keywords: raffinose family oligosaccharides, green peach aphid, phloem transport, sugar transport, metabolic

engineering

INTRODUCTION
Phloem loading is the energized accumulation of solutes,
principally sugars, from mesophyll cells into the sieve ele-
ment/companion cell complex (SECCC) of the phloem. This
accumulation generates hydrostatic pressure that contributes to
bulk flow of phloem sap from source to sink tissues. Two mech-
anisms, apoplasmic loading and symplasmic loading, are well-
characterized (Turgeon and Ayre, 2005). In the most prevalent
form of apoplasmic phloem loading, sucrose (Suc) from the mes-
ophyll is released into the cell wall space (i.e., the apoplasm)
via SWEET transporters (Chen et al., 2012) and is loaded across
the plasma membranes of the SECCC by Suc/proton (H+) sym-
porters (Suc uptake transporters, SUT, or Suc uptake carriers,
SUC). The energy for SUT-mediated phloem loading is provided

by the proton motive force that exists between the apoplasm and
the SECCC symplasm (Ayre, 2011). Symplasmic phloem loading
operates by a polymer trapping mechanism, in which Suc dif-
fuses into intermediary cells (specialized companion cells) from
mesophyll cells through narrow and highly branched plasmodes-
mata. Inside intermediary cells, Suc is polymerized to raffinose
family oligosaccharides (RFOs) which are thought to be too large
to diffuse back across the specialized plasmodesmata (Turgeon
and Gowan, 1990; Turgeon, 1996). In this strategy, conversion
of Suc to RFOs maintains a favorable Suc concentration for dif-
fusion while RFO accumulation provides osmotic potential to
drive long-distance transport. More recently, it was shown that
some species have the highest solute concentration in meso-
phyll cells and plasmodesmata connections that permit passive

www.frontiersin.org July 2013 | Volume 4 | Article 263 | 239

http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Physiology/10.3389/fpls.2013.00263/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=TeCao&UID=87202
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=JoeLouis&UID=84986
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=JyotiShah&UID=39314
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=BrianAyre&UID=45099
mailto:bgayre@unt.edu
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Cao et al. Metabolic engineering of raffinose-family oligosaccharides in the phloem

flux of sugars into the phloem translocation stream (Turgeon
and Medville, 1998; Rennie and Turgeon, 2009). Although this is
commonly called passive “loading,” there is no energized concen-
trating step and these species technically do not engage in phloem
loading.

The objectives of the studies reported here were to assess
the impact of engineering symplasmic phloem-loading biochem-
istry into a plant that normally loads Suc from the apoplasm
with SUTs, and follow the fate of the resulting RFO sug-
ars. Arabidopsis thaliana uses the SUT encoded by AtSUC2
to phloem load Suc from the apoplasm (Truernit and Sauer,
1995; Gottwald et al., 2000). For the experiments reported
in this manuscript, metabolic engineering was used to pro-
duce the RFOs raffinose (Raf; αD-Gal-[1-6]-αD-Glc-[1-2]-βD-
Fru) and stachyose (Sta; αD-Gal-[1-6]-αD-Gal-[1-6]-αD-Glc-
[1-2]-βD-Fru), along with the RFO precursor galactinol (Gol;
αD-Gal-[1-3]-1D-myo-inositol), specifically in the Arabidopsis
minor-vein companion cells: i.e., RFOs were synthesized after the
SUT-mediated phloem loading step. The aims of these experi-
ments were 2-fold: (1) to assess the efficiency of RFO synthesis
in the phloem and (2) to gauge the efficiency with which RFO
from the companion cells enters the translocation stream for
long-distance transport. Arabidopsis is well-adapted to synthe-
size RFOs since, like many other species, it will induce RFO
synthesis in response to cold, drought, heat and other stresses,
presumably to serve as compatible solutes (Liu et al., 1998; Taji
et al., 2002; Nishizawa et al., 2008). Low levels are detected in
phloem sap, but Arabidopsis does not use these as prominent
transport sugars (Haritatos et al., 2000b). Three genes encod-
ing the biosynthetic enzymes galactinol synthase (GolS; Inositol
1-α-galactosyltransferase; EC 2.4.1.123), raffinose synthase (RafS;
Gol-Suc galactosyltransferase; EC 2.4.1.82) and stachyose syn-
thase (StaS; Gol-Raf galactosyltransferase; EC 2.4.1.67) were
expressed from minor vein and companion cell specific pro-
moters: GALACTINOL SYNTHASE 1 (CmGAS1) from melon
(Cucumis melo) and the RAFFINOSE SYNTHASE (CsRFS) from
cucumber (Cucumis sativus) were expressed from the CmGAS1
promoter, which confers gene expression to the minor veins
(Haritatos et al., 2000a; Ayre et al., 2003a) and STACHYSOSE
SYNTHASE (AmSTS1) from Alonsoa (Alonsoa meridionalis) was
expressed from the Mature Minor Vein Element1 (MMVE1)
(McGarry and Ayre, 2008).

We report on the accumulation and transport of RFOs in the
transgenic plants, and their effect on growth and development.
We also report on the impact of these manipulations on the
behavior of a prevalent phloem-feeding insect, the green peach
aphid (Myzus persicae Sulzer). The potential of converting natu-
ral phloem sugars to exotic transport molecules after the phloem
loading step is discussed in a broad context.

MATERIALS AND METHODS
PLASMID CONSTRUCTIONS
pGPTV-Hyg-CmGAS1p:CmGAS1 was previously described
(Ayre et al., 2003b) and consists of a 5 kb genomic sequence
from Cucumis melo (muskmelon) subcloned in the EcoRI
site of pCambia1301. pGPTV-Kan-CmGAS1p:CsRFS con-
tains a phloem-specific RAFFINOSE SYNTHASE (CsRFS;

NCBI accession no. AF073744) cDNA from Cucumis sativum
(cucumber) downstream of the CmGAS1 promoter. RNA from
muskmelon seedlings was isolated with Trizol (Life Technologies,
Carlsbad, CA) and reverse transcribed with Superscript RT II
(Life Technologies) and an oligo dT primer according to the
manufactures instructions. CmRFS cDNA was PCR-amplified
with Vent DNA polymerase (New England Biolabs, Ipswich,
MA) and oligonucleotides Raf5Kpn 5′-TCTTCTGGTACCAA
CAATGGCTCCTAGTTTTAAAAATGGTGG-3′ and Raf3Xma
5′-TACATAGAGCTCAACCCCGGGAAAACAAGTACTCGAT
AACCGAA-3′. The PCR product was phosphorylated with
polynucleotide kinase (NEB) and circularized by ligation with
T4 DNA ligase (NEB). An internal SacI site was removed with
Vent polymerase and mutagenic oligonucleotide pairs RafSmut
5′-CAGTGATGAGTTCAAATTCGAATGG-3′ and RafSmut2
5′-CCATTCGAATTTGAACTCATCACTG-3′. The mutagenized
cDNA was created by a final PCR with oligonucleotides Raf5Kpn
and Raf3Xma, digested with KpnI and SacI restriction enzymes
(NEB) and inserted into the same sites of pUC-GUT:T7CO
(Ayre and Turgeon, 2004). The CmGAS1 promoter:CsRFS cDNA
cassette was inserted into pGPTV-Kan (Becker et al., 1992) as a
SbfI—SacI cassette.

pGPTV-Bar-IAA11p:AmSTS contains STACHYOSE
SYNTHASE from Alonsoa meridionalis (AmSTS1; NCBI
Genbank accession no. AJ487030) downstream of the minor-
vein and companion-cell-specific MMVE1 promoter element
(McGarry and Ayre, 2008). Alonsoa loads through the symplasm
by polymer trapping and predominantly translocates stachyose.
Alonsoa mRNA was isolated and reverse transcribed as described
above; AmSTS1 cDNA was PCR amplified with oligonucleotides
StaSKpnF 5′-ATTAGAGGTACCATGGCACCTCCATATGATCC
-3′ and StaS2604R 5′-GAGCTCAAGCCCGGGGGTAAACAA
AAGTTACATTAGAAATCC-3′. Mutagenic PCR was used as
described above to remove internal SacI and XmaI sites using
oligonucleotide pairs StaS78F 5′-GACAACTCTTTCGAACTC
CTCGACG-3′ and StaS78R 5′-CTTTACGGTGCTGCTCAGGA
AGTTC-3′, and StaS1825 5′-GAGGATACTTTCACGCGGGAT
CAA-3′ and StaS1825R 5′-CCGGGTGATCGGATTGAAACATG
TC-3′. The mutagenized AmSTS1 cDNA was created with a final
PCR with StaSKpnF and StaS2604R, digested with KpnI and
SacI and inserted into the same sites of pUC-IAA11p:T7CO
(McGarry and Ayre, 2008) and the IAA11p:AmSTS1 cassette was
inserted into pGPTV-bar (Becker et al., 1992) with SbfI and SacI.
All sequences generated by PCR were sequenced for accuracy
(SeqWright Inc., Houston, TX). Each engineered binary vector
was electroporated into Agrobacterium tumefaciens GV3101
mp90 (Koncz and Schell, 1986).

PLANT MATERIALS
Agrobacterium cultures containing the T-DNA plasmids were
grown overnight, and equal amounts of each, based on optical
density at 600 nm, were mixed for simultaneous floral dip trans-
formation (Clough and Bent, 1998) of Arabidopsis Col-0. T1
seedlings harboring T-DNA from each construct were selected
on sterile Murashige-Skoog (MS) medium with Gamborg vita-
mins (PhytoTechnology Laboratories, Shawnee Mission, KS) sup-
plemented with 1% Suc, hygromycin B (40 mg/L), kanamycin
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sulfate (100 mg/L), glufosinate ammonium (10 mg/L; all from
PhytoTechnology Laboratories), pH 5.8 with KOH, and solidi-
fied with Gel-Rite gellan gum (2.8 g/L; Sigma). Seeds were gas
sterilized by acidifying chlorine bleach in a sealed desiccator
jar (Clough and Bent, 1998) and the method of Harrison and
colleagues (Harrison et al., 2006) was used for selecting trans-
genic seedlings as it was particularly well-suited for identify-
ing hygromycin resistance. Two independent lines, GRS47 and
GRS63 were carried through several generations until the seg-
regation patterns indicated they were homozygous for all three
T-DNA inserts. Subsequently, all plants were grown on potting
mix (Metromix 360, Scotts Horticultural) without selection in
Percival growth chambers (Percival Scientific, Inc. Perry, IA) with
110–150 μmol photons m−2 s−1 and 14/10 h light/dark cycles.
For analysis of vegetative growth, transgenic and wild-type (WT)
plants were photographed and the total rosette area calculated
using ImageJ software (Rasband, 2007). Plants were also moni-
tored for days to flowering, and the number of rosette leaves at
flowering.

CARBOHYDRATE ANALYSIS
Carbohydrate levels in rosettes of GRS47, GRS63, and WT con-
trols were analyzed 21 days after germination (dag) at the end
of the dark period and 8 h into the light period. Sugar extrac-
tion with methanol:chloroform:water (MCW) and quantification
of soluble sugars by high-performance anion exchange chro-
matography (HPAEC; Dionex, Sunnyvale, CA) was as previ-
ously described (Srivastava et al., 2008), using 10 μM lactose
as a recovery standard instead of 100 μM. Elution conditions
were optimized for separation of the six major sugars, Glc,
Fru, Suc, Gol, Raf, and Sta. Under these conditions, Glc and
Gal elute together, but in separate elutions, levels of Gal were
always negligible. Starch was quantified with the Total Starch
(AA/AMG) kit, scaled down 100× (Megazyme, Bray, Ireland).
For micro-dissection of areoles (leaf sections bounded by, but
not including vein tissue) and phloem-enriched tissues, mature
leaves that had recently achieved full expansion were cut at the
petiole and quickly but carefully placed between two sheets of
3MM paper (Whatman) and flash frozen in powdered dry ice.
They were then lyophilized in a cooled chamber held at −20◦C
for 48 h, and subsequently stored in desiccant until processed.
The sharp edge of a 22 gauge syrinige needle was used for
dissection, and sugar extraction and analysis was is described
above.

Phloem exudations from cut petioles were collected into
EDTA solutions by modification of standard techniques (King
and Zeevaart, 1974; Srivastava et al., 2008; van Bel and Hess,
2008). In brief, leaves 6 through 11 from plants 30 dag were
excised at the stem and fresh weights were recorded. Petioles
were cut again under 10 mM EDTA and arranged into a small
chamber (Coulter Counter, Pittsburgh, USA) containing 2 ml
of 10 mM EDTA, such that only the cut ends and less than
2 mm of petiole were submerged. The chambers were capped
to maintain humidity and minimize the amount of solution
drawn into the leaves by transpiration. Exudates from the first
20 min were discarded because there may be contamination
from cut cells and subsequent exudates from each of two 2-h

periods were collected, immediately frozen, and subsequently
analyzed by HPAEC as described above. Consistency between val-
ues obtained from the first full 2 h of exudation and the second
2 h of exudation were consider indicative of minimal contami-
nation of exudates with solutes and/or enzymes from damaged
cells.

Since the promoters used are specific to the minor veins of
leaves, the sugar content of roots was analyzed as an additional
indicator of long-distance transport. GRS47, GRS63 and WT
seeds were sterilized, stratified and germinated on MS medium
with 1% Suc but without antibiotics. After 7 d, seedlings were
transferred to fresh MS medium without Suc and with 4.8 g/L gel-
lan gum in square plates, such that the rosettes were in a line at
the top of the plate and the roots trailed behind on the medium
surface; the plates were sealed with parafilm and oriented in the
growth chamber 15◦ from vertical for an additional 9 and 14 d
(16 and 21 d total). Rosettes and roots were collected separately
and analyzed for soluble carbohydrates by HPAEC as described
above.

For photosynthetic labeling, seeds were sterilized, stratified
and germinated on MS medium with 1% Suc and transferred to
MS medium without Suc for growth in vertically-oriented plates
as described above. After 7 d growth in the absence of supple-
mental Suc, the plates were placed horizontally 60 cm below a 400
W metal halide lamp and the lid of each replaced with another
lid lined with vacuum grease for a tight seal, and having two
small holes at the top and bottom. 14CO2 was generated and
injected into the plates by mixing 5 μL of 1 μCi/mL NaH14CO3

(MP Biochemicals) with 15 μL of lactic acid in the barrel of a
1 mL syringe with a 22 gauge needle extending through the hole
in the top hole of the plate, avoiding injection of the lactic acid
solution. After 20 min, residual 14CO2 was withdrawn through
the hole at the bottom of the plate and passed over soda lime by a
small aquarium-style air pump for 5 min; plants were left to pho-
tosynthesize in ambient air for 10 min and sugars were extracted
as described above.

Radioactive sugars were resolved by one dimensional thin-
layer chromatography essentially as describe (Turgeon and
Gowan, 1992). In brief, silica gel TLC plates (Analtech, Newark,
NJ) were pre-treated by dipping in 0.03% boric acid in 60%
ethanol and activated at 110◦C for 1 h. Four μg of unlabeled
sugar standards and extracts corresponding to 25 mg fwt were
spotted, dried, and developed in closed TLC tanks with a sol-
vent composed of 60 mL chloroform, 70 mL acetic acid and
10 mL water. Once the solvent front reached the top of the
plate (∼2 h), the plate was allowed to air dry and then imme-
diately subjected to a second development to further resolve
the spots. Gol and Raf co-migrate under these conditions. To
visualize the spots, the plates were sprayed with a vanillin
solution (3 g vanillin and 0.5 mL concentrated sulfuric acid in
100 mL absolute ethanol) and heated at 100◦C for 20–30 min.
Autoradiography was with Kodak BioMax film, developer, and
fixer, according to the manufacturer’s instructions. Identification
of labeled sugars was by co-migration with standards, and rel-
ative levels of isotope in each were quantified by radiomet-
ric scanning (Bioscan System 2000 Image Scanner, Bioscan,
Washington, DC).
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GENE EXPRESSION ANALYSIS
Total RNA was extracted from two biological replicates, each con-
sisting of leaves pooled from two plants, 22 dag: Leaves were
ground in liquid nitrogen and extracted with Trizol using the
manufacturer’s protocol (Life Technologies). The isolated RNA
was treated with DNase, spectrophotometrically quantified, and
cDNA synthesis was performed with Superscript III Reverse
Transcriptase (Life Technologies) using an oligo dT primer, as
per the manufacturer’s protocol. RT-qPCR was with the Sybr
Green PCR Master Mix (Life Technologies) according to the
manufacturer’s instructions. The oligonucleotides for CmGAS1
mRNA were GolRTbFwd 5′-AGCCCATTCCTCCCATTTAC-
3′ and GolRTb Rev 5′-TCTCTTCTTTTCCCGTGTAC-3′; for
CsRFS, RafRTbFwd 5′-GGTGTGGTGAGATGCGAGTA-3′ and
RafRTbRev 5′-CCGAAATGCCACCCGATGAA-3′; for AmSTS,
StsRTaFwd 5′-CCATTTTGCTCTCCCGACTA-3′ and StsRTaRev
5′-CTTGATCCTTTGCTCCTTCG-3′; and for the EF1a internal
standard, EF1αFwd 5′-GAGACTCGTGGTGCATCTCA-3′ and
EF1αRev 5′-AGGTCCACCAACCTTGACTG-3′. The RT-qPCR
was performed on a Eco qPCR system (Illumina, San Diego, CA)
with denaturation at 95◦C for 5 min followed by 40 cycles of 95◦C
for 10 s, annealing at 60◦C for 30 s, and extension at 72◦C for 35 s.

APHID FEEDING EXPERIMENTS
“No-choice” experiments were conducted to test aphid fecun-
dity on GRS47, GRS63 and WT plants 30 dag (Pegadaraju et al.,
2005). Twenty adult aphids were put on the rosette of each plant
and after 2 days the number of aphids (adults plus nymphs) on
each counted. “Choice” experiments were conducted to estab-
lish if a feeding preference between WT and RFO over-producing
plants existed (Louis et al., 2010). Twenty adult aphids were
placed on the soil equidistant between a WT and a transgenic
plant growing in the same 15 cm diameter pot and the num-
ber of adult aphids on each was counted after 8 and 24 h. To
test if Glc, Fru, Suc, Gol, Raf or Sta directly influenced aphid
vitality, an artificial aphid diet (Mittler and Dadd, 1965) was
supplemented with 50 mM of each sugar and tested in a feed-
ing chamber: Three adult aphids were transferred with a fine
paintbrush into a 3.5 cm Petri dish (Falcon, Primaria, NJ) and
pre-stretched parafilm (American National Can, Greenwich, CT)
was placed over the chamber to cage the aphids. 500 μL of diet
was placed on the parafilm and a second layer of pre-stretched
parafilm was placed on the first layer to spread the diet and form
a feeding sachet from which the aphids could feed. Aphid num-
bers (adults and nymphs) were counted 4 days later (Louis et al.,
2010).

RESULTS
CARBOHYDRATE STEADY STATE AND FLUX ANALYSIS IN MATURE
LEAVES
WT and transgenic lines GRS47 and GRS63 homozygous for
CmGAS1 (encoding galactinol synthase from melon, GolS),
CsRFS (encoding raffinose synthase from cucumber, RafS) and
AmSTS (encoding stachyose synthase from Alonsoa meridionalis,
StaS) were analyzed for soluble sugars and starch in rosette leaves
21 dag at two time points: at the end of the 10 h dark period
and 8 h into the 14 h illuminated period (Figure 1A). WT plants

FIGURE 1 | Comparison of carbohydrate levels after 10 h of dark and 8 h

into the 14 h illuminated period. (A) Soluble neutral sugars as indicated
(pmol sugar/mg fresh weight) (note: separation conditions were optimized
for Gol, Raf, and Sta, and Glc and Gal elute together. In elutions that do
separate Glc and Gal, Gal levels were always negligible). (B) Starch levels
from the same samples as (A), expressed as Glc equivalents. Variation is
expressed as SE; n = 6 sibling plants. Student’s t-Test analysis was also
conducted to assess differences (p < 0.05) in the level of each sugar within
each line between 10 h of dark and 8 h of illumination. Glc, Fru, and starch
were significantly increased in all lines, Suc increased significantly only in
WT, and none of the RFO sugars in any line showed a significant difference
between 10 h of dark and 8 h or illumination.

had negligible Gol, Raf and Sta, consistent with expectations for
unstressed conditions. Transgenic line GRS47 accumulated sub-
stantial Gol and Raf, and lesser, but still highly significant levels
of Sta. The combined levels of engineered sugars in this line
exceeded the levels of the canonical sugars Glc, Fru and Suc
(∼1900 pmol/mg fwt total RFO compared to ∼1300 pmol/mg
fwt Glc, Fru plus Suc at the end of the dark period, and
∼2000 pmol/mg fwt total RFO compared to ∼1550 pmol/mg
fwt Glc, Fru plus Suc 8 h into the illuminated period). GRS63
accumulated levels intermediate between WT and GRS47 levels.
Gol, Raf and Sta levels showed no significant changes between
the end of the dark period and 8 h into the light period. Suc,
Glc and Fru increased at least 2-fold in WT plants after 8 h of
photosynthesis, consistent with published results (Blasing et al.,
2005; Lunn et al., 2006) while in the transgenic lines, Glc and
Fru similarly increased, but Suc levels were the same. Starch
levels were low at the end of the dark period and dramati-
cally higher 8 h in to the light period, as expected, but there
were no significant differences between WT and transgenic lines
(Figure 1B).

The accumulation of engineered sugar is consistent with trans-
gene expression patterns determined by RT-qPCR (Figure 2):
GRS47 expressed substantially more CmGAS1 than GRS63

Frontiers in Plant Science | Plant Physiology July 2013 | Volume 4 | Article 263 | 242

http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Cao et al. Metabolic engineering of raffinose-family oligosaccharides in the phloem

FIGURE 2 | Transgene transcript abundance as determined by RT-qPCR,

relative to EF1a expression. (A) CmGAS1 expression in WT and GRS47
(note the Y-axis scale). (B) CmGAS1 expression in WT and GRS63. (C)

CsRFS expression in WT, GRS47 and GRS63. (D) AmSTS expression in WT,
GRS47 and GRS63. Variation is expressed as SD; n = 4 sibling plants.

(>500x) and produced more Gol. Expression levels of CsRFS and
AmSTS were also higher in GRS47 than GRS63, but not to the
extent seen for CsGAS. The higher levels of Gol substrate and pos-
sibly higher enzyme activities in GRS47 are likely responsible for
promoting the higher levels of Raf and Sta product.

Photosynthetic labeling with 14CO2 was conducted to gain
insight into the flux of photosynthate through the engineered
RFO pathway. After 20 min labeling, sugars were resolved by thin
layer chromatography, and relative 14C incorporation into each
sugar determined by autoradiography and radiometric scanning.
For GRS47, in each of three replicates, less than 2% 14C was
incorporated into Gol and Raf which co-migrate as a single spot,
and a radio-labeled spot corresponding to Sta was not identified
indicating very low incorporation. In contrast to these low lev-
els, as much as 80% of the 14C was incorporated into Suc and
as much as 30% was in spots corresponding to hexose sugars
(results not shown). For both GRS63 and WT, labeled spots rep-
resenting Gol, Raf, and Sta were not unambiguously observed,
but label incorporation and distribution between Suc and hex-
ose was similar to GRS47 (results not shown). Therefore, despite
the high concentrations of RFO found in 21-d old plants, very lit-
tle was created from photoassimilate during the labeling period.
This argues that flux rate through the engineered pathway is very
low, and that RFOs in rosettes are accumulating over a longer
time.

RFO synthesis should be in the minor vein companion cells of
GRS47 and GRS63 as a result of promoter specificity (Haritatos
et al., 2000a; Ayre et al., 2003a; McGarry and Ayre, 2008) but
are the RFOs confined to these sites of synthesis? In Arabidopsis,
minor vein companion cells are generally 2–4 μm across and
number 3–12 per minor vein (Haritatos et al., 2000b; McGarry
and Ayre, 2008); vein density in Arabidopsis is low compared
to other plants (2.45 ± 0.26 mm veins per mm2 of leaf area)
(Haritatos et al., 2000b). Assuming a leaf is typically 200 μm
thick and is 50% air space, the minor vein companion cells
occupy ∼0.0014 mm3 per mm3 of leaf tissue. If all RFO were

FIGURE 3 | Soluble sugars in areoles and vein-enriched sections. (Left)

Representative leaf that was flash frozen on powdered dry ice, lyophilized,
and micro-dissected for areoles (sections containing only mesophyll cells
and associated epidermis surrounded by minor veins). Vein-enriched
sections (not shown) contained the minor veins and closely associated
mesophyll that bordered the areole sections. (Right) Distribution of soluble
sugars in pooled areoles and pooled vein-enriched sections, expressed as
percentage of total detected sugar.

resident in this space (∼2000 pmol/mg fwt for GRS47), the con-
centration would be approximately 1.4 M. As indicated by plas-
molysis experiments, solute concentrations in companion cells
can exceed 1.4 OsM in several species, (Turgeon and Medville,
1998) but this includes the main transport sugars as well as all
other solutes in the cells.

To determine if RFOs were confined to the phloem or dis-
tributed throughout the leaves, sections containing only areoles
(areas of mesophyll surrounded by minor veins) and vein-
enriched tissues surrounding the areoles were micro-dissected
from flash frozen and lyophilized leaves, and analyzed for RFO
content relative to total soluble sugar content (Figure 3). As
expected, the vein-enriched sections contained more Suc and the
areole sections had more Glc. As a percentage of total sugar, the
areoles appear to have more RFO than the vein-enriched sections.
This is somewhat misleading, however, since the high percent-
age of Suc in the veins drops the contribution of all other sugars.
When Suc is not included in the total sugar calculation, RFOs are
evenly distributed among the sections (not shown). From this,
it is concluded that the engineered RFOs are evenly distributed
throughout the leaves.

ANALYSIS OF SOLUBLE SUGARS IN PHLOEM EXUDATES AND ROOTS
To investigate RFO transport efficiency, phloem exudates from
cut petioles were collected into EDTA solutions for two con-
secutive 2-h periods and analyzed (Figure 4). As expected for
Arabidopsis, Suc is the major transport sugar in both WT and
transgenic plants. RFOs were negligible in exudates from WT
but were present at low levels in the exudates of transgenic
plants. This suggests that the engineered sugars are phloem
mobile, but relative to Suc and other sugars, are insufficient
to contribute substantially to phloem solute potential and pres-
sure. Glc, Fru and especially Suc were present in the exudates
of transgenic lines at greater levels than those of WT, sug-
gesting that RFO degradation might be occurring. But, if the
higher levels of Suc were the result of Raf and Sta degrada-
tion, then galactose levels would also be expected to be high.
However, galactose levels were measured and were consistently
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FIGURE 4 | Soluble carbohydrates in phloem exudates from wild type

and transgenic plants. (A) Exudation rates for Glc, Fru, and Suc. (B)

Exudation rates for Gol, Raf, and Sta. Note the difference scales of the Y
axis between (A) and (B). Variation is expressed as SE; n = 12 sibling
plants.

negligible in all exudates, arguing that if degradation was occur-
ring, it was not liberating Gal (not shown). Levels of Glc
and Fru were relatively high (∼25–50% of Suc) and roughly
equal to each other in abundance, suggesting some invertase
activity in the exudates (van Bel and Hess, 2008; Liu et al.,
2012). Invertase would not impact Gol levels, but could con-
vert Raf to Fru and melibiose (αD-Gal-[1-6]-αD-Glc) and Sta
to Fru and αD-Gal-(1-6)-melibiose. These products were not
measured.

EDTA can damage cells and result in leakage of cellular con-
tents (van Bel and Hess, 2008; Liu et al., 2012). Therefore, similar
experiments were conducted on 16 d-old whole rosettes with
only the cut hypocotyl in EDTA to minimize exposure during
exudations. In addition, EDTA was reduced to 5 mM, which
is cited as the minimum concentration that still prevents seal-
ing of the sieve plates (van Bel and Hess, 2008), while still
maintaining the plants in dim conditions and 100% humid-
ity to minimize uptake through the xylem. The results of these
experiments are shown in Figure A1, and are qualitatively sim-
ilar to those shown in Figure 4, but overall the levels of Glc,
Fru and Suc are lower, and RFO levels are higher among the
transgenic lines. Differences in the age of the plants and use of
whole rosettes rather than excised leaves may account for these
changes, but the results are still consistent with long distance
transport of RFO via the phloem. Despite these precautionary

steps, a portion of the sugars detected may be from damaged
cells.

Both exudation experiments suggest that GRS47, and to a
lesser extent GRS63, are transporting more Glc, Fru, and Suc
than WT, especially during the first full exudation period after
the 20 min wash step (Figures 4, A1). The significance of this is
not clear and this was not consistently observed in all exudation
experiments (not shown).

Since the promoters used in this study are specific to the
minor veins of mature leaves (Haritatos et al., 2000a; McGarry
and Ayre, 2008), plants were grown on MS medium in verti-
cally oriented plates so that the heterotrophic roots could be
readily accessed and analyzed for soluble sugars at 16 and 21
dag (Figure 5). Compared to older plants growing on potting
mix, younger rosettes growing on plates had higher propor-
tions of Glc and Fru relative to Suc (compare Figure 5A to
Figure 1A). Gol, Raf, and Sta levels were lower than observed
in the older plants on potting mix (compare Figure 5B to
Figure 1A). Among WT, GRS47, and GRS63 plants growing on
plates, the relative amounts of Glc, Fru, and Suc were similar
but with modest differences in absolute levels, in both rosettes
and roots (Figures 5A,C). The absolute levels of sugars varied
between 16 and 21 dag, but the ratios of Glc, Fru, and Suc to
each other were the same at each time among the three lines.
In the rosettes of plants grown on plates, and consistent with
results from plants grown on potting mix, GRS47 had more
RFO than GRS63, and WT had very low to negligible levels
(Figure 5B). Roots of WT plants on plates similarly had very low
to negligible levels of RFO, as expected, but roots of GRS47 and
GRS63 had substantial amounts (Figure 5D): Gol was between
50 and 70% of the levels in rosettes and Raf and Sta levels
both exceeded those observed in rosettes. These results are con-
sistent with long distance RFO transport via the phloem, and
accumulation over time. Note that results in Figure 5 are rela-
tive to fresh weight and Figure 5C suggests RFO accumulation
slightly faster than rosette growth, and Figure 5D suggests RFO
accumulation in the roots at a rate roughly equal to the growth
rate.

GROWTH AND DEVELOPMENT
Leaf formation and rosette expansion was equivalent in WT,
GRS47 and GRS63 at 17 dag (Figure 6). However, the transgenic
plants did flower earlier than WT plants: 50% of GRS47 and
GRS63 plants had visible inflorescences at 21 dag while WT plants
reached the same threshold 23 dag (Figure 6). Furthermore, at
flowering onset, GRS47 and GRS63 had fewer leaves than WT,
arguing that the plants were not merely growing faster, but were
transitioning to reproductive growth at an earlier developmental
stage (Erickson and Michelini, 1957).

APHID BEHAVIORAL ASSAYS
RFOs play a role in stress tolerance, including drought-,
cold-, and oxidative-stress tolerance (Bailly et al., 2001; Taji et al.,
2002; Nishizawa et al., 2008; Peters and Keller, 2009) and Gol
may be a signaling component of induced systemic resistance
caused by pathogens (Kim et al., 2008; Cho et al., 2010). Because
of these roles in stress tolerance and the apparent presence of
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FIGURE 5 | Soluble carbohydrates in rosettes and roots of WT and

GRS47 and GRS63 grown for 16 and 21 d on sterile MS media in

vertically oriented plants. (A) Glc, Fru, and Suc in the rosettes of each line
at the indicated number of days, (B) Gol, Raf, and Sta in the same rosettes as

indicated for (A); note the difference in Y-axis scale. (C) Glc, Fru, and Suc in
the roots of the same plants indicated in (A), and (D) Gol, Raf, and Sta in the
roots of the same plants indicated in (A). All sugar values are averages
expressed as pmol/mg fresh weight, n = 4, and variation is expressed as SE.

RFO in the translocation stream of GRS47 and GRS63, we tested
for an impact on the behavior of a prevalent phloem-feeding
insect, green peach aphid (Myzus persicae Sulzer). To determine
if transgenic plants producing RFOs influence aphid growth,
growth on WT and transgenic plants was compared in “no-
choice” bioassays, in which 20 mature individuals were placed
directly on well-separated control or experimental plants, and
aphids counted 48 h later. The aphid population was smaller
on plants producing RFOs than the WT plants (Figure 7A). To
determine if RFO accumulation impacts aphid settling on the
transgenic plants, “choice” experiments were conducted in which
20 aphids were placed equidistant between a WT control and a
transgenic plant growing in the same pot, and the number of
adult aphids settling on each plant determined after 8 and 24 h.
As controls for the choice bioassays, aphids were given a choice
between two WT plants or two GRS63 plants growing in the same
pot. Aphids had a strong preference for WT plants over RFO-
producing plants after 24 h (Figure 7B), but importantly, there
was no significant preference after 8 h (Figure 7C). Since green
peach aphid begins feeding from sieve elements within 1–3 h
of release on Arabidopsis (Pegadaraju et al., 2007; Louis et al.,
2010), these results indicate that aphids did not show prefer-
ence until after they began feeding on different plants and that
there is no difference in the initial attraction to either plant.
These results from choice and no-choice feeding experiments

indicate that RFO-producing plants negatively impact aphid
colonization.

To test if this resistance to the green peach aphid is a direct or
indirect effect of the engineered sugars, aphid fecundity was mea-
sured on artificial media consisting of amino-acids, mineral salts,
vitamins and 500 mM Suc (Mittler and Dadd, 1965), and supple-
mented with 50 mM of individual test sugars (Glc, Fru, Suc, Gol,
Raf, of Sta). After 4 days, no differences in aphid populations were
observed among treatments (Figure 8). These results indicate that
the resistance to aphid colonization among the RFO-producing
plants is not a direct toxic effect of the engineered sugars. The
synthesis of RFOs may contribute to other defense responses
that reduce the suitability of these plants as hosts for aphid
pests.

DISCUSSION
In these studies, symplasmic phloem-loading biochemistry was
engineer into the phloem of a plant that employs SUTs to load
Suc from the apoplasm. The aims of these experiments were
2-fold: (1) to assess the efficiency of RFO synthesis in the phloem
and (2) to gauge the efficiency with which RFO from the com-
panion cells enters the translocation stream for long-distance
transport. In addition, the growth and development of the engi-
neered plants were monitored, and since the intent was to alter the
contents of the translocation stream, the impact on the feeding
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FIGURE 6 | Analysis of vegetative growth and the transition to

reproductive growth in WT and transgenic lines. (A) Rosette area at 17
dag; average and SE values from 12 replicates. (B) Percentage of plants
flowering relative to days post germination. (C) Number of rosette leaves at
the time of flowering. Average and SE, n = 36.

behavior of green peach aphids (Myzus persicae Sulzer) was also
tested.

Arabidopsis phloem loads from the apoplasm using a SUT
encoded by AtSUC2. Metabolic engineering of the RFO pathway
in the phloem, after SUT-mediated loading, was accomplished
by introducing genes encoding GolS, RafS, and StaS driven by
minor-vein and companion-cell specific promoters. Transgenic
Arabidopsis lines GRS47 and GRS63 did not show alterations
in rosette area at 18 dag but both flowered earlier than WT. It
is possible that increasing sugar export in the transgenic plants
caused earlier flowering since it is well-known that elevated sugar-
levels, either endogenous to the plant or added exogenously, can
accelerate the transition to flowering (Bernier, 1988; Corbesier
et al., 1998). Manipulating SUT expression, and presumably
sugar distribution, is shown to lead to earlier flowering (Sivitz
et al., 2007; Chincinska et al., 2008), and similarly, manipulating

FIGURE 7 | Aphid behavior on WT and RFO-producing plants. (A) Aphid
populations on each plant after 48 h in a “no-choice” experiment (starting
population = 20 adults). Average and SE, n = 12. (B) Adult aphids settled
on each plant after 24 h in a “choice” experiment (starting population = 20
adults, released equidistant between the indicated plants). (C) As in (B),
but 8 h after aphid release. (B,C), average and SE, n = 9. t-test p-values are
indicated on each graph.

the sugar content through metabolic engineering may impact
flowering.

Despite the use of promoters specific to the companion cells
of minor veins, RFO accumulated to greater than 50% of the
total soluble carbohydrate without a compensating decrease in
Glc, Fru, Suc, or starch. Although RFO accumulated to 50% of
total soluble sugars (∼2 nmol/mg fwt combined Gol, Raf, and Sta
compared to ∼3.5 nmol/mg fwt total soluble sugar in GRS47, 8 h
into the illuminated period, Figure 1A), this is a relatively small
amount of total, non-structural carbohydrate in leaves: Starch,
as measured here, ranged from just below 10 nmol/mg fwt (Glc
equivalents) at the end of the dark period to over 50 nmol/mg fwt
8 h into the light period, which is consistent with work by oth-
ers (Blasing et al., 2005; Lunn et al., 2006). This normal cycling
of carbohydrate pools is ∼25-fold more than the RFO found in
these lines.
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FIGURE 8 | The impact of the indicated sugar on aphid populations fed

an artificial diet for 96 h. Three adult aphids were released into the
feeding chamber and allowed to feed on the diet through the sachet. The
total number of aphids (adults + nymphs) were determined 96 h later.
Average and SE, n = 3 replicates; t-test p-values, relative to diet without
supplemental sugar are indicated on the graph.

Glc, Fru and starch showed increases between the dark and
light period consistent with published results (Lunn et al., 2006).
In WT plants, Suc also showed a modest (2-fold) increase
between the dark and light period, consistent with published
results (Blasing et al., 2005; Lunn et al., 2006), but changes
were not observed in either transgenic line. It is intriguing that
the transgenic lines exuded more Glc, Fru and Suc than WT
(Figures 4, A1), but a lack of increase in rosette Suc cannot be
directly linked to sugar increases in exudations with the experi-
ments reported here, and the significance of neither phenomenon
is clear. RFO levels in the transgenic plants did not vary from the
end of the night period to 8 h into the light period, arguing they
are not influenced directly by photosynthesis or by fluctuations in
other carbohydrates.

Furthermore, photosynthetic radiolabeling with 14CO2

revealed that C flux through the engineered pathway is very low:
The highest incorporation was only 2% of the total, whereas
hexose sugars had as much as 30% of the total and Suc had
as much as 80%. Suc is the first non-phosphorylated sugar of
photosynthesis and high incorporation is expected, whereas
much of the non-phosphorylated hexose is in the vacuole and
removed from central metabolism. The low specific activity
of the RFOs (i.e., low 14C incorporation during 20 min but
high levels of unlabeled product) argues that RFO synthesis
and turnover are low—lower than flux through the non-
phosphorylated hexose pool—and that the high amounts result
from gradual accumulation. Similar conclusions were drawn
from transgenic tobacco expressing CmGAS1 and producing low
specific-activity Gol (Ayre et al., 2003b). The results presented
here extend those findings and also argue that Raf and Sta
in the transgenic plants are not created from stored Gol and
recently photosynthesized Suc. These findings are also similar to
those of Hannah and colleagues who showed poor Raf synthesis
in the companion cells of potato (see below) (Hannah et al.,
2006). However, this is in sharp contrast to plants that naturally
transport RFO such as coleus (Turgeon and Gowan, 1992),

cucurbits (Beebe and Turgeon, 1992), and catalpa (Turgeon
and Medville, 2004), in which RFOs become quickly labeled to
high specific activity, and in the case of catalpa, the galactose
moiety becomes more strongly labeled faster than sucrose (Otto,
1968).

That RFOs in natural symplasmic loaders have high specific
activity but that these engineered plants do not, and that these
engineered plants do not have higher levels of RFO in the phloem,
are puzzling. Apoplasmic loaders should have ample reduced car-
bon in the companion-cell cytoplasm, the engineered proteins are
thought to localize to the cytoplasm (Keller and Pharr, 1996), and
the plasmodesmata-pore units between companion cells and sieve
elements are open to diffusion of 10 kDa dextrans (Kempers and
van Bel, 1997; Knoblauch and van Bel, 1998) and 67 kDa pro-
teins (Stadler et al., 2005). Based on these principles, there should
not have been a limitation to RFO production or transport.
Further work on the biochemistry occurring in the companion
cells of apoplasmic loaders and the intermediary cells of symplas-
mic loaders is required to resolve why apoplasmic loaders do not
effectively produce and transport RFOs. Hannah and colleagues
came to a similar conclusion in their study (Hannah et al., 2006).
The precursors for galactinol, UDP-Gal and myo-inositol, or flux
through the pathways leading to these, may be insufficient for
higher level production. These studies would be worthwhile since
beyond the pursuit of basic science, there is substantial inter-
est in engineering sugars and sugar derivatives for biotechnology
(Patrick et al., 2013).

A probable cause of the high levels of RFO in both rosettes
and roots, despite the low-specific activity, is diffusion away from
both the source and sink phloem and gradual sequestration in
inactive metabolite pools. In rosettes, estimates of minor-vein
volume and leaf micro-dissection show that the RFOs were dis-
tributed throughout the leaves, and prior work with transgenic
tobacco producing Gol in the minor veins showed similar distri-
bution of Gol, including an equal spread between the apoplasm
and cellular compartments (Ayre et al., 2003b). In roots, RFO
accumulation equaled or exceeded that in rosettes, and likely had
similar distribution away from the phloem. This, however, is not
as surprising as the distribution in the leaves, since symplasmic
solute distribution in sink organs is well-known (Lalonde et al.,
2003).

How are the sugars moving from the sites of synthesis to
be distributed through the entire leaf? The frequency of plas-
modesmata connecting SECCCs to surrounding cells (phloem
parenchyma or bundle sheath) has been used to represent how
“open” the phloem is to symplasmic nutrient transport (Turgeon
et al., 2001). Phloem anatomy was grouped by plasmodesmata
abundance by Gamalei (1989, 1991) as abundant (Type 1), rel-
atively abundant (Type 1-2a), and infrequent (Type 2a and
Type 2b if they have transfer cell morphology). Surveys of
this nature place Arabidopsis as Type 1-2a (relatively abun-
dant plasmodesmata, 1–10 μm−2) (Haritatos et al., 2000b) and
these relatively abundant plasmodesmata are strong candidates
for allowing RFO movement from the veins to surrounding
mesophyll.

Related to this, Hannah and colleagues produced Gol
and Raf in potato companion cells using the rolC promoter
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(Hannah et al., 2006). Gol accumulated to 4.55 ± 0.56 nmol/mg
fwt, but Raf only accumulated to 0.02 ± 0.00 nmol/mg fwt. When
the Cauliflower mosaic virus 35S promoter was used for metabolic
engineering, Raf accumulated to 35-fold greater levels, showing
that there was not an intrinsic block to Raf accumulation in
the leaves. Solanaceae species (e.g., potato) are classified as Type
2a (infrequent plasmodesmata; 0.1–1.0 μm−2) (Turgeon et al.,
2001). Minor vein anatomy and plasmodesmata frequency there-
fore correlate with RFO accumulation in the source leaves of
these engineered plants: relatively-open-Arabidopsis accumulates
Gol, Raf, and to a lesser extent Sta, whereas relatively-closed
tobacco and potato accumulate only Gol. Perhaps the open archi-
tecture of Arabidopsis allows Raf and Sta to diffuse more freely
from the phloem to surrounding cells than the closed architec-
ture of the Solanaceae. Gol movement may be by a different
mechanism, such as broad specificity channels, as previously pro-
posed (Ayre et al., 2003b). An important caveat to this is that
plasmodesmata frequency as described by Gamalei does not mea-
sure porosity, and plasmodesmata are dynamic in their ability to
open and close (Maule et al., 2011; Burch-Smith and Zambryski,
2012).

Although GRS47 and GRS63 had low levels of RFO in the
phloem translocation stream, there was a strong impact on green
peach aphid vitality and colonization. Aphids are phloem-feeding
insects that constitute a biotic stress since they extract nutrients
and reduce plant vigor. To test for an impact of RFO produc-
tion on aphid feeding, “no choice” fecundity tests and “choice”
feeding preferences were conducted. Transgenic Arabidopsis pro-
ducing RFOs were a less preferred host for aphids and aphid
reproduction was reduced. There were no significant preferences
between WT and transgenic plants 8 h after aphid release, sug-
gesting that the resistance to aphids is unlikely to result from
chemicals released at the surface of plants. The preferences after
24 h could have resulted directly from the RFOs in the transgenic
plants. It is worth noting that many animals cannot digest the
αGal1-6 linkage of RFOs, and RFOs can cause bloating, partic-
ularly in mammals (Martinez-Villaluenga et al., 2008). On the

other hand, green peach aphid is a significant pest on cucurbit
crops that translocate much higher levels of RFO than observed
in the phloem sap of these transgenic Arabidopsis plants. Aphid
feeding on synthetic media was used to test if RFOs directly
impacted aphid behavior. Aphids did not show differences in
reproduction 4 days after they were fed on synthetic media with
or without RFOs and this indicates that the non-preference of
aphids for the transgenic plants is not a result of a toxic effect of
the RFO.

These results that RFO do not directly deter feeding, are con-
sistent with those of Hewer et al. (2010) in which choice feeding
behavior for several aphid species was tested on synthetic media
against an extensive array of sugar concentrations, combina-
tions, viscosities, and pH. In these studies, M. persicae preferred
nutrient media with amino acids and Suc over a broad range
(∼10–25%, or 292–730 mM), and in the absence of Suc, Raf
was the preferred tested sugar. With Suc and Raf equally com-
bined (219 mM total), M. persicae preferred pure Suc (219 mM),
but this was attributed to an attraction to high concentrations
of Suc rather than a deterrence by Raf. High concentrations of
Suc is an important cue for aphid probing and feeding behav-
ior (Hewer et al., 2011). The deterrence observed on GRS47 and
GRS63 relative to WT is therefore unlikely to be a direct effect
of the exotic sugars, or the apparent differences in sugar con-
centration suggested by the exudation studies. Rather, the RFOs
may act as signaling components of the systemic resistance pro-
tecting plants against aphids. Another possibility is that RFO
accumulation in the transgenic plants may promote a general
stress response which in turn results in compounds that deter
aphids.
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APPENDIX

FIGURE A1 | Soluble carbohydrates in phloem exudates from wild type

and transgenic plants. This representative experiment is similar to that
presented in Figure 4 except that they were conducted on 16 d-old whole
rosettes with only the cut hypocotyl in EDTA to minimize exposure during
exudations. In addition, EDTA was reduced to 5 mM. Similar to other
exudation experiments, exudations were performed in dim conditions and
100% humidity to minimize EDFTA uptake through the xylem. (A)

Exudation rates for Glc, Fru, and Suc. (B) Exudation rates for Gol, Raf, and
Sta. Note the difference scales of the Y axis between (A) and (B). Variation
is expressed as SE; n = 6 sibling plants.
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Through microscopic analysis of veins and assessment of light- and CO2-saturated rates of
photosynthetic oxygen evolution, we investigated the relationship between minor loading
vein anatomy and photosynthesis of mature leaves in three ecotypes of Arabidopsis thaliana
grown under four different combinations of temperature and photon flux density (PFD).
All three ecotypes exhibited greater numbers and cross-sectional area of phloem cells
as well as higher photosynthesis rates in response to higher PFD and especially lower
temperature. The Swedish ecotype exhibited the strongest response to these conditions,
the Italian ecotype the weakest response, and the Col-0 ecotype exhibited an intermediate
response. Among all three ecotypes, strong linear relationships were found between light-
and CO2-saturated rates of photosynthetic oxygen evolution and the number and area of
either sieve elements or of companion and phloem parenchyma cells in foliar minor loading
veins, with the Swedish ecotype showing the highest number of cells in minor loading
veins (and largest minor veins) coupled with unprecedented high rates of photosynthesis.
Linear, albeit less significant, relationships were also observed between number and cross-
sectional area of tracheids per minor loading vein versus light- and CO2-saturated rates of
photosynthetic oxygen evolution. We suggest that sugar distribution infrastructure in the
phloem is co-regulated with other features that set the upper limit for photosynthesis.
The apparent genetic differences among Arabidopsis ecotypes should allow for future
identification of the gene(s) involved in augmenting sugar-loading and -transporting phloem
cells and maximal rates of photosynthesis.

Keywords:Arabidopsis thaliana ecotypes, leaf vasculature, light acclimation, phloem, photosynthesis, temperature

acclimation, xylem

INTRODUCTION
Attempts to increase photosynthetic rate through overexpression
of key components of the photosynthetic process have met with
surprisingly little success (Micallef et al., 1995; Miyagawa et al.,
2001; Lefebvre et al., 2005; Feng et al., 2007a,b; Kebeish et al., 2007;
Rosenthal et al., 2011). If, however, any limitations were to exist
to the export of products of photosynthesis from the leaf to the
rest of the plant, one should, in fact, not expect increases in pho-
tosynthesis rate from overexpression of photosynthetic genes. In
such an event, the well-known feedback inhibition by accumu-
lated products of photosynthesis, via repression of photosynthetic
genes (Krapp and Stitt, 1995; Paul and Foyer, 2001) and, pos-
sibly, sucrose transporter genes in apoplastic loaders (Vaughn
et al., 2002), would be expected to counteract or abolish effects
of overexpression of photosynthetic genes. To address the possible
involvement of bottlenecks associated with transport processes,
we characterized the foliar vascular system in several ecotypes of
the plant model Arabidopsis thaliana.

The plant vascular system is composed of xylem (responsi-
ble for transport of water, nutrients, and other substances from

the roots to the rest of the plant) and phloem (responsible for
transport of sugars and other substances from sources, such as
mature leaves, to the plant’s sinks that utilize and store products of
photosynthesis). A correlation between photosynthesis and xylem
hydraulic conductivity (Hubbard et al., 2001; Brodribb et al., 2005;
Nardini et al., 2005; Sack and Holbrook, 2006) has thus far been
the focus of studies on the relationship between photosynthesis
and leaf venation (Boyce et al., 2009; Beerling and Franks, 2010;
Brodribb and Feild, 2010; Brodribb et al., 2010; McKown et al.,
2010; Blonder et al., 2011; Walls, 2011). In contrast, little attention
has been given to a possible relationship between sugar export
via the phloem and photosynthesis (Adams et al., 2013). In the
studies relating photosynthesis to xylem hydraulic conductivity,
photosynthesis was assessed as CO2 exchange between the leaf and
the atmosphere. These measurements of the leaf ’s CO2 fixation
rates also reflect barriers to CO2 movement from the atmosphere
to the carboxylation sites in the chloroplasts (cuticular, stomatal,
mesophyll, cell wall, and chloroplast envelope resistances; Boyer
et al., 1997; Tuzet et al., 2003; Tholen and Zhu, 2011; Flexas et al.,
2012), and do not measure the leaf ’s intrinsic maximal capacity
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for photosynthesis per se. In contrast, all resistances to CO2 dif-
fusion to the sites of carboxylation are eliminated (via saturation
of the leaf with 5% CO2) through use of the leaf disc oxygen
electrode (Delieu and Walker, 1981) that allows determination of
the intrinsic maximal rate of photosynthesis. In order to reveal
any correlations between plant vascular features associated with
sugar or water flux capacity and the maximal intrinsic poten-
tial for photosynthesis, light- and CO2-saturated photosynthetic
oxygen evolution unhindered by resistances to the movement of
CO2 needs to be assessed. We conducted a thorough examination
of the leaves of three A. thaliana ecotypes grown under multiple
environmental conditions to determine the relationship between
phloem or xylem structure and the light- and CO2-saturated
rates of photosynthetic oxygen evolution in this species. We grew
all three A. thaliana lines under several photon flux densities
(PFD) and temperatures, resulting in leaves with a wide range
of vascular anatomical features (Cohu et al., 2013) and light- and
CO2-saturated rates of photosynthetic oxygen evolution.

MATERIALS AND METHODS
Arabidopsis thaliana LINES
Three different ecotypes of A. thaliana (L.) Heynhold were
investigated. Two were obtained from populations growing in
north-central Sweden and central Italy, i.e., from the latitudinal
extremes of this species’ natural geographic range (Ågren and
Schemske, 2012). The third was the wild-type Columbia (Col-
0) line procured from The Arabidopsis Information Resource
collection1.

GROWTH CONDITIONS
Plants were grown from seed under controlled growth-chamber
conditions (leaf temperature of 24–26◦C day/20◦C night resulting
from air temperature 25◦C day/20◦C night, or leaf temperature
of 12–16◦C day/12.5◦C night resulting from air temperatures of
8◦C day/12.5◦C night; elevated leaf temperature above air tem-
perature due to daytime radiant heat gain), 9 h photoperiod (15 h
dark) of 400 or 1000 μmol photons m−2 s−1, and fertilized with
nutrients every other day. Plants grown under conditions with an
average daytime leaf temperature of 14◦C (8◦C air temperature
during photoperiod) were germinated at an air temperature of
25◦C until cotyledons emerged, then transferred to an air temper-
ature of 15◦C for 1 week before transfer to an air temperature of
8◦C. Only fully expanded mature leaves of non-flowering plants
at a similar stage of development (6–8 weeks old, with the plants
subject to the two-step transfer to low temperature exhibiting a
slightly offset development; see Cohu et al., 2013 for additional
detail) that emerged under final growth conditions were character-
ized. Leaf temperatures were determined with a fine thermocouple
thermometer (Wescor TH-65 meter, Logan, UT, USA) appressed
to the lower surface of the leaves with porous (Transpore, 3M)
tape.

PHOTOSYNTHESIS AND VEIN MEASUREMENTS
Measurements of light- and CO2-saturated rates of photosynthetic
oxygen evolution at 25 or 12.5◦C and leaf vein density, as well as

1http://www.arabidopsis.org/

leaf tissue embedding in Spurr resin were conducted as previously
described (Amiard et al., 2005). Leaf minor loading veins (third-
and fourth-order veins) consisted of phloem tissue with 14 or
fewer sieve elements per vein while maintaining a greater than 50%
phloem to vein cross-sectional area as established for A. thaliana by
Cohu et al. (2013). Vein cross-sectional areas were determined by
Image-J2 (Rasband W.S., ImageJ, U.S. National Institute of Health,
Bethesda, MD, USA, 1997–2012). Phloem and xylem parameters
were quantified from 7–10 vein cross-sections per plant. Com-
parison of mean values (All pairs, Tukey HSD for Figure 1, and
t-test for Figure 3), correlation coefficient, and level of signifi-
cance (ANOVA) were determined using JMP statistical software
(SAS Institute, Cary, NC, USA).

RESULTS
When the present study was initially undertaken, it was unknown
which feature(s) of leaf vasculature, if any, may be adjusted in
response to the environment. An extensive and comprehensive
characterization of many different aspects of phloem anatomy
was thus initially conducted (see Cohu et al., 2013). Those char-
acteristics of the phloem (and xylem) that exhibited the greatest
co-variation in response to the environment were explored here
with respect to their relationship with photosynthesis.

Growth under higher PFD and lower temperature resulted in
greater rates of light- and CO2-saturated photosynthetic oxygen
evolution (Figure 1A) as well as greater cross-sectional areas of
the phloem portion (Figure 1B) of foliar minor loading veins
(veins active in loading sugars from the leaf ’s photosynthetic mes-
ophyll cells into sugar-transporting sieve elements; see Cohu et al.,
2013) in the Italian, Col-0, and Swedish ecotypes. In addition
to sieve elements, the phloem contains sieve-element-associated
companion and parenchyma cells (Knoblauch and Oparka, 2012)
in a ratio to sieve elements that is fairly constant among minor
loading veins (Table 1; see also Amiard et al., 2007). Moreover,
the Swedish ecotype exhibited significantly higher levels of both
light- and CO2-saturated rates of photosynthetic oxygen evolu-
tion and phloem area than the Italian ecotype and the Col-0 line
(Figures 1A,B) when grown under cool temperatures (14◦C leaf
temperature) at either moderate (400 μmol photons m−2 s−1)
or high (1000 μmol photons m−2 s−1) PFD. In contrast to the
phloem, the total cross-sectional area of the portion of minor
loading veins occupied by the xylem tissue did not vary consis-
tently among growth conditions or ecotypes over the range of
growing conditions explored here (Figure 1C).

Since the Italian and Swedish ecotypes exhibited the greatest
differences in both light- and CO2-saturated rates of photosyn-
thetic oxygen evolution and phloem cell area, these two ecotypes
were compared for differences in the cross-sectional area of various
cell types in individual foliar minor loading veins for leaves grown
under cool temperatures and moderate PFD. Figure 2A shows that
total cross-sectional area of sieve elements per vein increased in
proportion with the total cross-sectional area of those phloem cells
(companion cells, CC; and phloem parenchyma cells, PC) shar-
ing a surface with sieve elements over a range of minor loading
vein sizes. Furthermore, there was a high degree of segregation

2http://imagej.nih.gov/ij/
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FIGURE 1 | (A) Light- and CO2-saturated rate of photosynthetic oxygen
evolution, (B) minor loading vein phloem tissue cross-sectional area, and
(C) minor vein xylem tissue cross-sectional area of A. thaliana Italian,
Swedish, and wild-type Col-0 ecotypes grown under controlled
temperature (mean leaf temperature in ◦C) and PFD (ML = 400 and
HL = 1000 μmol photons m−2 s−1) conditions. Actual daytime leaf
temperatures varied between 24 and 26◦C or between 12 and 16◦C.
Mean ± standard deviation shown for light- and CO2-saturated rate of
photosynthetic oxygen evolution (A) and mean ± standard error of the
mean shown for leaf vascular features (B,C) (n = 4 plants); statistically
significant differences indicated with lower case letters (P < 0.05).

between data points for the Swedish ecotype (with larger cross-
sectional sieve element and CC + PC areas) versus the Italian
ecotype. Moreover, plotting of the combined cross-sectional area
of all sieve elements in a minor loading vein versus the combined
cross-sectional area of all water-transporting tracheids in a minor
loading vein (Figure 2B) revealed an enhanced emphasis on sugar
transport in the Swedish ecotype compared to the Italian ecotype.
There was, again, almost complete segregation between data points
for the Swedish versus the Italian ecotype, with a consistently larger

Table 1 | Companion and phloem parenchyma cell (CC + PC) number

per associated sieve element (SE) number in minor loading veins and

vein density (vein length per leaf area; mm mm−2) from leaves of

Italian, Col-0, and Swedish ecotypes of A. thaliana grown under

different controlled temperature (◦C daytime leaf temperature) and

photon flux density (PFD in μmol photons m−2 s−1) conditions.

Ecotype Growth conditions CC + PC

number/SE

number

Vein density

(mm mm−2)
Temperature

(◦C)

PFD (μmol

photons

m−2 s−1)

Italian 25 400 3.1 ± 0.07ab 2.84 ± 0.07 n.s.

25 1000 2.97 ± 0.07ab 2.76 ± 0.31 n.s.

14 400 3.11 ± 0.03ab 2.73 ± 0.29 n.s.

14 1000 2.97 ± 0.08ab 2.93 ± 0.19 n.s.

Col-0 25 400 3.15 ± 0.11ab 2.88 ± 0.26 n.s.

25 1000 3.07 ± 0.04ab 2.95 ± 0.13 n.s.

14 400 3.25 ± 0.03a 2.45 ± 0.19 n.s.

14 1000 3.11 ± 0.04ab 2.74 ± 0.18 n.s.

Swedish 25 400 3.00 ± 0.05ab 2.65 ± 0.19 n.s.

25 1000 2.83 ± 0.10b 2.91 ± 0.28 n.s.

14 400 3.14 ± 0.07ab 2.60 ± 0.23 n.s.

14 1000 2.88 ± 0.03b 2.94 ± 0.32 n.s.

Mean ± standard error of the mean (n = 4 plants). Statistically significant dif-
ferences indicated with lower case letters (P < 0.05), n.s., not statistically
different.

cross-sectional area of the minor loading veins consisting of sieve
elements versus tracheids in the Swedish ecotype (Figure 2B).

A greater responsiveness of sieve element size to a combination
of cool temperature and higher PFD in the Swedish versus the
Italian ecotype is illustrated in Figure 3. The cross-sectional area
of minor loading veins occupied by sieve elements was modestly,
albeit significantly, greater in the Swedish ecotype compared to the
Italian ecotype when both ecotypes were grown under moderate
PFD at 25◦C (Figure 3, set of mean values to the left). Growth
under the same moderate PFD but cooler temperature (14◦C;
Figure 3, middle set of mean values) did not result in increased
sieve element area per vein in the ecotype from Italy. In contrast, in
the Swedish ecotype sieve element area per vein was significantly
greater under moderate PFD in plants grown at 14◦C compared to
25◦C, and more than twice that of the Italian ecotype when both
ecotypes were grown at 14◦C in moderate PFD (Figure 3, middle
set of mean values). All three ecotypes exhibited significant addi-
tional increases in sieve element area when grown under high PFD
at 14◦C, with sieve element area per vein still significantly greater
in the Swedish versus the Italian ecotype (Figure 3, set of mean
values to the right). Total cross-sectional area of sieve elements per
minor loading vein of the Col-0 line of A. thaliana exhibited inter-
mediate values relative to the Italian and Swedish ecotypes, with
significantly greater areas under cool temperature and increased
growth light (Figure 3).

Multiple features of the phloem component of minor load-
ing veins turned out to be excellent predictors of a leaf ’s light- and
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FIGURE 2 | Relationship between the cross-sectional area of the sieve

elements (SE) versus (A) the cross-sectional area of the companion and

phloem parenchyma cells immediately adjacent to those sieve elements

and (B) the cross-sectional area of the tracheids in foliar minor loading

veins of A. thaliana Italian (open circles) and Swedish (black squares)

ecotypes grown in controlled temperature (12–16◦C daytime leaf

temperature) and moderate PFD (400 μmol photons m–2 s–1) conditions.

Area of sieve elements and area of tracheids is the sum of all sieve elements
and tracheids, respectively, within a minor loading vein. The scatterplots
represent individual foliar vein measurements from four plants per ecotype
with 7–10 minor loading veins characterized per plant. Data points from the
Swedish ecotype in (B) are from Figure 5A in Cohu et al. (2013).

CO2-saturated rate of photosynthetic oxygen evolution (Figure 4),
including cross-sectional area of sieve elements (Figures 4A,B),
total number of sieve elements (Figures 4C,D), cross-sectional
area of companion and phloem parenchyma cells (CC + PC;
Figures 4E,F), and number of CC + PC (Figures 4G,H). Figure 4
depicts significant linear relationships between the light- and CO2-
saturated rate of photosynthetic oxygen evolution versus the latter
phloem features in minor loading veins of all three ecotypes
grown under four different conditions (two leaf temperatures
and two PFDs) when photosynthesis was measured at either 25
or 12.5◦C. These positive linear relationships were strongest for
light- and CO2-saturated rates of photosynthetic oxygen evolu-
tion versus the number of either sieve elements (Figures 4C,D)
or CC + PC (Figures 4G,H) per loading vein when compared
to the areas of either sieve elements (Figures 4A,B) or CC + PC
(Figures 4E,F).

While the total cross-sectional area of the entire xylem per
vein, unlike phloem area, was not significantly associated with
light- and CO2-saturated rates of photosynthetic oxygen evolu-
tion (Figure 1C), the tracheid cells of the xylem did show some
associations with photosynthesis. Light- and CO2-saturated rates
of photosynthetic oxygen evolution versus tracheid number per
vein (Figures 5A–C) or total cross-sectional tracheid area per vein
(Figures 5D–F) for Italian and Swedish ecotypes also yielded linear
relationships, several of which were significant, while most were
not significant. In contrast to the relationships with the cells of the
phloem (Figure 4), light- and CO2-saturated rates of photosyn-
thetic oxygen evolution versus tracheids exhibited two separate
linear relationships corresponding to the two different growth
temperatures when photosynthesis was determined at either 25◦C
(Figures 5A,D) or 12.5◦C (Figures 5C,F), but converged on a
single linear relationship when photosynthesis was measured at

the approximate respective growth temperatures (Figures 5B,E).
Growth under higher PFD at a given temperature consistently
resulted in greater numbers and a larger total cross-sectional tra-
cheid area per minor loading vein (Figure 5). Furthermore, growth
at higher temperature resulted in a greater number and a larger
total cross-sectional tracheid area per minor loading vein in the
Italian ecotype under a given growth light regime, but not in
the Swedish ecotype (Figure 5). It is also important to note that
foliar vein density was not significantly different among all three
ecotypes under any of the growth conditions (mean ± standard
deviation = 2.78 ± 0.25 mm vein length per mm2 leaf area, n = 48
plants; Table 1).

DISCUSSION
We previously suggested that specialized architectural features
of foliar phloem in plants (symplastic loaders) that load sugars
into minor veins through plasmodesmata may provide a physical
limitation to sugar export preventing full acclimation of pho-
tosynthesis in mature leaves acclimated to one condition and
subsequently transferred to another (Amiard et al., 2005; Adams
et al., 2007). Gifford and Evans (1981) and Wardlaw (1990) had
previously speculated, based on the then-available evidence, that
transport of photosynthetic products from sources to sinks was
unlikely to be limiting. On the other hand, Ainsworth and Bush
(2011) recently suggested that one might be able to enhance pho-
tosynthesis and plant productivity by increasing the capacity for
exporting carbohydrates from leaves through the phloem.

The present report provides the first data linking photosynthe-
sis to aspects of the basic phloem structure of leaves. The asso-
ciation reported here between a leaf ’s light- and CO2-saturated
rate of photosynthetic oxygen evolution and the proportion of
minor loading veins devoted to phloem, and particularly the
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FIGURE 3 | Relationship between the cross-sectional area of sieve

elements (SE) per minor loading vein and growth condition for three

A. thaliana ecotypes (Italian ecotype, black circles; Col-0, white

triangles; Swedish ecotype, black squares). Arabidopsis thaliana
ecotypes were grown in controlled temperature (mean daytime leaf
temperature indicated in ◦C) and light (moderate PFD at 400, and high PFD
at 1000 μmol photons m−2 s−1) conditions. Actual daytime leaf
temperatures varied between 24 and 26◦C or between 12 and 16◦C.
Mean ± standard error of the mean shown (n = 4 plants), and statistically
significant differences between Swedish and Italian ecotypes for each
growth condition indicated with an asterisk (*P < 0.05; ***P < 0.001).

highly significant linear relationship between number, or total
cross-sectional area, of these vein’s sugar-loading cells and sugar-
transporting sieve elements versus their light- and CO2-saturated
rates of photosynthetic oxygen evolution (Figure 4), strongly sug-
gests that the capacity for exporting sugars from the leaf is a
contributing determinant of a leaf ’s maximally achievable rate
of photosynthesis. It should, however, be noted that these data
are correlative in nature, and that causality should be addressed in
future studies.

The remarkable light- and CO2-saturated rate of 108 μmol O2

m−2 s−1 exhibited by the leaves of the A. thaliana ecotype from
Sweden grown under high PFD and cool temperatures is several
times higher than the photosynthetic rate of A. thaliana Col-0
leaves grown under high PFD and warm temperatures (close to
40 μmol O2 m−2 s−1 in the present study, Figure 4) and exceeds
light- and CO2-saturated rates of photosynthetic oxygen evolu-
tion from herbaceous species growing in full sunlight in the winter
(75 μmol O2 m−2 s−1for the winter annual spinach; Adams et al.,
1995; 70–80 μmol O2 m−2 s−1 for the biennial Malva neglecta;
Adams et al., 2002). Our findings suggest that potential future

efforts to overexpress sieve element and companion cell num-
ber (and thereby presumably sugar export capacity) may reveal
that the upper limit of photosynthesis is considerably higher than
currently assumed.

The linear associations between a leaf ’s light- and CO2-
saturated rate of photosynthetic oxygen evolution and number
or cross-sectional area of tracheids per minor loading vein are
consistent with previous studies emphasizing the transport and
distribution of water to and within leaves in support of tran-
spirational water loss during CO2 uptake through the stomata
(Hubbard et al., 2001; Brodribb et al., 2005, 2010; Nardini et al.,
2005; Sack and Holbrook, 2006; Boyce et al., 2009; Beerling and
Franks, 2010; Brodribb and Feild, 2010; McKown et al., 2010;
Blonder et al., 2011; Walls, 2011). Increasing tracheid numbers,
and consequently an increasing total cross-sectional tracheid area,
per minor loading vein exhibited a single linear relationship with
increased light- and CO2-saturated rates of photosynthesis when
determined at the respective growth temperature (25 or 12.5◦C) of
each set of leaves, but two separate relationships when determined
at one or the other temperature. This finding suggests that the
architecture of water-transporting xylem cells is adjusted specif-
ically for the temperature and PFD under which leaves develop,
presumably to provide for physical delivery of water (along a water
potential gradient) at a rate matching the demand of transpira-
tional water loss to the specific environmental conditions under
which plants were growing.

On the other hand, presumably as the integrated coordina-
tion of two processes that both rely on proteins (enzymes of the
Calvin cycle in photosynthesis and transport proteins in phloem
loading) subject to decreased activity with decreases in temper-
ature, light- and CO2-saturated rates of photosynthetic oxygen
evolution increased linearly with the number or cross-sectional
area of phloem cells among all ecotypes and growth conditions
when photosynthesis was determined at a single temperature.
At any given temperature, the light- and CO2-saturated photo-
synthesis rate of leaves that developed at lower temperature was
thus greater than that of leaves that developed at warm temper-
ature, such that the overall effect allowed leaves to maintain a
similar light- and CO2-saturated photosynthesis rate at the lower
growth temperature as leaves growing under the warmer growth
temperature. In other words, leaves growing at low temperature
upregulated photosynthesis, as well as their apparent capacity to
export products of photosynthesis through more phloem cells, to
maintain a rate of photosynthesis similar to that of leaves grow-
ing at warm temperature. For A. thaliana, which is an apoplastic
loader (Haritatos et al., 2000), the increased number of compan-
ion and phloem parenchyma cells in minor veins of leaves that
developed under lower temperature and higher PFD presumably
provide for an increased cell membrane area for greater numbers
of transport proteins (sucrose-H+ co-transporters and adenosine
triphosphatases) to drive the loading of sugars into the phloem.
Concomitantly, the greater numbers of sieve elements per vein
provide a greater cross-sectional area through which sugars can
be transported, which may be important to accommodate greater
sugar production resulting from higher rates of photosynthesis
and/or a more viscose phloem sap that could arise from decreas-
ing temperature (Cohu et al., 2013). Plants acclimated to lower
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FIGURE 4 | Continued
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FIGURE 4 | Continued

Light- and CO2-saturated rate of oxygen evolution, determined at

either 25◦C or 12.5◦C, versus (A,B) the cross-sectional area of sieve

elements per minor loading vein, (C,D) the number of sieve elements

per minor loading vein, (E,F) the cross-sectional area of companion

and phloem parenchyma cells (CC + PC) adjacent to sieve elements per

minor loading vein, and (G,H) the number of companion and phloem

parenchyma cells adjacent to sieve elements per minor loading vein

for three A. thaliana ecotypes grown at two leaf temperatures and two

PFDs. Arabidopsis thaliana lines (Italian ecotype, circles; Col-0, triangles;
Swedish ecotype, squares) were grown under four different conditions
(24–26◦C and 400 μmol photons m−2 s−1, open symbols; 24–26◦C and
1000 μmol photons m−2 s−1, light gray symbols; 12–16◦C and 400 μmol
photons m−2 s−1, dark gray symbols; 12–16◦C and 1000 μmol photons
m−2 s−1, black symbols). Mean ± standard deviation shown for light- and
CO2-saturated rates of photosynthetic oxygen evolution, and
mean ± standard error of the mean shown for number and cross-sectional
area of cells per minor loading vein (n = 4 plants). Linear regression
lines are shown with the following equations: (A) y = 1.6x − 22.4,
(B) y = 0.7x − 10.4, (C) y = 15.4x − 81.9, (D) y = 6.3x − 34.8,
(E) y = 0.12x − 38.7, (F) y = 0.05x − 19.83, (G) y = 5.1x − 82.1, and
(H) y = 2.1x − 36.4. All relationships were significant at ***P < 0.001.

temperature, however, presumably incur higher costs in terms of
the nitrogen and energy invested into greater numbers of cells and
photosynthetic and transport proteins.

Exploration of differences among the three A. thaliana eco-
types revealed that the Swedish ecotype not only exhibited the
greatest number and combined size of sieve elements, but also
showed the most sensitive response to variation of growth con-
ditions, with Col-0 (presumed origin in Germany) showing an
intermediate response, and the Italian ecotype showing the least
ready response to temperature (Figure 3). This difference among
ecotypes prepares the ground for future molecular approaches to
identify the gene(s) responsible for increased augmentation of the
phloem in minor loading veins and high photosynthetic rates of
the Swedish versus the Italian ecotype. Furthermore, the observed
differences between the Swedish and Italian ecotypes may also be
relevant to the performance of the two subjected to reciprocal
transplants. Both exhibited lower survival and lower reproductive
fitness in comparison to the local populations when transplanted
to the other’s habitat (Ågren and Schemske, 2012). In the case of
the Italian ecotype grown in Sweden, reduced performance might
be due to an inability to increase the numbers of phloem cells
to the same level as observed in the Swedish ecotype to facilitate
enhanced rates of sugar export and transport and of photosynthe-
sis at the lower temperatures prevailing in Sweden. On the other
hand, the relatively poorer performance of the Swedish ecotype
relative to the Italian ecotype when growing in Italy may be due
to differences between the two in the response of the xylem to
growth temperature. Minor veins of the Italian ecotype possessed
a greater number, as well as a greater total cross-sectional area, of
tracheids in leaves that developed under warm compared to cool
temperatures. Such a response may provide for a greater flux of
water to meet the transpirational demands of plants experiencing
warmer temperatures during growth, and thus would be more rel-
evant for plants that grow in Italy (warmer and drier atmosphere)
compared to Sweden. The minor vein tracheids of the Swedish
ecotype exhibited the opposite response to growth temperature,
with a greater number and cross-sectional area present in leaves

that developed under cool compared to warm temperature. Such a
response could be maladaptive to growth in the warmer and drier
climate of Italy, but may be critical to complementing the greater
number of phloem cells in the foliar minor veins of the Swedish
ecotype when leaves develop at lower temperature. Nikinmaa et al.
(2013) recently reported that the water potential gradient from
xylem to phloem exceeds that between xylem and transpirational
water loss. It is thus conceivable that, for the Swedish ecotype
that evolved in a cooler and moister climate, it is advantageous to
link development of more tracheids to the development of more
phloem in response to growth at cool temperatures rather than to
warm temperatures rarely experienced by this winter annual in a
high-latitude environment.

Removal of sinks (like developing fruit or developing leaves)
as destinations for sugars produced by photosynthetically active
source leaves results in decreased photosynthesis rates of source
leaves (Mondal et al., 1978; Myers et al., 1999; Wünsche et al.,
2005; Duan et al., 2008). In addition, downregulation of compo-
nents of the photosynthetic apparatus, due to feedback inhibition
by products of photosynthesis accumulating in the leaf, was
elegantly demonstrated through cold-girdling (lowering the tem-
perature of the phloem to slow the transport of sugars out of
the leaf) of individual leaf petioles (Krapp et al., 1993; Krapp and
Stitt, 1995). Physical removal of the phloem (girdling) of whole
branches likewise resulted in strong downregulation of photosyn-
thesis in leaves of those branches (Myers et al., 1999; Urban and
Alphonsout, 2007). It can be concluded that sustained increases
in photosynthesis of mature leaves must involve effective car-
bohydrate removal from the source leaves. Increased investment
by the plant in expensive-to-maintain photosynthetic machinery
should thus only be expected if sufficient sugar-export infras-
tructure is available to distribute the resulting increased sugar
production.

We therefore propose that number (and total cross-sectional
area) of the sieve elements of a leaf ’s loading veins can represent
a limitation to sugar export from leaves that represses photosyn-
thetic genes and limits photosynthesis. It is important to note
that additional foliar features co-vary with photosynthetic rate,
including the stomatal pores through which CO2 gains access
to the chloroplasts (Farquhar and Sharkey, 1982; Medrano et al.,
2002), hydraulic conductivity of the plant’s water transport sys-
tem (Hubbard et al., 2001; Brodribb et al., 2005, 2010; Nardini
et al., 2005; Sack and Holbrook, 2006), leaf thickness and dry
mass per area (Wright et al., 2004; Terashima et al., 2006; Dum-
lao et al., 2012), total chloroplast area exposed to leaf internal air
spaces (Oguchi et al., 2005; Terashima et al., 2006), and leaf nitro-
gen content (Küppers et al., 1995; Hikosaka, 2004; Wright et al.,
2004). Nonetheless, our findings suggest that environmental cues
can trigger the production of greater numbers of phloem cells
in minor loading veins – as an increase in foliar vascular infras-
tructure presumably required for maximal sugar distribution and
to allow up-regulation of photosynthetic sugar production. The
latter finding has implications for the fundamental understand-
ing of what governs leaf photosynthetic activity. The number of
phloem cells in minor loading veins may play a major role in set-
ting the capacity of the distribution route for sugars produced in
photosynthesis to the plant’s sugar-storing and sugar-consuming
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FIGURE 5 | Light- and CO2-saturated rate of oxygen evolution,

determined at either 25 or 12.5◦C, versus (A–C) the number of tracheids

per minor loading vein or (D–F) the cross-sectional area of tracheids per

minor loading vein for Italian (circles) and Swedish (squares) ecotypes of

A. thaliana grown at two leaf temperatures and two PFDs. Plants were
grown under four different conditions (24–26◦C and 400 μmol photons m−2

s−1, open symbols; 24–26◦C and 1000 μmol photons m−2 s−1, light gray
symbols; 12–16◦C and 400 μmol photons m−2 s−1, dark gray symbols;
12–16◦C and 1000 μmol photons m−2 s−1, black symbols). Mean ± standard
deviation shown for light- and CO2-saturated rates of photosynthetic oxygen

evolution, and mean ± standard error of the mean shown for number and
cross-sectional area of tracheids per minor loading vein (n = 4 plants). Linear
regression lines are shown with the following equations: (A) growth at 14◦C
line by y = 28.4x − 93.4 and growth at 25◦C line by y = 12.0x − 35.1,
(B) y = 10.5x − 30.4, (C) growth at 14◦C line by y = 11.6x − 41.0 and growth
at 25◦C by y = 3.3x − 5.8, (D) growth at 14◦C line by y = 0.8x − 41.9 and
growth at 25◦C by y = 0.5x − 42.1, (E) y = 0.4x − 34.0, and (F) growth at
14◦C line by y = 0.4x − 26.2 and growth at 25◦C line by y = 0.1x − 7.0. Level
of significance (in parentheses) indicated as follows: *P < 0.05, **P < 0.01,
and n.s., not statistically significant.

sinks. If this anatomical feature were to represent a bottleneck,
its manipulation might allow photosynthesis to be increased to
unprecedented levels. Furthermore, as atmospheric carbon diox-
ide levels continue to rise, the ability to increase the flux of sugars
and other reduced carbon compounds out of the leaves to the rest
of the plant may become critical to preventing the downregulation
of photosynthesis that can result from the accumulation of sug-
ars in leaves in response to elevated CO2 levels (van Oosten and
Besford, 1996; Makino and Mae, 1999; Moore et al., 1999; Paul and
Foyer, 2001; Bloom, 2006). One important aspect of the present
findings thus lies in the identification of a potential target to
increase photosynthesis via selection, breeding, and/or engineer-
ing of crop varieties with the greatest propensity for enhancement
of foliar sugar-export. Concomitant assessment of foliar minor

loading vein phloem features and light- and CO2-saturated rates
of photosynthetic oxygen evolution of different species (Adams
et al., 2013) can also serve to further test the generality of the
fundamental relationship described here.
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Source-to-sink transport of sugar is one of the major determinants of plant growth and
relies on the efficient and controlled distribution of sucrose (and some other sugars such
as raffinose and polyols) across plant organs through the phloem. However, sugar transport
through the phloem can be affected by many environmental factors that alter source/sink
relationships. In this paper, we summarize current knowledge about the phloem transport
mechanisms and review the effects of several abiotic (water and salt stress, mineral
deficiency, CO2, light, temperature, air, and soil pollutants) and biotic (mutualistic and
pathogenic microbes, viruses, aphids, and parasitic plants) factors. Concerning abiotic
constraints, alteration of the distribution of sugar among sinks is often reported, with some
sinks as roots favored in case of mineral deficiency. Many of these constraints impair the
transport function of the phloem but the exact mechanisms are far from being completely
known. Phloem integrity can be disrupted (e.g., by callose deposition) and under certain
conditions, phloem transport is affected, earlier than photosynthesis. Photosynthesis
inhibition could result from the increase in sugar concentration due to phloem transport
decrease. Biotic interactions (aphids, fungi, viruses. . .) also affect crop plant productivity.
Recent breakthroughs have identified some of the sugar transporters involved in these
interactions on the host and pathogen sides. The different data are discussed in relation
to the phloem transport pathways. When possible, the link with current knowledge on the
pathways at the molecular level will be highlighted.

Keywords: Phloem, sugar transport, source/sink, abiotic factors, biotic factors

SUGAR TRANSPORT IN THE PHLOEM
Among the sugars synthesized in a plant, only a few are transported
in the phloem over a long-distance, whatever the species and the
type of phloem loading considered. In all cases, sucrose is the
main form of carbon found in the phloem. In addition to sucrose,
polyols (mainly sorbitol and mannitol) and oligosaccharides of the
raffinose family can also be found. In some species, both polyols
and raffinose are found in the phloem (Rennie and Turgeon, 2009).
Hexose transport in the phloem has also been reported for a limited
number of species (van Bel and Hess, 2008) but these results were
recently challenged (Liu et al., 2012). Raffinose and other members
of the raffinose family oligosaccharides are indirectly involved in
the building up of sugar concentrations in the phloem by polymer
trapping (Rennie and Turgeon, 2009). Conversely, polyols tend to
behave exactly like sucrose as far as transport is concerned and
thus, in apoplastic loaders, there are specific polyol transporters
(Noiraud et al., 2001b). Unless stated otherwise, sucrose is the
main sugar we deal with in the following sections.

According to many studies, up to 80% of photosynthetic
fixed carbon can be exported by mature leaves. The amount
of sucrose available for export from source leaves depends on
several parameters: photosynthetic activity (carbon fixation),

partitioning between starch synthesis in the chloroplast and
triose-phosphates exported from the chloroplast for sucrose syn-
thesis, and transient storage of sucrose in the vacuole (Figure 1).
If one of these factors is altered, the amount of sucrose available
for export is affected and therefore source/sink relationships can
be altered. The pathways for sucrose loading in the conducting
cells of the phloem have been documented mostly in the case of
active phloem loading in herbaceous species (Figure 1). Active
phloem loading results in a higher solute concentration in the
sieve element-companion cell complex (SE/CC complex) than in
the surrounding tissues. The mechanism of active phloem loading
from the apoplastic space involves sucrose and polyol trans-
porters that have been identified in numerous species (Noiraud
et al., 2001b; Lalonde et al., 2004; Sauer, 2007; Reinders et al.,
2012). These transporters can concentrate sugars in the SE/CC
complex by dissipating the proton gradient established by an
H+/ATPase located in the same cells. The release of sucrose in
the apoplast in the vicinity of the SE/CC complex may be con-
trolled by the recently discovered SWEET facilitators (Chen et al.,
2012; Figure 1). The second mechanism for active phloem load-
ing is polymer trapping, whereby sucrose is converted to raffinose
or larger molecules through addition of galactose to sucrose in
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FIGURE 1 | Comparison of source-to-sink sugar transport in symplastic

and apoplastic active phloem loaders. Sucrose available for export from
mesophyll cells (MC) results from a balance between storage in the vacuoles
and sequestration as starch in the chloroplasts. Sucrose can reach the sieve
tubes through plasmodesmata that allow for its diffusion from cell to cell in
species like cucurbits. Sucrose is converted to larger molecules (RFOs) by the
sequential addition of galactosyl residues in modified companion cells (CC)
called intermediary cells. The larger molecules cannot move back to phloem
parenchyma cells (PP) and are transferred and accumulated in sieve tubes. In
apoplast-loading species, sucrose reaches phloem parenchyma cells through
plasmodesmata. Sucrose is loaded and accumulates in the phloem by
passing through the apoplast between the PP and the CC. The major players
are presented in the enlargement of that area. Sucrose enters the apoplast
through facilitators of the SWEET family (pale green circle) and is
accumulated in the companion cell by a proton/sucrose co-transporter of the
SUT1/SUC2 type (green circle). The energy necessary for the co-transport is
provided by an H+/pumping ATPase (black circle) which establishes a proton
gradient and a trans-membrane potential regulated by potassium channels of
the AKT2/3 type (white circle). In Solanaceous species, SUT1 transporters are

localized at the plasma membrane of sieve elements (not shown). Polyols can
also be transported into the phloem, with specific transporters located in the
plasma membrane of CC (not shown). A high hydrostatic pressure is
generated in the sieve tubes of the collection phloem and water from the
xylem is attracted. Sucrose, RFOs and polyols are transported in the sieve
tubes to the sink organs in the transport phloem. All along the path, they can
be leaked from and reloaded into the phloem via the same mechanism (not
shown). Sucrose is unloaded into the release phloem where the hydrostatic
pressure is supposed to be lower. Sucrose can be unloaded through a
symplastic pathway or through an apoplastic pathway. In the latter case,
sucrose is unloaded into the apoplast through specific carriers which can be
of the SUT1/SUC2 type (green circle; Carpaneto et al., 2005). Sucrose is then
taken up by sink-specific sucrose carriers of the same SUT1/SUC2 (light
green circle) or converted to hexoses by a cell-wall invertase (CWInv).
Hexoses are then taken up by specific carriers at the plasma membrane
(orange circle) or at the tonoplast level (yellow and brown circles). Sucrose in
sink cells can be metabolized (growing sinks) or stored as starch in
amyloplasts, or imported into the vacuoles (red circles) and further converted
to hexoses by a vacuolar invertase (VInv).
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intermediary cells (Rennie and Turgeon, 2009). In that case, sug-
ars move from cell to cell through a symplastic pathway (Figure 1).
Active phloem loading may not be universal as there are many
indications of passive loading at least in tree species (Rennie and
Turgeon, 2009; Turgeon, 2010b). This is achieved by maintain-
ing high solute concentrations in the mesophyll cells of such
species.

These different pathways concern the loading of sucrose in the
so-called collection phloem (Van Bel, 2003) which represents the
initial step of long-distance transport. Transport along the path
between source and sink occurs in the transport phloem and
sucrose is delivered to sink organs by the release phloem (Van
Bel, 2003). The most widely accepted concept to explain solute
transport in the phloem is mass-flow, as initially proposed by
Münch and followers, whereby the hydrostatic pressure difference
in the phloem between source (high pressure) and sink (low pres-
sure) accounts for sap movement (Figure 1). At many stages along
the pathway, specific transporters are involved in the cell-to-cell
movement of sucrose or in the intracellular compartmentation
between the cytoplasm and organelles; they thus represent major
regulators of sugar fluxes. It should be noted that sucrose trans-
porters (SUTs) have been localized and characterized in the three
phloem sections. Sucrose can act as a signal and regulate many
genes involved in growth and development (Koch, 2004; Muller
et al., 2011).

During longitudinal transport, sucrose can be leaked and
retrieved but also used by sink cells along the path (axial sinks;
Minchin and Thorpe, 1987). In some species, stems or petioles can
be turned into storage organs (e.g., celery; Noiraud et al., 2001a)
and this function is even more pronounced in tree trunks (Hou,
1985). In such conditions, storage is transient as resources will later
be used to support growth along with plant development. These
organs successively act as sinks and sources (Juchaux-Cachau
et al., 2007). Concerning their ability to retrieve sucrose from the
apoplast, the respective membrane potential levels between SEs
and phloem parenchyma cells are decisive (Hafke et al., 2005).
SUTs are involved in sucrose movement in the transport phloem,
even in tree species where loading is symplastic in the collection
phloem (Turgeon, 2010b).

In the release phloem, sugars can exit the phloem through either
a symplastic or an apoplastic pathway, although the first steps are
often symplastic (Fisher and Oparka, 1996; Patrick, 1997). How-
ever, unloading pathways depend on the particular sink involved
and its development stage (Figure 1). In sinks like developing seeds
or infected tissues, symplastic discontinuity requires an apoplastic
step for the transfer of photo-assimilates. A switch from apoplas-
tic to symplastic unloading was noted during potato tuberization
(Viola et al., 2001). In fruit development, contrasting results have
been found: in grape berry, Zhang et al. (2006) demonstrated a
shift from symplastic to apoplastic unloading whereas in apple
and cherry fruit there is evidence for an apoplastic step in sucrose
and sorbitol unloading, involving transporters (Gao et al., 2003;
Zhang et al., 2004).

In seeds, SUTs but also hexose transporters and cell-wall inver-
tases are responsible for sugar movement but their respective
roles differ depending on the development stage (Weber et al.,
1997; Weschke et al., 2003). These pathways have been extensively

studied in legume seeds, together with the corresponding
regulation of sucrose unloading (Zhang et al., 2007).

SOURCE-SINK RELATIONSHIPS IN PLANT AND SUGAR
ALLOCATION (SINK STRENGTH)
Sink organs depend on the delivery of sucrose (or other forms of
carbohydrates) by the phloem for their growth and development.
A plant may be regarded as a series of sources and sinks with
an overall carbon fixation capacity and several sinks “competing”
for the available photo-assimilates. This creates a priority system
among sinks. Roots and young leaves are major sinks during the
early developmental stages, whereas tubers, fruit and seeds become
major sinks during the reproductive stages (Wardlaw, 1990). The
distribution of resources among sinks is also a key factor of plant
productivity based on the harvest index (HI). The HI is the ratio
of harvested dry weight over plant dry weight (or above-ground
shoot dry weight): therefore a high HI indicates that a large amount
of photo-assimilates has been diverted to the sinks harvested by
humans (Gifford et al., 1984).

In order for plants to reach a balanced development and
optimize their reproductive fitness, priority for access to photo-
assimilates needs to be established between sinks. Changes in
carbon partitioning and switches between the apoplastic and
symplastic pathways occur throughout development or as a
response to the environment (Roitsch, 1999; Godt and Roitsch,
2006). Concerning the apoplastic pathway, hexose transport
resulting from cell-wall invertase/hexose transporter activity
has been suggested to predominate in the sink tissues that
undergo cell division and elongation, while sucrose transport
predominates in the sink tissues that switch to storage mode
(Weschke et al., 2000, 2003).

Priority among sinks has been related to the so-called “sink
strength” (Ho, 1988) or sink dominance. According to Wardlaw
(1990), the underlying basis of sink strength (assuming a pressure
flow mechanism for translocation) is an ability to effectively lower
the concentration of photo-assimilates in the SEs of the sinks and
thus establish a favorable hydrostatic pressure gradient between
the source and the sink. In that respect, the role of cell-wall inver-
tases has frequently been highlighted in sink organs as they increase
sucrose unloading by converting sucrose to hexoses. Transport of
photo-assimilates depends on source supply and sink demand.
The role of the phloem sap sugar content in the coupling between
sink demand and source activity is still a matter of debate (Minchin
et al.,2002). However, high sucrose contents in leaves could have an
inhibitory effect on SUT activity and thus inhibit sucrose loading
into the phloem. This point was evidenced by feeding sucrose to
the transpiration stream of cut sugar-beet leaves (Chiou and Bush,
1998). The authors hypothesized that high sucrose concentra-
tions in the vascular tissue, resulting from decreased sink demand,
down-regulated transporter activity. This could lead to decreased
phloem loading and increased sugar levels in mesophyll cells, and
in turn down-regulated photosynthesis. The opposite regulation
is thought to occur in the case of increased sink demand (Chiou
and Bush, 1998). This link between sugar export in leaves and sink
demand has been re-examined by Ainsworth and Bush (2011) and
phloem sucrose transport has been identified as a possible target
for improving plant productivity.
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Phloem transport capacity may not be a limiting factor, as
shown in several reports. In transgenic sugarcane, expressing a
sucrose isomerase led to the accumulation of sucralose in addition
to sucrose in stalk vacuoles. The sugar concentration was therefore
doubled in the juice harvested from stalks (Wu and Birch, 2007).
In such plants, photosynthesis and sucrose transport were greatly
increased, indicating a release of sink limitation. The overexpres-
sion of an Arabidopsis tonoplastic glucose transporter (TMT1) led
to increased glucose contents in the vacuoles of mesophyll cells
and to higher seed yield. In these plants, higher expression lev-
els of AtSUC2, the transporter that loads sucrose into the phloem
in Arabidopsis, have been noted (Wingenter et al., 2010). How-
ever, TMT1 can also drive sucrose entry into the vacuole (Schulz
et al., 2011) and therefore the former interpretation may have to
be reconsidered. In rice, when the expression of a SUTs involved
in sucrose efflux from the vacuole (OsSUT2) was suppressed, seed
production as well as root growth were reduced, indicating that
sucrose transport to sinks was impaired (Eom et al., 2011) and
confirming the former results obtained in Arabidopsis. Altogether
these different data suggest a link between the sugar concentration
in the cytoplasm of mesophyll cells and the export of sucrose, and
indicates source-limitation in wild-type plants.

Taking the former elements into account, source-to-sink
sucrose transport can be affected by environmental factors at least
at three different levels (Figure 1):

(i) the source (e.g., by an effect on photosynthesis or phloem
loading), resulting in less sucrose available for export,

(ii) the sink (e.g., increased demand for root growth, pathogens
developing on plant organs), leading to a new balance between
sinks that can be detrimental to yield,

(iii) the path between source and sink (by e.g., cold treatment,
aphids, viruses) leading to impaired sucrose delivery.

Plants undergo large changes in their environment throughout
their life and have developed many strategies to respond to these
changes. The following sections will try to summarize some of the
effects of environmental factors on sucrose transport from source
to sink organs.

EFFECTS OF ABIOTIC FACTORS
Among the many environmental factors that can affect plant
growth, the present review concentrates on two types: environ-
mental cues and some air and soil pollutants.

EFFECTS OF ENVIRONMENTAL CUES
Effects of water deficit
Water deficit is a major abiotic factor affecting crop development
and yield. Drought imposes unfavorable conditions on the leaves
(source) and roots (sink) of a plant. However, as pointed out by
Turgeon (2010a), the high osmotic potential in the phloem can
be a positive parameter for attracting water to the sieve tubes and
maintaining phloem sap flow in drought conditions.

Under mild water deficit, shoot growth is restricted while root
growth continues and, consequently, plant architecture is modi-
fied. In dicots, e.g., pea and grape, the number of branches and
the number of leaves on branches are particularly sensitive to soil
water deficit (Lecoeur et al., 1995; Lebon et al., 2006). In monocots

such as grasses, the number of young emerging organs is reduced
under drought (Courtois et al., 2000). As a result of this water-
stress avoidance strategy, global photosynthetic productivity may
decrease and thus impact the carbon flow to different sink organs.

Most research on the effect of water deficit on sugar metabolism
and phloem loading has been led using sucrose-translocating
species and demonstrates that in leaves, carbohydrate levels
are altered by drought. Sucrose and hexose amounts increase,
while starch levels decrease (Pelleschi et al., 1997), suggesting the
induction of starch hydrolysis and sucrose synthesis. In cotton,
water-stress-induced accumulation of sucrose in the source leaves
has been hypothesized as providing an energy supply to main-
tain cell survival in high-respiration environments (Burke, 2007).
Furthermore, sucrose and hexose accumulation is considered to
play a major role in osmotic adjustment to maintain metabolic
activity in source leaves. However, sugars may also accumulate in
leaves because of a decreased demand as a consequence of growth
limitation (Hummel et al., 2010).

The effects of water deficit on species that translocate raffi-
nose family oligosaccharides (RFOs) were also investigated since
RFOs are involved in desiccation tolerance in seeds (Koster and
Leopold, 1988) and in low-temperature acclimation of leaves
(Bachmann and Keller, 1995). A hypothetical model depicting the
effects of water-deficit stress on the carbon flow between RFOs
and O-methyl-inositol (OMI) has been proposed in Coleus, a
drought-tolerant plant. Under stress, reduced RFO levels were
observed and, conversely, increased OMI synthesis was noted. The
two metabolic pathways share myo-inositol, a ubiquitous plant
cyclitol, as an intermediate. In Coleus, the activity of galactinol
synthase, an enzyme that catalyses the first step of RFO biosyn-
thesis from UDP-galactose, was found down-regulated by water
deficit, thus contributing to lower levels of transportable RFOs
(Pattanagul and Madore, 1999).

In source leaves, transcript abundance of several genes
encoding enzymes involved in gluconeogenesis such as fructose-
biphosphate aldolase (Cramer et al., 2007), in the phosphorylation
of soluble sugars such as hexokinase (Whittaker et al., 2001),
and in RFO biosynthesis such as galactinol synthase (Taji et al.,
2002) increased in response to dehydration stress. Transgenic Ara-
bidopsis plants that overexpressed galactinol synthase produced
elevated amounts of galactinol and raffinose, which may function
as osmoprotectants and contribute to water-deficit stress tolerance
(Taji et al., 2002). Such an apparent discrepancy between RFO-
transporting plants such as Coleus and sucrose-transporting ones,
such as Arabidopsis, may reflect differential responses of distinct
species to water stress.

Water deficit induces changes in the concentrations of the main
organic nutrients that move inside the sieve tubes, i.e., sugars and
amino acids. Analysis of alfalfa phloem sap, collected by stylec-
tomy, indicated a significant increase in sucrose contents and total
amino acid concentrations as the leaf water potential decreased
from −0.4 to −2.0 MPa. The change in total amino acid con-
centration was due to larger amounts of Val, Leu, Ile, Glu, Asp,
Thr, and especially Pro (Girousse et al., 1996). Similarly, water
stress induced increased sucrose and Pro levels in phloem sap
collected from cut petioles of Arabidopsis leaves by the EDTA
method (Mewis et al., 2012).
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In sink organs, examples of the negative effects of drought on
sink growth have been reported in potato tubers, where osmotic
stress promoted sucrose biosynthesis instead of starch biosyn-
thesis via the induction of sucrose-phosphate synthase (SPS)
and the inhibition of ADP glucose pyrophosphorylase (AGPase;
Geigenberger et al., 1997). The degradation of some storage carbo-
hydrates such as starch and fructans in stems has been correlated to
starch accumulation in grains (Yang et al., 2004). Likewise, drought
led to a fivefold decrease in cytosolic invertase activity in the seeds
of Lupinus albus (Pinheiro et al., 2005), together with an increase in
the activity of vacuolar and cytosolic invertases in leaves, suggest-
ing that the amounts of sucrose available for transport to the seeds
are reduced under drought (Kim et al., 2000; Pinheiro et al., 2001;
Trouverie et al., 2004). As a conclusion, several observations bring
evidence for negative effects of dehydration on the sink/source
ratio that are detrimental to crop production in terms of biomass
redistribution (Cuellar-Ortiz et al., 2008).

Data about the involvement of SUTs in drought and salinity
tolerance remain limited. Group IV SUTs have been identified as
tonoplast-localized SUT/H+ symporters able to regulate sucrose
movement from the vacuole to the cytosol. In rice photosynthetic
leaves, the SUT OsSUT2 was up-regulated during drought and
salinity treatments (Ibraheem et al., 2011). Using PtaSUT4-RNAi-
suppressed poplars, (Frost et al., 2012) demonstrated the effects
of altered sucrose compartmentation on photosynthesis efficiency
and accumulation of water-stress-related RFOs in source leaves.
The authors suggest that export and long-distance sucrose trans-
port may be at least partly controlled by SUT-mediated sucrose
sequestration within the vacuole.

The effects of water deficit have also been studied at differ-
ent development stages. Drought stress can induce senescence
and enhance reserve mobilization (Chandlee, 2001). In other
terms, senescence and reserve mobilization are integral compo-
nents of plant development and basic strategies in stress mitigation
(Cowan et al., 2005). Studies using tomato plants over-expressing
Arabidopsis hexokinase showed that increased hexokinase levels in
plants induced higher sugar contents, which reduced photosyn-
thetic activity and consequently accelerated senescence in leaves
(Dai et al., 1999). Sugar levels can influence leaf progress through
senescence as direct causal signals, but also as substrates for car-
bon mobilization and reallocation to allow plants to alleviate the
effects of drought stress (Wingler et al., 1998; Rizhsky et al., 2004;
Cramer et al., 2007).

In rice, drought-induced leaf senescence promotes allocation
of assimilates to developing grains, shortens grain filling, and
increases the grain filling rate (Yang et al., 2002). In soybean, water
depletion decreases seed size primarily because of a shortening of
the filling period rather than an inhibition of the seed growth rate
(Westgate et al., 1989). Since seed growth depends on the supply
of assimilates from the maternal plant (source activity), as well as
on the demand for assimilates within the embryonic tissues (sink
activity), both maternal and embryonic factors contribute to the
maintenance of seed growth under water deficit. Thus, the lat-
ter authors hypothesized that a rapid depletion of sucrose in and
around the embryo would point to a source limitation, whereas a
reduction in sucrose uptake would imply a sink limitation. Even
though severe water deficit completely inhibits photosynthesis and

decreases the sucrose concentration in the cotyledon apoplast by
approximately 50%, seeds continue to accumulate dry matter at
or near the control rate. Reserve carbohydrates are thus mobi-
lized from all source organs (leaves, stems, and pericarp tissue),
and this enhances the apoplastic and/or symplastic supply to sup-
port seed filling; water-deficient plants display an increased rate
of sucrose uptake relative to their well-watered controls (Westgate
et al., 1989), consistent with source limitation.

As an example of fruit development, the ripening grape berry
represents a well-characterized example of a very strong sugar
sink. Grape yield is reduced under drought, while total sugar con-
tent in the surviving berries increases (Huglin, 1986). The early
development of grape berry appears as the most drought-sensitive
stage, but in spite of negative effects on berry growth, drought
does not affect sugar accumulation, confirming that sink strength
within individual berries is set by sink activity, not by berry size,
as reviewed by Agasse et al. (2009). A shift from a symplastic-
to an apoplastic-unloading pathway has been demonstrated. It
occurs at the onset of ripening, and is accompanied by a concomi-
tant increase of the expression and activity of cell-wall invertases,
leading to a massive import of hexoses (Zhang et al., 2006).

Altogether these data indicate that sensitivity to water deficit
is particularly acute during reproductive development because
photo-assimilate allocation to newly established sinks such as flow-
ers, seeds, and fruit, can be compromised by competition with
roots under drought stress. In order to apply this knowledge to
crop improvement, more detailed understanding of drought sensi-
tivity at that crucial stage for productivity is needed. In that respect,
it is no surprise that selection for drought resistance should result
in the choice of traits affected by modifications in the sink/source
relationship in response to drought, such as the accumulation of
biomass in reproductive organs (Schnyder, 1993).

Effects of mineral deficiency
Plants acquire mineral nutrients for their growth and develop-
ment through the roots. Plasticity of the root system architecture
is therefore a key adaptation feature that allows plants to cope
with a changing environment. As pointed out by Hermans et al.
(2006), plants generally respond to a shortage in mineral nutrition
by allocating more resources to the organs involved in mineral
acquisition, and this results in a larger root surface. Therefore any
depletion in mineral supply can have dramatic effects on resource
allocation in plants. Marschner et al. (1996) proposed that nutrient
deficiency can affect photo-assimilate partitioning either directly
via phloem loading and transport or indirectly by depressing sink
demand.

As a consequence of plant growth reduction or inhibition by
mineral deficiency, sugar concentrations increase in plants and in
phloem sap (Peuke, 2010). The question remains as to whether
the phloem sugar concentration is a stress response and/or a stress
signal (Peuke, 2010).

Response to nitrate limitation. Deficiency in nitrogen leads
to an accumulation of carbohydrates in leaves and to a higher
level of carbon allocated to the root (Figure 2) that increases
the root/shoot ratio (Marschner et al., 1996; Scheible et al., 1997;
Remans et al., 2006). Scheible et al. (1997) reported that the
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FIGURE 2 | Model of the plant’s responses to mineral nutrient

deficiency. (A) Response to nitrate and phosphorus deficiency: deficiency
in nitrogen and phosphorus leads to reduced photosynthesis, accumulation
of sugars in source leaves, increased carbon allocation to the roots and a
higher root/shoot ratio. Moreover, phosphorus limitation induces an
adaptation of the root system architecture: root hairs initiate and elongate,
which increases the root surface area. AtSUC2 (green circle) is a component
of the sugar-signaling pathway in the response to phosphorus starvation.
(B) Response to magnesium and potassium deficiency: Mg deficiency

increases the concentration of soluble sugars and starch in leaves and
reduces leaf growth. Mg deficiency impacts sugar metabolism, as well
as sucrose export to the roots. Mg deficiency reduces the Mg-ATP
availability and the activity of H+-ATPase, thus reducing the driving
force for sucrose phloem loading. AKT2/3 potassium channels affect
sugar loading and long-distance transport by regulating the H+/sucrose
transporter. Conversely, K+-limitation rarely results in starch accumulation.
MC, mesophyll cell; CC, companion cell; PP, parenchyma phloem; MC,
mesophyll cell.

root growth rate is correlated with the root sugar content,
and nitrate accumulation in the shoot acts as a signal to reg-
ulate root/shoot allocation in tobacco. Sugars accumulated in
the leaves of N-deficient plants lead to reduced photosynthesis
probably due to feedback metabolite regulation (Martin et al.,
2002; Figure 2). Nitrogen deficiency reduces photosynthesis by
a decrease in RubisCO amount and activity and also a decrease
in electron transfer (Paul and Driscoll, 1997; Antal et al., 2010).
Hermans et al. (2006) gave some clues as to how N deficiency alters
carbohydrate metabolism in the shoot and increases the root/shoot
biomass ratio. Arabidopsis microarray data suggest that genes
related to primary metabolism and carbohydrate metabolism such

as starch metabolism, glycolysis, and disaccharide metabolism are
significantly over-represented among the differentially regulated
genes in the shoots of N-deficient plants (Hermans et al., 2006).
All these data show that nitrogen affects the distribution of sugars
across plant organs.

Response to phosphorus limitation. Phosphorus is the sec-
ond most limiting mineral nutrient for crop production after
nitrogen. Lack of phosphorus in leaf mesophyll cells has a direct
effect on photosynthesis through Pi availability in the chloroplast
and leads to reduced carbon assimilation (Figure 2). Neverthe-
less, sucrose translocation into the phloem is maintained and
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sometimes increased at least during the early phases of phosphorus
starvation (up to 6 days; Hermans et al., 2006).

Like N deficiency, phosphorus limitation induces increased
photo-assimilate allocation to the roots and an adaptation of
the root system architecture. Root hairs initiate and elongate in
response to phosphate starvation, increasing the root surface area
(Hammond and White, 2008).

The importance of phloem sucrose transport in P-deficiency
signaling has been clearly demonstrated by Liu et al. (2005). In
white lupin roots, two genes responsible for phosphate acquisi-
tion (LaPTI, a phosphate transporter and LaSAP1, a secreted acid
phosphatase) are rapidly induced by phosphate starvation. When
phosphate-starved plants were treated by phloem girdling to pre-
vent shoot-to-root sucrose transport, no induction of either LaPT1
or LaSAP1 was noted. In such conditions, delivery to the roots of
14C-sucrose applied onto leaflets was reduced by 95% in stem-
girdled plants. Sucrose transport from shoot to root was therefore
necessary for phosphate starvation signaling.

In a search for Arabidopsis plants affected in secreted acid
phosphatase activity, Zakhleniuk et al. (2001) identified pho3, a
mutant that displays a number of features usually associated with
Pi-deficient plants (low Pi, sugar, anthocyanin and starch accumu-
lation in leaves). Moreover, pho3 mutants were unable to respond
further to low Pi (Zakhleniuk et al., 2001; Lloyd and Zakhleniuk,
2004). The mutation was subsequently located in the AtSUC2 gene
(Lloyd and Zakhleniuk, 2004) and a link was thus clearly estab-
lished between sucrose availability for long-distance transport and
the response to P starvation. This was confirmed by the over-
expression of AtSUC2 in Arabidopsis plants that displayed higher
sensitivity to P starvation (Lei et al., 2011; Figure 2). Altogether,
these data clearly demonstrate that sucrose transport to the root is a
necessary signal for the response to phosphate starvation, although
recent data identified miRNAs translocated into the phloem as key
players in the regulation of mineral nutrition (Kehr, 2013).

Response to magnesium and potassium deficiency. Metabolic
processes and reactions that are influenced by Mg include chloro-
phyll formation, photosynthetic carbon dioxide fixation, photo-
assimilate phloem loading and partitioning (Cakmak and Yazici,
2010). Accumulation of carbohydrates in leaves is a common phe-
nomenon in Mg-deficient plants (Figure 2). Mg deficiency reduces
leaf growth more than root growth (Figure 2) and impacts on
sucrose export to the roots (Hermans et al., 2004; Hermans et al.,
2005; Ding, 2011). Mg deficiency is thought to affect phloem
sucrose loading by decreasing Mg-ATP availability. Consequently,
H+-ATPase activity could be inhibited, reducing the driving force
for active sucrose phloem loading (Marschner et al., 1996; see
Figure 1). Moreover, in response to Mg deficiency, the expression
of BvSUT1, a gene encoding a companion cell sucrose/H+ sym-
porter, was induced in the uppermost expanded leaves, but
without further enhancement of sucrose loading into the phloem
(Hermans et al., 2005).

K+ is the major cation in the phloem. Therefore, changes in
its amounts can have dramatic effects on phloem functions. The
high sugar concentration measured in the leaves of K-deficient
plants does not promote any increase in root sugar content or
growth. Deeken et al. (2002) demonstrated that AKT2/3 potassium

channel affected sugar loading and long-distance transport by
regulating sucrose/H+ symporter activity through the pmf (see
Figure 1). As a consequence, in the akt2/3 mutants, the amount
of sucrose in the phloem sap was drastically reduced. Unlike N
deficiency, K+ limitation rarely results in starch accumulation.

In conclusion, enhanced carbohydrate transport to the roots
has been demonstrated for N and Pi limitation, but not for K or
Mg deficiency (Peuke et al., 1994; Hermans et al., 2006; Figure 2)
and the underlying mechanisms have been partly unraveled.

EFFECTS OF NaCl
Salt stress, due in many places to irrigation with poor quality water,
is considered as a major factor limiting plant growth and produc-
tivity. Salt stress shares many features with drought stress because
in both cases, the primary effect is a lower soil water potential
around the roots. Sodium toxicity, due to transport inside the
plant via the transpiration stream, adds to that initial stress.

Potassium channels are implied in the recirculation of Na+
inside the plant (Berthomieu et al., 2003). Na+ can be loaded into
the leaf phloem to be directed to roots for excretion, therefore
reducing the amount of Na+ in leaves (Berthomieu et al., 2003),
although that flux may be marginal compared to the xylem flux
(Davenport et al., 2007).

Little is known about the effects of salt stress on sucrose translo-
cation into the phloem. Salt stress has an inhibitory effect on
photosynthesis (Suwa et al., 2008) and in many cases it leads
to growth impairment, more important in leaves than in roots
(Lohaus et al., 2000). In maize, phloem sucrose concentrations
were not altered by salt stress, whereas amino-acid and Na+ con-
tents of the sieve tube sap increased. The higher amount of amino
acids delivered to the roots could partly explain the increased
root/shoot ratio (Lohaus et al., 2000). However, in tomato, salt
stress can have a direct inhibitory effect on phloem sucrose load-
ing and translocation, leading to a deficit in sucrose partitioning
to the roots (Suwa et al., 2008).

Resistance to salt stress is frequently associated with polyol-
synthesizing plants as polyols are thought to act both as osmotically
active and anti-oxydant molecules. When such plants are subjected
to salt stress, their polyol content increases in different organs.
Polyols are considered as major molecules for plants to cope with
stress (Stoop et al., 1996). In polyol-transporting plants, increased
polyol synthesis occurs together with an increased expression
of genes encoding polyol transporters located in the phloem in
Plantago (Pommerrenig et al., 2007), celery (Landouar-Arsivaud
et al., 2011) and olive (Conde et al., 2011), suggesting that long-
distance polyol transport is also enhanced in response to salt stress.
Increased delivery of polyols to roots could have a positive effect
on metabolism and water potential of roots.

EFFECTS OF LIGHT
Light has a direct effect on phloem loading through photo-
synthesis via the synthesis of sucrose and by providing energy.
However, light also has an effect on the anatomy of the load-
ing zone itself (Amiard et al., 2005, 2007). Depending on the
loading mode (apoplastic or symplastic), the response to trans-
fer from low light to high light (and therefore acclimation to
increased photosynthesis) was different: in apoplastic species such
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as pea, cell-wall invaginations in the companion cells around the
SE increased (Amiard et al., 2005). This indicated an increased
exchange surface that allowed for higher sucrose phloem load-
ing. On the contrary, in symplastic loaders such as pumpkin,
plasmodesmatal frequencies did not increase, leading to starch
accumulation in leaves (Amiard et al., 2005). The capacity of
apoplastic loaders to increase the surface for membrane-mediated
sucrose transfer around the conducting cells was further investi-
gated (Amiard et al., 2007). Besides its role in nutrient exchange,
cell-wall enlargement was proposed as protecting phloem cells
against pathogens and insects.

EFFECTS OF LOW TEMPERATURES
Low temperatures can affect phloem sugar transport in different
ways, involving distinct cell types (intermediary cells, parenchyma
transfer cells, SEs).Considering that species with a symplastic
minor-vein configuration dominate in tropical regions and that
species with an apoplastic configuration dominate in temper-
ate zones, temperature is considered as a major parameter of
the phloem-loading mode in plants. Symplastic loaders are con-
sidered as more cold-sensitive than apoplastic loaders (Gamalei,
1991; Van Bel and Gamalei, 1992). Gamalei et al. (1994) proposed
that in herbaceous species and deciduous trees, the collapse of
intermediary cells at low temperatures, which leads to decreased
photo-assimilate loading, could explain the sensitivity of sym-
plasmic phloem loading to cold. However, these ultrastructural
changes have not been observed in broadleaf-evergreen species
(Ajuga reptans, Aucuba japonica, and Hedera helix) with a symplas-
tic phloem-loading mode. The winter leaves of these plants have a
higher exudation rate at low temperatures and no starch accumu-
lation is observed in their chloroplasts. Therefore, the removal of
excessive photo-assimilates from source leaves under low temper-
ature may be necessary to maintain their functional and structural
integrity and can thus be regarded as a result of cold acclima-
tion (Hoffmann-Thoma et al., 2001). Later physiological studies
(Schrier et al., 2000) revealed no differences between symplastic
and apoplastic species in their response to cold. This led to the
hypothesis that the phloem-loading mode was related to growth
architecture rather than habitat, and was confirmed by a study by
Davidson et al. (2011).

In monocot and dicot plant species, tocopherol (vitamin E)
deficiency impairs photoassimilate export from source leaves via
enhanced callose deposition in the vascular tissues (Hofius et al.,
2004). The same effect has also been described for phloem load-
ing under low temperature (Maeda et al., 2006). The Arabidopsis
vitamin E2 (vte2) mutants, which lack α-tocopherol (the major
tocopherol in leaves), exhibit dramatic phenotypes under low
temperature. When they are transferred to non-freezing low-
temperatures (+7.5◦C), vte2 mutants grow more slowly than
wild-type plants, and accumulate significantly higher levels of
anthocyanins. Accumulation of sucrose and other soluble sug-
ars is much higher in vte2 than in the wild-type after 60 h
of low temperature treatment, although the photosynthesis and
carbon fixation rates do not differ between the two genotypes.
14CO2-labeling experiments demonstrate that low-temperature-
treated vte2 plants translocate significantly less 14C-labeled
photo-assimilates from leaves to roots. In vte2 mutants, changes

in cell structure occur exclusively within the phloem parenchyma
“transfer” cells, which exhibit irregular thickenings of cell-wall cal-
lose deposits. This process leads to a callose boundary between
the phloem parenchyma “transfer” cells and the SE/CC com-
plex. Therefore, tocopherol prevents abnormal callose deposition
in phloem parenchyma cell walls and thus maintains photo-
assimilate transport at low temperature. In Arabidopsis plants
acclimated to low temperature (+5◦C), up-regulation of SUTs
SUC1 and SUC2 expression represents another mechanism for
maintaining sucrose transport to sinks (mainly young leaves;
Lundmark et al., 2006).

In dicots, when short sections of stems or petioles are pro-
gressively exposed to cool temperatures (thermal jackets), phloem
transport stops transiently through the cooled region (Faucher
et al., 1982). This stoppage is local and transient as phloem
transport can start again even if tissues are maintained at low
temperatures (Peuke et al., 2006). Furthermore, the cooling rate
determines stoppage duration. In fact, the effect of cooling
depends on experimental conditions and SE structure. Conversely,
in monocots, i.e., species that lack structural P-proteins (Dinant
et al., 2003), assimilate translocation is not (maize) or moderately
(wheat) affected by progressive cooling down to +1◦C applied to
leaves (Faucher and Bonnemain, 1981; Faucher et al., 1982). In
maize, limited phloem transport still occurs after a progressive
cooling down to −3◦C, and 14C-assimilate allocation in the whole
plant remains practically unchanged between +1◦C and +40◦C.

Further studies support the implication of sieve-element struc-
tural proteins in the cooling response (Lang and Minchin, 1986).
The fact that lanthanum, a calcium channel blocker, can prevent
the phloem response to cooling (Pickard and Minchin, 1990),
strongly suggests that the response requires an increase in free
Ca2+ in the SEs. This increase only occurs if the cooling process
is rapid (White, 2009). Recent data indicate that forisomes (a class
of P-proteins restricted to Fabacae), which control the immedi-
ate Ca2+-dependent occlusion of sieve tubes induced by injuries
(Furch et al., 2007; Will et al., 2007), are also involved in the rapid
transport blocking by cooling (Thorpe et al., 2010).

EFFECTS OF CO2

The rise in carbon dioxide (CO2) in the atmosphere is suspected
to be the main cause for global warming. Indeed, atmospheric
CO2 concentration increased from around 315 ppm in 1959 to
an average 390 ppm nowadays, and predictions give a CO2 con-
centration ranging between 540 and 970 ppm at the end of the
century. This elevated atmospheric CO2 has a direct effect on
plant photosynthesis: at the present atmospheric CO2 concen-
tration, the photosynthetic reaction is limited by the low affinity
of the active site of RuBisCO for CO2 in C3 plants (Drake et al.,
1997; Woodward, 2002). An increase in CO2 should therefore
enhance photosynthetic rates, carbohydrate production, and have
a positive effect on phloem transport and growth. In fact, most of
the plants grown in high CO2 effectively exhibit increased carbo-
hydrate accumulation in leaves with biomass partitioning between
source and sink organs differing according to species (Makino and
Mae, 1999). Root/shoot ratios increase in herbaceous plants grown
in high CO2 whereas they decrease in trees and remain stable in
cereals (Farrar and Williams, 1991).
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Classically, two high-CO2 acclimation steps are described, i.e.,
short-term and long-term acclimation (Drake et al., 1997; Cheng
et al., 1998). Biomass formation is initially enhanced in the first
days of exposure but this boosted growth is not sustained for a
long time. The short-term response to high CO2 is an acclimation
process whereby net photosynthesis, net carbon assimilation and
growth are enhanced (Drake et al., 1997; Bae and Sicher, 2004).
Excess sucrose is only partly exported to sink organs via the phloem
and the resulting carbohydrate accumulation in leaves decreases
the photosynthesis rate. A decreased RuBisCO content marks the
beginning of long-term acclimation (Cheng et al., 1998; Bae and
Sicher, 2004).

A comparison of sugar and starch contents in Ricinus communis
leaves in plants grown at 350 or 700 ppm CO2 showed that leaves
accumulated starch at 700 ppm. Starch accumulated because more
sucrose was synthesized than consumed or exported to sink organs
via the phloem (Grimmer et al., 1999). Phloem carbon export was
induced by high CO2 at night. In the daytime, carbon export was
independent of CO2 conditions, whereas at night the export rate
dropped by 50% under normal CO2 but remained unchanged at
high CO2. In fact, R. communis plants seemed to display sink lim-
itation in the daytime and source limitation at night, and source
limitation tended to be suppressed at high CO2 (Grimmer and
Komor, 1999). In short, more sucrose was exported to sink organs
at high CO2. The role of increased sucrose transport as a result
of increased CO2 was also shown in Arabidopsis thaliana grown
under 900 ppm CO2: the plants exhibited enhanced root growth,
with increased root length, root diameter and root number, and
a modified branching pattern (Lee-Ho et al., 2007). The same
root changes were noted on plants grown at 360 ppm CO2 and
supplied with exogenous sucrose, confirming the role of sucrose
transported from the source.

In Opuntia ficus-indica, a CAM plant, no decrease in photosyn-
thesis was detected in long-term exposure at high CO2. After three
months of CO2 enrichment, cladodes displayed an increase in glu-
cose, starch, and malate contents, but no change in their sucrose
content was measured (Wang and Nobel, 1996). The sucrose con-
tent in mother cladodes was stable because it was exported to
daughter cladodes by an enhanced phloem transport that resulted
in a 73% increase in daughter cladode biomass after 3 months of
exposure to high CO2 (Wang and Nobel, 1996). However, data
analysis from different plant species grown under high CO2 shows
that phloem loading cannot alone account for variations in shoot
carbohydrate partitioning. Increased CO2 can also have negative
effects on plants. Due to an imbalance in nitrate assimilation
caused by high CO2, protein accumulation in wheat grains is low
despite an unchanged yield (Pleijel and Uddling, 2012). However,
this is not the case for woody plants, like pine trees, which preserve
seed quality while increasing seed production (Way et al., 2010).

EFFECTS OF SOME SOIL AND AIR POLLUTANTS
Effects of cadmium
Some pollutants like heavy metals, cadmium (Cd), lead (Pb), or
mercury (Hg) and the metalloid arsenic (As) are present in soils all
over the world. Concerning Cd mobility within the phloem and its
impact on sugar transport, little information is available, due to
technical hurdles regarding phloem sampling (Mendoza-Cozatl

et al., 2011). However, a low-affinity Cd transporter, OsLCT1,
involved in phloem loading and accumulation in seeds, was iden-
tified in rice (Uraguchi et al., 2011), but no study related to
sugar transport was carried out. Another experiment was led
on willows used for Cd phyto-extraction. In those trees, sieve
tubes and companion cells degenerated in proportion to increas-
ing Cd concentrations supplied at the root level (Vollenweider
et al., 2006). Long-distance transport was therefore impaired and
a reduction in leaf size and biomass was observed (Cosio et al.,
2006). Phloem degeneration was also noticed on maize grown on
a Cd-contaminated soil (Cunha et al., 2008). Moreover, in willows,
phloem regeneration was hindered due to reduced cambial activity
(Vollenweider et al., 2006).

Effects of ozone
Tropospheric ozone is the most widespread air pollutant in many
areas of the industrialized world and the overall ozone con-
centration has increased over the past decades as a result of
anthropogenic activities (Krupa and Manning, 1988; Volz and
Kley, 1988). Ozone mainly originates from photochemical reac-
tions of volatile organic compounds with nitrogen oxides (NOx)
released from anthropogenic and natural sources (Stockwell et al.,
1997). Ozone causes a series of negative effects on vegetation
such as decreased photosynthesis and growth, enhanced prema-
ture senescence and reduced crop yield (Pell and Dann, 1991;
Sandermann, 1996). O3 alters chloroplast membranes and
decreases photosynthesis by reducing RuBisCO activity and con-
centration (Grams et al., 1999), which suggests that its main target
is the photosynthetic apparatus (Kangasjärvi et al., 1994). Thus
the availability of photo-assimilates for sink organs is decreased
(Fiscus et al., 2005; Grantz et al., 2006).

Grantz and Yang (2000) tried to understand whether the impact
of O3 on reduced carbon allocation in plants was due to source
limitation or inhibition of translocation. The results indicate that
ozone has direct effects on phloem transport with consequent
inhibition of translocation to roots, as previously suggested by
Mortensen and Engvild (1995). These data are consistent with a
primary effect on phloem loading and secondary feedback inhi-
bition of photosynthesis (Grantz, 2003; Grantz et al., 2006).To
gain information on this phenomenon, a meta-analysis of all the
data available about the impacts of O3 on root/shoot allocation
and growth was performed by comparing RGR (relative growth
rate of the whole plant) values and the allometric coefficient k
(k = RGRroot/RGRshoot). The results show that both parameters
were significantly reduced by ozone but k showed more variability
than RGR. This could indicate that root allocation is disturbed
by O3 but photo-assimilate availability is not. This result is con-
sistent with an inhibition of photo-assimilate translocation rather
than with a limitation of the photosynthetic process (Grantz et al.,
2006).

Carbon translocation from source leaves of Pima cotton has
been directly studied by monitoring 14C-labeled photo-assimilates
during a sudden exposure to O3. The results indicate that the
total labeled carbohydrates transported from source leaves were
reduced by O3 through effects on assimilation (up to 20%) and
on export from leaves (up to 70%; Grantz, 2003; Grantz et al.,
2006). Another study examined the translocation velocity of
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14C-labeled photo-assimilates in wheat : although the authors
observed no significant difference in the translocation velocity
in O3-treatedplants, the amount of carbon transported decreased
(Mortensen and Engvild, 1995). In conclusion, O3 could induce
changes in carbon allocation or partitioning probably due to
decreased amounts of transported carbon. All those works high-
light that the major impact of ozone is the reduction of phloem
loading probably linked to oxidant damage on plasmalemma or
plamodesmata in mesophyll or phloem companion cells (Grantz
and Farrar, 1999).

O3 exposure could also have an indirect effect on plants
by blocking phloem translocation via the induction of callose
deposition on phloem sieve plates (Wilkinson et al., 2012). In
potato, accumulation of callose in the phloem and starch in the
parenchyma cells of source leaves was observed after ozone expo-
sure. O3 also decreased tuber weight, supporting the hypothesis
of impaired phloem functioning (Asensi-Fabado et al., 2010). A
better understanding of the effects of O3 on carbohydrate translo-
cation could come through the study of apoplastic and symplastic
phloem-loading species to confirm the oxidant impact of O3 on
membranes (Grantz and Yang, 2000).

Effects of sulfur dioxide
Sulfur dioxide (SO2) was a major air pollutant during the second
half of the 20th century and was considered as the main cause of
forest decline in central Europe (Kurczyńska et al., 1997). SO2 is
highly soluble in water: a concentration of 0.035 ppm SO2 in the
air can produce up to 35 ppm SO2 in aqueous solution (Puckett
et al., 1973). The pollutant can accumulate in leaf tissues and cause
disturbances in physiological mechanisms such as photosynthesis,
respiration, transpiration (Saxe and Murali, 1989). In bean leaves
(Minchin and Gould, 1986) and castor bean cotyledons (Lorenc-
Plucinska and Ziegler, 1987), photo-assimilate translocation is
also affected due to inhibited phloem loading, independently of
reduced photosynthesis. In broad bean, H+/ATPase and SUTs have
been identified as possible targets, both in leaf discs (Maurousset
et al., 1992b) and plasma membrane vesicles (Maurousset et al.,
1992a). More recently, an anatomical study showed that SO2 led
to a decreased number of phloem cells, but it was difficult to
discriminate between general reduction of cambial activity and
disturbances in the division of phloem mother cells (Kurczyńska
et al., 1997).

EFFECTS OF BIOTIC STRESS
During their development, plants have to deal with the presence
of microbes, like fungi, viruses, bacteria and also herbivores and
sometimes other plants that act as parasites. Those organisms,
whatever their type, develop at the expense of the sugars produced
by plants (Figure 3), and may therefore affect phloem transport
of sugars.

MUTUALISTIC AND PATHOGENIC MICROBES
Microorganisms can be separated into two groups according to
their lifestyles, mutualistic (e.g., mycorrhiza) and pathogenic
(biotrophic to necrotrophic; Newton et al., 2010). Even if their
modes of colonization are different, microorganisms have evolved
sophisticated strategies to avoid, suppress or bypass plant defenses

and to divert nutrients, especially sugars, from the host plant
for their growth (Figure 3). For example, mutualistic microor-
ganisms and biotrophic pathogens can grow within the plant
through complex interfaces, arbuscules and haustoria respectively,
through which nutrients are transferred (Voegele and Mendgen,
2011; Smith and Smith,2012). In contrast, necrotrophic pathogens
secrete toxins and produce hydrolytic enzymes that kill host cells
in order to feed on macerating tissues (van Kan, 2006).

Microbes can colonize either sink or source organs. Because
both mutualistic and pathogenic interactions require sugar sup-
ply from host plants to the heterotrophic colonizing agent, they
interfere with the source-sink balance. In most cases, it is largely
assumed that colonized source organs are subjected to a source-
to-sink transition that modifies the mechanism of sugar transport
and partitioning at the whole plant level (Biemelt and Son-
newald, 2006). Among pathosystems, interactions between plants
and biotrophic fungi are often cited as models for the study of
pathogen-related modifications of carbon partitioning. For this
reason, we particularly focus here on plant-biotrophic fungus
interactions and only mention a few distinctive features of other
pathosystems.

Biotrophic fungi, e.g., rust, powdery mildew, establish a long-
term feeding relationship with the living cells of their hosts
through the formation of haustoria. These are penetrating cell-
wall structures that leave the protoplast of host cells intact and
create an apoplastic interface through which released host nutri-
ents are absorbed by the fungus (Mendgen and Hahn, 2002;
Panstruga, 2003). Autoradiography studies using radiolabeled
substances give indirect evidence for the central role of haustoria in
sugar and amino-acid transfer from host to biotrophic pathogens
(Hall and Williams, 2000; Voegele and Mendgen, 2011). In infected
tissues, the fungal carbon demand creates an additional major sink
that competes with host sinks. Competitiveness between plant
and fungal sinks has been recently examined using a combined
experimental-modeling approach. The authors showed that, in
wheat infected by the leaf rust fungus Puccinia triticina, fungal
sporulation had a competitive priority for photo-assimilates over
grain filling (Bancal et al., 2012).

The nature of the host carbon energy source (hexoses or
sucrose) transferred through the haustoria has been a matter of
debate as to the origin of the apoplastic sugars taken up (Figure 3).
Rather than sucrose, glucose appears to be the major carbohy-
drate imported from the host to the parasite, e.g., powdery mildew
(Sutton et al., 1999; Hall and Williams, 2000). Apoplastic sucrose
is most likely hydrolysed by cell-wall invertases (cwINV) which are
key players in supplying carbohydrates to sink tissues (Roitsch and
Gonzalez, 2004). Many studies report increased invertase activity
in response to powdery mildew or other pathogens and in differ-
ent plant species (Roitsch et al., 2003; Kocal et al., 2008; Siemens
et al., 2011). This increase in cwINV activity in infected tissues
constitutes a major driving force in sugar unloading. For most
pathosystems, especially with obligate pathogens, it is difficult
to discriminate between plant or pathogen contribution to the
induced cwINV activity (Figure 3). While several plant cwINV
genes, whose expression is correlated with increased cwINV activ-
ity, have been identified (Fotopoulos et al., 2003; Hayes et al.,
2010), the pathogen’s needs for carbohydrates are unlikely to be
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FIGURE 3 | Simplified representation of the key players involved in the

competition for sugars at the plant/microbe interface. Depending on the
pathosystem, plants and microbes present efficient machineries to take up or
modify apoplastic sucrose. In biotrophic interactions, sucrose can be taken up
by both host and fungus via sucrose transporters, e.g., maize ZmSUT1 and
fungus Ustilago maydis UmSRT1, respectively. However, glucose is the main
carbon source transferred from the host to the parasite and is essential for
the feeding and metabolism of the parasite. Cell wall invertases from host
and microbes contribute to the source of hexoses at the apoplast level.
Hexose transporters allow pathogenic or mutualistic fungi to preferentially
compete for glucose and/or fructose (i.e., UfHXT1, BcFRT1, CgHXTs,

GiMST2). To gain access to apoplastic hexoses, plants possess a large
repertoire of STPs that can support host demand. Multiple roles of hexoses in
host cells have been described; among others, hexoses can be used as an
energy source or as signaling molecules and regulators of
pathogenesis-related, photosynthetic and sink gene expression. An indirect
consequence of host sucrose and hexose acquisition is a possible starvation
of microbes through a limited access to sugar at the interface. Host sugar
uptake can be bypassed in some pathogenic interactions. Specific effectors
(not represented in the diagram) released by some bacteria and probably
fungi can manipulate host sugar effluxers (SWEETs) and further make
sucrose and hexoses available for the pathogen

solely met by the enzymatic machinery of the host. So far few
studies have reported fungal cwINV involved in such activities.
The characterization of rust fungus Uromyces fabae Uf-INV1 sug-
gests a fungal contribution to the higher cwINV activity in the
biotrophic interaction with the host plant Vicia faba (Voegele
et al., 2006). Regarding the necrotrophic parasite Botrytis cinerea, a
contribution of the fungus to higher cwINV activity during infec-
tion of Vitis vinifera has been evidenced (Ruiz and Ruffner, 2002).
Accordingly, both partners appear to activate their own invertases,
providing strong support to the theory that infection by pathogens
creates a new sink that competes with existing sinks (Figure 3). As
a consequence, hexoses accumulate in the apoplast, and are taken
up by co-regulated hexose transporters (Wright et al., 1995; Clark
and Hall, 1998).

High extracellular sugar levels are somehow beneficial for both
partners. On the plant side, sugars act as signaling molecules

that can regulate many physiological processes, including defense
mechanisms through the control of gene expression (Herbers et al.,
1996; Roitsch et al., 2003; Rolland et al., 2006; Figure 3). For exam-
ple, sugars induce pathogenesis-related genes and repress photo-
synthetic genes (Roitsch, 1999; Bolouri Moghaddam and Van den
Ende, 2012). An indirect host defense strategy consists in starving
the pathogen by limiting host sugar availability at the interface.
Reports describe an increased capacity for glucose retrieval by
host tissues after challenge by biotrophic as well as necrotrophic
pathogens (Fotopoulos et al., 2003; Azevedo et al., 2006). Some
plant monosaccharide transporters (MSTs) are involved in sugar
resorption upon infection (Buttner, 2010; Slewinski, 2011). This
is exemplified by the report of the up-regulation of the plant cell-
wall invertase AtβFRUCT1 and the hexose transporter AtSTP4
in Erysiphe cichoracearum-infected Arabidopsis leaves, which cor-
relates with increased invertase activity and glucose resorption
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(Truernit et al., 1996; Fotopoulos et al., 2003). This supports the
functional coordination of STPs and cwINVs in the supply of sink
tissues with hexoses (Sutton et al., 2007; Figure 3). Further molec-
ular evidence of a competition for apoplastic glucose has been
provided in infected broad bean by the identification and char-
acterization of rust Uromyces fabae sugar transporter UfHXT1,
which is localized in the haustorial plasma membrane. UfHXT1
preferentially transports glucose and fructose rather than sucrose
to the fungus (Voegele et al., 2001). Substrate specificity and local-
ization of such fungal MSTs facilitates plant hexose assimilation
and thus participates in fungal sink strength (Figure 3).

Mutualistic or pathogenic microorganisms use a wide range
of different strategies to gain access to carbohydrates from host
plants, as highlighted in Figure 3. Mycorrhizal fungus Glomus
high-affinity MST2 has been identified as a major player in sugar
uptake with a critical function in the establishment of symbiosis
(Helber et al., 2011; Doidy et al., 2012). Five hexose transporters
(CgHXT1-5) have been characterized in the maize hemibiotrophic
pathogen Colletotrichum graminicola, with large substrate speci-
ficities. CgHXT genes are differentially expressed during all
infection phases, whether biotrophic or necrotrophic (Lingner
et al., 2011). A high-affinity fructose transporter (BcFRT1) has
been found in the necrotrophic fungus B. cinerea. Roles for fruc-
tose as a potent inducer of fungus germination have been suggested
(Doehlemann et al., 2005).

Sucrose is the main photo-assimilate translocated from source
to sinks. Upon release from the phloem in sink organs, sucrose
is unloaded into the apoplast and is potentially exploitable by the
fungus. In infected tissues, apoplastic sucrose uptake by fungal
cells is believed to require the presence of fungal SUTs localized
in the haustorial structure. The identification of SRT1, a highly
specific SUT from the corn smut fungus Ustilago maydis, sug-
gests that this fungus can efficiently use apoplastic sucrose (Talbot,
2010; Wahl et al., 2010). Ustilago maydis hyphae grow along the
phloem of infected maize plants where they have access to sucrose
released from the phloem. Such a transporter (i.e., SRT1) allows
the pathogen to compete for sucrose with sink cell sucrose trans-
porters (SUC/SUT) at the plant/fungus interface (Wahl et al., 2010;
Doidy et al., 2012). During the maize/Ustilago maydis interaction,
competition for extracellular sucrose between the SUTs ZmSUT1
and UmSRT1 has been described, and SRT1 turned out to be
essential for fungal virulence (Wippel et al., 2010). Direct sucrose
uptake is probably an integral part of the pathogen’s strategy to
prevent plant defense responses being triggered by hexoses (mostly
glucose) released from sucrose hydrolysis (Ehness et al., 1997). The
identification and characterization of other fungal SUTs is not yet
achieved and constitutes an open field to better understand the
competition for sugars that takes place between the plant and the
fungus (Doidy et al., 2012).

Recently, key insights into how microbes acquire the ability to
use the host sugar efflux machinery for nutrient supply have been
gained thanks to the discovery of a new class of plasma membrane-
localized sugar transporters (Figure 3). Plant SWEETs function as
facilitators of sugar influx and efflux. SWEETs were at first iden-
tified as glucose uniporters but paralogues (i.e., AtSWEET11 and
AtSWEET12) can also export sucrose (Chen et al., 2010, 2012).
Several SWEET genes are specifically regulated upon pathogen

attack. Different patterns of expression have been reported after
challenge by either bacterial (Pseudomonas syringae pv tomato
strains) or fungal (the necrotroph B. cinerea or the biotroph
Golovinomyces cichoracearum) pathogens. Authors also described
a model in which OsSWEET11 and 14 expression is specifically
targeted by Xanthomonas oryzae pv oryzae effectors to increase
sugar efflux into the apoplast (Chen et al., 2010). Both specific
bacterial effectors and OsSWEET expression are required for bac-
terial virulence, suggesting that pathogens probably take advantage
of the SWEET-induced sugar efflux mechanism to gain access to
sugars in cells around the infection site in order to support their
own growth. The identification of this non-conventional family
of sugar transporters highlights additional complexity and opens
new perspectives onto our knowledge about sugar partitioning
during plant-pathogen interactions.

VIRUSES
Among plant pathogens, viruses are unique because they remain
exclusively in the symplast of their host (Schoelz et al., 2011).
This mode of colonization requires viruses to move from infec-
tion site to systemic tissues via the symplastic continuity cre-
ated by cell-to-cell connections (plasmodesmata, PD) and the
phloem long-distance translocation system (Lucas and Wolf,
1999; Gosalvez-Bernal et al., 2008). Viral infection involves virus-
encoded movement proteins (MPs) which alter the exclusion size
of PDs, suggesting that viruses can exploit the PD-mediated cell-
to-cell trafficking of photo-assimilates. Carbohydrate allocation
and signaling can be directly affected during virus infection. The
mechanisms of these metabolic changes caused by viral infec-
tion have been assessed using transgenic expression of viral MPs;
Olesinski et al., 1996; Hofius et al., 2001). Plants expressing viral
MPs exhibited dilated PDs associated with significant physiological
alterations such as changes in host primary metabolism, accumu-
lation of starch and soluble sugars, decreased photosynthesis and
increased respiration (Tecsi et al., 1996; Balachandran et al., 1997;
Herbers et al., 2000). These changes strongly suggest that virus-
infected leaves function as sinks. However, the effects of viral MPs
on carbohydrate allocation can vary according to the way viruses
exploit the host transport system. In some cases, it is not related to
the PD size exclusion limit, but may rather be due to induced
callose deposition at the PD level which consequently blocks
symplastic sucrose transport (Biemelt and Sonnewald, 2006).

Virus-induced reallocation of host resources and its mech-
anisms seem to be virus-specific and result from interactions
between specific viral and host components (Culver and Pad-
manabhan, 2007). For example, in Cucumber Mosaic Virus
(CMV)-infected melon, modifications in phloem sap sugar com-
position, such as an increase in sucrose content, have been
reported (Shalitin and Wolf, 2000). While cucurbits are known
to be symplastic loaders, the identification of a SUT, CmSUT1,
which catalyzes the active apoplastic loading of sucrose into the
phloem of CMV-infected melon, provides evidence for a possible
symplast/apoplast switch in sucrose loading (Gil et al., 2011).

APHIDS
Aphids, which are the vectors of numerous plant viruses (Brault
et al., 2010; Dedryver et al., 2010), are “experts” at probing the
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phloem and at manipulating the plant tissues to their own advan-
tage (Miles, 1999; Will et al., 2007). Using fine stylets, they drill
into tissues intercellularly, making tiny punctures, and wait a
few seconds to analyze the physicochemical properties of the
microenvironment around the stylet tip (Tjallingii, 2006). Exper-
iments using artificial systems indicate that the ability of aphids
to find sieve tubes is linked to their ability to sense high sucrose
concentrations and pH (Hewer et al., 2010).

Aphids constitute an additional sink that can modify assimi-
late allocation at the whole plant level, especially at the expense
of the stem apex (Hawkins et al., 1987; Girousse et al., 2003). Data
from various controlled infestations of alfalfa stems by pea aphids
indicate that the reduction of the stem elongation rate (SER) is
only partly explained by assimilate withdrawal and suggests that
extra signals associated to pea aphid probing and feeding are
involved in SER reduction (Girousse et al., 2003). In addition, dra-
matic changes in carbon and nitrogen allocation were observed
under growth-chamber conditions using severe and short-time
aphid infestations. They mainly consist in nitrogen mobilization
from some parts of the stem, especially the apex, to the mid-
dle part of the zone of aphid infestation (Girousse et al., 2005).
Complementary approaches show that aphid colonization induces
changes in the expression of genes associated with sugar and nitro-
gen metabolism (Voelckel et al., 2004; Divol et al., 2005; de Vos
et al., 2007) and causes an increase in the mRNA levels of a MST
in infested tissues (Moran and Thompson, 2001). The systemic
impact of aphid infestation also concerns source tissues (Miles,
1989). For instance, a single Aphis fabae on one side of a leaf grows
faster if an Aphis fabae colony is feeding on the other side (Dixon
and Wratten, 1971), suggesting the importance of aphid-related
sugar accumulation. Aphid (Myzus persicae) infestation of Ara-
bidopsis leaves leads to a dramatic increase in sucrose and starch
contents in source tissues despite pest feeding (Singh et al., 2011).
These changes suggest a stoppage of sugar export to the plant sinks.
Infestation also induces an increase in trehalose levels. This change
in trehalose metabolism promotes re-allocation of carbon into
starch at the expense of sucrose, the primary energy source of the
pest, and plant defenses via the induction of the PHYTOALEXIN-
DEFICIENT4 gene (Singh et al., 2011). It is noteworthy that the
trehalose found in the aphid hemolymph at millimolar concentra-
tions as an energy source is also a plant signal that contributes to
controlling infestation by phloem-sucking pests such as M. persicae
at micromolar concentrations.

PARASITIC PLANTS
Many plants like Phelipanche (Orobanche), Cuscuta, and Striga are
able to establish parasitic relationships with a large number of crop
plants, and this results in important productivity losses. Fighting
against these parasitic plants is particularly complex because many
treatments are also active on the host plants. Parasitic plants can
be classified into two categories: hemiparasites are green, con-
tain chlorophyll and can therefore have a photosynthetic activity.
They take nutrients from the xylem sap in the wood of their
host, can reduce nitrate but also use organic nitrogen found in
the sap of their host. Holoparasitic plants are not photosynthetic
and are thus heterotrophic for carbon and depend on their host
for sugars, water, and minerals (Abbes et al., 2009a). Parasitic

plants establish their connections with the host at the level of
the sap-conducting tissues. Several years ago, sugar trafficking
between host plant and parasite was clearly demonstrated using
radiolabelled molecules. Although it is altogether agreed that the
transfer of water and minerals between host and parasite xylem
vessels does not require a membrane, the connections between
host and parasite phloem vessels are more disputed. Initial histo-
logical studies showed that plasmodesmata were absent (Behnke
et al., 1990), suggesting an apoplastic transfer of sugars and other
molecules (Wolswinkel, 1974; Jeschke et al., 1994). However, using
a GFP specifically expressed in companion cells (Haupt et al., 2001)
or a fusion GFP-TMV (Tobacco Mosaic Virus) MP (Birschwilks
et al., 2006), secondarily formed interspecific plasmodesmata were
shown to be open and functional. In addition, 3H-sucrose, 5,6-
carboxyfluorescein and viruses were translocated from the host to
the parasite, giving unequivocal evidence for a symplastic transfer
of solutes (Hibberd and Jeschke, 2001; Birschwilks et al., 2006).

Different enzyme activities are involved in the parasitic mecha-
nism. PrSUS1, a sucrose synthase isolated from the parasitic plant
Phelipanche ramosa, exhibits a spatial and temporal regulation
during the infection process (Péron et al., 2012). Expression is
regulated by auxin from the host plant. The authors suggest that
PrSUS1 is involved in cellulose synthesis during the secondary
thickening of differentiating xylem elements in the tubercles (i.e.,
globular structures developed after parasite seed germination that
carry numerous adventitious roots and whose apical bud produces
a subterranean shoot) and in the adventitious roots of P. ramosa.
Cellulose synthesis is probably crucial for the cell-wall integrity of
both xylem and phloem tissues. Another enzyme activity acting
as the driving force in many source/sink relationships is the inver-
tase activity involved in the cleavage of sucrose into glucose and
fructose. Transcripts of PrSai1 that encodes a soluble acid inver-
tase and the corresponding enzyme activity were high in growing
organs during parasite fixation. In addition, germinated seeds dis-
played enhanced cell-wall invertase activity (PrCWI), suggesting
its contribution to the sink strength of infected roots during the
subsequent step of root penetration (Draie et al., 2011).

Orobanche also accumulates high amounts of polyols like man-
nitol, and this decreases the osmotic potential below that of the
host plant (Harloff and Wegmann, 1993; Abbes et al., 2009b). This
mechanism is essential for increasing the parasite’s sink strength. A
mannose-6-phosphate reductase (M6PR), the key enzyme of the
mannitol biosynthesis pathway, was identified and cloned from
Orobanche (Delavault et al., 2002). Expression of that gene was
induced at the attachment stage and sucrose from the phloem host
was rapidly converted into mannitol. Consequences are increases
in host nutrient uptake and in parasite protein synthesis and veg-
etative growth. Accumulation of mannitol in Orobanche tissues is
strongly enhanced following the haustorial connection. Targeting
the corresponding enzyme activity could be a major strategy for
fighting against these parasites (Delavault et al., 2002).

All these relationships in terms of carbon and nitrogen
exchanges are very important to establish susceptibility or tol-
erance to Orobanche. Phloem exudates of a faba bean tolerant
line were highly deficient in nitrogen compared to those of the
susceptible line (Abbes et al., 2009a). In addition, after haus-
torial development and phloem connections were established
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with the tolerant line, soluble invertase activity was very low.
Taken together, these results indicate that the reduced growth of
Orobanche on the tolerant faba bean line resulted from a reduced
capacity to use the host-derived carbohydrates and lower sink
strength.

Using radiolabelled valine and asparagine, amino acids were
also shown to be transported from the host to Cuscuta europaea
(Wolswinkel et al., 1984). More recently, Aly et al. (2011) demon-
strated that several other molecules such as proteins and macro-
molecules could be translocated to Phelipanche aegyptiaca through
phloem connections. These results suggest that targeting the
delivery of proteins and/or nucleic acids could be very inter-
esting in the development of parasite-resistant strategies. The
use of herbicides could also be a strategy to get rid of parasitic
plants. Glyphosate, a systemic herbicide, is accumulated in the
parasite due to its strong sink activity, without significant dam-
age to the host (Nadler-Hassar et al., 2004). Glyphosate usually
inhibits 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), a
key enzyme in the shikimate pathway. However, in parasitic plants,
glyphosate also blocks the transfer of sugars and macromolecules
to the parasite. Therefore its toxic effect is more due to the inhibi-
tion of phloem transport to the parasite than to the inhibition of
aromatic amino acid synthesis.

CONCLUSION AND PERSPECTIVES
Plant life cycle is characterized by source-sink transitions due to
changes in sink strength or in the number of sink organs compet-
ing for a common pool of sugars (Roitsch, 1999). The phloem plays
a major role in connecting source and sink organs and supplying
sugars, mainly in the form of sucrose, to sinks. As demonstrated in
this review, phloem transport of sugar is tightly regulated and
is very sensitive to alterations in a plant’s environment result-
ing in changes in carbon allocation to sinks. However, there are
few reports on the effects of biotic and abiotic factors on phloem
transport and dealing with all components from source to sink.

At the source level, sucrose availability for export is dependent
on photosynthetic activity. Interestingly, in many cases of adverse
environmental conditions when photosynthetic carbon fixation
was reduced, photosynthesis was not the primary target of the
stress. Phloem transport of sugars was also affected, earlier than
photosynthesis, leading to an increase of sucrose concentration in
leaves and a feed-back inhibition of photosynthesis and sucrose
export (Ainsworth and Bush, 2011).

Recent works have pointed out sucrose concentrations in the
cytosol of mesophyll cells as a key factor for the regulation of
sucrose export. The characterization of tonoplastic hexose and
SUTs provides new support for the role of transient sugar storage
in the vacuole to control the cytoplasmic sucrose concentration
(Wingenter et al., 2010).

One interesting conclusion is that the structure of phloem cells
can be altered by several abiotic stresses (light, SO2, O3). As the
ultra-structure and integrity of such cells are poorly investigated,
these alterations may be more frequent than reported. Additional
evidence for the plasticity of phloem companion or parenchyma
cell-wall comes from several studies on the effect of light (Amiard
et al., 2005, 2007). Structural changes in the cell-wall and invagi-
nations of the plasma membrane can increase fluxes of assimilates

in the case of high light. Conversely, there are several reports of
callose synthesis at different levels in the SEs, in response to exter-
nal biotic or abiotic stresses. This physical constraint leads also to
impaired transport of sucrose to sinks.

At the sink level, environmental cues can alter priority between
different sinks: for example, increase in the root to shoot ratio
is induced by mineral deficiency and both sucrose and ions are
signals between root and shoot. Stress-related increase in sucrose
or polyol delivery to sinks (e.g; roots but also seeds) is impor-
tant for sink growth, cell turgor, and water potential mainte-
nance.

Little is known about the regulation of sugar transporters dur-
ing abiotic stress at the molecular level despite their important
role in the allocation of sugars in plants. This knowledge gap is
due to the fact that many studies were conducted at a physiolog-
ical level. Understanding the changes in transporter expression
during stress is therefore a major challenge in order to predict
and act on plant responses. Interesting clues on possible reg-
ulation by environmental and biotic factors were obtained by
searching for putative regulatory elements in the promoters of
sugar transporters in grape and Arabidopsis (Afoufa-Bastien et al.,
2010). Recent data on biotic stress have unraveled the pathways
of sugar exchange, and the corresponding molecular players have
been identified (Doidy et al., 2012). Unexpectedly, sucrose can
be absorbed by both host and pathogen, while it is commonly
admitted that glucose resulting from the invertase activity is the
main host sugar taken up by pathogens. These new findings high-
light the complexity of sugar exchanges at the host/pathogen
interface.

In order to understand further the distribution of carbon
between sinks, future studies need to concentrate on the mea-
surement of the phloem sap flux in relation with the expression of
sugar transporters, taking advantage of new imaging techniques
(Knoblauch and Oparka, 2012) combined with traditional 14CO2

labeling. Key information should be obtained from metabolomic
approaches of phloem sap composition (Fiehn, 2003). As pointed
out earlier in this review and by Ainsworth and Bush (2011), there
are interesting possibilities for increasing source activity and sink
demand by manipulating the expression of selected transporter
genes (Schroeder et al., 2013).

Concerning the acclimation of plants to some major environ-
mental adverse conditions (drought and salt stress, pathogens),
several sugars transported on long-distances such as polyols can
also be targeted for improving stress resistance (Merchant and
Richter, 2011). Nevertheless, the role of other sugars such as tre-
halose as signaling molecules will have to be taken into account.
There are still considerable efforts to be made before getting a clear
understanding of the role of phloem transport on source-sink rela-
tionships under stress conditions, but any progress should have
beneficial effects on crop production.
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Apart from cut aphid stylets in combination with electrophysiology, no attempts have
been made thus far to measure in vivo sucrose-uptake properties of sieve elements.
We investigated the kinetics of sucrose uptake by single sieve elements and phloem
parenchyma cells in Vicia faba plants. To this end, microelectrodes were inserted into
free-lying phloem cells in the main vein of the youngest fully-expanded leaf, half-
way along the stem, in the transition zone between the autotrophic and heterotrophic
part of the stem, and in the root axis. A top-to-bottom membrane potential gradient
of sieve elements was observed along the stem (−130 mV to −110 mV), while the
membrane potential of the phloem parenchyma cells was stable (approx. −100 mV). In
roots, the membrane potential of sieve elements dropped abruptly to −55 mV. Bathing
solutions having various sucrose concentrations were administered and sucrose/H+-
induced depolarizations were recorded. Data analysis by non-linear least-square data
fittings as well as by linear Eadie–Hofstee (EH) -transformations pointed at biphasic
Michaelis–Menten kinetics (2 MM, EH: Km1 1.2–1.8 mM, Km2 6.6–9.0 mM) of sucrose
uptake by sieve elements. However, Akaike’s Information Criterion (AIC) favored single
MM kinetics. Using single MM as the best-fitting model, Km values for sucrose uptake by
sieve elements decreased along the plant axis from 1 to 7 mM. For phloem parenchyma
cells, higher Km values (EH: Km1 10 mM, Km2 70 mM) as compared to sieve elements
were found. In preliminary patch-clamp experiments with sieve-element protoplasts, small
sucrose-coupled proton currents (−0.1 to −0.3 pA/pF) were detected in the whole-cell
mode. In conclusion (a) Km values for sucrose uptake measured by electrophysiology
are similar to those obtained with heterologous systems, (b) electrophysiology provides a
useful tool for in situ determination of Km values, (c) As yet, it remains unclear if one or two
uptake systems are involved in sucrose uptake by sieve elements, (d) Affinity for sucrose
uptake by sieve elements exceeds by far that by phloem parenchyma cells, (e) Patch-
clamp studies provide a feasible basis for quantification of sucrose uptake by single cells.
The consequences of the findings for whole-plant carbohydrate partitioning are discussed.

Keywords: Akaike’s Information Criterion, carbohydrate partitioning, Eadie–Hofstee plots, H+/sucrose symporter,

Km values, non-linear least-square fittings, phloem parenchyma cells sieve-element/companion cell complex,

sucrose-induced depolarization of membrane potential

INTRODUCTION
The wide-spread notion that carbohydrate distribution largely
results from competition between terminal sinks neglects the
role of axial sinks along the pathway and the dynamics of
phloem transport (van Bel, 1996, 2003a; Hafke et al., 2005).
Studies using 11C-labeled substances revealed considerable rates
of photoassimilate exchange along the axis of intact Phaseolus
plants (Minchin and Thorpe, 1984, 1987). The results indicate
a dynamic leakage/retrieval of photoassimilates along the trans-
port phloem (Eschrich et al., 1972; Minchin and Thorpe, 1987;
van Bel, 2003b; Gould et al., 2012). Under mostly prevailing
source-limiting conditions when sink demand exceeds source
supply (Patrick and Offler, 1996), photoassimilates translocated

in the sieve-tube sap are steadily leaking into the vascular
apoplasmic space. From there, photoassimilates are retrieved by
sieve-element/companion-cell complexes (SE/CCs) or absorbed
by phloem parenchyma cells (PPCs), which present the border-
line of the axial sink area (van Bel, 1996). Competition between
SE/CCs and PPCs for photoassimilates was postulated to be
a key process regulating photoassimilate partitioning between
axial and terminal sinks (van Bel, 1996; Hafke et al., 2005;
van Bel and Hafke, 2005). The balance between release and
retrieval may also be involved in the maintenance of the hydraulic
pressure gradient in transport phloem (Minchin and Thorpe,
1987; van Bel, 1996; Gould et al., 2004; van Bel and Hafke,
2005).
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Under source-limiting conditions, SE/CCs and PPCs seem to
represent syplasmically separated domains in transport phloem
(van der Schoot and van Bel, 1989; Oparka et al., 1994; van
Bel and van Rijen, 1994; Patrick and Offler, 1996; Rhodes et al.,
1996; Hafke et al., 2005). Hence, photoassimilate uptake by either
SE/CCs or PPCs is dictated by the respective proton motive
forces (pmf; e.g., van Bel, 1996). The competitiveness between
SE/CCs and PPCs was quantified by pmf measurements in the
main vein of intact Vicia faba plants and a few other plant
species (Hafke et al., 2005). These studies identified the mem-
brane resting potential as the domineering pmf-component in the
competition between SE/CCs or PPCs.

Apart from the pmf, other parameters, in particular Km and
Vmax of the sucrose transporters determine the competitiveness
for photoassimilates between SE/CCs and PPCs. To date, sucrose-
uptake kinetics of sieve elements has been determined by using
entire phloem tissues or sucrose transporters expressed in oocytes
and yeast (for reviews see Kühn, 2003; Lalonde et al., 2003; Sauer,
2007; Ayre, 2011; Geiger, 2011). These approaches do not provide
conclusive information on the in situ uptake by sieve elements. In
the first approach, uptake kinetics of sieve elements are blurred
by the contribution of other cell types; in heterologous expres-
sion, uptake is taking place in an artificial environment and fails
to quantify in situ Vmax of sucrose uptake. Furthermore, kinetics
of sucrose uptake by PPCs has been largely neglected so that the
picture of the competition between SE/CCs and PPCs is far from
complete.

The lack of exact information calls for approaches by which the
sucrose-uptake kinetics of each single cell type can be measured
separately in the natural cell environment. Therefore, we exe-
cuted depolarization studies (cf. Lichtner and Spanswick, 1981;
Wright and Fisher, 1981) using intracellular electrodes. They were
impaled into phloem cells to record electrical responses to graded
sucrose supply. The magnitude of depolarization allows the calcu-
lation of the Km of the transporters involved, but did not provide
information on Vmax. The Vmax values depend on the transporter
density and the turnover rates. Hence, the feasibility of a whole-
cell patch-clamp approach was explored to detect and possibly
quantify sucrose uptake by sieve-element protoplasts.

METHODS
PLANT MATERIAL
Vicia faba cv. Witkiem plants (Nunhems Zaden BV, Haelen,
The Netherlands) were grown in pots in a greenhouse at tem-
peratures varying between 20◦C and 30◦C at 60–70% humid-
ity and a 14/10-h light/dark period. Supplementary lamp light
(model SONT Agro 400 W; Phillips Eindhoven, The Netherlands)
resulted in an irradiance level of 200–250 µmol m−2 s−1 at the
plant apex. Test plants were taken 3 weeks after germination
(cf. Hafke et al., 2005).

Tissue preparation of intact plants
Cortical layers of the main vein of the youngest mature leaf or
of internodal rims were removed by manual paradermal slic-
ing with a fresh razor blade as described before (Knoblauch
and van Bel, 1998). Leaves were mounted on a microscope
slide with two-sided adhesive tape and the free-lying tissue was

bathed in a weakly buffered standard bathing medium (BM):
2 mM KCl, 1 mM CaCl2 1 mM MgCl2, 100 mM mannitol, 2.5 mM
4-morpholinoethanesulfonic acid (MES)/NaOH, pH 5.7. For
measurements in internodes being bent into a horizontal plane,
a home-made bathing system was used to submerse and per-
fuse free-lying phloem tissue with various solutes. Intactness
of phloem tissue was checked using a microscope (Leica DM-
LB, fluorescence microscope) equipped with a water immer-
sion objective (HCX APO L40x/0.80 W U-V-I objective, Leica,
Heidelberg, Germany) that was insulated from the electrophysi-
ological devices.

Intracellular electrophysiology in intact plants
Membrane potential measurements in intact phloem tissue have
been described in detail (Hafke et al., 2005). Microelectrodes
were pulled from aluminosilicate microcapillaries with an outer
diameter of 1 mm and an internal filament (SM100F-10, Harvard
Apparatus LTD, Edenbridge, Kent, UK) on a vertical electrode
puller (GETRA, München, Germany). The tip diameter of these
electrodes was 0.5–1 µm. The microelectrodes were back-filled
with 500 mM KCl and clamped in an Ag/AgCl pellet electrode
holder (WPI, Sarasota FL, USA). The microelectrode was con-
nected to the probe of the amplifier (DUO 773 high-input
impedance differential electrometer, WPI, Sarasota FL, USA).
The Ag/AgCl reference electrode was connected to the bathing
medium by a 2% agar bridge (w/v) filled with 500 mM KCl
solution (Hafke et al., 2005). After incubation in BM for 1 h,
microelectrodes were impaled into phloem cells under micro-
scopic surveillance (Hafke et al., 2005). All measurements were
performed at a room temperature of 23–25◦C. Membrane poten-
tials of sieve elements (SEs) and adjacent phloem parenchyma
cells (PPCs) were recorded either in main veins or in intern-
odes along the plant. The term plant length index (PLI) was
introduced to define the recording positions. The main vein of
youngest mature leaf was defined as PLI 1, a position half-way
along the stem as PLI 0.5, and the position at the transition
between the autotrophic and heterotrophic part of the stem as
PLI 0 (Figure 1A).

Measurement of sucrose-induced depolarizations in intact
phloem tissue
Various sucrose concentrations (1–100 mM), dissolved in BM,
were administered to the bare-lying phloem tissue. Because
the membrane potential measurements – in particular those of
PPCs - are extremely sensitive to perfusion turbulence, sucrose
solutions were supplied via a microcapillary (20–30 µm in
diameter) mounted on a micromanipulator and connected to
a pressure-driven microinjector (Cell Tram Oil microinjector,
Eppendorf, Hamburg, Germany).

Sucrose-induced depolarizations (e.g., Lichtner and
Spanswick, 1981) were plotted against the sucrose concen-
tration. Km -values for sucrose uptake by SE/CCs or PPCs for the
uptake models MM (single Michaelis–Menten term) and 2 MM
(two Michelis-Menten terms) were obtained by non-linear least
square fitting (NLSF) using SIGMA PLOT 11.2 software package
(Systat Software, San Jose, CA). Goodness-of-fit was judged from
R2 and the sum of squared residuals (SSR). A smaller SSR is
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FIGURE 1 | Sucrose-induced depolarizations in sieve-elements (SEs)

and phloem parenchyma cells (PPCs) along the stem of intact Vicia
faba plants. (A) Plant length indices (PLIs: 1.0, mid-vein of the youngest
mature leaf; 0.5, half-way the stem; 0, stem-to-root transition area)
standardize the microelectrode positions along plants of diverse lengths.
The symbols (circles, triangles, squares) associated with certain PLIs are
used in the following figures. The numbers associated with sucrose (suc)
and mannitol (man) in the following figures represent their concentrations
(mM). (B) Membrane potential resting levels (Vm, ±SD, left y-axis) in
SE/CCs and PPCs along the plant axis. Membrane potential ratios
(VmSE/CC/VmPPC, semi-filled diamonds, right y-axis) along the phloem
pathway. (C) Typical recorder traces showing the time-course of the change
in SE membrane potentials at PLI 1.0 in response to the addition of 1, 3,
20 and 50 mM sucrose, respectively. The start of perfusion with test
solutions is marked by arrows, that of mannitol rinsing by fat arrows. (D)

pH-dependence of sucrose uptake into single SEs. Depolarizations in
response to 10 mM sucrose pH 5.7 and 10 mM sucrose pH 3.5 intermitted
by rinsing with mannitol. The start of perfusion with test solutions is

marked by arrows, that of mannitol rinsing by fat arrows. Arrowheads mark
the membrane voltage. (E) Relationship between sucrose-induced
depolarizations (y-axis) of SEs and external sucrose concentrations at pH
5.7 (x-axis) at different PLIs (n = 5 to 10 for each concentration). Data points
where fitted either to a single MM term (black line) or to the biphasic MM
equation (red line) (F) Eadie–Hofstee transformation of sucrose-induced
depolarization as a measure for sucrose uptake at different PLIs for SEs. In
Eadie–Hofstee plots, the negative slopes of linear fits represent the -Km

values. For linear regressions of the data from PLI 1 and PLI 0 either a
single MM (black line) or a biphasic MM (red line) kinetic is assumed. For
PLI 0.5 two components were unequivocally identified (G) Typical recorder
traces showing the time-course of the change in PPC membrane potential
at PLI 1.0 in response to 5, 50 and 100 mM sucrose, respectively. (H)

Relationship between membrane potential depolarizations (�V, y-axis) and
supplied sucrose concentrations (x-axis) of PPCs at PLI 1 at pH 5.7 (n = 10
for each concentration). Data points where fitted either to a single MM
term (black line) or biphasic MM term (red line). (I) Eadie–Hofstee
transformation of sucrose-induced depolarization of PPCs at PLI 1.
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indicative of a tight fit of the model to the data (e.g., Ritchie and
Prvan, 1996; Motulsky and Christopoulos, 2003). The formulas
applied are exemplified by the following biphasic MM equation
for two active transport systems (2 MM terms) (1):

�V = �V1[suc]ext

Km1 + [suc]ext
+ �V2[suc]ext

Km2 + [suc]ext
(1)

in which �V = amplitude of depolarization, �V1, �V2 the
maximum depolarization in analogy to Vmax and Km describes
the MM constant of the transport system. Here, Km is the
concentration at which 50% of the maximal depolarization is
reached. Km values were also calculated from Eadie–Hofstee
(EH) transformations (Hofstee, 1959) assuming either a single
MM (one slope; -Km) or a biphasic 2 MM kinetic (two different
slopes, -Km1, -Km2). The EH transformation for one slope is given
by (2):

�V = �Vmax − Km
�V

[suc]ext
(2)

Model selection using Akaike’s Information Criterion (AIC)
Akaike’s (entropy-based) Information Criterion (Akaike, 1973,
cited in Burnham and Anderson, 2004) is an approach to select
the best model from a set of models. The AIC determines how
well the data supports each model (for details please see Motulsky
and Christopoulos, 2003; Burnham and Anderson, 2004). It has
an in-built penalty for models which larger number of parame-
ters (more complex models). The model which fits well but has
a minimum number of parameters (simplicity and parsimony) is
preferred (Burnham and Anderson, 2004). In the present work
AIC-based model selection was used to discriminate between
single MM or double MM (2 MM) sucrose-uptake kinetics.

For a quantitative comparison of different models, an
AIC value is determined for each model. For small sample
sizes, Akaike’s second-order information criterion (AICc; e.g.,
Motulsky and Christopoulos, 2003; Burnham and Anderson,
2004) is used for calculation which is given by Equation (3):

AICc = NIn
SSR

N
+ 2K + 2K(K + 1)

N − K − 1
(3)

where N is the number of data points, SSR is the sum of squared
residuals obtained from non-linear least-square fittings (either to
the model MM or 2 MM) to the data points and K is the number
of parameters to be fitted plus one (Motulsky and Christopoulos,
2003). The number of parameters is 2 for MM and 4 in case of
2 MM. The model with the lower AIC value is more likely to be
correct. If AICc values are very close or equal, there is no evi-
dence to prefer one model over the other or each model is equally
likely to be correct (Motulsky and Christopoulos, 2003). For a
more quantitative comparison of models, the strength of evi-
dence for each model is determined by calculating �i (= delta
AIC) and Akaike’s weightwi, respectively. �i is simply calculated
by subtraction of the AICc value for the best model (= min-
imum AICc value) from the AICc value of the other model(s)
(e.g., Burnham and Anderson, 2004). �i are then transformed
into Akaike’s weight (4):

wi = e−0.5�i

1 + e−0.5�i
(4)

Akaike weights (wi) are the “weight of evidence” in favor of a
certain model being the best model in the candidate set (e.g.,
Burnham and Anderson, 2004). From Akaike’s weight, an
evidence ratio of probabilities can be calculated by (5):

Evidence ratio= Probabilty that model 1 is correct

Probabilty that model 2 is correct
= 1

1 + e−0.5�i

(5)

The evidence ratio indicates how many times more likely is
one model compared to the other (Motulsky and Christopoulos,
2003).

Isolation of sieve-element protoplasts and patch-clamp recordings
Sieve-element protoplasts were isolated according to Hafke et al.
(2007). Internodes from 3 to 4 weeks old plant were excised and
split longitudinally. For coarse mechanical isolation of phloem
strands, vascular tissues were sliced (slice thickness ∼300 µm)
with a razor blade from the cut tangential face of the intern-
ode. The slices were transferred into an enzymatic wall digestion
medium (Hafke et al., 2007) and incubated over night (approx.
10 h) at room temperature. Disintegrating phloem strands were
filtered through an 80 µm nylon mesh, washed two times and
stored in a medium containing 500 mM mannitol, 2 mM KCl,
1 mM CaCl2, 1 mM MgCl2, 2.5 mM MES/NaOH, pH 5.7. Only
simple sieve-element protoplasts that were identified by inclusion
of forisomes, were used for patch clamp experiments (cf. Hafke
et al., 2007)

A cytosolic solution (pipette solution in contact with the cyto-
plasmic side of the protoplast) was slightly modified in compari-
son to Carpaneto et al. (2005) and contained 30 mM KCl, 1 mM
EGTA, 3 mM MgCl2, 5 mM sucrose, 400 mM mannitol, 10 mM
BTP (bis-tris-propane), titrated with MES to pH 7.5. Protoplasts
were bathed in a solution composed of 2 mM MgCl2, 1 mM
CaCl2, 1 mM GdCl3, 450 mM mannitol, 10 mM MES, titrated
with BTP to pH 5.5. For sucrose application, 450 mM manni-
tol was replaced by 350 mM mannitol and 100 mM sucrose as
compared to the bathing solution. This solution was delivered in
the vicinity of the protoplast via a microcapillary connected to a
pressure-driven microinjector.

Patch-clamp recordings on sieve-element protoplasts were
performed in the whole-cell configuration as described before (cf.
Hafke et al., 2007). Whole-cell currents were recorded with an
A-M Systems patch-clamp amplifier (Model 2400, A-M Systems,
Inc.®, Carlsborg, USA), filtered with an eight-pole Bessel fil-
ter at either 0.5 or 1 kHz and stored online on a personal
computer at a 2,5/5 kHz sampling frequency via a Digidata
1440A interface digitizer (Molecular Devices, MDS Analytical
Technologies, Sunnydale, California, USA). Data were low-pass
filtered off-line at 10 or 25 Hz. Data recording, acquisition
and analysis were performed with pCLAMP 10 hardware and
software facilities (Molecular Devices Corporation, Sunnydale,
California, USA). For comparison of individual protoplasts, cur-
rent amplitudes were normalized to the whole-cell membrane
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capacitance. Membrane capacitance was determined from capac-
itive currents measured in response to short (10 ms) voltage
steps of 10 mV (Gillis, 1995). All command voltages were cor-
rected off-line for liquid junction potential (Neher, 1992) using
a Liquid Junction Potential Calculator (Ng and Barry, 1995).
All measurements were carried out at room temperatures of
about 21◦C.

RESULTS
MEMBRANE POTENTIALS OF SIEVE ELEMENT/COMPANION CELL
COMPLEX (SE/CCS) AND PHLOEM PARENCHYMA CELLS (PPCS) ALONG
THE PLANT AXIS
Under the usually prevailing source-limiting conditions, the
dynamic sucrose exchange along the transport phloem is con-
trolled by pmf-driven transporters located at the plasma-
membranes of SE/CCs and PPCs. Earlier studies pointed out that
competitiveness between SEs and PPCs is determined by the elec-
tric component of the pmf (Hafke et al., 2005). Hence, membrane
potentials of SE/CCs and PPCs were determined along the axis
of intact Vicia faba plants after impalement by microelectrodes
under microscopic surveillance as illustrated previously (Hafke
et al., 2005).

To standardize the electrode positions along plants of various
lengths, the plant length index (PLI) was introduced (Figure 1A).
The position on the main vein of the youngest mature leaf was
set to be PLI 1, a position halfway along the stem was defined
as PLI 0.5 and the transition from the heterotrophic to the
autotrophic region just above ground level corresponds to PLI 0.
The resting potentials of SE/CCs and PPCs were recorded at the
respective plant axis positions and the membrane potential ratios
Vm SE/CC/Vm PPC calculated (Figure 1B).

The average membrane potentials of SE/CCs (Figure 1B) var-
ied between −127 mV at PLI 1 and −112 mV at PLI 0 and those of
the PPCs remain around −100 mV along the entire stem stretch.
The distinct and consistent difference between the membrane
potentials of SE/CCs and PPCs at various PPIs indicated a sym-
plasmic disjunction as found before in transport phloem (Oparka
et al., 1994; van Bel and van Rijen, 1994; Kempers et al., 1998;
Hafke et al., 2005). Since the membrane potentials of the SE/CCs
declined more rapidly along the plant axis than those of the PPCs
(see ratio, Figure 1B), the relative competitiveness of the PPCs
may increase towards the stem base.

Membrane potentials were also recorded in SEs and PPCs
embedded in free-lying vascular root tissue. There, the SE mem-
brane potentials are drastically reduced to −55 ± 2.4 mV (n = 4)
in comparison with SEs in the stem. No stable values for
PPCs could be obtained so that no conclusions could be drawn
regarding the relative competitiveness between SEs and PPCs in
roots.

Km VALUES OF SUCROSE UPTAKE IN EITHER SE/CCS OR PPCS
MEASURED BY SUCROSE-INDUCED DEPOLARIZATION OF MEMBRANE
POTENTIALS
As discussed before (Hafke et al., 2005), kinetics of sucrose uptake
by SE/CCs and PPCs is a key element in the competitiveness
between SE/CCs and PPCs and, hence, for photoassimilate par-
titioning. However, the cell-specific uptake kinetics has not been

determined conclusively to date. Studies of 14C-sucrose uptake
by phloem strips do not discriminate between the kinetics of
SE/CCs and PPCs. Furthermore, uptake studies using SE- and
PPC-protoplasts would require an immense amount of proto-
plasts which is virtually impossible given the painstaking isolation
and identification procedures. Therefore, we measured mem-
brane depolarizations of single cells induced by various apoplas-
mic sucrose concentrations under physiological conditions (e.g.,
Lichtner and Spanswick, 1981). Natural apoplasmic sucrose con-
centrations are in the range between 1.0 and 60.0 mM (cf. Patrick
and Turvey, 1981; Minchin and Thorpe, 1984; Voitsekhovskaja
et al., 2000; Kang et al., 2007).

As reported before (Hafke et al., 2005), microelectrodes were
impaled into SEs (Figures 1C,D) or PPCs (Figure 1G). Following
stabilization of the membrane potential, various sucrose concen-
trations were supplied to SE/CCs by bath perfusion (for SEs)
or local micropipette-mediated solute administration (for PPCs).
Electrical recordings showed graded effects of various sucrose
concentrations on the membrane potentials of SEs (Figure 1C)
and PPCs (Figure 1G). As a general pattern, a fast sucrose-
induced depolarization brought about by H+ co-transport (e.g.,
Carpaneto et al., 2005) was followed by a gradual repolarization.
Replacement of the sucrose solutions by an iso-osmotic manni-
tol solution accelerated the repolarization to the resting potential
(Figure 1C).

At a decreased external pH (3.5 instead of 5.7), application
of the same sucrose concentration (10 mM) resulted in a 3-fold
increase in the magnitude of depolarization (Figure 1D) which
is in agreement with the role of protons in pmf-driven H+-
sucrose symport (e.g., Delrot and Bonnemain, 1981; Reinhold
and Kaplan, 1984).

The relationship between sucrose concentration and SE or
PPC depolarization can be described by single Michaelis–Menten
kinetics (MM) or a biphasic Michaelis–Menten kinetics (2 MM)
(Figures 1E,H). Regression diagnostics (sum of squared residu-
als SSRs, R2) from non-linear least-square data fitting (NLSF)
revealed a slightly better fit to 2 MM as indicated by smaller SSRs
and a higher R2 as compared to MM (Table 1). Furthermore
Eadie–Hofstee (EH) transformations revealed two linear compo-
nents (Figures 1F,I) which are indicative for two separate, simul-
taneously operating uptake systems (e.g., Reinhold and Kaplan,
1984). The Km values of either uptake system can be calculated
from the linear regression at low and high sucrose concentra-
tions.Unmistakable biphasic uptake kinetics are visible for the
SE data at PLI 0.5 (Figure 1F, Table 1), but those at PLI 1 and
PLI 0, data can be interpreted to be due to either MM or 2 MM
(Figure 1F, Table 1).

Diagnostic tools like SSR and R2 values alone do not
allow predictions on the adequacy of a kinetic model (MM
or 2 MM). Akaikes Information Criterion (AIC, Motulsky and
Christopoulos, 2003; Burnham and Anderson, 2004) was applied
to test for the best model (Table 2). MM is more likely to be cor-
rect then 2 MM which is indicated by smaller AICc values for the
MM model (Table 2). The small difference in �I of <2 at PLI
0.5 (1.82) indicates that 2 MM has a substantial support (evi-
dence) whereas models having �I > 10 (in case of 2 MM at PLI1
and PLI0) have essentially no support (Burnham and Anderson,

www.frontiersin.org July 2013 | Volume 4 | Article 274 | 287

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Hafke et al. Sucrose transporters in sieve-elements

Table 1 | Summary of Km-values for sucrose uptake into SE/CCs or PPC obtained by non-linear least-square fitting (NLSF) using SIGMA PLOT

11.2 or Eadie–Hofstee transformation.

NLSF Eadie–Hofstee NLSF Eadie–Hofstee

Model ID MM MM 2 MM 2 MM

PLI Km1 R2 Km1 R2 Km1 Km2 R2 Km1 R2 Km2 R2

Cell type ±SE SSR ±SE ±SE SSR

1 1.86 0.98 1.7 0.86 1.0 2.92 × 108 0.99 1.4 0.92 6.6 0.93

SE/CC ±0.42 6.86 ±0.49 ±1.7 × 1015 1.67

1 52 0.94 10.3 0.91 1.45 7 × 109 0.99 10.3 0.91 71.3 0.77

PPC ±26.5 21.67 ±2.21 ±2 × 1015 1.32

0.5 6.76 0.98 N.d.a N.d 0.23 14 0.99 1.2 0.99 9.0 0.96

SE/CC ±1.18 22.57 ±0.44 ±4.9 5.86

0 6.32 0.97 6.9 0.88 1.78 × 10−9 9.47 0.97 1.8 0.77 7.0 0.64

SE/CC ±1.33 14.86 ±2.37 ±8.24 12.1

Sucrose-uptake parameters of the concentration-dependence of the sucrose-induced depolarizations were fitted to a Michaelis–Menten equation (MM) and the sum

of two MMs (2 MM). Km values were also obtained from the linear fittings of Eadie–Hofstee transformations (MM, 2 MM). Goodness-of-fit was evaluated from R2

and SSR. A small SSR is indicative of a tight fit of the model to the data. Standard errors (SE) of the fitted parameters are given for the non-linear fittings.
aN.d.: not determined. Given the distinct biphasic character of the EH transformation, a linear regression of the data points with only one Km value is not appropriate.

Table 2 | Comparing and selecting different models (MM, 2 MM) by

Akaike’s second-order information criterion.

PLI Model ID AICc �i wi (%) Evidence

ratio

Best

model

1 SE MM
2MM

13.86
59.97

0
46.11

1 (100)
0

– MM

0.5 SE MM
2MM

13.26
15.07

0
1.82

0.713 (71.3)
0.287 (28.1)

2.48 MM/
2MM

0 SE MM
2MM

13.96
26.91

0
12.95

0.999 (99.1)
0.001 (0.01)

– MM

Denotations: AICc: AIC value, �i : delta AICc Wi : Akaike’s weight. For the

definitions of the AIC parameters please see Methods section.

2004). Fitting the data to MM would render a shift in Km values
for SEs along the plant axis (Table 1). Km values obtained by NLSF
increased from 1.86 mM (EH: 1.73 mM) at PLI1 to 6.32 mM (EH:
9 mM) at PLI 0 (Table 1) suggesting a decreased sucrose retrieval
by SEs along the plant axis.

For PPCs, a Km value of 52 ± 26.5 mM showing a high stan-
dard error was calculated (Table 1) when MM was adopted as the
mode of uptake. Using 2 MM, Eadie-Hofstee calculations pro-
duced Km1 and Km2 values of 10 and 70 mM, respectively, while
NLSF revealed a Km1 value of 1.45 mM and infinitesimal high
Km2 (Table 1). Irrespective of the mode(s) of uptake, it suggests
that the affinity for sucrose uptake is much lower in PPCs than
in SEs.

MEASURABILITY OF SUCROSE/H+ TRANSPORTER ACTIVITY IN THE
PLASMA MEMBRANE OF SIEVE-ELEMENT PROTOPLASTS
In analogy to studies of the phloem-localized sucrose carrier
ZmSUT1 expressed in Xenopus oocytes (Carpaneto et al., 2005),
patch-clamp technique was applied to SE protoplasts in the
whole-cell configuration (cf. Hafke et al., 2007) for a direct

detection of the sucrose/H+ transporter activity. SE protoplasts
(Figure 2A) were bathed in a sucrose-free medium (pH 5.5;
Figure 2B) and clamped to a holding voltage of −106 mV.
In response to external supply of 100 mM sucrose (pH 5.5)
by local bath perfusion, an increase in inward current (posi-
tive current into the cell, cf. Bertl et al., 1992) was recorded.
Normalized currents were in the range of −0.1 to −0.3 pA/pF
(−0.2 ± 0.07 pA/pF, n = 4). This time-dependent increase in
negative currents (downward deflections, Figures 2C–E) rep-
resent proton currents generated by a H+/sucrose symporter
mediating sucrose transport into SEs as reported for ZmSUT1
expressed in Xenopus oocytes (Carpaneto et al., 2005).

DISCUSSION
In situ DETERMINATION OF Km VALUES FOR SUCROSE UPTAKE BY
PHLOEM CELLS USING ELECTROPHYSIOLOGY
Kinetic parameters for sucrose uptake are crucial for the
competition between SE/CCs and PPCs in transport phloem
and the distribution of photoassimilates over axial and termi-
nal sinks (van Bel, 1996; Hafke et al., 2005). Other than in
previous approaches, Km values for sucrose uptake were calcu-
lated here by measuring sucrose-induced membrane depolariza-
tions of SEs and PPCs (Figure 1) in analogy to an approach
using cut aphid stylets in combination with electrophysiol-
ogy (Wright and Fisher, 1981). As aphid stylets are solely
inserted into SEs, the latter technique is not applicable for PPC
recordings.

The sucrose-induced depolarizations are consistent with H+-
sucrose co-transport with a 1:1 stoichiometry (e.g., Lichtner and
Spanswick, 1981; Wright and Fisher, 1981; Carpaneto et al.,
2005). The magnitude of depolarization varies with external
sucrose concentrations in keeping with Michaelis–Menten uptake
kinetics (Figures 1E,H). The Km values calculated for uptake
by sieve elements (Table 1) match well with those obtained by
uptake studies in oocytes and yeast (Figure 3) which can be
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FIGURE 2 | Patch clamp recordings of sucrose-induced H+ currents in

sieve-element (SE) protoplasts of Vicia faba. (A) SE protoplast containing a
forisome (asterisk) with microcapillary (m) attached to the plasma membrane
immediately before a patch-clamp experiment. (B) Experimental patch-clamp
conditions with 5 mM sucrose at the inner side of an SE protoplast (pipette
pH 7.5) and 0 mM sucrose at the beginning of the experiment (left) and

100 mM sucrose during perfusion (right) at the outer side (bath pH 5.5). (C–E)

Three independent measurements of sucrose-induced H+-currents in SE
protoplasts. Membrane voltage was clamped to −106 mV. Current traces
showing a downward deflection (increase in inwardly directed currents) in
response to 100 mM sucrose application (arrows). All currents were
normalized to the membrane capacitance Cm.

regarded as proof for the adequacy of the present electrophys-
iological approach. The Km values (Table 1) are higher than
those observed for sucrose uptake by isolated Commelina minor
veins (0.5 mM), but determination of the parameters of active
uptake may have been confounded by an appreciable diffu-
sional uptake component in this study (van Bel and Koops,
1985).

SELECTION OF THE KINETIC MODEL
Plotting the relationship between sucrose concentration and
membrane depolarization can be described by either single (MM)
or biphasic Michaelis–Menten kinetics (2 MM). As for SEs, Eadie-
Hofstee transformations revealed some evidence in favor of two
uptake systems (Figure 1F, Table 1), but the differences in sig-
nificance between MM or 2 MM were marginal. To distinguish
between MM and 2 MM, Akaike’s Information Criterion (AIC)-
based model selection was invoked for further analysis (Table 2).
As a result, MM is favored for SEs at PLI 1 and PLI 0 (Table 2),
whereas AIC supported also 2 MM for SEs at PLI 0.5 (see also
Figure 1F) by a difference in AICc values between MM and 2 MM
of �i < 2 (e.g., Burnham and Anderson, 2004).

The inconclusive assessment of the uptake mode(s) which may
also be due to the limited data sets, leaves us with two possible
interpretations:

(a) Only one single active uptake system is involved, but MM
kinetics is distorted by artifacts induced by the experimental
approach. Uptake may be influenced by unstirred layers in

vicinity of the plasma membrane as described for intesti-
nal studies (Thomson, 1977; Thomson and Dietschy, 1977;
Gardner and Atkinson, 1982). The absorption of solutes in
anatomical complex tissues leads to concentrations in the
close vicinity of the cell membrane being lower than that
in the bulk fluid leading to a deformation of the Michaelis–
Menten kinetic or the Eadie-Hofstee transformation and a
serious shift in Km of the sucrose uptake system to higher val-
ues (Winne, 1977; Thomson, 1977; Thomson and Dietschy,
1977; Gardner and Atkinson, 1982). Diffusion through the
cell-wall microfibrils may be limited by physical forces in the
cell-wall micro-environment.
A further pitfall causing dual kinetics may be symplas-
mic coupling in intact tissues: biphasic kinetics could be
ascribed to differential contributions of electrically coupled
cells. Therefore, symplasmic isolation is an absolute prereq-
uisite for a correct interpretation of the data. Fluorochrome
studies demonstrated that SE/CCs in transport phloem are
strictly disjunct from PPCs under the present conditions (van
Bel and van Rijen, 1994; Patrick and Offler, 1996; Knoblauch
and van Bel, 1998; Hafke et al., 2005), when the few plas-
modesmata in the SE/CC-PPC interface (Kempers et al.,
1998) are closed. By contrast, SEs and CCs are strongly
coupled in situ via numerous PPUs (Kempers et al., 1998).
However, electrode impalement likely confers occlusion by
PPUs (Knoblauch and van Bel, 1998) so that the biphasic
depolarization patterns are to be merely ascribed to SEs. For
PPCs, it remains uncertain to which degree plasmodesmata
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FIGURE 3 | Schematic presentation of the affinity constants of sucrose

transporters involved in apoplasmic phloem loading, transport, and

unloading. Km values were taken from (Riesmeier et al., 1993; Weber et al.,
1997; Barker et al., 2000; Schulze et al., 2000; Weise et al., 2000; Weschke
et al., 2000; Manning et al., 2001; Reinders et al., 2002; Barth et al., 2003;
Knop et al., 2004; Carpaneto et al., 2005; Zhou et al., 2007; Eom et al., 2011;
Gould et al., 2012). Sucrose transporters are indispensible for apoplasmic
phloem loading, but play a rather marginal part in symplasmic phloem loading
as it occurs in numerous species. In transport phloem, sucrose transporters
are prominent under the usually prevailing source-limiting conditions,
whereas their role is reduced under sink-limiting conditions. While phloem
unloading in terminal leaf and root sinks occurs entirely symplasmically, the
unloading path in larger sinks may include an apoplasmic step. Due to the
obligatory symplasmic isolation of the embryo from the maternal seed-coat
tissue in Pisum sativum and Phaseolus vulgaris, an apoplasmic loading step
is required involving sucrose transporters and facilitators (Patrick, 2013). A
sucrose/proton antiport mechanism of unknown identity was postulated in
seed coats of Vicia faba (Fieuw and Patrick, 1993) and Phaseolus vulgaris
(Walker et al., 1995). PsSUT1 was also localized in the vascular tissue of the

seed coat, where it is assumed to play a role in sucrose efflux (Zhou et al.,
2007). In fleshy fruits, phloem unloading often follows diverse routes in
dependence of the developmental stage. After symplasmic unloading during
the pre-storage phase, phloem unloading is assumed to occur apoplasmically
during the storage phase (Ruan and Patrick, 1995; Zhang et al., 2006; Nie
et al., 2010; Tegeder et al., 2013), while apoplasmic sieve-element unloading
precedes symplasmic transport in the post-sieve-element pathway during the
entire development of apples (Zhang et al., 2004). In walnuts, the pathway of
unloading depends on the target tissue: photoassimilates are transported
symplasmically to the seed coat, but apoplasmically to the fleshy pericarp
(Wu et al., 2004). In potato tubers, apoplasmic unloading switches to
symplasmic unloading during development (Viola et al., 2001). During the first
phase of stolon development, the sucrose transporter StSUT1 is assumed to
be involved in sucrose unloading form the phloem acting as a sucrose efflux
transporter (Kühn et al., 2003). Sucrose transporters of the SUT1 clade are
colored in blue, of the SUT2 clade in cyan, of the SUT3 clade in orange,
whereas transporters of the SUT4 clade are colored in red (according to the
phylogenetic classification by Kühn and Grof, 2010). Km values (mM) of the
transporters are displayed in brackets.
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towards adjacent cells are closed after microelectrode
insertion.

(b) Two active systems are involved in sucrose uptake. Several
studies postulated a second linear component in addition to
active uptake resulting in biphasic kinetics (e.g., van Bel and
Koops, 1985; Daie, 1987). This linear uptake was assigned
to facilitated diffusion, but could be equally well the lin-
ear section of a low-affinity MM system. The latter opinion
was corroborated by PCMS inhibition and FC stimulation
of this linear component of sucrose uptake (A. J. E. van
Bel and M. Tjaden, unpublished results). Active uptake by a
low-affinity system would be in line with the continuously
increasing depolarizations at higher sucrose concentrations
(Figures 1E,H).

CONSEQUENCES FOR CARBOHYDRATE PROCESSING IN
INTACT PLANTS
The uptake mode(s) has(have) a strong impact on sucrose pro-
cessing along the phloem pathway. The existence of one sucrose
uptake system in SEs of transport phloem would disclose a shift
in the Km values of SEs from 1.8 mM to approx. 6 to 7 mM
downwards along the plant axis (Table 1, NLSF, EH for MM).
In parallel with the increase in the affinity constant, membrane
potentials in SEs decline along the plant axis (Figure 1A), leading
to reduced pmf-driven sucrose uptake (e.g., Hafke et al., 2005). A
comparable voltage-dependence of Km values was already char-
acterized for the sucrose carrier ZmSUT1 expressed in oocytes
(Carpaneto et al., 2005). Carpaneto et al. (2005) showed, that
that Km values for ZmSUT1 increased at more positive membrane
voltages. For PPCs showing much higher Kmvalues for sucrose
uptake (>10 mM; Table 1), more detailed data analysis on kinetic
properties of sucrose uptake is necessary. Recently, two efflux
carriers mediating a key step in phloem loading have been char-
acterized in Arabidopsis: AtSWEET11 and AtSWEET12. These
two sucrose transporters are highly expressed in leaves and are
both localized in the plasma membrane of phloem parenchyma
cells (Chen et al., 2012). The atsweet11/atsweet12 double inser-
tional mutant plants are defective in phloem loading and display
a phenotype similar to AtSUC2 knock-out mutants with regard
to sugar and starch accumulation (Gottwald et al., 2000). Both
AtSWEET11 and AtSWEET12 seem to be different from the other
proteins belonging to the SWEET family because of their low
affinity to sucrose, with the Km values for an influx ≈70 and efflux
>10 mM (AtSWEET12). Because of the pH-independent trans-
port, it was suggested that the sucrose translocation may rely on a
uniport system (Chen et al., 2012).

It should be noted, that, pmf-driven uptake rates may be con-
stant, since membrane potentials of PPCs did not change along
the plant axis (Figure 1B). Both membrane potential gradients
and Km gradients infer that the competitiveness of sieve elements
declines downwards along the axis.

Carbohydrate partitioning and management strongly depend
on the release/retrieval of photoassimilates along the phloem
path under source-limiting conditions (Patrick and Offler, 1996;
van Bel, 2003a,b; Hafke et al., 2005). The rate of (temporary)
diversion of photoassimilates to axial sinks is determined by a
competition between SE/CCs and PPCs (Hafke et al., 2005).

According to the present data, the relative competitiveness of
PPCs tends to increase near the stem basis (ratio, Figure 1B).
According to the Km-values assuming one sucrose uptake sys-
tem along the axis (Tables 1, 2), the competitiveness of SE/CCs
is higher at low apoplasmic sucrose concentrations than at high
concentrations which can be handled more easily by PPCs (hav-
ing low-affinity uptake system). Under sink-limiting conditions,
the amounts of photoassimilates available for the axial sinks
are extremely high. Then, membrane uptake systems will be
of minor importance since most of the photoassimilates move
through open plasmodesmata towards the PPCs (Patrick and
Offler, 1996). Under these circumstances, the low-affinity systems
of PPCs may be quite useful for retrieval of massive amounts of
sucrose leaking from the axial sink cells.

PATCH-CLAMP RECORDINGS OF SUCROSE-INDUCED PROTON FLUXES
IN SIEVE-ELEMENT PROTOPLASTS
In previous studies, ZmSUT1 was heterologously expressed
in oocytes and characterized functionally in detail using a
patch-clamp approach (Carpaneto et al., 2005, 2010). The
sucrose-coupled proton currents were reversible depending on
the direction of the sucrose and pH gradients and the apparent
affinity constant Km of ZmSUT1 exhibited a pronounced voltage
and pH-dependence (Carpaneto et al., 2005). The turnover rate
of ZmSUT1 at a physiological membrane voltage of −120 mV
is about 500 s−1 (Carpaneto et al., 2010). Based on this value,
a transporter density of 104/µm2 was calculated for oocytes
expressing ZmSUT1 (Carpaneto et al., 2010), which exceeds by
far the transporter densities to be expected in plasma membranes
under natural conditions.

Using a similar patch-clamp approach (cf. Carpaneto et al.,
2005), a sucrose/H+ symport activity was detected in the plasma
membrane of SE protoplasts (Hafke et al., 2007) as indicated by
an increase in inwardly directed currents (visible as downward
deflections relative to the baseline) in response to sucrose supply.
Neglecting possible rundown effects previously described for the
H+/sucrose symporter ZmSUT1 (Carpaneto et al., 2005), neg-
ative currents with current densities I/Cm around −0.2 pA/pF
(Figure 2) were recorded in the presence of 100 mM sucrose, a
membrane voltage of −106 mV and a gradient of 2 pH units.
The observed current densities lie in the order of magnitude of
sucrose-induced H+ currents (Schulz et al., 2011; SUC4 trans-
porters) or myo-inositol driven H+ currents (Schneider et al.,
2008) in vacuoles of Arabidopsis thaliana. To date, sucrose carrier
activity in native membrane systems were measured solely in iso-
lated vacuoles by the patch-clamp technique (Schulz et al., 2011).
Given the detectable H+/sucrose symporter activity in the plasma
membrane of SEs (Figure 2), SE protoplasts might become a
suitable tool to characterize sucrose transporters in their natu-
ral membrane environment and hence complement the data set
obtained with transporters expressed in heterologous systems like
oocytes (Carpaneto et al., 2005, 2010).
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Phloem-mobile signals that are regulated by day length activate both flowering and tuber
formation. Both signaling processes have numerous elements in common. In this review,
FLOWERING LOCUS T and the three signals currently implicated in controlling tuberization,
SP6A, miR172, and the StBEL5 complex, are discussed with a focus on their functional
roles, their mechanisms of long-distance transport, and their possible interactions.
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INTRODUCTION
Day length is critical in plants as an environmental cue for reg-
ulating numerous developmental processes. Recent reviews have
addressed the remarkable similarities between photoperiodic sig-
naling in both flowering and tuberization (Suárez-López, 2005;
Rodríguez-Falcón et al., 2006; Abelenda et al., 2011). Both involve
phloem-mobile signals with the best example being FLOWERING
LOCUS T (FT; reviewed by Turck et al., 2008). Under induc-
tive conditions, the B-box zinc finger protein CONSTANS (CO)
induces transcription of FT in the phloem. The FT protein then
moves through the sieve element system into the shoot apex
where it interacts with the bZIP transcription factor (TF), FLOW-
ERING LOCUS D (FD), to activate the floral pathway. Several
studies have identified FT in the shoot apex or phloem exudate
of plants induced for flowering (Corbesier et al., 2007; Lin et al.,
2007; Tamaki et al., 2007; Yoo et al., 2013). FT is a member of
a family of proteins that contain a phosphatidylethanolamine-
binding domain (PEBP) and is not itself a TF (Kardailsky et al.,
1999; Kobayashi et al., 1999). FT acts as a co-regulator of FD to
facilitate binding to floral identity genes like APETALA1. In this
way, FD provides spatial control of flowering and FT provides tem-
poral control. Recent studies suggest that an anti-florigenic signal
may also be trafficking long distance. This CEN/TFL1 homolog,
designated ATC, is expressed in the phloem and not the shoot apex.
Genetic analysis showed that ATC suppresses flowering and that
both its mRNA and protein can move through a graft junction
(Huang et al., 2012). After entering the shoot apex, ATC may then
compete with FT for binding to FD. So what can we learn from
flowering that will help us better understand the phloem-mobile
signal that regulates tuberization?

The history of the mobile signal of potato is based on the
work of numerous physiologists that have pieced together the
story over several decades (Bernard, 1902; Garner and Allard,
1920, 1923; Gregory, 1956; Chapman, 1958; Kumar and Wareing,

1973). They showed that under conditions of low temperature
and short days (SDs), a graft-transmissible signal produced in
leaves moves down the phloem system into stolons to induce
tuberization. Using a tobacco/potato heterograft, the floral signal
from a tobacco scion can induce tuberization in a non-induced
potato stock (Chailakhyan et al., 1981). Clearly, the signaling pro-
cess of both flowering and tuberization share common themes.
The advent of genome sequence and extremely sensitive molec-
ular detection methods have made it possible to identify several
potential signals involved in the process. As potential standards,
let us consider some experimental criteria for assessing the func-
tional role of a putative phloem-mobile tuberization signal. (1) If
it is phloem-mobile then it should be detected in phloem cells or
sap and it should transverse a heterograft. Of course, this presents
detection issues for specific agents and is a limiting factor with
some prime candidates. (2) Because movement may be technically
difficult to confirm, then at least, accumulation of the signal should
be associated in someway with tuber initiation or development.
Over-expression or suppression should affect tuber development
or morphology. Over-expression should be able to overcome the
negative effects of long days (LDs). Certainly a knock-out mutant
would be advantageous but redundancy is very likely built into this
important biological process. (3) And finally, some component of
the complex should be photoperiod regulated, verifying that the
leaf is the origin of the activator or repressor signal. The three
best candidates for phloem-mobility signals that regulate tuber
formation and will be discussed in this perspective are StFT/SP6A,
miR172, and the StBEL5 RNA complex. Other candidate signals
will likely emerge in the near future, which would add to the grow-
ing notion that there is redundancy in phloem-mobile tuberization
signals. Some of these signals may also function as components
in flowering pathways. This review discusses the current evi-
dence for phloem-mobile signals controlling tuberization and/or
flowering.
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StSP6A
It is now readily apparent that FT-like genes function in a wide
range of developmental events beyond flowering (Pin and Nils-
son, 2012). Consistent with a role for StFT/SP6A as the tuber
signal, transgenic over-expression lines tuberized under non-
inductive LDs, whereas transgenic suppression lines exhibited a
strong reduction in tuber production under SDs (Navarro et al.,
2011). Local induction of StSP6A transcripts in stolons activated
several tuber-identity genes including StGA2ox1 (Navarro et al.,
2011). Potato StCO which has a negative effect on tuberization
(González-Schain et al., 2012) also represses StSP6A gene expres-
sion under LDs. Whereas StSP6Aox scions grafted onto wild-type
stocks induced the stocks to tuberize, there was no detection of
StSP6A protein moving through the graft unions. This could be
due to technical limitations. More support for activity by phloem-
mobile FT proteins came from the demonstration that the rice
FT orthologue Hd3a fused to GFP can move through a graft into
a stolon (Navarro et al., 2011). Supporting the common theme
with flowering, this Hd3a construct was able to increase tuber
production in over-expression lines under LDs as well as through
heterografts with wild type (WT) stocks (Navarro et al., 2011).
Hd3a functions in a hexameric floral activation complex com-
posed of three homodimers of OsFT, OsFD and a 14-3-3 protein
that functions as a scaffold (Taoka et al., 2011).

The data available on StSP6A strongly implies it is a very likely
candidate for a mobile tuber signal. Despite the evidence for
StSP6A as a tuber-inducing signal, several questions remain to be
answered. How is StSP6A gene expression induced in leaves under
SDs? If the protein moves from leaf to stolon, why does StSP6A
RNA accumulate in stolons in response to SDs? What is the mech-
anism for StSP6A LD repression in leaves? Is it by StCO activity
as was previously assumed or by StSP5G competition in a mech-
anism similar to the antagonistic interplay between FT-orthologs
of sugar beet that respectively promote or suppress flowering (Pin
et al., 2010)? In this system, one sugar beet FT protein is essential
for flowering whereas the other suppresses it. Finally, StSP6A is
also a member of the PEBP family and does not act alone. As a
co-regulator, StSP6A will likely form a dimer with a functional TF
like FD. If so, what is the identity of such a transcription factor
and how does it mediate StSP6A activity and tuber-specific gene
expression?

miR172
Movement of miR172 represents a unique and interesting aspect
of regulation in the tuberization system. The processing of miR172
is known to be mediated by GIGANTEA and it is involved
in the photoperiodic control of flowering (Jung et al., 2007).
Over-expression of this microRNA in potato promotes flower-
ing and activates tuber formation under LDs (Martin et al., 2009).
Although no movement of miR172 was detected, the presence
of this microRNA could be detected in the vascular bundles and
its effect on tuberization was graft transmissible. A model was
proposed wherein miR172 acts downstream of the tuberization
repressor phytochrome B and upstream of the tuberization acti-
vator StBEL5. As a hint to function, a miR172 binding site was
identified in an APETALA2-like mRNA, RAP1, which was down-
regulated in a phytochrome B antisense line. In this model, miR172

induces the degradation of RAP1 which may then influence
StBEL5 expression. Because of its role in suppressing transla-
tion and enhancing degradation of target RNAs, it is difficult
to separate direct movement of miR172 and a localized func-
tion in stolons from repression (via transcript degradation) of the
movement of one of its targets that may influence tuberization.
Overall, these results suggest, however, that miR172 plays impor-
tant roles in regulating both flowering and tuber induction in
potato.

THE StBEL5 RNA COMPLEX
BEL1-like transcription factors function by binding to
KNOTTED1-types (Hamant and Pautot, 2010). These two ubiqui-
tous families regulate a number of pathways controlling hormone
synthesis and signaling in plants (Bolduc et al., 2012). There is
considerable information available on the transcriptional role of
StBEL5 and one of its KNOTTED1 partners, POTH1, and their
putative role as mobile signals (Chen et al., 2003, 2004; Banerjee
et al., 2006, 2009; Mahajan et al., 2012). Movement and accu-
mulation of StBEL5 RNA have been consistently associated with
enhanced tuberization even under LDs. But StBEL5 also increases
earliness (initiation) in tissue culture plants under both LD and
SD conditions (Chen et al., 2003). StBEL5 RNA has been detected
in phloem cells using three different approaches: in situ hybridiza-
tion and RT-PCR of phloem sap and RNA extracted from phloem
cells harvested by using laser capture microdissection (Banerjee
et al., 2006; Yu et al., 2007; Campbell et al., 2008).

Movement into stolons was confirmed in heterografts and in
two transgenic whole plant systems with two different promoters
(Banerjee et al., 2006; Figure 1). The use of transgenic over-
expression lines with non-plant sequence tags has been critical in
establishing movement assays and clarifying the role of untrans-
lated regions (UTRs) in this process. Without such an approach, it
would be impossible to detect mobility or to distinguish endoge-
nous StBEL5 RNA from transgenic. The source of StBEL5 RNA
has also been clearly established providing further insight on the
mechanism of its mobility. For example, despite the observation
that there are copious amounts of StBEL5 transcripts in the stem
of WT plants, promoter activity is essentially absent in this organ
(Banerjee et al., 2006). Both POTH1 and StBEL5 RNAs move freely
throughout the plant with a concentration of StBEL5 transcripts
in SD stolons (Figure 1; Hannapel, 2013).

Movement into stolons is regulated by photoperiod and
enhanced by the UTRs of StBEL5. StBEL5 UTRs were fused
to another RNA, StBEL14, to make it more mobile (Baner-
jee et al., 2009). This directed accumulation of this non-mobile
StBEL RNA was correlated with enhanced yields. SD induction
of StBEL5 promoter activity in dark-grown stolons has been
observed (Chatterjee et al., 2007) and explained by a mechanism
of auto-regulation (Lin et al., 2013). Such auto-regulation by a
RNA induced to move by short-day conditions is a classic example
of light transduction to an underground organ. Several potential
targets of the StBEL5 protein have been identified and specific
tandem TTGAC target elements have been confirmed by gel-shift
analysis (Hannapel et al., 2013; Lin et al., 2013). These include
GA2ox1, ISOPENTENYL TRANSFERASE, YUCCA1 and several
other genes involved in hormone metabolism. Putative protein
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FIGURE 1 | Full-length StBEL5 (A) and POTH1 (B) RNA movement

in a downward direction in response to photoperiod in soil-grown

heterografts. Both RNAs were quantified using gene-specific primers
that amplified only transgenic RNA in real-time qRT-PCR and their
relative abundances are shown with a (+) sign. WT sample sources
are indicated by black circles. The transgenic lines expressed full-
length StBEL5 or POTH1 RNA driven by the 35S CaMV promoter.

Grafts were wrapped in plastic and allowed to take for 2 weeks at 25◦C
under long-day conditions and were then transferred to short days
(SDs) or maintained under long days (LDs) for two more weeks.
Upward movement in a WT/transgenic heterograft was also observed
for StBEL5 into stem and leaves and into stem for POTH1. ND, not
detected. Data from (A) was used with permission of the author
(Hannapel, 2013).

chaperones that may facilitate StBEL5 movement and stability
have been identified (Cho et al., 2012; Mahajan et al., 2012).

Despite the fact that neither protein has been detected in
phloem cells, one cannot rule out the possibility that StBEL5
and/or POTH1 proteins act as long-distance signals in this devel-
opmental process. In addition, StBEL5 and POTH1 are not specific
for tuberization. StBEL5 is mobile to roots where it influences
development (Lin et al., 2013). POTH1 appears to function in leaf
structure and overall plant architecture (Rosin et al., 2003). StBEL5
RNA is ubiquitous and even present in stolons from plants culti-
vated under LDs. Although lower in abundance, RNA of POTH1
is also ubiquitous, which contradicts the need for StBEL5 and
POTH1 RNAs to function as phloem-mobile tuberization signals.
However, from animal systems it is known that RNA-binding pro-
teins not only facilitate intracellular localization, but they can
also contribute to repression of translation (St. Johnston et al.,
1991; Colegrove-Otero et al., 2005; Shen et al., 2009). In many
cases, these mobile RNAs are key transcription factors, and it is
critical that their translation occur in the targeted tissues (King
et al., 2005). Hence, specificity of phloem-mobile RNAs might be
incurred by translational repression of RNA-binding proteins in
non-target tissues. As examples, the UTRs of both POTH1 and
StBEL5 suppress translation and these UTRs both bind to specific
RNA-binding proteins (Banerjee et al., 2009; Mahajan et al., 2012).

It must be made clear, however, that there is no direct evi-
dence that mobile StBEL5 and POTH1 RNA are required for
tuberization. In this regard, however, one must consider the pos-
sibility of redundancy. There are several lines of information that
suggest this possibility. Early antisense lines of both BEL5 and
POTH1 showed no phenotype. There are 13 potato BEL genes
and all have almost identical conserved functional regions, i.e, the

BELL domain and the homeodomain. At least six StBEL genes
show SD-induced accumulation of their RNAs in stolons. Besides
StBEL5, the most promising candidates are StBEL11 and -29. Both
are detected in phloem sap and microdissected phloem cells, both
are closely related phylogenetically to StBEL5, and all three are
strongly induced by SDs in stolons. Together these three StBELs
make up 71% of all potato BEL transcripts in the plant (The Potato
Genome Sequencing Consortium, 2011). StBEL5, -11, and -29
are also very abundant in petioles, a key organ for transporting
RNAs into the stem. Redundancy was actually simulated by fus-
ing StBEL5 UTRs onto StBEL14 and making it mobile to stolons
where it enhanced tuber growth (Banerjee et al., 2009). The same
rationale for redundancy also exists for the potato KNOX family.
There are three other StKN1-type transcription factors that exhibit
greater levels of RNA in phloem cells than POTH1 (unpublished
RNA-Seq data). Any of these are potentially mobile and could act
in direct interaction with StBEL5. In addition to POTH1, there are
two other reports of KN1-type mRNAs that are phloem mobile
(Kim et al., 2001; Ham et al., 2009).

CONCLUSION: DO PHLOEM-MOBILE SIGNALS HAVE
OVERLAPPING FUNCTIONS?
It is conceivable that there might be more than one pathway lead-
ing to tuber formation. There are five major pathways controlling
flowering time in Arabidopsis (Yamaguchi and Abe, 2012) and each
is adapted to respond to different environmental conditions. To
ensure efficiency, genetic control of these pathways is mediated
by regulatory “hubs” like FLOWERING LOCUS C, FT, SUPRES-
SOR OF OVEREXPRESSION OF CO1 and LEAFY. Formation
of a tuber represents a similar substantial investment in photo-
synthate and is a very costly bioenergetic process that may also be
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regulated by such “hub” genes. It is feasible that overlap in func-
tion may occur among StSP6A, StFD, miR172, and StBEL5 and
that back-ups are in effect to ensure that the process of tuberiza-
tion is initiated and completed efficiently. This could explain the
rationale for the increase of StSP6A RNA and auto-regulation of
StBEL5 in stolons.

Is it significant that GA2 oxidase1 is a downstream target of
both StBEL5 and StSP6A? StGA2ox1 plays a critical role dur-
ing tuber formation by reducing GA levels in the stolon tip and
transcript levels increase more than 70-fold at the onset of tuber-
ization (Kloosterman et al., 2007). What elements are present in
upstream sequence of StGA2ox1 that may provide insights as to the
regulator that controls its expression? Of the eight tuber-identity
genes that are induced by StSP6A (Navarro et al., 2011), all eight
contain tandem TTGAC elements in their upstream sequences
and are likely target candidates of a StBEL5 complex. StGA2ox1
contains five tandem TTGAC elements present in the first intron
and upstream sequence of its gene including two tandem motifs
85 nucleotides apart, both containing TGAC elements on oppo-
site strands two nucleotides apart that form a palindrome (Lin

et al., 2013). The maize ortholog of GA2ox1 also contains a tan-
dem TTGAC element in its first intron (Bolduc and Hake, 2009),
suggesting conservation of this transcriptional complex across
species. The fact that StGA2ox1 and other tuber genes may be
regulated by both StBEL5/KNOX and StSP6A complexes implies
cross-talk or direct interaction between these regulatory path-
ways. In planning future research, let us consider that we need to
know more about miR172 targets, that StSP6A requires a tran-
scription partner to make it a factor in expression, and that
tuber-specific activity of StBEL5 may require an additional co-
regulator and post-transcriptional control mechanisms to allow
for targeted movement, enhanced stability, and translational
repression.
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There is a large body of information relating to the ontogeny, development and the
vasculature of eudicotyledonous leaves. However, there is less information available
concerning the vascular anatomy of monocotyledonous leaves. This is surprising, given
that there are two uniquely different phloem systems present in large groups such as
grasses and sedges. Monocotyledonous leaves contain marginal, large, intermediate,
and small longitudinal veins that are interconnected by numerous transverse veins.
The longitudinal veins contain two metaphloem sieve tube types, which, based upon
their ontogeny and position within the phloem, are termed early (thin-walled) and late
(thick-walled) sieve tubes. Early metaphloem comprises sieve tubes, companion cells and
vascular parenchyma (VP) cells, whilst the late metaphloem, contains thick-walled sieve
tubes (TSTs) that lack companion cells. TSTs are generally adjacent to, or no more than
one cell removed from the metaxylem. Unlike thin-walled sieve tube (ST) -companion
cell complexes, TSTs are connected to parenchyma by pore-plasmodesma units and are
generally symplasmically isolated from the STs. This paper addresses key structural and
functional differences between thin- and thick-walled sieve tubes and explores the unique
advantages of alternate transport strategies that this 5–7 million years old dual system may
offer. It would seem that these two systems may enhance, add to, or play a significant role
in increasing the efficiency of solute retrieval as well as of assimilate transfer.

Keywords: early and late metaphloem, thick-walled and thin-walled sieve tubes, monocotyledon, vascular bundle

structure

ORGANIZATION OF THE VEIN NETWORK IN
MONOCOTYLEDONOUS LEAVES
LONGITUDINAL VEIN CHARACTERISTICS
The vascular bundles in leaves and stems in monocots are
described as closed. No secondary vascular differentiation can
occur and veins are always collateral. In leaves, longitudinal veins
are classified as large, intermediate and small on the basis of the
presence or absence of large metaxylem vessels (MX) as well as the
presence or absence of protoxylem elements (for a detailed discus-
sion see (Botha et al., 1982) and literature cited). Longitudinal leaf
blade bundles tend to intergrade with one another, inasmuch that
small intermediate veins may for example, resemble small veins
closer to leaf tips (Dannenhoffer et al., 1990; Dannenhoffer and
Evert, 1994). The first-formed phloem (protophloem) is generally
short-lived and is replaced by metaphloem. The metaphloem con-
tains two distinct functional sieve tube types—described as early
metaphloem, which contains thin-walled sieve tubes (ST) which
are associated with companion cells and vascular parenchyma

Abbreviations: BS, bundle sheath; CC, companion cell; LSCM, laser scanning
confocal microscopy; Me, mesophyll; MS, mestome sheath; MX, metaxylem ves-
sel; PPU, pore-plasmodesma unit; PD, plasmodesmata; SE-CC (complex), sieve
element-companion cell complex; ST-CC, thin-walled sieve tube—companion cell
complex; ST, thin-walled sieve tube; TST, thick-walled sieve tube; VP, vascular
parenchyma; XVP, xylem-associated vascular parenchyma.

(VP) cells, and late metaphloem, which consists of a few thick-
walled sieve tubes (TST) that lack companion cell associations.
TSTs differentiate in close proximity or adjacent to MXs and con-
nect via pore plasmodesma units (PPUs), to VP cells adjacent to
the MX. Two or more TSTs, may be present per vascular bundle
(Figures 1, 2 and Dannenhoffer et al., 1990). With the excep-
tion of Commelina (van Bel et al., 1988) and the Cyperaceae that
have been investigated (Botha et al., 2005), no other literature in
which the presence of both STs and TSTs in other monocot groups
is noted.

Given this unique, two tier sieve-tube arrangement, it is sur-
prising that relatively little information about the two types of
monocot sieve tube is discussed in any detail (see Wilson, 1922;
Kuo and O’Brien, 1974; Miyake and Maeda, 1976; Cartwright
et al., 1977; Evert et al., 1978, 1996; Eleftheriou, 1981, 1990;
Evert, 1981; Colbert and Evert, 1982; Evert and Mierzwa, 1989;
Dannenhoffer et al., 1990; Botha, 1992; Botha and van Bel, 1992;
Bosabalidis et al., 1994; Trivett and Evert, 1998; Nelson and van
Bel, 1998). Unfortunately, the presence or distinction between STs
and TSTs are sometimes overlooked and if these are recognized,
they may be misinterpreted (see Chonan et al., 1981, 1991; Miyake
et al., 1982 and review by van Bel, 2003, for example). Wilson
(1922) first reported that the phloem in grasses contained ligni-
fied sieve elements, as did Lush (1976) for Lolium tremulentum;
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FIGURE 1 | Transmission electron micrograph of a large intermediate

vascular bundle in the rice leaf blade surrounded by a

parenchymatous bundle sheath (BS). The mestome sheath (MS) is
only associated with the phloem pole of this vascular bundle. Metaxylem
vessels (MX, red cell walls) are associated with two xylem vascular
parenchyma cells (XVP, walls outlined in red and with a pale blue fill).
Two late-formed, thick-walled metaphloem sieve tubes (unlabeled arrows
and blue fill) abut XVPs. The early metaphloem (outlined in white)
contains thin-walled sieve tubes (ST) associated with companion cells
(CC) and several parenchyma cells (VP).

FIGURE 2 | Detail of the phloem within a large intermediate vascular

bundle in the rice leaf blade. Two thick-walled (TSTs, arrows, blue outline,
pale blue fill) and numerous thin-walled (STs) sieve tubes are visible.
All STs are associated with companion cells (CC, not all are labeled) and
surrounding the ST-CC’s are peripherally-located vascular parenchyma (VP),
external to which is the bundle sheath (BS). Note that the lower ST are
larger than the upper ST.

Cartwright et al. (1977) for Triticum aestivum; Kuo and O’Brien
(1974; Kuo, 1993) for wheat, Eleftheriou (1981) for Aegilops
comosa (goat grass); Colbert and Evert (1982), for Saccharum
officinarum and Dannenhoffer et al. (1990) for Hordeum vulgare.
However, subsequent studies in the same species do not support
lignification of the TST walls in these species (see Walsh, 1974;
Walsh and Evert, 1975; Evert et al., 1977, 1978, 1996; Heyser et al.,
1978; Evert, 1981, 1982; Colbert and Evert, 1982; Fritz et al., 1983;
Evert and Mierzwa, 1989; Dannenhoffer et al., 1990; Botha, 1992,
2005; Botha and van Bel, 1992; Evert and Russin, 1993; Matsiliza
and Botha, 2002; Botha and Matsiliza, 2004; Scarpella and Meijer,
2004).

Phloem ontogeny has been described in detail by Esau (1976).
and by Evert (2007). Whilst it is clear that the ST-CC complex
in angiosperms is derived from the same mother cell, frustrat-
ingly, no information exists on the ontogeny of the TST, other
than reports stating that it is the last differentiated, phloem tissue
and is thus referred to as late metaphloem. STs are symplasmically
interconnected with CCs via PPUs and only one study Evert et al.
(1978) report that connections between TST and CC occur rarely,
thus apart from this study, no other evidence from any of the fre-
quency studies exists which supports interconnection of CCs with
TSTs or of STs with TSTs—thus, STs are effectively symplasmically
isolated from TSTs.

Turgeon and Oparka (1999) described the CC as a “traf-
fic control center” and suggested that these cells may take over
the majority of the function from the enucleate SE. van Bel
and Knoblauch (2000) described the relationship between CC
and SE as that of a “a hyperactive nurse and comatose patient.”
Unfortunately, both reviews focus only on SE-CC relationships,
not on those between TSTs and their associated VPs.

The earliest record for the presence of TSTs appears in SEM
images from fossil leaf fragments of a C4 grass apparently that
is approximately 5–7 million years old (Thomasson et al., 1986).
However, there remains no clear reason or answer to why TST
actually evolved or for that matter, why they are still present in
monocots and importantly, in two of the largest and most wide-
spread groups—the Gramineae and Cyperaceae. This observation
demands answers to the following questions: Are both sieve tube
types involved in accumulation and long-distance transport and
is the relationship between the TST and their VP the same as that
between ST and CC? This paper seeks to address these questions
and highlights the need for continued in depth research into the
neglected sieve tubes in monocots.

FUNCTIONAL RELATIONSHIPS WITHIN VASCULAR BUNDLES;
LONGITUDINAL VASCULAR BUNDLES
Figures 1–9 depict the cell arrangement in the various vein
orders within the Poaceae and Cyperaceae leaves with partic-
ular focus on the distribution of their ST-CCs and TST-VPs.
Vascular bundles are surrounded by a bundle sheath (BS), and
large as well as intermediate bundles may contain a mestome
sheath (MS, Figure 1). MX (Figure 1) are always associated with
a few VP cells that abut the vessels and which interconnect
to the metaxylem through hydrolyzed half bordered pit-pairs.
These xylem parenchyma cells serve as a conduit between the
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FIGURE 3 | Detail from a small-intermediate bundle in the rice leaf

blade. Pore-plasmodesma units (paired arrowheads, left) connect TST at
left, to the VP cell above. The ST (upper right) is connected via PPUs to a
companion cell (CC) via PPU (paired arrowheads, upper right) and the two
ST (right) are connected via a lateral sieve area (LS). Plasmodesmata (Pd,
left) interface VP cells. No connections between thick-and thin-walled sieve
tubes are visible in this TEM image.

FIGURE 4 | Detail showing a field containing several thin-walled sieve

tubes, associated vascular parenchyma (VP) and companion cells (CC).

Thin-walled sieve tubes (ST) are connected to CC by pore-plasmodesmata
units (PPU).

xylem and parenchymatous elements including sieve tubes and
because of their potentially important role in transport, (see Evert
et al. (1978); Fritz et al. (1983); Botha et al. (2005, 2008) are
termed xylem vascular parenchyma (XVP), to distinguish them
from other VP. Typically, numerous plasmodesmata interface
these xylem-associated XVPs to the TSTs. The large intermedi-
ate bundles (Figure 2) in rice leaves usually contain two TSTs
(Figure 2). In most grasses and sedges, TSTs are connected to
XVPs (Figures 2, 3) by PPU-like connections and TSTs are inter-
connected via lateral sieve area pores. No connections have been
seen between STs and TSTs. Symplasmic isolation between STs
and TSTs has been reported in Zea mays (Evert et al., 1978), in
several grass species (see Botha, 1992; Botha and van Bel, 1992;
Botha and Cross, 1997) and in rice where STs show no evidence
of 5,6-CF uptake (Figures 14–16).

Studies of plasmodesmal patterns in grass leaves (see Evert
literature, Botha and van Bel, 1992; Botha and Cross, 1997) sug-
gest that there are apparently no direct connections between the
TSTs and STs, which implies that there may be two independent
transport pathways within the same vascular bundle. However,
this does not rule out the possibility that very low frequencies of
small sieve pore areas could well exist and could possibly con-
nect the two sieve tube types infrequently that could be missed
even during careful examination of thin sections at the TEM

FIGURE 5 | Aspects of anatomy and cell associations in a small

transverse vein in the leaf blade of Saccharum officinarum (NCO 376).

This vein contains one metaxylem vessel (MX) coupled via prominent
half-bordered pit pairs (arrowheads) to xylem vascular parenchyma cells
(XVP), which, in turn, are symplasmically associated with several vascular
parenchyma cells (VP). A solitary sieve tube is next to the MX. Judging by
the thin wall it is in all probability an ST.

FIGURE 6 | Aspects of anatomy and cell associations in a transverse

section through part of an intermediate vascular bundle (left) from a

mature Panicum maximumleaf blade, cut at the level of an emerging

transverse vein sieve tube (ST, to right). Based on its position, this is also
thin-walled. Two TST (arrowheads) and several ST are visible in the
longitudinal bundle.

FIGURE 7 | Aspects of anatomy and cell associations in a transverse

vein in a Bromus unioloides leaf. A single sieve tube is adjacent to a
solitary xylem vessel, which is in contact with (XVP) that are in contact
with the single vessel (XV). As is common in many grasses, the bundle
sheath is incomplete, and the BS is interspersed with prominent
intercellular spaces.

level. The question that remains unanswered to this point, is
therefore, is it possible to demonstrate unequivocally, that there
are no functional connections between STs and TSTs—either
directly between the two sieve tube types, or indirectly via their
concomitant VPs?
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FIGURE 8 | Aspects of anatomy and cell associations in a small

intermediate vein in Eragrostis plana. Part of two metaxylem vessels
(MX, extreme left top and right top) are separated from the phloem by XVP.
This vein contains a single TST and several ST. Lateral sieve area pores
(paired arrowheads) connect the two central STs.

FIGURE 9 | Intermediate vascular bundle in the leaf blade of Mariscus
congestus (Cyperaceae). The vascular tissue is surrounded by two
sheaths—an outer parenchymatous bundle sheath (BS) and an inner
lignified mestome sheath (MS). Note extreme thickening of inner tangential
walls of MS cells. Only two thick-walled sieve tubes (pale blue fill), that are
separated from the MX by a single row of XVP. MX are associated with
smaller protoxylem vessels (PX). STs are associated with companion cells
(CC) and are bordered by VP.

FUNCTIONAL RELATIONSHIPS WITHIN VASCULAR BUNDLES;
TRANSVERSE VEINS
Transverse veins emerge from longitudinal veins and intercon-
nect all three longitudinal bundle orders. They may be partially
or completely surrounded by a parenchymatous bundle sheath
(see Figures 1–9, Figures 14–17). In grasses and sedges, trans-
verse veins will usually contain a single xylem vessel, accompanied
by a single sieve tube and they share a common interface to one or
more VP cells. The sieve tubes may be either thin- or thick-walled
and the type of the location and sieve tube type of the emergent
sieve tube within the longitudinal vein; STs always connect to a ST
and TSTs always connect to a TST (see Figures 10, 11; Fritz et al.,
1983). Figures 12 and 13 are diagrammatic representations of the
connections of longitudinal vein TST to transverse vein TST, and

FIGURE 10 | Microautoradiographs of small vascular bundles in a Zea
mays leaf and portions of transverse veins after 5 min feeding with
14CO2, followed by a 10-min 12CO2 chase showing accumulation of the
14C label in thick- and thin-walled sieve tubes. Label has accumulated in
phloem cells as well as being transferred to an emergent thick-walled
transverse vein sieve tube to the right, which enters the small bundle at the
level of the thick-walled sieve tube.

FIGURE 11 | Microautoradiographs of small vascular bundles in a Zea
mays leaf and portions of transverse veins after 5 min feeding with
14CO2, followed by a 10-min 12CO2 chase showing accumulation of the
14C label in thick- and thin-walled sieve tubes. The sieve tube of
transverse vein enters the bundle at the level of the thin-walled sieve tubes
(STs). Label has accumulated in STs and has been exported to a transverse
vein ST. b, bundle-sheath cell; m, mesophyll cell; s, thin-walled sieve tube;
v, vessel; unlabeled arrows point to thick-walled sieve tubes; bars = 16 µm.
Adapted and used with permission of the publishers (Springer; License No
2795360987331) from Fritz et al. (1983). Labeling as in original paper and
for details, see Fritz et al. (1983).

of longitudinal vein ST to transverse vein ST, re-interpreted from
Figures 10 and 11.

Transverse veins form an extensive system (up to 16% of
total vein length in the barley leaf (Dannenhoffer et al., 1990).
Their extensive interconnections with longitudinal veins together
with the capacity to transport 14C–sucrose in either STs or TSTs,
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FIGURE 12 | Diagram redrawn and interpreted from Figure 10, showing

a thick-walled sieve tube (blue fill, solid dot) connection to a

transverse vein TST (left). The emergences of a transverse vein ST from
its longitudinal vein connection. XVPs (with half-bordered pit-pairs) about
the xylem (MX) and vascular parenchyma (VP) are in association with the
TSTs.

FIGURE 13 | Diagrams redrawn and interpreted from Figure 11,

showing a thin-walled sieve tube (S) connection to a transverse vein

ST. The emergences of a transverse vein ST from its longitudinal vein
connection. XVPs (with half-bordered pit-pairs) about the xylem (MX) and
vascular parenchyma (VP) are in association with the TSTs.

suggest that both could act as distributaries or tributaries of
the longitudinal veins. However, Fritz et al. (1983) argue that it
is doubtful that transverse veins serve any storage function as
previously suggested by Lush (1976), but could be involved in
sucrose buffering and shunting of assimilate via the interconnect-
ing transverse veins thereby maintaining balance, which would
prevent a build up of sucrose in longitudinal vein STs or TSTs.

EXPERIMENTAL STUDIES ON THE ROLES OF STs AND TSTs
14C UPTAKE AND TRANSPORT STUDIES
There is direct evidence that 14C-assimilates are almost exclusively
translocated through the STs and not the TSTs. Cartwright et al.
(1977) suggested that the “lignified” sieve elements (TSTs) were

FIGURE 14 | LSCM imaged transections through a small (Figure 14),

an intermediate (Figure 15) and a large (Figure 16) longitudinal

bundles, showing distribution of 5,6-CF, after uptake of 5,6-CFDA

(green fluorescence) co-transported with propidium iodide (red

fluorescence; PI stains lignin and cellulosic walls) after 45 min

uptake and 6 cm above the cut end of a rice leaf blade [full

methodology in Botha et al. (2008)]. Chloroplast- containing
mesophyll cells (Mes) have been false colored to blue to prevent
interference with propidium iodide or the 5,6-CF dyes. Serial sections
were cut directly into silicone oil and sections were covered with
coverslips prior to examination using a Leica SP2 LCSM. Propidium
iodide selectively stained lignified walls (red fluorescence). Small vein,
showing that 5,6-CF had been offloaded into xylem parenchyma, either
side of the solitary metaxylem vessel (MX) Note that the two
thin-walled sieve tubes (ST, abaxial) contain no evidence of the probe,
but thick-walled sieve tubes (dart below the metaxylem vessels). There
is no evidence that 5,6-CF has offloaded to the bundle sheath (BS), but
it is evident as well as in mesophyll (Mes), indicating symplasmic
transport outwards into the mesophyll.

not involved in storage, or in translocation, unless the process was
very rapid or alternatively, very slow. In later experiments, Fritz
et al. (1983) fed 14C–sucrose directly to cut leaves of Z. mays. They
showed that 14C–Sucrose was taken up by the xylem transpiration
stream and that direct transfer took place to neighboring XVPs,
through the half bordered pit-pairs between the MX and the XVP.
Furthermore, the first sieve tubes to accumulate 14C–sucrose were
the TSTs contiguous to the XVPs. With increasing time, a greater
proportion of the TSs took up the 14C label. Exposing Z. mays
leaves to 14CO2, showed that all phloem cells, regardless of posi-
tion, took up label and that with time, a greater proportion of
14C was accumulated within STs. These data collectively support
a long-distance function for STs and for higher levels translo-
cated sugars (see discussion in Colbert and Evert, 1982; Russell
and Evert, 1985) in the ST.

WHAT DO APHID FEEDING EXPERIMENTS TELL US?
Matsiliza and Botha (2002) reported that the common grass aphid
Sitobion yakini fed preferentially from STs and that 84% of stylets
and 92% of the stylet tracks, terminated in, or at STs. Of inter-
est, 55% of the aphid probes terminated in small veins (Matsiliza,
2003). In a subsequent study, Botha and Matsiliza (2004) reported
that the Russian wheat aphid, Diuraphis noxia, like S. yakini,
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FIGURE 15 | LSCM imaged transections through a small

(Figure 14), an intermediate (Figure 15) and a large (Figure 16)

longitudinal bundles, showing distribution of 5,6-CF, after uptake

of 5,6-CFDA (green fluorescence) co-transported with propidium

iodide (red fluorescence; PI stains lignin and cellulosic walls) after

45 min uptake and 6 cm above the cut end of a rice leaf blade

[full methodology in Botha et al. (2008)]. Again, there is no
evidence of 5,6-CF in ST, but TST and concomitant VP contain the
green fluorescence (arrowheads) 5,6-CF is also present in mesophyll
cells (Mes).

FIGURE 16 | LSCM imaged transections through a small (Figure 14),

an intermediate (Figure 15) and a large (Figure 16) longitudinal

bundles, showing distribution of 5,6-CF, after uptake of 5,6-CFDA

(green fluorescence) co-transported with propidium iodide (red

fluorescence; PI stains lignin and cellulosic walls) after 45 min

uptake and 6 cm above the cut end of a rice leaf blade [full

methodology in Botha et al. (2008)]. Vascular parenchyma associated
with the protoxylem (PX) contains 5,6-CF, as do cells immediately below
the MX, where VP and TST contain 5,6-CF (green fluorescence). The ST
and below these, large diameter early ST (arrowheads) contain no 5,6-CF.
Note that some 5,6-CF is present in the hypodermal fibers associated
with this vascular bundle. As is common in grasses, vascular bundles are
surrounded by a bundle sheath (BS).

FIGURE 17 | Transection of a small intermediate transverse vein in a

rice leaf, showing the distribution of 5,6-CF after uptake of 5,6-CFDA in

the transpiration stream. 5,6-CFDA was co-transported with a weak
solution of propidium iodide (red fluorescence) via the xylem for 30 min. An
emergent thick-walled sieve tube (paired darts), together with two
longitudinal TST (arrows), contains 5,6-CF (green fluorescence). Thin walled
sieve tubes (asterisks) do not contain 5,6-CF. Note that some 5,6-CF has
transported symplasmically, through the bundle sheath (B) to the mesophyll
(Mes). Preparation as per Figures 14–16.

showed no preference for the TSTs in wheat leaves either. Clearly,
preferential feeding on ST is difficult to explain other than that
the (a) wall structure of the TST is difficult to breach, or (b) the
contents of the TST are unpalatable to aphids. However, since all
feeding studies show that aphids will penetrate lignified xylem
vessels and tracheids from time to time to drink watery solutes,
implies that wall thickness itself, cannot be the reason for the
unattractiveness of the TSTs. Why then are TSTs unattractive to
aphids?

Given that the relative number of TSTs decreases with decreas-
ing vein size, to the point where there may only be a solitary TST
in the small longitudinal veins (Colbert and Evert, 1982; Russell
and Evert, 1985) as well as the direct evidence that 14C-assimilates
are almost exclusively translocated through the STs and not
the TSTs (Cartwright et al., 1977) makes them attractive to
aphids.

Logically, it seems that TSTs may simply not be attractive
enough to aphids, given that aphids may follow a sucrose concen-
tration “trail” to functional phloem which would be provided in
the apoplasmically-loaded STs and their higher, more attractive
sucrose content. Thus, preferential feeding on the STs suggests
that carbohydrate levels, at least in TST are unattractive. Recent
work by Hewer et al. (2010) convincingly demonstrated that
when aphids were fed artificial diets, their general preference
was for the artificial diet that most closely matched that of their
host plants. In addition, Hewer et al. (2010) demonstrated that
the aphids were attracted solely by carbohydrate abundance as
well as a neutral to slightly alkaline pH. The unattractiveness of
the TSTs as feeding sites might therefore also be for the same
reason.
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PLASMOLYTIC STUDIES
Evert et al. (1978) combined plasmolytic examination and TEM
to determine osmotic potentials of phloem cell sap of mature
Z. mays leaves and they reported that the osmotic potentials of
CC-ST complexes of leaves sampled from lighted plants, plasmol-
ysed in a 600 mM sucrose solution (−0.18 MPa or -1.8 bar) and
the surrounding VPs plasmolysed in a at about 400 mM sucrose
solution (0.11 MPa; or -1.1 bar). In the veins from 48 h dark pre-
treatment, ST-CCs as well as associated VPs plasmolysed in a
200 mM (0.06 MPa or −0.6 bar), sucrose solution but, surpris-
ingly, the TSTs and their associated VPs did not, which is added
support for the symplasmic isolation of TSTs from STs.

WHAT DO SUCROSE TRANSPORTERS INFORM US OF?
It is well known that the majority of grasses utilize an apoplas-
mic phloem loading mechanism, because of the almost com-
plete isolation of the ST-CC complexes from the associated VP
(Figure 18). According to Braun and Slewinski (2009) uptake of
sugar requires an apoplasmic step, whereby the sugar is exported
from the VP, into the free space and almost certainly sucrose
transporters are implicated in uptake into the ST-CC complex.
In recent years, SUT1 (a sucrose carrier) has been shown to be
expressed in various phloem cells of a number of plants (see
Figure 2 in Braun and Slewinski, 2009, for a phylogenetic tree of
grass and selected dicot SUT’s). Sucrose transporters have also
been identified amongst the monocotyledons, including maize
(Aoki et al., 1999), wheat (Aoki et al., 2002), barley (Weshke et al.,
2000), and more recently, rice (OsSUT1, Scofield et al., 2007a,b).
Scofield et al. (2007b) proposed that OsSUT1 was involved in
phloem loading or retrieval in the flag leaf and sheath vascu-
lar bundles of rice plants and that OsSUT1 epitopes labeled by
an OsSUT1 promoter::GUS construct were almost entirely asso-
ciated with the phloem tissue, including companion cells and
TSTs and/or associated parenchyma. Braun and Slewinski (2009)
suggested that SUTs (SUT1 in particular) facilitate sucrose trans-
port across the phloem cell (presumably CC) plasma membrane.
Given that four SUT proteins (SUT1, 3, 4 and 5, Braun and
Slewinski, 2009) have been identified for Z. mays (Aoki et al.,
1999, 2003), so it is highly likely that transfer from the VP to
the ST-CC complex involves a sucrose/H+ symporter such as the
ZmSUT1 protein.

RELATING PLASMODESMAL FREQUENCIES AND XENOBIOTIC
TRANSPORT STUDIES USING 5,6-CFDA
Plasmodesmograms per se should not be taken as finite inter-
pretations of frequency, but rather as an indication of the con-
nectivity that exists between cell types and thus they provide
useful information that should be tested using symplasmically-
transported xenobiotics for example. What is abundantly clear
from plasmodesmograms, as well as the examination of a large
number of sections at the TEM level, is the lack of plas-
modesmal interconnectivity between STs and TSTs. This has
been determined for many species and has been reported else-
where (see Botha and van Bel, 1992 and literature cited) and
is illustrated here by the plasmodesmograms (Figure 18) for
Bromus unioloides and Panicum maximum. However, it is impor-
tant to remember that connections between sieve tubes and
their associated parenchyma elements—including companion

FIGURE 18 | Plasmodesmograms showing the distribution of

plasmodesmata, expressed as percent plasmodesmata/µm cell-wall

interface for the C3 grass, Bromus unioloidesand the C4 grass Panicum
maximum expressed as percent plasmodesmata/µm vein.

B. unioloides has a double sheath—an outer parenchyma sheath (PS) and
an inner thick-walled mestome sheath (MS). In Panicum maximum the
Kranz mesophyll sheath (KMS) surrounds the inner bundle sheath (BS).
Note that thick-walled sieve tubes (TSTs, solid dots) do not have
connections to the ST-CC (open circles) complex. STs and TSTs have low
frequency connections to vascular parenchyma cells (VP). Redrawn from
Botha and van Bel (1992).

cells—usually occur as aggregates and that these aggregated fields
are not necessarily regularly spaced. Thus, “frequencies” depend
very much on the number of sections examined to determine PD
frequency. Thus, whilst the frequency of connections between VPs
and STs, or XVPs and TSTs, can/may be as low as the 1–2% of the
total plasmodesmata counted at the ST-VP interface, is indicative
of a high probability of symplasmic isolation from surrounding
cells (Figure 18 and Evert et al., 1978; Fritz et al., 1983; Botha,
1992; Botha and van Bel, 1992; Botha and Cross, 1997). Thus,
plasmodesmatal frequency studies provide strong (but circum-
stantial) evidence for (a) isolation of the TST from ST; (b) iso-
lation of the TSTs from CC; (c) Variable PPU frequency between
the TSTs and XVPs (d) low frequencies between the VP and CC.
Based upon the plasmodesmatal frequency studies it appears then
that loading of the TSTs is symplasmic which is in contrast to
the ST, where loading will in all probability involve an apoplas-
mic loading step and must involve membrane transporters (Aoki
et al., 1999; Turgeon and Oparka, 1999; Scofield et al., 2007b).
However, unless functional transport pathways (or alternatively,
lack of transport between particular cell types) can be demon-
strated, the information obtained fromplasmodesmatal frequency
studies is of limited use. There is general agreement that sym-
plasmic continuity is provided by functional plasmodesmata and
that plasmodesmata provide an essential line of communication
between living cells. There is a large body of evidence, enhanced
in recent years through the careful choice of membrane imperme-
able fluorescent probes, to test and illuminate transport pathways.
This has allowed resulted in refinement of the understanding of
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intercellular pathways in plants (see Wright and Oparka, 1996 and
literature cited). The xenobiotic 5,6-carboxyfluorescein diacetate
(5,6-CFDA) is an excellent example of a membrane-permeant,
non-fluorescent compound, which, on uptake into living cells, is
cleaved of its acetate and the resultant product fluorescent 5,6-
CF, is membrane-impermeant (Grignon et al., 1989). Application
can be through damaged cells, for example, via “windows” or
“flap feeding” cut into the epidermis (Botha, 2005), or it could
alternatively be fed directly to the transpiration stream (Botha
et al., 2008). Both approaches provide excellent evidence for
uptake and transport from cell to cell. In the first instance,
post-cleavage transport of fluorescent 5,6-CF from the point of
application of 5,6-CFDA into intact mesophyll cells, must take
place via plasmodesmata and will therefore illuminate the sym-
plasmic assimilate transport and phloem loading pathways from
the mesophyll via the Me -> BS -> VP and dependent on func-
tional plasmodesmata, uptake by the ST-CC complexes. So, low
plasmodesmatal frequencies at the VP-CC or VP-ST interfaces,
can be tested to see if a functional symplasmic pathway at the
VP-> ST-CC exists or not (see Botha, 2005 and literature cited).

In contrast, transport via the transpiration stream results
in offloading from the MX, through half-bordered pit-pairs
in the common walls between vessels and their associated
xylem parenchyma. The 5,6-CFDA is transferred across the half-
bordered pit pairs between the MX and the adjacent XVP by
diffusion and once in the XVP, 5,6-CFDA is cleaved and any sub-
sequent transport of the membrane-impermeable 5,6-CF, must
follow a symplasmic route through PPUs or PD. This applica-
tion method (Botha et al., 2008) has provided good information
on the symplasmic cell connectivity from the XVP to the TST.
Irrespective of the approach, and provided functional PD and or
PPUs exist, then probes such as 5,6-CF are very useful and will
illuminate pathways which terminate in phloem tissue, provided
a symplasmic pathway is operative.

It is important to realize though that neither method can rule
out diffusion of 5,6-CFDA across several cell-cell boundaries with
any absolute degree of certainty and caution is always necessary
in interpreting results.

Interpreting flap feeding experiments must take into account
the physiological state of the leaf—i.e., whether it is in a source or
a sink state. If the rate of photosynthesis and basipetal export from
the leaf is rapid, then (depending on functional Pd) symplasmic
loading of ST could occur, as assimilates would be moving from
the mesophyll down a concentration gradient. Thus, a PD fre-
quency of 1–2% at the VP-CC interface (see Figure 18) may well
be adequate to service transport and probes such as 5,6-CF will
be taken up by the ST (see Botha and Matsiliza, 2004; Botha, 2005
and literature cited). In contrast, uptake via the transpiration
stream will reveal sites at which the probes are offloaded from the
xylem vessels and, given sufficient time, the ultimate destination
of the probe. Precautions are, however, needed in interpretation
and sections taken for transport studies involving water soluble
probes should be cut into silicone oil and sections should be
taken a reasonable distance from the cut ends of the leaves. If
these precautions are observed then there is no reason to expect,
nor has any evidence ever been found (see Botha et al., 2008) of
uptake-related artifacts. Non-invasive methods yield consistent

and highly repeatable results (Figures 14–17) using either wide
field fluorescence or laser scanning confocal microscopy (LSCM).
In support of this, Botha et al. (2008) found that transport via
the xylem transpiration stream in rice leaves was fairly rapid
and that within 30–45 min, probes such as propidium iodide and
Texas red would co-transport with 5,6-CFDA, that these could be
imaged within the same sections, and the ‘dye front’ was usually
about 3–5 cm from the point of application. After offloading from
the xylem, LSCM and wide-field fluorescence images consistently
show that 5,6-CF is trafficked from cell to cell, via plasmodesmata
and pore-plasmodesmata. After transport in the xylem, cleaved
5,6-CF never accumulates in STs, and thus provides convincing
support for the isolation of STs from TSTs in all grasses examined
to date.

WHAT THEN, IS THE FUNCTION OF TSTs?
What then is the role of the TST, other than accumulation of
leaked solute? Fritz et al. (1983) provide good argument for lack of
involvement of the TST in longitudinal transport. They proposed
that TST are involved in rapid transfer of accumulated solute lat-
erally to the ST and that this takes place largely in the transverse
veins (see Figures 10, 11, 17). The evidence for this is that con-
tacts were observed between sieve tubes in transverse bundles
and both TST and ST of longitudinal bundles. Furthermore, Fritz
et al. (1983) state that it is doubtful that transverse veins serve
any storage function as previously suggested by Lush (1976) for
Lolium temulentum (a C3 grass) and Panicum maximum (a C4

grass). From the available evidence, it appears that (a) VP cells
(associated with the xylem) are able to retrieve at least sucrose
from the vessels and to transfer it to the TSTs; (b) that TSTs are
not involved in long-distance transport; (3) that xenobiotics such
as 5,6-CF retrieved from the xylem, are not shunted from TSTs to
STs (evidence for symplasmic isolation) and (4) that TSTs may be
involved in a lateral shunt of retrieved assimilates (and of probes
such as cleaved 5,6-CFDA) to adjacent longitudinal veins.

CONCLUDING REMARKS
It is strange that so little attention has been directed toward
a clearer understanding of short and long-distance transport
in Gramineae, given their economic importance. The fact that
two sieve tubes with different ontogeny, have existed within
monocotyledonous leaf blades for 5–7 million years leads to the
conclusion that they are not merely long-forgotten leftovers of
some long-defunct transport system, but rather serve different
functions.

It is also absolutely clear that generalizations cannot be made,
nor can conclusions be drawn that are based solely on the
dicotyledonous model of an SE–CC complex. The lack of CC rela-
tionships with TSTs (even though they are incorrectly reported
to exist in barley; Haupt et al., 2001) precludes either gener-
alization, or direct translation of the SE-CC dogma applied to
dicotyledons, to the monocotyledons. The evidence points to two
distinct systems, with distinct roles in the monocotyledons stud-
ied thus far. Unfortunately, the literature contains a number of
perplexing, contradictory reports that do not help when attempt-
ing to assign roles to STs or TSTs. For example, Kuo and O’Brien
(1974) concluded that the “lignified” sieve elements (assuming
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that these are TSTs) of the wheat leaf took up more 14C–label
than did non-lignified ones (assuming that these are STs). In con-
trast, Cartwright et al. (1977) reported that significantly higher
14C activity was associated with “normal” (i.e., thin-walled) sieve
elements in wheat leaves than the apparently lignified sieve ele-
ments. Whilst it is possible that the experiments reported in these
papers were carried out under different conditions, (for example,
leaf anatomy/cell maturity will differ with age) contradictions do
nothing to help resolve the roles of STs and TSTs.

All of the aphid-based studies of feeding on small grain plants
have demonstrated very clearly, that these insects are not attracted
to TSTs as a source of food. Instead, aphids overwhelmingly and
preferentially probe for, and feed from, STs. Counter arguments
are presented that the “thick” walls are somehow impenetra-
ble, hence their lack of “favor” by aphids. This is clearly not so,
and all that is necessary is to examine the extensive damage that
aphids cause to xylem vessels, in their search for water. Probing for
water, causes catastrophic damage to vessels and their associated
xylem parenchyma cells (Saheed et al., 2007). Based on this, lignin
clearly, does not present a problem and the answer to the lack of
interest in TST must lie elsewhere. The preferential penetration
of STs therefore suggests that aphids are attracted by the higher
concentration of sucrose in STs. As mentioned, rapid shunting of
solutes from TSTs (see Evert et al., 1978) implies a lower sucrose
concentration in the TSTs, compared with STs. TSTs appear to be
involved in recovery and transfer of retrieved solutes via the XVP
to TSTs. According to Heyser et al. (1977) and Evert et al. (1978),
a transient shunt in the transverse veins is involved in recovery to
TSs in adjacent vascular bundles. Transfer to STs thus implies that
TSTs have no function in long distance transport, other than in
retrieval and recovery of sugars from the xylem.

IN SUMMARY
The STs and TSTs appear to serve unique functions.

(1) XVPs are able to retrieve sucrose from the xylem apoplasm
and to transfer this to TSTs.

(2) TSTs are apparently not involved in long-distance transport,
but act to shunt retrieved sugars via transverse vein sieve
tubes, to large transport vein STs.

(3) Given the low Pd frequencies, and the association of SUTs
with the phloem is not surprising, as STs may accumu-
late sucrose and photoassimilates directly from the phloem
apoplasm.

(4) However, the low PD frequencies between VP and CC or VP
and ST does not rule out the possibility of some symplasmic
loading of ST.

(5) Transverse veins can contain either STs or TSTs, each of which
is capable of transport, which suggests that retrieval and bal-
ancing sucrose concentration in adjacent parallel veins is
facilitated by transverse vein ST or TST.

(6) The evolution of this dual phloem system may have lead to
a more efficient long-distance transport system in mono-
cotyledons, compared with the collateral vein system in the
majority of dicots.

Finally, information about the TSTs remains limited. We still
know little about their ontogeny or whether the cell walls are
non-lignified or if these cell walls undergo lignification with age.
The relationship between TSTs and adjoining STs, is as yet not
fully understood, neither is the role of the TSTs in assimilate
distribution and transport. More research is needed to uncover
information about the neglected phloem in monocot leaves.
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The discovery of abundant plasmodesmata at the bundle sheath/phloem interface in
Oleaceae (Gamalei, 1974) and Cucurbitaceae (Turgeon et al., 1975) raised the questions as
to whether these plasmodesmata are functional in phloem loading and how widespread
symplasmic loading would be. Analysis of over 800 dicot species allowed the definition
of “open” and “closed” types of the minor vein phloem depending on the abundance
of plasmodesmata between companion cells and bundle sheath (Gamalei, 1989, 1990).
These types corresponded to potential symplasmic and apoplasmic phloem loaders,
respectively; however, this definition covered a spectrum of diverse structures of phloem
endings. Here, a review of detailed cytological analyses of minor veins in 320 species
from the subclass Asteridae is presented, including data on companion cell types and
their combinations which have not been reported previously. The percentage of Asteridae
species with “open” minor vein cytology which also contain sieve-element-companion
cell complexes with “closed” cytology, i.e., that show specialization for both symplasmic
and apoplasmic phloem loading, was determined. Along with recent data confirming the
dissimilar functional specialization of structurally different parts of minor vein phloem in
the stachyose-translocating species Alonsoa meridionalis (Voitsekhovskaja et al., 2009),
these findings suggest that apoplasmic loading is indispensable in a large group of species
previously classified as putative symplasmic loaders. Altogether, this study provides formal
classifications of companion cells and of minor veins, respectively, in 24 families of the
Asteridae based on their structural features, opening the way to a close investigation of
the relationship between structure and function in phloem loading.

Keywords: phloem loading, companion cells, minor veins, symplast, apoplast, Asteridae

INTRODUCTION
Since their discovery in 1879 by Tangl (1879), plasmodesmata
have been assumed to serve the intercellular transport of metabo-
lites in plants, and the development of numerous plasmodesmal
connections was considered an indicator of intensified symplas-
mic exchange between the connected cells (Tyree, 1970). The
highest densities of plasmodesmata per cell surface unit occur
in minor veins of leaves at the interface between bundle sheath
cells and companion cells belonging to the “intermediary cell”
type, as are found in some dicot families, e.g., Cucurbitaceae and
Oleaceae (Gamalei, 1974; Turgeon et al., 1975). The walls between
intermediary cells (ICs) and bundle sheath cells in Fraxinus ornus
minor veins contain about 60 plasmodesmata per µm2 surface
facing the bundle sheath, and up to 140 plasmodesmata per µm2

surface on the IC side (Gamalei, 1990, 1991). These extremely
high densities of symplasmic connections were the reason why
species with ICs in minor vein phloem were suggested to load

†This article is dedicated to our colleague and friend Prof. em. Dr. Ulrich
Heber (Julius-von-Sachs Institute for Biosciences, Würzburg University,
Würzburg, Germany).

assimilates into the phloem preferentially via the symplast. In
contrast, species containing in their minor vein phloem either
“ordinary” companion cells (OCs) with only few plasmodesmata
at the bundle sheath side (about 1 per µm2; Gamalei, 1991), or
transfer companion cells (TCs) characterized by even lower plas-
modesmal density (about 0.1 per µm2; Gamalei, 1991) and cell
wall ingrowths, were considered apoplasmic phloem loaders.

The cytology of companion cells in leaf minor veins of
dicotyledonous plants, often in relation with the mode of phloem
loading, was subject of extensive studies covering a large num-
ber of species (e.g., Pate and Gunning, 1969; Peterson and Yeung,
1975; Turgeon et al., 1975, 1993; Madore et al., 1986; Fisher, 1986,
1991; Schmitz et al., 1987; Gamalei, 1989, 1990, 1991; van Bel
and Gamalei, 1992; van Bel et al., 1992; Kempers et al., 1998;
Haritatos et al., 2000; Goggin et al., 2001; Turgeon et al., 2001;
Turgeon and Medville, 2004; Reidel et al., 2009). The most com-
prehensive analysis, however, has been performed by Gamalei
encompassing over 800 species from over 140 families (Gamalei,
1990). He described the extremes of minor vein organization,
type 1 and 2, which differed both in the pattern of the first divi-
sions of the phloem initial during vein development, and in the
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abundance of symplasmic connections between companion cells
and bundle sheath (Gamalei, 1989, 1991). The first division of
the phloem initial was anticlinal in type 1 species but periclinal
in type 2 species which resulted in different spatial organiza-
tion of mature minor veins of type 1 and 2 species, respectively.
The position of the first division plane showed a striking correla-
tion with the abundance of plasmodesmata at the companion cell
side facing the bundle sheath. This allowed designating types 1
and 2 minor veins as “open” and “closed,” respectively (Gamalei,
1989). Minor veins of type 2 could be divided into 2a, 2b,
and 2c; 2a species contained companion cells without cell wall
ingrowths, 2b species contained TCs with cell wall ingrowths,
and the 2c group comprised species with Kranz anatomy. It was
noticed that type 1 species are often represented by trees or woody
shrubs while type 2 species are mostly herbs (Gamalei, 1989).
A large group of species designated 1-2a showed numbers of
plasmodesmata at the companion cell/bundle sheath boundary
intermediate between 1 and 2a, and minor veins without well-
defined spatial organization. For this group, growth form and
phloem evolution were not clear (Gamalei, 1989).

This classification was modified with the focus on the num-
ber of symplasmic connections at the mesophyll/phloem interface
(Gamalei, 1991). Four types were distinguished, two “open” ones
(1 and 1-2a) and two “closed” ones (2a and 2b); it should be kept
in mind that also in this classification, the first numeral 1 or 2 car-
ries information on the degree of symplasmic continuity between
mesophyll and phloem as well as on the ontogenesis of the
minor vein phloem. Type 1 corresponded to species with num-
bers of plasmodesmata per square µm cell surface between 100
and 10, type 1-2a included species with these numbers between
10 and 1, types 2a and 2b designated plants with plasmodes-
mata numbers per square µm cell surface below 1, whereas type
2b specified species with TCs where cell wall ingrowths increase
apoplasmic transport (Gamalei, 1991). The introduction of these
four types has been very helpful for elucidating the evolution of
phloem loading mechanisms (Turgeon et al., 2001; Rennie and
Turgeon, 2009) as well as for functional studies (e.g., Turgeon
et al., 1993; Hoffmann-Thoma et al., 2001; Turgeon and Medville,
2004). Indeed, functional tests on a range of species in the stud-
ies of van Bel et al. using the classification of Gamalei (van
Bel et al., 1992) provided compelling evidence for symplasmic
phloem loading which was strongly disputed before. At the same
time, many plants contain companion cells of more than one
structural type in their minor veins, a fact which renders them
beyond the scope of a division into “open” and “closed” types
and becomes important when analyzing phloem loading mech-
anisms and their relative contribution to phloem transport in a
given species. An example is Alonsoa meridionalis, a type 1 species,
which contains ICs in its minor veins and was originally classi-
fied as a putative symplasmic loader but was shown to perform
also apoplasmic sucrose loading in a second type of companion
cells present in its minor veins, the OC (Voitsekhovskaja et al.,
2009). Thus, a comprehensive view of a phloem ending as a func-
tional unit can rely only on the cytology of all cells involved in
assimilate loading. However, the possibility of different structural
types of sieve element—companion cell complexes (SE-CCCs) to
occur in minor veins of one and the same species is neglected in

the four-types-scheme which limits its usefulness and may even
render it misleading from the functional point of view in some
cases.

In the present study, the cytology of minor veins was examined
in a number of species from the subclass Asteridae (Moore et al.,
2010), one of the major clades of the core eudicots (for the list of
species see Supplemental Table 1). For the abovementioned rea-
sons, we paid attention to the ultrastructure of all cells in minor
vein phloem of the species investigated, as well as to the spatial
organization of the minor vein. This study, together with data
from published sources (Pate and Gunning, 1969; Peterson and
Yeung, 1975; Evert, 1980; Madore and Grodzinski, 1984; Madore
et al., 1986; Ding et al., 1988; McCauley and Evert, 1989; Fisher,
1991; van Bel et al., 1992; Turgeon et al., 1993; Roberts et al., 1997;
Batashev and Gamalei, 2000, 2005; Voitsekhovskaja et al., 2006;
Gamalei et al., 2008; Reidel et al., 2009), resulted in the analysis
of 320 species belonging to 200 genera. This makes the Asteridae
the best investigated subclass of dicots to date in terms of organi-
zation of phloem endings and structure of companion cells. Here,
we give an overview of companion cell types in Asteridae and
describe some structures not reported previously. We describe
the ways how these cells can be combined in a phloem ending.
We show that in the overwhelming number of species, spatial
organization of minor veins and symplastic continuity between
companion cells and bundle sheath are strictly correlated, con-
firming the conclusions made by Gamalei (1989). However, we
also present a few striking exceptions to this rule indicating the
need for further categories of minor veins. We also provide a
formal classification of minor veins in Asteridae on the basis
of their companion cell type(s), spatial organization and a few
additional features which may be potentially important to under-
stand the assimilate pathways during phloem loading. These data
lay a foundation for phylogenetic and functional analyses of the
phloem in Asteridae, leading to a deeper understanding of the role
of plasmodesmata in phloem loading.

MATERIALS AND METHODS
PLANT MATERIAL
Plants were collected (1) from their native habitats during expedi-
tions in Altai, Cola peninsula, Leningrad region, Magadan region;
(2) from botanical gardens of the Komarov Botanical Institute
RAS (St.-Petersburg, Russia), from the Nikitskiy botanical gar-
den (Crimea, Ukraine) and from the botanical garden at Altai
State University (Barnaul, Russia). (3) Tropical species were col-
lected from greenhouses of the botanical garden of the Komarov
Botanical Institute RAS, and several Apocynaceae species were
collected in parks of Bangkok (Thailand). The list of species stud-
ied is shown in Supplemental Table 1. Altogether, 320 species
from 24 families in sensu APGIII, 2009 (295 species originally
studied in the laboratory of Yu. V. Gamalei plus 25 species from
published studies from other laboratories) were included in this
analysis.

TRANSMISSION ELECTRON MICROSCOPY (TEM) STUDIES
The ultrastructure of the minor vein phloem (6–7 transverse sec-
tions of veins of the highest orders) was studied by means of TEM.
Mature fully expanded leaves (3–4 leaves from different plants for
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every species studied) were analyzed. Leaf pieces (3 × 4 mm) were
infiltrated with cold fixative (3% glutaraldehyde, 3% sucrose in
0.1 M potassium phosphate buffer pH 7.2), incubated in fresh fix-
ative for 6 h and washed in buffer six times for 10 min each. The
material was then post-fixed for 16 h in 2% osmium tetroxide in
potassium phosphate buffer at 4◦C, dehydrated in 30% and 50%
ethanol for 20 min each, contrasted with 1.5% uranyl acetate in
70% ethanol for 2 h, further dehydrated in an ethanol:acetone
series and embedded in Epon-Araldite epoxy resin. Ultrathin
sections (40–60 nm) were cut with glass knives on an LKB-III
microtome (LKB, Stockholm, Sweden), contrasted on grids using
2% lead citrate, and viewed and photographed at 75 kV with a
Hitachi H-600 electron microscope (Tokyo, Japan).

SUGAR ANALYSIS
Leaves of Allamanda cathartica L., Alstonia macrophylla Wall. et
G. Don, Plumelia rubra L. and Thevetia nereifolia Juss. ex Steud.
(Apocynaceae), and of Melampyrum sylvaticum L., Euphrasia
fennica Kihlm. and Rhinanthus minor L. (Orobanchaceae) were
extracted twice with 80% ethanol at 60◦C. Seven hundred micro-
liter of each extract (corresponding to approx. 500 mg fresh
weight) were vacuum-dried at 40◦C in a rotary evaporator
(Buechi, Flawil, Switzerland) and subjected to derivatization in a
mixture of (N,O-Bis-trimethylsilyl)-trifluoroacetamide:pyridine
(1:1, v/v) (Sigma-Aldrich, Deisenhofen, Germany) in a her-
metically closed tube for 15 min at 100◦C. A gas chromato-
graph Agilent 6850 (Agilent Technologies, Santa Clara, CA, USA)
equipped with a mass selective detector Agilent 5975C was used,
supplied with a capillary column HP-5MS (30 m length, 0.25 mm
diameter, 0.25 µm film thickness; J&W Scientific, Folsom, CA,
USA). Helium was used as a carrier gas at a flow rate of
1.3 ml/min. The column was operated at an initial tempera-
ture of 70◦C and adjusted to 320◦C at 6◦C/min. The temper-
ature of the injector was 330◦C by the split flow 50:1. The
injected volume was 1 µl. The internal standard used was n-
C23 hydrocarbon (Sigma-Aldrich, Deisenhofen, Germany). The
data were collected and processed with the Agilent ChemStation
system. Mass spectra were interpreted, and substances identi-
fied, with the AMDIS (Automated Mass-Spectral Deconvolution
and Identification System) software using NIST 2008 and Wiley6
libraries. Quantification of chromatograms was performed using
UNICHROM software (New Analytical Systems, Minsk, Belarus).

RESULTS
CYTOLOGICAL DIVERSITY OF COMPANION CELLS IN ASTERIDAE
SPECIES
Since companion cells are key players in phloem loading, we first
focused on their structural diversity in minor veins of Asteridae.
To provide a better overview of observed structures, we analyzed
several features which were then used to build a classification.
Three independent cytological characteristics of companion cells
were selected: (1) presence vs. absence of plasmodesmal fields
connecting companion cells to the bundle sheath; (2) presence
vs. absence of cell wall ingrowths in companion cells; (3) type
of plastids present in companion cells (leucoplasts vs. chloro-
plasts). Plasmodesmal fields are defined here as aggregations of
plasmodesmata, either branched or simple, which can be clearly

distinguished from the rest of the cell wall that may contain single
plasmodesmata. We decided to use this characteristic as indicative
for a considerable potential for symplasmic transport, in contrast
to a few single plasmodesmata which are always present in any
type of companion cell. Moreover, the distinction (plasmodes-
mal fields vs. single plasmodesmata) is qualitative and does not
require elaborative counts of numbers of plasmodesmata per cell
surface unit. The development of cell wall ingrowths increases
the surface of metabolite exchange via apoplast. Thus, the first
two characteristics indicate a high specialization level of compan-
ion cells adapted to symplasmic or apoplasmic phloem loading,
respectively. The third feature, the type of plastids in companion
cells, is easily distinguishable on micrographs. This feature has
proved invaluable for discriminating between companion cells
and parenchyma cells in minor veins (Russin and Evert, 1985;
Reidel et al., 2009) but so far it has not been considered in relation
to the phloem-loading mechanism. However, it should be taken
into account that plastid retrograde signaling has been recently
shown to be a potent regulator of plasmodesmata development
(Burch-Smith et al., 2011). Also, the type of plastids in compan-
ion cells might be related to metabolic specialization of these cells.
For instance, the fact that plastids in ICs are always leucoplasts
and never chloroplasts might simply reflect the main function
of these plastids as myo-inositol depots (Moore et al., 1997;
Voitsekhovskaja et al., 2006), as the RFO synthesis by ICs requires
high activities of myo-inositol production but not of sucrose
production because sucrose is supplied by mesophyll cells.

We also included in the analyses two subordinate features, the
mode of plasmodesmata branching in plasmodesmal fields and
the morphology of cell wall protuberances. Asymmetric branch-
ing of plasmodesmata was shown to be an important diagnostic
feature for ICs (Turgeon and Medville, 2004). Two different types
of the morphology of cell wall protuberances have been described
so far, reticulate and flange morphology (Offler et al., 2003);
however, only reticulate protuberances were found in companion
cells. Here, we describe as a novelty companion cells with cell wall
ingrowths of flange morphology (see below).

On the basis of the features listed above, eleven varieties
of companion cell were distinguished in Asteridae (Table 1;
Figure 1); however, some of them were widespread and oth-
ers rare (family- or species-specific; see below). These structural
varieties were ranked according to subtypes and grouped into
four major companion cell types: OCs, TCs, ICs and IC-like
cells, and CC with plasmodesmal fields/many single plasmodes-
mata including modified intermediary cells (MICs; Turgeon et al.,
1993).

OCs, sometimes referred to simply as “companion cells,”
which are characterized by the absence of both plasmodesmal
fields and cell wall ingrowths, contained two subtypes with either
leucoplasts (OC-a; Figure 1A) or chloroplasts (OC-b; Figure 1B),
respectively (Table 1). TCs were classified on the basis of plas-
tid type and morphology of cell wall ingrowths. The companion
cells of TC type described by Pate and Gunning as “A-type trans-
fer cells” contained chloroplasts (Pate and Gunning, 1969); a
cell of that type (TC-a in the present classification) is shown in
Figure 1C. Companion cells of TC type containing solely leu-
coplasts were observed in phloem endings in two cases: either
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Table 1 | Classification of companion cells in Asteridae according to their structural characteristics.

CC type CC subtype PF Branching of

PD in PF

CWI Morphology

of CWI

Chloroplasts

(instead of

leucoplasts)

Stachyose

synthesis

Ordinary cells OC-a (OC with leucoplasts)1 – – – – – –

OC-b (OC with chloroplasts)2 – – – – + –

Transfer cells TC-a3 – – + + + reticulate + –

TC-b4 (present in minor veins
together with IC/MIC)

– – ++ reticulate – –

TC-c (in some Gentianaceae
species; this study)

– – + + + flange – –

Intermediary cells
and IC-like cells

IC5 + + + asymmetric – – – (starch in
leucoplasts
never observed)

+ + +

ICL (IC-like cells with starch
in leucoplasts; this study)

+ + + asymmetric – – – (starch in
leucoplasts
normally found)

?

CC with PF and/or
many PD

CC-a (CC in minor veins of
Cornaceae, Eucommiaceae,
Griseliniaceae and
Hydrangeaceae; this study)

++ symmetric – – – –

CC-b (CC in minor veins of
Amsonia tabernaemontana
and some other
Apocynaceae; this study)

++ Asymmetric
(no branching
in case of
multiple
single PD)

– – + –

MIC-a6 + asymmetric + reticulate – +
MIC-b (CC in minor veins of
some hemiparasitic
Orobanchaceae; this study)

+ + + asymmetric + + + reticulate – –(?)

CC, companion cell; PF, plasmodesmal fields; PD, plasmodesmata; CWI, cell wall ingrowths. Number of + indicates the relative degree of the manifestation of a

feature. Several examples illustrating the trait combinations can be found in 1Turgeon et al. (1993) for Digitalis grandiflora, 2Reidel et al. (2009) for Plantago major,
3Gunning and Pate (1969) for Impatiens balsamina, 4Turgeon et al. (1993) for Nemesia strumosa, 5Fisher (1986) for Coleus blumei; 6Turgeon et al. (1993) for Asarina

scandens; −, feature absent; ?, not clear.

in combination with ICs or MICs (e.g., Turgeon et al., 1993.
for Nemesia strumosa), or, as the only type of phloem com-
panion cells, in minor veins of some representatives of the
Gentianaceae family (Batashev and Gamalei, 2000). Figure 1D
illustrates a TC found in minor vein phloem together with
ICs; these TCs possess leucoplasts and small cell-wall protuber-
ances and were named TC-b. Figure 1E shows TCs which were
found only in some representatives of the Gentianaceae family;
these TCs possess cell wall ingrowths with flange morphology
rather than reticulate morphology as typically observed in com-
panion cells (Offler et al., 2003). This feature was consistently
observed in four out of 15 studied Gentianaceae species and was
found to be independent of the angle of sectioning. Companion
cells of this structure, to our knowledge, have not been
reported before in any other species. We named these cells TC-c
(Table 1).

Companion cells with abundant plasmodesmal fields in the
cell walls facing the bundle sheath and with leucoplasts are
widespread in the Asteridae. First, there are ICs, a type of com-
panion cells with very distinct features. The main structural
characteristic of IC is the presence of highly developed plasmod-
esmal fields, asymmetrically branched, with more branches on the
IC side (Gamalei, 1974; Turgeon et al., 1975; Volk et al., 1996). To
date, a perfect correlation exists between the presence of the ICs
and the synthesis of RFOs as phloem transport sugars. Another
well-known structural trait of ICs is the presence of many small
vacuoles instead of one large vacuole; these unusual vacuoles were
found in all ICs of stachyose-transporting plants leading to the
speculation that they might represent the compartment for RFO
synthesis (Gamalei, 1990; Voitsekhovskaja, 2002). However, we
did not include this feature in the present classification because, in
contrast to other features, the presence and the number of these
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FIGURE 1 | Structural diversity of companion cells in minor veins in

representative species according to classification in Table 1. L,
leucoplast; arrow points on plasmodesmal fields between companion cells
and bundle sheath cells at several subfigures. (A) Swertia obtusa, “ordinary
cell” OC-a: plasmodesmal fields and protuberances of the cell wall are
absent; plastids are leucoplasts. (B) Vinca minor, “ordinary cell” OC-b: neither
protuberances of the cell wall nor plasmodesmal fields are present; plastids
are well-developed chloroplasts. (C) Onosma gmelinii, “transfer cell” TC-a:
multiple protuberances of the cell wall are present while no plasmodesmal
fields are formed; plastids are well-developed chloroplasts. (D)

Dracocephalum peregrinum, “transfer cell” TC-b with leucoplasts (not
shown) in the abaxial sieve element-companion cell complex (two other sieve
element-companion cell complexes in this minor vein contain intermediary
cells). (E) Gentiana aquatica, “transfer cell” TC-c: multiple protuberances of
the cell wall of unusual flange morphology are present, plasmodesmal fields
are absent, plastids are leucoplasts. (F) Hamelia patens, companion cell

presumably (as no data on RFO synthesis are available) of “intermediary cell”
type with large plasmodemal fields, leucoplasts and a number of fragmented
vacuoles; the detail in F1 shows a plasmodesmal field with branched
plasmodesmata, ×15,000. (G) Catesbaea spinosa, companion cell ICL with
large plasmodemal fields; plastids are leucoplasts containing starch; the
detail in G1 below shows a plasmodesmal field with branched
plasmodesmata, ×15,000. (H) Amsonia tabernaemontana, companion cell
CC-b with well-developed plasmodesmal fields (the details in H1 and H2

below, ×15,000) and well-developed chloroplasts; no cell wall protuberances
are formed, and one (shown) or a few (not shown) relatively large vacuoles
are present. (I) Asarina barclaiana “modified intermediary cells” MIC-a
containing small plasmodesmal fields and small cell wall ingrowths. (J)

Rhinanthus minor, companion cell MIC-b with well-developed plasmodesmal
fields, cell wall ingrowths, and leucoplasts; detail in J1 shows fragment of
the cell containing both cell wall protuberances and a plasmodesmal field
with magnification ×10,000. Magnification: ×8000 if not otherwise indicated.
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vacuoles strongly depend on the physiological condition of the
plant (Gamalei et al., 2000). In the present study, we classified the
companion cells only on the basis of their stable structural fea-
tures. An example of a companion cell, the structure of which is
similar to that of ICs but for which no analyses of transport sug-
ars have been performed is shown in Figure 1F for Hamelia patens
(Rubiaceae). This cell has asymmetrical branching of plasmodes-
mata in the fields facing the bundle sheath (Figure 1F, detail 1),
and possesses leucoplasts.

In many species, companion cells with abundant plasmod-
esmal fields in the cell walls facing the bundle sheath could be
found which resembled ICs in some respects but differed in
others. We refer to these cells here as ICL (intermediary-cells-
like). These cells contained multiple plasmodesmal fields with
asymmetrical branching of plasmodesmata and leucoplasts but
their leucoplasts contained starch while leucoplasts in ICs had
never been shown to accumulate starch. To our knowledge, this
cell type has not been described before. One example of IC-like
cells with starch-containing leucoplasts is shown in Figure 1G for
Catesbaea spinosa (Rubiaceae); for this species, no phloem sap
analysis has been performed. Interestingly, small vacuoles were
present in most cases in such cells. Such companion cells with
starch-containing leucoplasts are obviously different from ICs
and referred to as ICL in Table 1.

Companion cells with multiple plasmodesmal fields, or
sometimes many single plasmodesmata (see below) were
also found in Asteridae. In representatives of Cornaceae
and Hydrangeaceae (Cornales), Griseliniaceae (Apiales, former
Cornales) and Eucommiaceae (Garryales), companion cells pos-
sessed leucoplasts without starch and in most cases small vac-
uoles; however, multiple plasmodesmal fields contained only
symmetrically branched plasmodesmata (i.e., with similar num-
ber of branches on both sides). Companion cells of closely similar
structure have been described, e.g., for poplar (Russin and Evert,
1985) or for Liquidambar styraciflua by Turgeon and Medville
(2004); these authors found that they were functionally quite
different from ICs in that they were not involved in loading
RFOs in the phloem. These cells are referred to as CC-a in
Table 1. Furthermore, companion cells with abundant plasmod-
esmal fields which could not be classified as ICs were found in
several Apocynaceae species. These companion cells contained
chloroplasts; the plasmodesmal fields were found in local thick-
enings of the cell walls facing the bundle sheath which contained
both branched (with more branches at the CC side) and sim-
ple plasmodesmata, in contrast to the situation in ICs where
only highly branched plasmodesmata with more branches at the
IC side were observed in plasmodesmal fields (Figure 1H). In
four of these species, Allamanda cathartica, Alstonia macrophylla,
Plumeria rubra, and Thevetia nereifolia, leaf sugars were analyzed
by GC-MS but no members of the RFO family were detected
(data not shown) which, taking into account the high sensitiv-
ity of the method, means that these cells do not synthesize RFO.
Such companion cells, to our knowledge, have not been described
previously. We refer to these cells as CC-b (Table 1).

Quite peculiar companion cells which, to our knowledge, have
not been described before were found in minor vein phloem
of several hemiparasitic Orobanchaceae species of the genera

Euphrasia, Melampyrum, Odontites, and Rhinanthus. These cells
contained plasmodesmal fields with numerous asymmetrically
branched plasmodesmata, resembling those in ICs, along with
highly developed cell wall ingrowths (Figure 1J). The plastids
found in such cells were leucoplasts which in some cases con-
tained one or two single thylakoids; the presence of chloroplasts
could not be confirmed. Combinations of plasmodesmal fields
and cell wall protuberances were previously reported for MICs
described for Asarina scandens (Turgeon et al., 1993) and A. bar-
claiana (Voitsekhovskaja et al., 2006; Figure 1I). However, con-
trary to the companion cells of the hemiparasitic Orobanchaceae,
MIC in Asarina species contained only small plasmodesmal fields
and only few cell wall ingrowths. Sugar analyses in leaves of
Euphrasia, Melampyrum, and Rhinanthus species revealed high
amounts of sucrose and a sugar alcohol galactitol (dulcitol) but
no raffinose or stachyose (data not shown). We classified these
companion cells as MIC-a for Asarina species, and MIC-b for
hemiparasitic Orobanchaceae, respectively (Table 1).

SPATIAL ORGANIZATION OF MINOR VEINS IN ASTERIDAE AND
CLASSIFICATION OF MINOR VEIN PHLOEM INTO SUBTYPES
The analysis of companion cell types in Asteridae raised the
questions as to how various subtypes of companion cells can
be combined in a phloem ending, and how the newly described
structures are related to the spatial organization of minor veins.
In type 1 (“open” type) minor veins as described by Gamalei
(1989) for Syringa vulgaris, the first divisions of the phloem initial
are anticlinal, sometimes occurring as an anticlinal bifurcation.
Therefore, one initial produces two to three cells at once. Each of
them subsequently undergoes one unequal division. The smaller
cell differentiates in a sieve element, and the larger cell in a com-
panion cell. As a result, two or three SE-CCCs form an arc around
the abaxial pole of the radial xylem ray in a mature minor vein
of type 1 (Figure 2A). This sequence of cell divisions resembles
the radial divisions characteristic for the cambium of trees. The
xylem and phloem parts of the minor vein in type 1 are usually
separated by a row of parenchyma cells designated either as vas-
cular parenchyma, or as phloem parenchyma, which is not quite
correct because these cells do not originate from the phloem ini-
tial. Here these cells are referred to as vascular parenchyma. In
type 2 (“closed” type) minor veins, the first divisions of xylem and

FIGURE 2 | Schemes showing cell division planes in course of minor

vein development [redrawn from Gamalei (1990)]. (A) type 1; (B) type 2.
Phloem initial cell and mother cell of the phloem complex are shown in
pink, SE-CCCs are shown in red, and phloem parenchyma cells are shown
in purple. The vascular parenchyma is shown in green.
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phloem initials in course of minor vein formation are periclinal;
only the last divisions in the group of phloem cells are anticlinal
(original micrographs shown in Gamalei, 1989, for Senecio sp.).
As a result, the phloem cells form several layers (“tiers”) which
are situated one under another (Figure 2B). These tiers consist
either of SE-CCCs or of phloem parenchyma cells. Here, xylem
and phloem are not separated by a layer of parenchyma cells.

In the present study, the layout of minor veins in most stud-
ied species corresponded to either type 1 or 2 (Supplemental
Table 1). The following traits were attributed to type 1: (i) minor
veins show a well-defined spatial organization; (ii) the veins can
contain companion cells of more than one structural type; (iii)
the number of companion cells equals the number of sieve ele-
ments (CC:SE = 1) which results from the pattern of cell divisions
during minor vein formation; (iv) phloem initials do not form
phloem parenchyma cells (but vascular parenchyma is present,
see above) in the course of minor vein development. The minor
veins of type 2 showed the following traits: (i) minor veins show a
well-defined spatial organization, (ii) companion cells within the
vein belong to a single structural type; (iii) the CC:SE ratio equals
2 or 1.5 (for instance when two SE-CCCs are combined in one
minor vein, one with the ratio of CC:SE = 1 and the second with
a ratio of CC:SE = 2); (iv) phloem parenchyma is present, and
phloem parenchyma and SE-CCCs are positioned in alternating
layers.

Apart from these types, a small group of species with minor
veins of variable composition resulting from unordered anticli-
nal and periclinal divisions during vein formation was found in
the Asteridae. In this review, we refer to this group as type 0; it
consists mostly of representatives of the 1-2a group according to
Gamalei (1989, 1991). In this type, (i) the spatial organization of
minor veins is not well-defined; (ii) the number of CCs exceeds
the number of SEs; (iii) the CC:SE ratio is not stable; (iv) phloem

parenchyma cells can be present or absent. Interestingly, compan-
ion cells in type 0 minor veins studied thus far were never found
to contain highly specialized structures like plasmodesmal fields
or a cell wall labyrinth. A published example of this minor vein
organization is Digitalis grandiflora (Turgeon et al., 1993).

In types 1 and 2, several subtypes can be distinguished on
the basis of (i) presence of plasmodesmal fields at companion
cell/bundle sheath boundary, (ii) type of plastids in companion
cells, (iii) presence of cell wall ingrowths in companion cells,
(iv) presence and position of phloem parenchyma cells within
minor veins, and (v) presence of cell wall ingrowths in phloem
parenchyma cells (Table 2). The presence or absence of these
characteristics can be clearly seen on almost any transversal sec-
tion. This categorization does not include subordinate features
such as type of plasmodesmata branching, type of transported
sugars or presence of starch in leucoplasts of IC-like cells. The full
information on the structural features of the minor vein phloem
in the 320 analyzed species is shown in the Supplemental Table 1.

Type 1 was divided into subtypes I-IV (Figures 3, 4A–D).
In the subtype 1-I, the minor veins contain three SE-CCCs
with companion cells of a similar structure (IC, ICL, or CC-
a) (Table 1; Figure 4A). This is one of the most widespread
subtypes in the Asteridae occurring in the Acanthaceae,
Apocynaceae, Bignoniaceae, Cornaceae, Eucommiaceae,
Griseliniaceae, Gesneriaceae, Hydrangeaceae, Lamiaceae,
Oleaceae, Orobanchaceae, Pawlowniaceae, Plantaginaceae,
Rubiaceae, Scrophulariaceae, and Verbenaceae. Subtype 1-II
is very close to 1-I; the only difference is that in minor veins
with three SE-CCCs, the abaxial SE-CCC contains an OC-a,
a companion cell without plasmodesmal fields and cell wall
ingrowths (Figure 4B). The subtype 1-II is also quite widespread
and was found in Acanthaceae, Bignoniaceae, Lamiaceae,
Orobanchaceae, Phrymaceae, Plantaginaceae, Rubiaceae,

Table 2 | Classification of the minor vein phloem according to its spatial organization in leaves of Asteridae.

Type Subtype Vein

symmetry

CC subtype Number of CC

subtypes combined

in one phloem

ending

Phloem

parenchyma

CWI in phloem

parenchyma

Examples

1 1-I + IC, ICL, CC-a 1 − − Figure 4A

1-II + IC,OC-a 2 − − Figure 4B

1-III +
(rarely −)

IC or MIC-a
TC-b

2 − − Figure 4C

1-IV + CC-b 1 − − Figure 4D

0 0 − OC-a, OC-b 1 − (rarely +) − Figure 4F

2 2-I + OC-a, OC-b 1 + − Figure 5A

2-II +
(rarely −)

OC-a, OC-b 1 + + Figure 5B

2-III + TC-a 1 + − Figure 5C

2-IV + TC-a 1 + + Figure 5D

2-V + TC-c 1 + − Figure 5E

2-VI +/− MIC-b 1 + − Figure 5F

CWI, cell wall ingrowths; CC, companion cells. “+” marks the presence and “−” the absence of a feature.
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FIGURE 3 | Schematic presentation of the structural types and

subtypes of minor vein phloem. Absence of plasmodesmal fields at the
companion cell/bundle sheath interface is designated by blue, and the
presence—by red color; in the types where companion cells could never be
shown to contain chloroplasts, plastids are not depicted. Classification into
four types according to Gamalei (1991) is shown for reference.

Scrophulariaceae, and Verbenaceae. Sometimes, both subtypes
1-I and 1-II occurred simultaneously in leaves of the same plant.
In species classified subtype 1-III, in minor veins with three
SE-CCCs the abaxial SE-CCC contains a companion cell of type
TC-b (Table 1), i.e., a TC with leucoplasts (Figure 4C). This
subtype was found in Acanthaceae, Lamiaceae, Plantaginaceae,
and Scrophulariaceae.

In subtype 1-IV the SE-CCCs contain CC-b companion cells
with plasmodesmal fields and chloroplasts (Table 1; Figure 4D).
In this subtype, all companion cells within the minor vein are
of similar structure. This subtype was found in several gen-
era of the Apocynaceae family, e.g., Alstonia, Alyxia, Amsonia
(Supplemental Table 1; Batashev and Gamalei, 2005). A similar
organization of minor veins was found in several representatives
of Campanulaceae and Convolvulaceae, with the exception that
the companion cells contained no distinct plasmodesmal fields
but rather highly abundant single plasmodesmata (Madore et al.,
1986; Supplemental Table 1). Whether phloem loading in these
families is similar to, or distinct from that in the representatives
of the Apocynaceae with minor vein subtype 1-IV, needs further
investigation.

Type 2 was divided into subtypes I-VI (Figures 3, 5A–F).
Subtype 2-I comprises species with SE-CCCs containing OC-b
cells with chloroplasts (in rare cases OC-a with leucoplasts
instead of chloroplasts) and phloem parenchyma cells with-
out cell wall ingrowths (Figure 5A). This subtype was found
in some representative of the Gentianaceae, Plantaginaceae, and
Polemoniaceae, but was broadly represented in the families
Boraginaceae and Solanaceae. Subtype 2-II is distinct from the

FIGURE 4 | Structure of minor vein phloem, type 1, and type 0. (A)

Scutellaria pallida, subtype 1-I; (B) Mimulus guttatus, subtype 1-II; (C)

Dracocephalum peregrinum, subtype 1-III; (D) Amsonia tabernaemontana,
subtype 1-IV; (E) Asarina barclaiana; (F) Trachelospermum luikinense, type
0. CC, companion cell; MIC-a, modified intermediary cell subtype a; SE,
sieve element; TC, transfer cell subtype b. Black arrows point on
plasmodesmal fields, white arrowheads point on cell wall ingrowths.
Magnification: (A–D), (F), ×1750; (E), ×3000.

previous subtype in that the phloem parenchyma cells in the
minor veins contains cell wall ingrowths and thus can be clas-
sified as phloem parenchyma transfer cells (Figure 5B). This
subtype occurs very rarely in Asteridae and was found only in
Polemoniaceae and Plantaginaceae. Subtype 2-III is widespread
and can be found in Asteraceae, Boraginaceae, Plantaginaceae,
Rubiaceae, and Solanaceae. It is characterized by the presence
of companion cells of TC type with chloroplasts (TC-a, Table 1)
while phloem parenchyma cells do not possess cell wall ingrowths
(Figure 5C). Subtype 2-IV is very similar to 2-III, the only dif-
ference is that in 2-IV cell wall ingrowths are formed in both
companion cells and phloem parenchyma cells (Figure 5D). This
subtype is common in Asteraceae but rather rare in Solanaceae.
Subtype 2-V has been found only in some genera of the
Gentianaceae (Supplemental Table 1; Batashev and Gamalei,
2000). The minor veins in these species contain SE-CCCs with
rather peculiar transfer cells: their cell wall ingrowths have a
flange morphology (Offler et al., 2003), and the cells contain
leucoplasts and not chloroplasts (Figure 5E).
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Subtype 2-VI has been found in some hemiparasitic
representatives of the Orobanchaceae family, Euphrasia,
Melampyrum, Odontites, and Rhinanthus, where SE-CCCs
contained MIC-b companion cells with both highly developed
cell wall ingrowths and plasmodesmal fields (Figure 5F) and
leucoplasts. The mature minor veins of these group of species
often showed no well-defined spatial organization, and more
detailed studies on the development of the minor veins in these
species are required to clarify the relationship of subtype 2-VI
with the other types of minor vein phloem. Similarly, the minor
vein phloem of the two Asarina species, A. barclaiana and A. scan-
dens, was difficult to include in the subtypes described above,
primarily due to lack of data on their minor vein development.
In mature minor veins, the abaxial SE-CCCs usually contained
two companion cells of TC type per one SE while the adaxial part
of the phloem consisted of SE-CCCs with MIC-a, with a MIC:SE
ratio of 1 or 2. The absence of phloem parenchyma and of tiered
organization, as well as the presence of two different companion

FIGURE 5 | Structure of minor vein phloem, type 2. (A) Ehretia cordifolia,
subtype 2-I; (B) Veronica chamaedrys, subtype 2-II; (C) Galium krylovianum,
subtype 2-III; (D) Aster alpinus, subtype 2-IV; (E) Gentiana aquatica,
subtype 2-V; (F) Rhinanthus minor, subtype 2-VI. CC, companion cell; PP,
phloem parenchyma; SE, sieve element. Magnification: (A,F) ×1700; (B)

×2000; (C, E) ×3000; (D) ×4000.

cell types within a vein, places these species in type 1, close to
subtype 1-III (Figure 4E). At the same time, the companion
cells (MICs) in Asarina formally resemble those in hemiparasitic
Scrophulariaceae, differing from the companion cells of subtype
2-VI in that their plasmodesmal fields and cell wall ingrowths
were much less developed. Obviously, the classification of the
minor vein phloem in these species needs further investigation.

Type 0 represents a rather heterogeneous group and the
rare occurrence of this type in the Asteridae (Figure 6) pre-
vented its comprehensive analysis. The following combinations
of structural features could be found within this group: minor
veins with SE-CCCs containing OCs with leucoplasts, lack-
ing phloem parenchyma cells, e.g., Swertia in Gentianaceae,
Cinchona in Rubiaceae (Batashev and Gamalei, 2000; Gamalei
et al., 2008); minor veins with similar SE-CCCs but containing
phloem parenchyma cells (in Digitalis species, not shown); sim-
ilar minor veins where phloem parenchyma cells developed cell
wall ingrowths (in several Veronica species, not shown); minor
veins with SE-CCCs containing OCs with chloroplasts, lacking
phloem parenchyma cells (e.g., Trachelospermum in Apocynaceae;
Figure 4F). The variability of the cellular composition, the
absence of highly specialized structures like plasmodesmal fields
or cell wall ingrowths, and the lack of well-defined spatial orga-
nization distinguish the minor vein phloem of this group from
types 1 and 2.

DISTRIBUTION OF THE TYPES AND SUBTYPES OF MINOR VEIN
PHLOEM WITHIN ASTERIDAE
The large number of species analyzed in this study has allowed
the determination of the distribution of the defined struc-
tural types of minor vein phloem within the studied families
of subclass Asteridae (Figure 6). Of the eleven subtypes, five
(1-I, 1-II, 2-I, 2-III, and 2-IV) dominate, i.e., were found in
over 80% of all species analyzed. The other six subtypes are
less wide-spread. The distribution of the types and subtypes
of minor vein phloem among the studied families is shown in
Table 3. The most heterogeneous family was found to be the
Plantaginaceae s.l., where almost all subtypes could be found
(Table 3).

FIGURE 6 | Distribution of the subtypes of minor vein phloem among

320 species in the Asteridae. For every subtype defined, the number of
species assigned to this subtype is shown.
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Table 3 | Distribution of minor vein phloem types and subtypes

among the families of Asteridae.

Family Subtype of the minor vein phloem

1-I 1-II 1-III 1-IV 0 2-I 2-II 2-III 2-IV 2-V 2-VI

Acanthaceae + + +
Apocynaceae + + + +
Asteraceae + +
Bignoniaceae + +
Boraginaceae + +
Campanulaceae +
Convolvulaceae +
Cornaceae +
Eucommiaceae +
Gentianaceae + + +
Gesneriaceae +
Griseliniaceae +
Hydrangeaceae +
Lamiaceae + + +
Oleaceae +
Orobanchaceae + + +
Pawlowniaceae +
Phrymaceae +
Plantaginaceae
(Veronicaceae)

+ + + + + + + +

Polemoniaceae + +
Rubiaceae + + + +
Scrophulariaceae + + +
Solanaceae + + +
Verbenaceae + +

DISCUSSION
In this study, we analyzed the minor vein anatomy of 320 species
from the subclass Asteridae. First, we performed a cytologi-
cal analysis of companion cells, and described altogether eleven
differentiation forms some of which had not been reported pre-
viously. These structures were classified as subtypes within four
major types of companion cells; this classification can be extended
by adding newly found structural types of companion cells as
the cytological studies of companion cells in angiosperms pro-
ceed. Furthermore, we investigated the anatomical features of
minor vein phloem and developed a classification of minor vein
structure in the Asteridae. These two classifications can be used
independently, as each has its own range of applications.

We performed separate classifications for companion cell
cytology and for minor vein anatomy, respectively, for several rea-
sons. Obviously, it is the cytology of companion cells that defines
the potential for symplasmic or apoplasmic loading and thus is
relevant for the functional classification of plants with regard
to their phloem loading mode. At the same time, many species
have more than one type of companion cells in minor veins, and
more than one mode of phloem loading, but nevertheless are still
referred to as “apoplasmic loaders” and “symplasmic loaders,” fol-
lowing the typology of Gamalei (1991) where the possibility for
different types of companion cells to be combined in one phloem
ending was not taken into account. To solve this problem, a more

detailed classification is to be introduced where attention is paid
to all types of companion cells present in one phloem ending.

However, it would be wrong to reduce the classification of
minor vein phloem just to a description of the entire assembly
of companion cells as this would neglect the evolutionary aspects
of minor vein phloem. As shown in this study, plasmodesmal
connections or cell wall ingrowths, respectively, can develop in
companion cells of minor veins with different ontogenesis. This
was not obvious in early studies because the minor vein types 1
and 2 were originally discovered in species among which anatom-
ical, developmental and cytological features were correlated, a fact
later referred to as “symplasmic/apoplasmic syndrome” (Gamalei,
2007). The main features, the patterns of cells divisions that give
rise to the minor veins, and the numbers of plasmodesmata con-
necting companion cells and bundle sheath cells showed a very
good correlation in that species with ICs (“typical symplasmic
loaders”) were always characterized by first anticlinal divisions
of the phloem initial and those with TCs (“typical apoplasmic
loaders”) by periclinal divisions (Gamalei, 1989). The reasons
why in an overwhelming number of species two major types of
vein spatial organization correlate with symplasmic continuity
remain unclear; however, as shown in this study, there are a few
exceptions to this correlation. Thus, the two classifications carry
important information, the classification of companion cell ultra-
structure for functional studies, and the classification of minor
vein structure for developmental and evolutionary studies.

In the first part of our study, we used several structural fea-
tures to describe the observed diversity of companion cells. The
development of cell wall ingrowths, the presence of plasmodesmal
fields and the type of plastids in companion cells were indepen-
dent features, while the form of plasmodemata branching and
the morphology of cell wall ingrowths were subordinate features.
These traits were correlated in some cases, but not in others. For
instance, leucoplasts were always correlated with the presence of
asymmetrically branched plasmodesmal fields (and with the syn-
thesis of RFOs) in ICs, and chloroplasts were always correlated
with the development of cell wall ingrowths of reticulate mor-
phology in TCs in type 2 minor veins. Generally, chloroplasts
occurred in those companion cells types where no plasmodesmal
fields developed; the only remarkable exception were ICL-c cells
in Apocynaceae species, where chloroplasts were present together
with asymmetrically branched plasmodesmal fields. Altogether
these cellular structures represented diagnostic features which
helped to distinguish between various companion cell types,
while their functional significance requires further investigation.

We report here a few novel structures of companion cells. In
some representatives of Gentianaceae, TCs showed flange mor-
phology of their cell wall ingrowths, which had been never
observed to date in TCs of the phloem origin. Also, new struc-
tural types of companion cells were found containing highly
developed plasmodesmal fields. Among them, the most inter-
esting type seems to be MIC-b found in some hemiparasitic
Orobanchaceae species. Representatives of genera like Rhinanthus
and Melampyrum (subtype 2-VI) provide an interesting model
for functional studies because their companion cells possess both
well-developed cell wall ingrowths and plasmodesmal fields with
no features of plasmodesmal occlusions (Figure 1J, detail 1). The
very unusual structure of the companion cells might be related
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to the hemiparasitism of these species. The plants represent root
hemiparasites which gain mineral nutrients and water from their
host species. Recent studies showed that they also can receive up
to 50% of their carbon budget from the hosts as xylem-mobile
organic compounds (Těšitel et al., 2010). This could explain a
need for increased apoplasmic uptake of carbon compounds from
the xylem into their minor vein phloem for further transloca-
tion, along with symplasmic loading of mesophyll sugars derived
from photosynthesis as has been shown for monocots (Botha
et al., 2008). However, the correlation between hemiparasitism
and minor vein phloem subtype disappeared when more species
were included in the analysis (Table 4).

Interestingly, MIC-b displayed not only plasmodesmal fields
and cell wall ingrowths at the interface with the bundle sheath, but
they also developed cell wall ingrowths at the walls which directly
contacted the xylem. The immediate contact of companion cells
and even of sieve elements with xylem elements in minor veins
of these species might be a reason for a need to increase the sur-
face of apoplasmic contact between xylem and phloem. It would
be interesting to study minor vein structures in these species in
course of phloem development and in relation with establishment
of hemiparasitism, and to find out which metabolites are present
in xylem- and phloem sap, respectively.

The important question of the exact mechanisms of symplas-
mic phloem loading can be investigated further using several new
models described here, such as CC-b in Apocynaceae, MIC-b in
hemiparasitic Orobanchaceae, and ICL which seemingly differ
from ICs only by the ability to accumulate starch in leucoplasts.
In all these cases, there are asymmetrically branched plasmodes-
mata the exclusion limit of which is probably regulated, analogous
to the situation in ICs. The polymer trap model proposing RFO
synthesis as a mechanism regulating barrier properties of such
plasmodesmata in species with ICs was cast into doubt based on
results obtained using the ICs-containing species Alonsoa merid-
ionalis (Voitsekhovskaja et al., 2006, 2009); moreover, in leaves of
species containing MIC-b and CC-b, no RFOs could be detected
by GC-MS which, considering the sensitivity of the method, leads
to the conclusion that RFOs cannot be the main transport form
in these species, at least not at all developmental stages.

In the analysis of the spatial organization of the minor veins
and its relation to the types of companion cells and phloem
parenchyma within the veins we summarized the complexes of
structural features characteristic of types 1 and 2, and introduced

Table 4 | Type of minor vein phloem (Supplemental Table 1) and

hemiparasitism in Orobanchaceae (Gamalei, 2007).

Hemi-parasitic

genera

Life form Minor vein

phloem

Bartsia Perennial herb 1-I

Castilleja Annual herb 1-II

Pedicularis Perennial herb 1-II

Euphrasia Annual herb 2-VI

Melampyrum Annual herb 2-VI

Odontites Annual herb 2-VI

Rhinanthus Annual herb 2-VI

type 0 for minor veins showing unstable structural characteris-
tics. The spatial organization of minor vein phloem results from
the patterns of the divisions of phloem initials in course of the
minor vein development, and thus has an important evolution-
ary meaning; this is supported by the fact that minor veins of
types 1 and 2 show strong correlations with the growth forms of
trees and herbs, respectively (Gamalei, 1989, 1991). The present
study showed that the layout of minor vein phloem in an over-
whelming number of species correlates with the extent of the
development of symplasmic connections between bundle sheath
cells and phloem companion cells, confirming earlier conclusions
(Gamalei, 1989, 1991). However, several exceptions to this rule
were found. First, the hemiparasitic Orobanchaceae species are
able to form plasmodesmal fields along with cell wall protuber-
ances in their companion cells, and the spatial organization of
the minor veins differed from that in type 1 species. Second, in
species of the Campanulaceae and the Convolvulaceae families,
the minor vein layout was similar to that of type 1 veins but the
veins contained no ICs or IC-like companion cells, and no plas-
modesmal fields; their companion cells were connected with the
bundle sheath by multiple single plasmodesmata. A detailed study
of this minor vein type was published by Madore et al. (1986).
These examples show that the two features, the anticlinal position
of the first division plane of the phloem initial and the ability to
develop highly abundant plasmodesmal fields, although coupled
in the majority of species studied thus far, can develop indepen-
dently. Interestingly, the position of the Campanulaceae on the
phylogenetic tree of Asterales is at the base, where shrubs and
small trees occur (Lundberg, 2009), but the Asteraceae family at
the top of this tree is represented by herbs with minor veins of
type 2.

The classification of type 0 is far from complete, since the
subclass Asteridae predominantly comprises species with highly
specialized minor veins of types 1 or 2 (Figure 6). Type 0 prob-
ably could be better resolved via a similar study of the subclass
Rosidae which is rich in “type 0 species” (Yu. V. Gamalei, M.
V. Pakhomova, and D. R. Batashev, unpublished observations).
The new nomenclature presented in this study has been devel-
oped for the Asteridae and thus may not be sufficient to cover
all dicots; however, it can be easily broadened by adding new
subtypes in the course of future studies on the Asteridae or
other groups of dicots. Generally, type 1-2a in Gamalei’s classi-
fication (Gamalei, 1991) is divided between subtypes 0 and 2-I
in the nomenclature of this study, while Gamalei’s types 1 and
2 keep their positions, but the numbers of subtypes increase
(Figure 3). Again, we stress the fact that the 1, 1-2a, 2a, 2b
nomenclature is still valuable for characterization of the general
ability for the sym- or apoplasmic loading mode. Several years
ago, a classification was proposed which might be regarded as
consensus between functional and structural descriptions. This
classification, which was independently proposed by Gamalei
(2000) and van Bel and Hafke (2005), is a combination of onto-
genetic and structural views of minor vein phloem. van Bel and
Hafke (2005) integrated the functional aspect by including the
transport carbohydrates. It includes five subtypes of the minor
vein phloem, 0, 1A, 1B, 2A, and 2B, where 0, 1, and 2 refer to
minor vein spatial organization and the phloem-loading mode,
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and A or B refer to less or more advanced structural specialization,
respectively.

The data also make clear that in many species with “open”
minor vein cytology, i.e., putative symplasmic phloem load-
ers with multiple plasmodesmata at the bundle sheath/phloem
boundary, minor veins often contain a SE-CCC specialized for
apoplasmic loading. A well-known example is the minor vein
phloem in Coleus blumei (Fisher, 1986). The present study pro-
vides a quantitative estimate of the occurrence of species of the
Asteridae with more than one type of SE-CCC in their minor
veins (Figure 6). About half of the “putative symplasmic phloem
loaders” in the Asteridae (subtypes 1-II and 1-III) seem to rely on
apoplasmic phloem loading in addition to the symplasmic path-
way. This proportion might be even higher regarding the fact that
also “pure symplasmic loaders” of subtype 1-I can additionally
contain minor veins of the 1-II type in their leaves (e.g., Paederia
scandens or Scrophularia americana; Supplemental Table 1). The
idea that always both symplasmic and apoplasmic mechanisms
contribute to phloem loading, one usually being the dominant
loading mode, is not new (see e.g., Kursanov, 1984). However,
functional evidence for this idea has been provided only recently
using a stachyose-translocating species, Alonsoa meridionalis. In
minor veins of A. meridionalis which belong to the subtype 1-
II according to the classification of this study, expression of the
stachyose synthase gene AmSTS1 was found only in the two
adaxial SE-CCCs containing ICs while the sucrose transporter
AmSUT1 was localized at the plasma membrane of the OC in
the abaxial SE-CCC (Voitsekhovskaja et al., 2009). These data
indicate that apoplasmic loading operates even in species with
“open” minor vein anatomy, at least in a large part of them.
Yet ca. 30% of the Asteridae examined in this study (97 out of
315 species belonging to subtypes 1-I and 1-IV) seem to use
no additional structures specialized for the apoplasmic phloem
loading. Interestingly, in the IC-containing species Cucumis melo,
a switch from symplasmic to apoplasmic loading has been
demonstrated upon Cucumber Mosaic Virus infection; more-
over, sucrose uptake activity from the apoplast into minor veins
was detected in healthy C. melo plants (Gil et al., 2011). Further
studies are required to understand how symplasmic phloem load-
ing works in plants belonging to subtypes 1-I and 1-IV, whether
apoplasmic loading takes place, and which mechanisms are used
in companion cells of type 1-IV to prevent sucrose leakage

into the mesophyll via plasmodesmata in the absence of RFO
synthesis.

In conclusion, the detailed analysis of the minor vein phloem
in the large group of species from the subclass Asteridae presented
in this study shows that there is more variation in minor vein
organization than previously known. This opens up the field to
further developmental, phylogenetic, and functional analyses of
phloem loading. Several points which deserve further investiga-
tion are: what are transport sugars and loading mechanisms in
subtypes 1-I and 1-IV species (is apoplastic loading involved or
not)? What are the mechanisms underlying the strong correla-
tion of type 1/2 minor vein symmetry and the presence/absence
of plasmodesmal fields in companion cells? What are phylo-
genetic relationships between different minor vein types and
subtypes? What are the functions of plasmodesmal fields and
cell wall ingrowths, respectively, in hemiparasitic Orobanchaceae
with MIC-b cells?
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Phloem sap contains a large repertoire of macromolecules in addition to sugars,
amino acids, growth substances and ions. The transcription profile of melon phloem
sap contains over 1000 mRNA molecules, most of them associated with signal
transduction, transcriptional control, and stress and defense responses. Heterografting
experiments have established the long-distance trafficking of numerous mRNA molecules.
Interestingly, several trafficking transcripts are involved in the auxin response, including
two molecules coding for auxin/indole acetic acid (Aux/IAA). To further explore the
biological role of the melon Aux/IAA transcript CmF-308 in the vascular tissue, a cassette
containing the coding sequence of this gene under a phloem-specific promoter was
introduced into tomato plants. The number of lateral roots was significantly higher in
transgenic plants expressing CmF-308 under the AtSUC2 promoter than in controls. A
similar effect on root development was obtained after transient expression of CmF-308
in source leaves of N. benthamiana plants. An auxin-response assay showed that
CmF-308-transgenic roots are more sensitive to auxin than control roots. In addition to
the altered root development, phloem-specific expression of CmF-308 resulted in shorter
plants, a higher number of lateral shoots and delayed flowering, a phenotype resembling
reduced apical dominance. In contrast to the root response, cotyledons of the transgenic
plants were less sensitive to auxin than control cotyledons. The reduced auxin sensitivity
in the shoot tissue was confirmed by lower relative expression of several Aux/IAA genes
in leaves and an increase in the relative expression of a cytokinin-response regulator,
TRR8/9b. The accumulated data suggest that expression of Aux/IAA in the phloem
modifies auxin sensitivity in a tissue-specific manner, thereby altering plant development.

Keywords: Aux/IAA, auxin response, phloem, root development, Solanum lycopersicum

INTRODUCTION
It is now evident that phloem sap contains a wide range of
mRNA molecules (Vilaine et al., 2003; Omid et al., 2007; Buhtz
et al., 2008; Zhang et al., 2009). Transcription profiling of the
phloem sap of cucurbit plants has enabled the identification of
thousands of mRNA molecules, as well as tRNAs, and small
and microRNAs. Intuitively, one would think that all of these
phloem-sap molecules are destined for long-distance movement.
However, heterografting experiments indicate that only a small
proportion of these molecules are capable of long-distance move-
ment (Omid et al., 2007). Interestingly, numerous long-distance
trafficking mRNA molecules have been characterized as cod-
ing for proteins involved in signal transduction mediated by
gibberellin (Haywood et al., 2005), gibberellins and cytokinin
(Banerjee et al., 2006) or auxin (Omid et al., 2007; Notaguchi
et al., 2012).

We previously examined the ability of 43 melon phloem sap
mRNA molecules to traffic long distances using melon–pumpkin
heterografting experiments. Interestingly, only six of the exam-
ined melon transcripts were identified in the pumpkin scion
(Omid et al., 2007). Annotation of these transcripts revealed that

two of them were auxin/indole acetic acid (Aux/IAA) and one
was small auxin-up RNA (SAUR), while the other three encoded
“hypothetical proteins” (Omid et al., 2007).

Aux/IAA is a large family of early auxin response genes with
29 and 26 members in Arabidopsis and tomato, respectively
(Overvoorde et al., 2005; Audran-Delalande et al., 2012). These
genes encode transcriptional repressors of auxin response fac-
tor (ARF), thereby preventing transcription of genes controlled
by these ARFs. Interaction of auxin with transport inhibitor
response 1 (TIR1) and auxin F-box protein (AFB) forms part
of the SCF ubiquitin-ligase (SCFTIR1) complex which catalyzes
ubiquitin-mediated degradation of Aux/IAA (Teale et al., 2006).
It has recently been shown that efficient auxin binding requires
assembly of Aux/IAA and TIR1 proteins. The various combina-
tions of TIR1–Aux/IAA complexes interact with auxin with a wide
range of affinities (Calderon Villalobos et al., 2012).

The encoded Aux/IAA proteins are highly conserved in four
distinct domains (Woodward and Bartel, 2005). Domain I is a
transcriptional repressor, domain II is critical for Aux/IAA insta-
bility, and domains III and IV are involved in homodimerization
and heterodimerization with other Aux/IAA proteins or with ARF
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(Reed, 2001). Genetic screens have identified Arabidopsis plants
with mutations in various Aux/IAA genes that result in changed
morphology. Most of these primary mutations were located in
the highly conserved domain II, which is responsible for protein
degradation. Such mutations result in stable proteins and gain-
of-function phenotypes (e.g., insensitivity to auxin). An excellent
example is the solitary root (slr) mutant which has reduced sen-
sitivity to auxin (Fukaki et al., 2002, 2005; Vanneste et al., 2005).
This dominant mutant completely lacks lateral roots and is also
defective in root-hair formation and in gravitropic responses
of its roots and hypocotyls. Map-based cloning and isolation
of an intragenic suppressor mutant revealed that SLR encodes
IAA14, a member of the Aux/IAA protein family (Fukaki et al.,
2002).

Substantial phenotypic changes were also observed in trans-
genic tomato plants into which an antisense form of SlIAA9,
another member of the Aux/IAA protein family, was inserted
under the control of the CaMV-35S promoter (Wang et al.,
2005). Significant reduction in the accumulation of IAA9 tran-
script was associated with altered leaf morphology, increased
number of lateral shoots, parthenocarpic fruit development,
enhanced hypocotyl/stem elongation and increased leaf vas-
cularization. Auxin dose-response assay of cotyledon explants
confirmed that SlIAA9 antisense plants are more sensitive to
exogenous auxin than control plants (Wang et al., 2005).
Interestingly, expression of SlIAA3 was higher in SlIAA9-antisense
than control plants. Consistent with these results, roots of
tomato plants in which SlIAA3 was silenced by expression
of its antisense form were less sensitive to auxin than con-
trol roots (Chaabouni et al., 2009). Nevertheless, these anti-
sense plants were also characterized by a higher number of
lateral shoots.

The effect of Aux/IAA overexpression on plant develop-
ment has been only scarcely examined. Transgenic Arabidopsis
plants expressing the Vitis vinifera IAA9 (Fujita et al., 2012)
or IAA19 (Kohno et al., 2012) grew somewhat faster but
were similar to control plants in terms of morphologi-
cal characteristics. On the other hand, overexpression of
AtIAA20, AtIAA30 or AtIAA31 in transgenic Arabidopsis plants
caused auxin-related aberrant phenotypes including semi-
dwarfism, malformed vasculature and inhibition of primary
root growth (Sato and Yamamoto, 2008). Significant inhibition
of primary root length and increased number of adven-
titious roots were also observed when AtIAA17 was over-
expressed in transgenic Arabidopsis plants (Worley et al.,
2000).

It is important to note that all of these studies included trans-
genic plants expressing the Aux/IAA gene under the control of the
CaMV-35S promoter. To better understand the biological func-
tion of Aux/IAA in the phloem, CmF-308—the long-distance-
trafficking melon Aux/IAA—was expressed in the phloem of
tomato plants under control of the AtSUC2 promoter. The phe-
notype of these plants indicated a modified auxin response while
assays established tissue-specific alterations in auxin sensitivity.
It is therefore concluded that the Aux/IAA gene product can
exert its influence over plant developmental processes while being
expressed in the phloem.

MATERIALS AND METHODS
PLANT MATERIAL
Tomato (Solanum lycopersicum), melon (Cucumis melo)
and Nicotiana benthamiana plants were grown in a
temperature-controlled greenhouse at 25–28/18–20◦C
(day/night, respectively), under natural sunlight. For hydroponic
experiments, N. benthamiana was grown in trays containing
coconut mixture. Two-week-old seedlings were transferred to
containers (390 × 330 × 163 mm) with a nutrient solution con-
taining 6 mM KNO3, 4 mM Ca(NO3)2, 2 mM KH2PO4, 0.03 mM
EDFS [ethylenediamine tetraacetic acid iron (III) sodium salt],
0.5 µM CuSO4, 0.5 µM H2MoO4, 2 µM MnSO4, 50 µM KCl,
2 µM ZnSO4. The seedlings were transplanted into 5-cm plastic
tubes that were fitted into holes drilled into the cover of the
container such that the roots were inside the solution and the
shoots above the cover. The nutrient solution was replaced twice
weekly and was continuously aerated with an aquarium pump.

Transgenic tomato plants containing the pAtSUC2:GFP insert
were employed to verify promoter activity. GFP fluorescent was
visualized using confocal microscopy (CLSM510, Zeiss, Jena
GmBH).

RNA ISOLATION AND RT-PCR
Total RNA was extracted from different tissues of tomato and
melon plants using Tri-reagent (Sigma, http://www.sigmaaldrich.

com/) according to the manufacturer’s protocol. cDNA was pre-
pared from the same amounts of RNA (1 µg) per sample pre-
treated with 1 unit µg−1 of RQ1 DNAse (Promega, http://www.

promega.com), using the Verso cDNA synthesis kit (Thermo
Scientific, http://www.thermoscientific.com). A 2-µl aliquot of
cDNA was taken for PCR amplification. Real-time RT-PCR was
carried out using 0.5 µl of 2.5 pmol of each primer (Table A1),
4 µl cDNA and 5 µl ABsolute™ Blue QPCR SYBR® Green ROX
Mix. PCR conditions were as follows: 95◦C for 10 s, 59◦C for 15 s
and 70◦C for 25 s, repeated 45 times. The obtained cycle tem-
perature (CT) values were analyzed with Rotor-Gene 6000 Series
software by averaging the three independently calculated normal-
ized expression values of the triplicates. The calculated numerical
values were divided by the values obtained for the housekeeping
gene tubulin in each respective sample.

LASER-CAPTURE MICRODISSECTION
Expression of CmF-308 in specific cells of melon plants was deter-
mined using a laser-capture microdissection system according
to Gil et al. (2011). In short, trimmed leaf discs were fixed in
Farmer’s fixative (3:1 v/v ethanol:acetic acid). Fixed tissue was
dehydrated in a graded series of ethanols, after which it was incu-
bated in isopropyl alcohol inside a microwave histoprocessor. Wax
impregnation was performed under vacuum.

Cross sections (12 µm) were cut on a rotary microtome
(Leica RM2245), floated in water at 42◦C to stretch ribbons
and incubated on membrane microscope slides. Prior to laser
microdissection, slides were deparaffinized twice for 10 min each
in 100% Histoclear (Gadot), followed by one wash in 100%
ethanol (2 min) and then air-drying in the hood for 5 min. For
microdissection, a PALM Laser Microbeam Instrument (Zeiss)
was employed. Specific mesophyll and vascular bundle cells were
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isolated separately by the laser microbeam and collected into the
lid of a 0.5-mL reaction tube (Zeiss) filled with 30 µL ethanol, and
placed in a holder located just above the slides.

RNA was extracted and isolated from each reaction tube
using the PicoPure RNA isolation kit according to the man-
ufacturer’s protocol (Arcturus, http://www.moleculardevices.
com/). Isolated samples were treated with the RNase-free DNase
set kit (Qiagene, http://www.qiagen.com/). RNA was amplified
twice and reverse-transcribed using MessageBOOSTER™ whole
transcriptome cDNA synthesis kit (Epicentre, http://www.

EpiBio.com/).

CLONING AND PLANT TRANSFORMATION
The coding sequence plus 18bp of the 5’ untranslated region
(UTR), without the stop codon and the 3’ UTR, of the CmF-
308 mRNA was amplified from melon (Cucumis melo) cDNA
by PCR and then cloned into the pTZ57R vector (Fermentas,
2886 bp) using the T-A ligation protocol. The gene was fur-
ther restricted by Xho1 and Kpn1 and cloned into the pART7
vector upstream of three HA-tag repeats. The fused CmF-
308-3xHA fragment was amplified by PCR, restricted with
Sma1 and Hind3, and then cloned into the pART27 binary
vector (Gleave, 1992) downstream of the AtSuc2 promoter
(Truernit and Sauer, 1995) and upstream of the Ocs termi-
nator. Cotyledon transformation was performed according to
McCormick (1991).

AGRO-INFILTRATION
Agrobacterium tumefaciens (strain GV3101) containing the
pART27 vector was grown overnight at 28◦C in Luria-Bertani
medium containing 50 mg L−1 gentamycin and spectinomycin.
The culture was precipitated by centrifugation for 10 min at
3000 g and then resuspended in inoculation buffer containing
50 mM MES, 0.5% (w/v) glucose, 2 mM Na3PO4, and 200 µM
acetosyringone to an OD600 of 0.5. The bacteria were then infil-
trated into N. benthamiana leaves using a syringe without a
needle. Shoots and roots of the infiltrated plants were collected 14
days after infiltration and dry weight was determined after 4 days
at 65◦C.

AUXIN DOSE-RESPONSE ASSAY
Auxin-response assay was performed according to Wang et al.
(2005). Tomato seeds were sown in sterile ½MS medium contain-
ing 2.2 g L−1 MS and 30 g L−1 sucrose. Cotyledons (9 days old)
were dissected and placed on MS medium containing 4.4 g L−1

MS and 30 g L−1 sucrose with varying concentrations of NAA.
Root development from the cut cotyledons was determined 12
days after dissection.

The root-development response to auxin was analyzed in
developing seedlings. Seeds were sown on germination papers
placed in plastic bags supplemented with tap water. Germinated
seeds were transferred to new germination papers soaked in solu-
tions with varying concentrations of NAA, in plastic bags. The
bags were kept in the dark at a temperature of 25 ± 2/18 ±
2◦C for 10 days, after which the length of the primary root
was measured.

RESULTS
CmF-308 TRANSCRIPT ACCUMULATES IN THE VASCULATURE OF
MELON PLANTS
Following our finding that the melon phloem-sap transcript
CmF-308 is capable of long-distance trafficking, our initial set
of experiments was aimed at identifying its level of accumula-
tion in various tissues of melon plants. Quantitative (q) RT-PCR
analyses revealed highest relative expression of this transcript in
the hypocotyls and stems of young melon seedlings, with signif-
icantly lower relative expression in roots, leaves and shoot apices
(Figure 1A). To further verify that CmF-308 accumulates in tis-
sues enriched with vascular bundles, veins were separated from
young mature leaves. Here again, relative expression of CmF-308
in the veins was three times higher than that in the rest of the leaf
(Figure 1B). Predominant accumulation of CmF-308 in vascular
cells was confirmed by collection of specific cell types using the
laser-capture microdissection system (Figure 1C).

TRANSIENT EXPRESSION OF CmF-308 MODIFIES ROOT DEVELOPMENT
IN N. benthamiana PLANTS
As indicated, F-308 codes for Aux/IAA, one of the auxin-response
regulators. The next set of experiments was aimed at studying the
potential functioning of this gene product in the phloem, as a

FIGURE 1 | Relative expression levels of CmF-308, as determined by

real-time RT-PCR. Relative expression was compared in various melon
plant organs (A), in veins and leaf lamina (B) and in mesophyll and vascular
bundle cells isolated by laser-capture microdissection system (C). Leaf
discs and single cells were collected from the youngest mature source leaf
(no. 4). Data represent means of three to six replications (±SE). Different
letters indicate significant differences between plant organs or cell types at
p < 0.05 by Tukey’s HSD-test.
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component of the auxin response pathway. A cassette harboring
the coding sequence of CmF-308 under the AtSUC2 promoter was
agroinfiltrated into leaves of N. benthamiana plants (Figure 2D).
Presence of the melon transcript in the apices of these N. ben-
thamiana plants 48 h post-infiltration established that this tran-
script is indeed capable of long-distance movement (Figure 2A).
It is important to note that the gfp transcript that served as a con-
trol was absent from the stem and shoot apices, indicating that
long-distance movement of RNA molecules is not a general phe-
nomenon (Figure 2B). PCR analysis failed to detect segments of
the binary plasmid, inserted into the Agrobacterium, outside the
infiltrated leaf, indicating that the bacteria were restricted to this
tissue during the first 48 h post-infiltration (Figure 2C).

Interestingly, root mass of plants infected with the plas-
mid containing CmF-308 was significantly higher than that
of plants into which the control CaMV35S:GFP cassette was
inserted (Figure 3). The enhanced root growth in plants tran-
siently expressing the CmF-308 gene product was evident both
in pot-grown (Figures 3A vs. 3B) and hydroponically grown
(Figure 3C) plants. The higher root weight of plants expressing
the CmF-308 gene product was mainly due to extensive lateral
root development (Figure 3A).

OVEREXPRESSION OF CmF-308 IN THE PHLOEM ALTERS ROOT AND
SHOOT DEVELOPMENT OF TOMATO PLANTS
To further explore the effect of phloem-limited expression of
CmF-308 on plant development, the gene’s coding sequence
was inserted into transgenic tomato plants under the con-
trol of the phloem specific AtSUC2 promoter (Shalit et al.,
2009). Activity of the AtSUC2 promoter, as phloem specific pro-
moter in tomatoes was verified using GFP as a reporter protein
(Figure 4A). In agreement with the activity of AtSUC2 pro-
moter along the vasculature, CmF-308 was expressed in the shoot
apices and roots of the transgenic tomato plants (Figure 4B).

FIGURE 2 | Presence of CmF-308 transcript in the stems and apices of

N. benthamiana plants 48 h after agroinfiltration of source leaves with

plasmid containing the coding sequence of this transcript, indicating

long-distance movement of the transcript (A). Absence of the gfp
transcript from the apices and stems and presence of the transcript in the
agroinfiltrated leaf (B). (C) Presence of the agrobacterium in the infected
leaf 48 h after agroinfiltration. C, negative control RT-PCR with no cDNA
template. (D) Picture of the infiltrated N. benthamiana plant.

Over ten independent homozygous CmF-308-transgenic tomato
plants were generated. Most of them had similar phenotype
and two representative lines were selected for further study.
Similar to the effect observed after transient expression, con-
stitutive expression of CmF-308 in the phloem of tomato
plants caused a significant increase in the number of lat-
eral roots and root weight (Figures 5A–C). Note that shoot
weight was similar in CmF-308 and control tomato plants
(Figure 5D).

In addition to the influence on root development, phloem-
specific expression of CmF-308 significantly affected shoot devel-
opment (Figure 6). Transgenic plants expressing CmF-308 in
the phloem were significantly shorter (Figure 6F) and had a
higher number of axillary shoots than the control tomato vari-
ety. Whereas in the control variety, lateral shoots developed in
about 50% of the nodes, the percent of lateral shoots in the trans-
genic plants was between 70 and 80% (Figure 6E). The axillary

FIGURE 3 | Effect of transient expression of CmF-308 on root mass of

N. benthamiana plants. Roots of pot-grown plants agroinfiltrated with
plamids containing the coding sequence of CmF-308 (A) or gfp (B).
Pictures were taken 14 days after infiltration of the respective plasmids into
the source leaves. (C) Root mass of hydroponically grown N. benthamiana
plants 14 days after infiltration of the CmF-308 or gfp coding sequence into
the source leaves. Data represent means of eight replications ± SE.
Different letters indicate significant differences between plant lines at
p < 0.05 by Student’s t-test.

FIGURE 4 | (A) Activity of AtSUC2 promoter in transgenic tomato plants.
GFP is visualized the vasculature (companion cells) of tomato stem. (B)

Presence of CmF-308 transcript in shoot apices and roots of three
independent transgenic tomato plants expressing the gene under the
AtSUC2 promoter. The commercial variety M-82 served as a control for the
RT-PCR assay.
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shoots were longer, exhibiting a typical phenotype of reduced
apical dominance (Figures 6A–D). In addition, these transgenic
plants were characterized by delayed flowering.

OVEREXPRESSION OF CmF-308 IN THE PHLOEM AFFECTS AUXIN
SENSITIVITY
The changes in lateral root and axillary shoot development sug-
gested altered sensitivity to auxin in plants expressing CmF-308

FIGURE 5 | Effect of CmF-308 expression in the phloem of tomato

plants on root development. Number of lateral roots (A), root dry weight
(B), and a picture (C) presenting the differences between roots of
transgenic tomato plants expressing CmF-308 under the AtSUC2 promoter
(CmF-308-2) as compared with the control variety M-82. (D) Shoot dry
weight of transgenic tomato plants expressing CmF-308 under the AtSUC2
promoter (CmF-308-2) as compared with the control variety M-82. Lateral
roots were counted in 9-days old seedlings germination on germination
papers (A). Shoot and root weight was measured in 3-week old pot-grown
plants (B–D). Data represent means of six replications ± SE. Different
letters indicate significant differences between the plant lines at p < 0.05
by Student’s t-test.

FIGURE 6 | Effect of CmF-308 expression in the phloem of tomato

plants on shoot development. Control variety M-82 (A,C) as compared
with transgenic plants expressing CmF-308 under the AtSUC2 promoter
(B,D). Pictures were taken 60 days after germination. Plants were stripped
of all their leaflets (C,D) to assist in visualizing the branching phenotype.
Percentage of lateral shoots (E) and stem length (F) of the control tomato
variety M-82 and two transgenic lines expressing CmF-308 under the
AtSUC2 promoter, 30 days after germination. Data represent means of 12
replications ± SE. Different letters indicate significant differences between
the plant lines at p < 0.05 by Student’s t-test.

under a phloem-specific promoter. We therefore examined the
sensitivity of roots and shoots of transgenic and control plants
to auxin. A dose-response assay revealed significant inhibi-
tion of primary root lengthening in CmF-308 plants at a
concentration of 0.5 µM NAA, with no significant effect of
this concentration on root length of control tomato plants
(Figure 7A). This indicated that the roots of plants express-
ing the CmF-308 gene product are more sensitive to exoge-
nous auxin than control roots. Primary root elongation of
both control and CmF-308 plants was significantly inhibited by
1 µM NAA.

Additional assay was aimed to examine the auxin response
in shoot tissue. Cotyledon segments were subjected to vari-
ous NAA concentrations and the number of developing roots
was monitored. Interestingly, substantial rooting was evident in
control cotyledons subjected to 0.1 µM NAA, whereas only a
negligible number of roots developed from cotyledons of CmF-
308-transgenic plants (Figure 7B). Similar differences in rooting
level could be observed when the cotyledons were subjected to
1 µM NAA.

FIGURE 7 | Auxin response of CmF-308-transgenic tomato plants. (A)

Primary root length of CmF-308-2 and control M-82 tomato seedlings
after incubation in various concentrations of NAA. Seedlings were
germinated on filter paper soaked in the auxin solutions in the dark.
Lengths of primary roots were measured 10 days after germination. Data
represent means of eight replications ± SE. Different letters indicate
significant differences between auxin concentration treatments in each
plant line Axillary at p < 0.05 by Tukey’s HSD-test. (B) Auxin
dose-response assay of cotyledon explants showing reduced auxin
sensitivity in CmF308-2 cotyledons as compared to controls. Root
regeneration is promoted by 0.1 µM NAA in the control variety and by 10
times higher concentration (1.0 µM NAA) in the transgenic line
CmF-308-2. Pictures of representative plates were taken 12 days after
placing the cut cotyledons on the various auxin media.
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Collectively, these results indicated that overexpression of
CmF-308 in the phloem of tomato plants causes a decrease in
the shoot segments’ sensitivity to auxin and an increase in roots’
sensitivity.

OVEREXPRESSION OF CmF-308 IN THE PHLOEM AFFECTS
HORMONE-RELATED GENE EXPRESSION
It is logical to assume that tissue-specific alteration in auxin
sensitivity due to overexpression of CmF-308 in the phloem is
associated with changes in related genes’ expression. To fur-
ther explore the mode by which CmF-308 expression affects
auxin sensitivity, relative expression of various Aux/IAA tran-
scripts was analyzed in leaves and roots of CmF-308-transgenic
and control tomato plants. Consistent with reduced sensitiv-
ity to auxin, relative expression of the tomato IAA7, IAA10
and IAA14 was significantly lower in the leaves of CmF-308-
transgenic vs. control plants (Figure 8A). Interestingly, relative
expression of IAA3 was higher in CmF-308 vs. control leaves,
while no significant differences were observed in the relative
expression of IAA8 and IAA9 between leaves of the two tomato
lines.

Relative expression of most examined Aux/IAA transcripts
was similar in the roots of transgenic and control tomato
plants. An exception was IAA3, whose relative expression was
significantly higher in roots of CmF-308 vs. control plants
(Figure 8B).

Further study was aimed at verifying the interaction between
expression of auxin- and cytokinin-responsive genes (Figure 9).
Relative expression of four cytokinin-induced Type A-tomato
response regulators (TRRs) was similar in roots of CmF-308-
transgenic and control plants (Figure 9B). However, relative
expression of TRR8/9b was almost five times higher in leaves

FIGURE 8 | Effect of CmF-308 expression in the phloem of tomato

plants on the expression of auxin-response genes. Expression of
members of the Aux/IAA gene family was determined by qRT-PCR in leaves
(A) and roots (B) of 21-day-old CmF-308-transgenic (gray columns) and
control M-82 (black columns) plants. Data represent means of four
replications ± SE. Different letters indicate significant differences in relative
expression of specific genes between the two plant lines at p < 0.05 by
Student’s t-test.

of CmF-308 vs. control plants (Figure 9A), suggesting a higher
cytokinin response associated with the observed reduced auxin
response.

One of the most pronounced characteristics of CmF-308-
transgenic plants was massive branching, indicating reduced api-
cal dominance. A major regulator of axillary shoot development
is the branching inhibitor strigolactone (Gomez-Roldan et al.,
2008). It is generally assumed that strigolactone is synthesized in
the roots and move via the xylem into the shoots. We therefore,
examined whether expression of genes coding for strigolactone
biosynthesis is altered in the roots of CmF-308-transgenic plants.
Relative expression of CCD7 (carotenoid cleavage dioxygenase), a
gene coding for one of the key enzymes involved in strigolactone
biosynthesis, was significantly (about twofold) higher in the roots
of CmF-308 plants vs. controls (Data not shown). Relative expres-
sion of CCD8 was similar in roots of CmF-308 and control plants.
These results suggested that enhanced branching in CmF-308-
transgenic plants is not associated with inhibition of strigolactone
biosynthesis.

DISCUSSION
A previous study established that two melon Aux/IAA transcripts
are capable of long-distance movement from melon rootstock to
pumpkin scion (Omid et al., 2007). The ability of one melon
Aux/IAA transcript, CmF-308, to move long distances was fur-
ther established here in N. benthamiana plants (Figure 2). The
presence of CmF-308 in the shoot apex 48 h after agroinfiltra-
tion indicated that this transcript has the ability to move from
cell to cell and enter the companion cell–sieve element (CC–SE)
complex. It is logical to assume that such trafficking requires a
chaperoning mechanism, probably as a ribonucleoprotein (RNP)
complex. This notion is supported by the fact that phloem sap

FIGURE 9 | Effect of CmF-308 expression in the phloem of tomato

plants on the expression of cytokinin-response genes. The expression
of members of the tomato response regulator (TRR) gene family was
determined by qRT-PCR in leaves (A) and roots (B) of 21-day-old
CmF-308-transgenic (gray columns) and control M-82 (black columns)
plants. Data represent means of four replications ± SE. Different letters
indicate significant differences in relative expression of specific genes
between the two plant lines at p < 0.05 by Student’s t-test.
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contains numerous RNA-binding proteins (Giavalisco et al., 2006;
Lin et al., 2009), and by the demonstrated in vitro interaction
between phloem sap-specific proteins and RNA molecules (Yoo
et al., 2004; Ham et al., 2009). The absence of gfp transcripts
from tissues outside the infiltrated leaf indicates that cell-to-cell
and long-distance movement of mRNA are characteristic of spe-
cific molecules. Higher accumulation of CmF-308 in the veins
and vascular bundles (Figure 1) suggests that this transcript is
indeed destined for long-distance movement. The biological role
for the long-distance trafficking of Aux/IAA transcript has yet to
be explored.

To further explore the significance of CmF-308 expression
in the vascular tissue, the gene was expressed in transgenic
tomato plants under the AtSUC2 promoter. Various mutations
in Arabidopsis Aux/IAA genes result in minor or no pheno-
typic changes, suggesting functional redundancy among Aux/IAA
members (Overvoorde et al., 2005). However, antisense silenc-
ing of SlIAA9 (Wang et al., 2005) or SlIAA3 (Chaabouni
et al., 2009) affected leaf architecture, root and fruit develop-
ment. One should remember that the above-described Aux/IAA
antisense constructs were inserted into tomato plants under
the CaMV-35S promoter. The substantial phenotypic changes
in tomato plants expressing CmF-308 predominantly in the
phloem indicate that developmental processes are affected by
altered auxin response imposed by the CC–SE complex. In
this respect, it is important to note that we made numer-
ous attempts to insert an antisense construct of CmF-308 into
tomato plants under the AtSUC2 promoter. None of these
attempts enabled regeneration of even one transgenic tomato
plant, suggesting that silencing Aux/IAA in the phloem might be
lethal.

Interestingly, overexpression of CmF-308 under a phloem-
specific promoter resulted in significant modification of both
root and shoot development (Figures 5, 6). Root development
was altered in Arabidopsis and tomato plants in which various
Aux/IAA genes were either mutated or silenced. For example,
dominant Arabidopsis mutants of IAA19 (Tatematsu et al., 2004)
or IAA14 (Fukaki et al., 2002) were characterized by few or com-
plete lack of lateral roots, respectively. Similarly, gain of function
mutations in IAA28 and IAA18 also resulted in defected for-
mation of lateral root (Rogg et al., 2001; Uehara et al., 2008).
However, a dominant IAA7 Arabidopsis mutant, had more lat-
eral roots then control plants (Nagpal et al., 2000). These results
indicate that different Aux/IAA gene products have contrasting
effect on root growth and lateral root formation. A compari-
son of CmF-308 coding sequence and its Arabidopsis and tomato
homologs revealed that the closest Arabidopsis homologs are
IAA14 (1e-98) IAA7 (2e-89), IAA16 (4e-80) and IAA17 (6e-78)
while the closest tomato homologs are IAA14 (5e-128) IAA9
(2e-108) IAA16 (7e -108) and IAA7 (3e-100). Due to the high
degree of similarity between the indicated Aux/IAA genes, one
cannot determine which one is the CmF-308 ortholog. It is pos-
sible that functioning of the CmF-308 gene product resembles
the functioning of AtIAA7, namely enhanced formation of lat-
eral roots. In this respect it is important to note that silencing
SlIAA9 in transgenic tomato plants, expressing the antisense con-
struct, enhanced auxin sensitivity and resulted in higher number

of lateral roots (Wang et al., 2005). Interestingly, this phenotype
was associated with upregulation of SlIAA3 expression predom-
inantly in the vasculature (Chaabouni et al., 2009). Expression
of SlIAA3 was upregulated in roots of our CmF-308 plants, rais-
ing the possibility that overexpression of Cm-F308 in the phloem
exerts an effect on lateral root formation via upregulation of
SlIAA3.

Auxin-response assays confirmed that auxin sensitivity
of CmF-308 plants is altered in a tissue-specific manner
(Figure 7): roots of CmF-308 plants were indeed more
sensitive to auxin than control roots, but auxin sensi-
tivity of CmF-308 shoot tissue (cotyledons) was lower
than that of control plants. These findings suggest that
CmF-308 can both repress and activate auxin responses in
tomato plants.

Auxin responses in Arabidopsis plants expressing either gain-
of-function or loss-of-function mutations in IAA3 indicated
that this gene’s product acts as both a positive and nega-
tive regulator of the auxin response (Tian and Reed, 1999).
Those authors suggested that weak transient auxin signaling
induces a low level of IAA3 in the roots which is sufficient
to promote root growth and lateral root formation. However,
stronger auxin signaling induces a higher level of IAA3, inhibit-
ing these responses. This dual function of Aux/IAA is supported
by previous studies demonstrating that the auxin response is
dose-dependent, with stimulation of root growth by low con-
centrations of exogenous auxin and inhibition of root growth
by higher IAA concentrations (Evans et al., 1994). Similarly,
one can suggest that the CmF-308 gene product accumulates
at higher levels in the shoot apex, resulting in reduced auxin
response, inhibition of apical dominance and enhanced devel-
opment of lateral shoots. In contrast, low levels of CmF-308
in the root cause a slight increase in SlIAA3, thereby enhanc-
ing the auxin response and lateral root formation. The find-
ing that light regulates IAA3 expression (Tian et al., 2002)
suggests a lower expression level of this transcript in root
compared to shoot tissues, resulting in a differential auxin
response.

An additional explanation for the effect of CmF-308 on
plant development might relate to the expression of other
genes mediating responses to growth substances. The expres-
sion of three Aux/IAA genes (IAA7, IAA10 and IAA14) was
lower in leaves of CmF-308 vs. control plants, in line with
the lower auxin response in the former. It is important to
note that in parallel to reduced expression of these three
Aux/IAA genes, expression level of TRR8/9b was significantly
higher in CmF-308 leaves (Figure 8). Expression of TRR8/9b
was upregulated by cytokinin (Shani et al., 2010), suggesting
that the effect of the CmF-308 gene product on apical domi-
nance and shoot branching is via modulation of the cytokinin
response. Reduced expression of IAA7 was recently found
in Arabidopsis plants paralleling an increase in the cytokinin
response (Brenner and Schmülling, 2012); this supports the
notion of cross talk between auxin- and cytokinin-signaling
pathways.

The presented results provide support for Aux/IAA func-
tioning in the phloem. The altered developmental program
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of cells distant from the CC–SE complex suggests an involve-
ment of a phloem borne signal mediating auxin response.
Future study should aim to identify potential interact-
ing proteins (molecules) that might be associated with the
short- or long-distance trafficking of the Aux/IAA gene
product.
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APPENDIX

Table A1 | List of primers used for amplification of the examined genes.

Amplified gene Forward primer (5 ′ → 3′) Reverse primer (5 ′ → 3′)

CmF-308-3XHA GGG CCAAG AATGATAG AC CTA CTG AGCAGCGTA ATCTGG

TRR8/9b AGTATGCCGGAAATGACTGG TGGAACATTTTCCGATGACA

TRR16/17 GGTCTAAGGGCGTTGGAGTA TCCTGGCATGCAATAATCTG

CCD7 TGGGAAGGTGGTGATCCTTA TAGCTGAGCAGCAACATCCA

CCD8 CAATCACAGCGGTAACTCTTCCA GCATCCTGATTCTAAAGCATTT

CmF-308 GACTGGAGTTACCGTCGATCT CGGAGTCAGGGCTCTTTTGA

SlIAA14 CCTGAAGTTCATCTGCACCA GTTCACCTTGATGCCGTTCT

SlIAA9 CAAATACGTGAAGGTAGCAGTTGAC ACACCATTTGTAAGGTCCATAAGCT

SlIAA3 GACTTCTCAAAAGCTTGATCGAGAG TGAAATCTTTCATTCCTTGGACAA

SlIAA7 AGCCACCAACTAAGGCTCAA CCATCCATGGAAACCTTCAC

SlIAA8 CAAATACGTGAAGGTAGCAGTTGAC ACACCATTTGTAAGGTCCATAAGCT

SlIAA10 GACTTCTCAAAAGCTTGATCGAGAG TGAAATCTTTCATTCCTTGGACAA

TRR3/4 CGTCCCCTAAAGCATTCTCA CGTCTTGTTGGTGATGTTGG

TRR8/9a TGCTTAGAAGAAGGGGCAGA GGGGGCTTTTACATTTGGTT

SlTubulin GAAAGCCTACCATGAGCAGC CTTTGGCACAACATCACCAC
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Due to the high content of nutrient, sieve tubes are a primary target for pests, e.g., most
phytophagous hemipteran. To protect the integrity of the sieve tubes as well as their
content, plants possess diverse chemical and physical defense mechanisms. The latter
mechanisms are important because they can potentially interfere with the food source
accession of phloem-feeding insects. Physical defense mechanisms are based on callose
as well as on proteins and often plug the sieve tube. Insects that feed from sieve tubes are
potentially able to overwhelm these defense mechanisms using their saliva. Gel saliva
forms a sheath in the apoplast around the stylet and is suggested to seal the stylet
penetration site in the cell plasma membrane. In addition, watery saliva is secreted into
penetrated cells including sieve elements; the presence of specific enzymes/effectors in
this saliva is thought to interfere with plant defense responses. Here we detail several
aspects of plant defense and discuss the interaction of plants and phloem-feeding insects.
Recent agro-biotechnological phloem-located aphid control strategies are presented.

Keywords: aphid-plant interactions, aphid saliva, P-proteins, plant defense, phloem, sieve element occlusion

A key characteristic of higher-level plants (including monocots
and dicots) is the existence of a vascular network that is composed
of the phloem and xylem. The vascular system pervades the whole
organism from root to shoot and distributes nutrients and water.
The fact that sugars, amino acids, and other organic metabolites
are available via phloem and xylem in significant amounts makes
the vascular system a target for insect pests (Brodbeck et al., 1993;
Gündüz and Douglas, 2009). Endogenous interference in the func-
tioning of the vascular system may have disastrous consequences
for a plant’s development. Using the interaction between plants
and phloem-feeding insects as an example, offensive and defense
strategies during the struggle for the valuable phloem content are
explored.

THE PHLOEM: A HIGH-DENSITY ENERGY PATHWAY
In higher-level plants, a long-distance transport system has evolved
to translocate photoassimilates from a source (e.g., mature leaves)
to a sink (e.g., roots) – the phloem (Schulz, 1998). The angiosperm
phloem is composed of sieve elements (SEs), companion cells
(CCs), and phloem parenchyma cells (PPCs; van Bel, 1996; Hafke
et al., 2005). Mature SEs are elongate cells lacking certain cellular
components (nucleus, vacuoles, ribosomes, and dictyosomes) but
lined parietally with a thin mictoplasmic layer consisting of an
endoplasmic reticulum (ER), plastids, a few inactive mitochon-
dria and phloem-specific proteins (P-proteins; van Bel, 2003). The
CCs maintain SEs viability (van Bel, 2003). A high density of
pore-plasmodesma units (PPUs) and tight ER coupling between
SE and CC underline an intimate symplastic connection across this

boundary; the entire connection constitutes the SE-CC complex
(Kempers et al., 1998; Martens et al., 2006). The walls between the
single SE-modules are transformed into sieve plates, perforated by
plasmodesmata (PD) modified into sieve pores with a diameter
up to 2.5 μm (Behnke and Sjolund, 1990; Schulz, 1998; van Bel,
2003; Mullendore et al., 2010). These adaptations provide the basis
of formation of long sieve tubes based upon single SE-modules,
forming a tube-like symplastic continuum that serves transloca-
tion. The complex process of this translocation is regulated via
highly active CCs (van Bel and Knoblauch, 2000).

In general, the vascular system is a pressure system made up
of two components (phloem and xylem) that effects the long-
distance translocation of very heterogeneous constituents within
higher-level plants. Xylem and phloem are parallel orientated vas-
cular tissues in which pressure and tension gradients are built up
in SEs and xylem vessels, respectively. In intact plants, the nega-
tive hydrostatic potential in xylem vessels is in balance with that
inside SEs (e.g., Zimmermann et al., 2013). The driving forces for
translocation are, on the one hand, a longitudinal (axial) pressure
gradient within phloem and xylem, and on the other, a lateral
(radial) pressure gradient between the phloem and xylem (Will
and van Bel, 2006). The balanced interaction between phloem
and xylem is a basic requirement for long-distance transport (van
Bel, 2003; Dinant and Lemoine, 2010). The longitudinal pres-
sure gradient within the xylem is the result of water uptake in
the root/rhizosphere and loss of water by transpiration. Accord-
ing to the classic Münch concept (Münch, 1930) for phloem
translocation, photoassimilates are amassed in the sieve tubes of
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source areas and escape from the sieve tubes in sink areas. The
resulting turgor difference between source and sink drives the mass
flow. Hence, in contrast to the xylem, the phloem exhibits a bidi-
rectional translocation, as sink regions are found in the root and in
the apex of the shoot (van Bel, 2003; Dinant and Lemoine, 2010).

Phloem sap contains carbohydrates, proteins, and amino acids
(Table 1) and makes SEs a favorite target for pathogens and pests
(Figure 1A). An accession of SEs by pathogens/pests leads to varies
impairments: (a) loss of nutrients, (b) disturbance of the translo-
cation process, and (c) the infection by microbial pathogens (e.g.,
viruses, phytoplasmas, viroids; Dinant et al., 2010; Giordanengo
et al., 2010). Therefore, plants have evolved a range of defense
mechanisms against pathogens and pests, which in turn possess
mechanisms with which to counteract these defenses.

“PLANTS IN ACTION”: THE OCCLUSION OF SIEVE TUBES IS
PROTECTIVE
Damage of sieve tubes disturbs the existing pressure conditions
resulting in a turgor shift (Gould et al., 2004), which impact intra-
cellular calcium levels and the redox state. Long-distance signaling
by electropotential waves (EPWs) communicates local wounding
to distant plant parts (van Bel and Gaupels, 2004; Furch et al., 2007,
2009, 2010; Zimmermann and Mithöfer, 2013). This induces the
occlusion of sieve tubes via the plugging of sieve pores and can be
seen as primary defense response (Knoblauch and van Bel, 1998).
Sieve-tube occlusion is assumed to prevent the loss of sieve-tube
sap (Evert, 1982; Schulz, 1998) and to keep phytopathogens from
invading through the injured site (van Bel, 2003). Two groups of
sieve-tube occlusion mechanisms can be found in plants: callose

Table 1 | Aphid nutrition-related compounds and defense relevant factors of phloem sap.

Aphid nutrition-related compounds

Constituent Concentration Species Reference

C – source

Sucrose 100–1800 mM

(Ø300–700 mM)

Triticum aestivum; Orzya sativa; Opuntia

ficus-indica; Sonchus oleraceus; Medicago

sativa; Salix viminalis; Solanum tuberosum;

Brassica sp.; Plantago major ; Plantago

maritime; Prunus persica; Apium graveolens

Rogers and Peel (1975); Hayashi and Chino (1986)

Hayashi and Chino (1990); Girousse et al. (1991),

Wang and Nobel (1995); Lohaus and Moellers

(2000),

Gould et al. (2004); Shimada et al. (2004),

Pescod et al. (2007),

Nadwodnik and Lohaus (2008)

Glucose 400 mM Opuntia ficus-indica Wang and Nobel (1995)

Fructose 400 mM Opuntia ficus-indica Wang and Nobel (1995)

Raffinose 70 mM Cucurbita maxima Haritatos et al. (1996)

Stachyose 330 mM Cucurbita maxima Haritatos et al. (1996)

Carbohydrates

(total)

534–1800 mM

(Ø500–800 mM)

Lycopersicon esculentum; Alonsoa

meridionalis; Cucurbita maxima; Cucumis

melo

Haritatos et al. (1996); Voitsekhovskaja et al. (2006),

Pescod et al. (2007); Turgeon and Wolf (2009),

Zhang et al. (2010)

N – source

Amino acids 41–1230 mM

(Ø200–500 mM)

Zea mays; Triticum aestivum; Orzya sativa;

Opuntia ficus-indica; Pisum sativum; Medicago

sativa; Brassica napus; Brassica carinata

Fukumorita and Chino (1982); Hayashi and Chino

(1986)

Hayashi and Chino (1990); Ohshima et al. (1990),

Girousse et al. (1991, 1996),

Wang and Nobel (1995); Lohaus et al. (1998),

Lohaus and Moellers (2000); Faria et al. (2007),

Gattolin et al. (2008)

Proteins 76–77 μg/ml;

0.1–0.2 μg/μl

Orzya sativa; Triticum aestivum; Opuntia

ficus-indica; Lupinus albus

Wang and Nobel (1995), Schobert et al. (1998),

Rodriguez-Medina (2009)

Defense relevant factors

Ca2+ 35 nM to 2.5 mM Zea mays; Vicia faba Fromm and Bauer (1994); Furch et al. (2009)

Turgor pressure 5–20 bar Quercus rubrum; Sonchus oleraceus;

Salix babylonica

Hammel (1968); Wright and Fisher (1980),

Gould et al. (2004, 2005)

Only studies where phloem sap was collected via stylectomy (sieve-tube sap obtained by severing stylets of ingesting aphids) and microdissection (dissection of
selected cells and subsequent analysis of cell content) were considered.
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FIGURE 1 | Interaction of plants and aphids. (A) Aphids penetrate the
plant with their stylet and move it through the apoplast toward the sieve

(Continued)

FIGURE 1 | Continued

tubes. The stylet contains a salivary (Sc) and nutrition channel (Nc). Before
plant penetration and during stylet movement, aphids secrete gel saliva
(gray), which forms a salivary sheath (Ss) around the stylet. The Ss remains
in the plant’s apoplast after stylet retraction and show empty stylet canals
(Esc). After penetrating a sieve tube, aphids secrete watery saliva (light
blue) prior to ingestion. Both saliva types are produced in the salivary glands
(Sg). Proteases (violet dots) located in the stomach (S) are assumed to
digest phloem-sap proteins. (B) The sieve tube penetration of the stylet
without secretion of any saliva type would activate mechano-sensitive Ca2+
channels (dark green ovals) in the plasma membrane of sieve elements
(SE). The consequence is a Ca2+ influx (dark green dots) from the apoplast
and potentially from the endoplasmaic reticulum (ER) into the SE lumen.
P-proteins (P, red) including the forisome and callose produced from the
callose synthase (CalS; inset shows a higher magnification) lead to Ca2+
dependent sieve-element occlusion. (C) The secretion of gel and watery
saliva most likely leads to an absence of wound-induced reaction of SEOs
by Ca2+-binding. Beside Ca2+-binding, aphids are able to suppress further
plant defense responses due to salivary effectors (red triangles).
Furthermore, plant defense responses are induced in parenchyma cells
(PCs), among others, by producing cell wall degradation products that act as
pathogen-induced molecular patterns (red circles). Saliva proteins may act
as pathogen-associated molecular patterns (red squares). E, epidermis; C,
cortex; CC, companion cell; CF, condensed forisome; Cp, cell penetration;
CW, cell wall; DF, dispersed forisome; Hg, hint gut; SP, sieve plate.

deposition and protein plugging (e.g., Will and van Bel, 2006;
Furch et al., 2007).

SIEVE-PORE CONSTRICTION BY CALLOSE: LONG-TERM MECHANISM
Callose is a linear β-1,3-glucan polymer with some 1,6 branches.
β-1,3-glucans are produced as helical chains which, upon heat-
ing, form a gel. It is produced enzymatically in the presence of
Ca2+ by callose synthases, located in the plasma membrane, and
deposited extracellularly around sieve pores (Figure 1B) and PD
in the form of collars (Blackman and Overall, 1998; Zabotin et al.,
2002) as a reaction to chemical or mechanical stress (Kudlicka
and Brown, 1997; Nakashima et al., 2003; Levy et al., 2007). The
pattern and timing of callose distribution and its physiological
involvement suggest that callose plays an important part in plant
cell growth and differentiation. In Arabidopsis, 12 callose synthase
genes (CalS1–12) have been detected. CalS1 and CalS10 have been
shown to be responsible for cell plate formation during cell divi-
sion (Hong et al., 2001; Thiele et al., 2008; Guseman et al., 2010).
CalS5, CalS9, CalS10, CalS11, and CalS12 play unique roles during
microsporogenesis and pollination (Dong et al., 2005; Enns et al.,
2005; Nishikawa et al., 2005; Töller et al., 2008; Huang et al., 2009;
Xie et al., 2010). CalS12 can be induced by pathogen infection
and wounding (Jacobs et al., 2003; Nishimura et al., 2003; Dong
et al., 2008), and CalS7 deposits callose in the phloem (Figure 1B;
Xie et al., 2011). Xie et al. (2011) showed that callose deposition
in the phloem, especially in the SEs, was greatly reduced in cs7
mutants. Callose accumulation was eliminated in the PDs of incip-
ient sieve plates resulting in fewer sieve pores of cs7 mutants. They
conclude that CalS7 is a phloem-specific callose synthase gene,
and is responsible for callose deposition in developing SEs during
phloem formation and in mature phloem induced by wounding.
The physiological roles of the remaining CalS genes in Arabidopsis
are still unknown.

Callose deposition is a universally observed mode of sieve-plate
occlusion (Kudlicka and Brown, 1997; Nakashima et al., 2003).
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Reversible callose accumulation apparently plays a role in
regulating cell-to-cell transport through sieve pores and PPUs
(Furch et al., 2007). After a heat stimulus is applied to the leaf
tip of Vicia faba plants, callose gradually builds up at sieve plates
and PD. After reaching a maximum, callose is degraded at a lower
rate than production. Callose appears to degrade more rapidly at
PD (30–40 min) than at the sieve pores, where the level of callose
deposition reaches its original state after 1–2 h (Furch et al., 2007).
β-1,3-glucan endo-hydrolases is the enzyme that catalyses callose
degradation (reviewed in Leubner-Metzger, 2003). It is present in
large gene families in plants (e.g., 50 genes in Arabidopsis) and
is located in the cell membrane and highly enriched at PD sites
(Levy et al., 2007). The course of callose production/degradation
is qualitatively similar between different plant species, but there are
variations in the time scale (Furch et al., 2007, 2008; Mullendore
et al., 2010).

SIEVE-TUBE OCCLUSION BY PROTEINS: FAST AND VERSATILE
In addition to callose, sieve pores can be blocked rapidly by pro-
teins. In electron microscopic images, SEs show protein networks
that span the SE lumen and are attached to the cell periphery
(Sjölund, 1997). Sieve tubes of grasses appear virtually empty
but may have an occlusion mechanism based on precipitation
of soluble proteins (Will and van Bel, 2006). A specific group
of phloem proteins (P-proteins) enables rapid occlusion (within
some seconds) to occur in sieve tubes of higher-level plants.
Numerous aggregation forms (amorphous, granular, fibrillar, fil-
amentous, tubular, or crystalline) of P-proteins that are thought
to represent stages of P-protein differentiation (Cronshaw, 1981)
denote an immense variation between plant species (Cronshaw
and Sabnis, 1990). The synthesis of P-proteins begins in immature,
nucleate SEs, resulting in electron-dense proteinaceous structures
(Ernst et al., 2012). In young SEs, subunits accumulate within the
cytoplasm, forming large P-protein bodies (Steer and Newcomb,
1969). As SEs mature the P-protein bodies disperse into smaller
aggregates that move to the periphery of the cell (Knoblauch and
van Bel, 1998).

In cucurbits, phloem protein 1 (PP1) and phloem protein
2 (PP2) produce insoluble aggregates in response to oxidation
(Kleinig, 1975; Alosi et al., 1988) by cross-linking, forming high-
molecular-weight polymers that plug the sieve pores of injured
sieve tubes (Read and Northcote, 1983). PP1 monomeric subunits
have a predicted molecular mass of 95.4 kDa, but the appar-
ent molecular size is dependent on the pH and oxidation state,
as conformational isoforms exist that appear to be related to
either the polymerized or unpolymerized, translocated forms of
the protein (Clark et al., 1997; Leineweber et al., 2000). PP1 was
immunolocalized in SE slime plugs and P-protein bodies, whereas
the corresponding mRNA was shown to accumulate in CCs (Clark
et al., 1997). Due to an interaction of PP1 and PP2 in presence
of calcium and oxygen, sieve tubes and cut surfaces are rapidly
occluded by gelling of the exudate (Kleinig, 1975; Clark et al.,
1997; Furch et al., 2010). PP2-like proteins are lectins, sugar bind-
ing proteins, which have been identified in many angiosperms and
are specifically expressed in SE/CC complexes, suggesting that PP2
may be a common component of P-proteins (Dinant et al., 2003).
It has been shown to interact with phloem sap proteins, potentially

playing a role in the shuttling of glycoproteins between CC and SE
(Beneteau et al., 2010). The phloem-specific PP2 homolog from
Arabidopsis was shown to be anchored to P-proteins and other
phloem organelles rather than being a structural component of
P-proteins (Batailler et al., 2012). These findings indicate that PP2
does not represent an essential part of the occlusion machinery. An
insecticidal function for PP2 is described in vitro (Beneteau et al.,
2010) as well as in vivo (Zhang et al., 2011). Hilder et al. (1995)
observed that snowdrop lectin from Galanthus nivalis, artificially
applied or expressed in Nicotiana tabacum plants, reduced growth,
decreased survival, and lowered reproduction in the aphid species
Myzus persicae. Other lectins that showed insecticidal effects
against aphids are a mannose-binding lectin (Sauvion et al., 1996),
a garlic lectin (Fitches et al., 2008), and concanavalin A (Sauvion
et al., 2004). Similar effects were observed for protease inhibitors
(PIs) applied to aphids via transgenic plants (Rahbé et al., 2003;
Ribeiro et al., 2006; Carrillo et al., 2011). Erickson et al. (1985)
observed that lectins negatively affect the activity of an aminopep-
tidase in rats. The identified aminopeptidase inside the aphid gut,
which represents 15.6% of total gut proteins, is suggested to be a
potential binding site for lectins (Cristofoletti et al., 2006).

Sieve elements of Fabaceae contain elongate protein bodies
called forisomes (Knoblauch et al., 2003). Forisomes consist of
fibrils (Tuteja et al., 2010) and were previously classified as “non-
dispersive P-protein bodies” (Behnke, 1991). They were suspected
to undergo structural transformations, from a crystalloid state
with co-aligned fibrils to a “slime-body” with dispersed fibrils
(Palevitz and Newcomb, 1971). The transition is a rapid and
reversible conformational change in which forisomes shorten
longitudinally while expanding radially with a several-fold vol-
ume increase (Knoblauch et al., 2001; Peters et al., 2007, 2008).
Forisomes disperse upon wounding and occlude sieve tubes
(Knoblauch and van Bel, 1998), leading to a stop of mass flow
observed in artificial sieve tubes (Knoblauch et al., 2012). Fur-
thermore, Thorpe et al. (2010) showed a cooling rate dependent
transport interruption and parallel forisome dispersion in intact
V. faba plants. Dispersion is triggered by an increase of free cal-
cium (Ca2+) in sieve tubes (Knoblauch et al., 2001), although as
of yet, no Ca2+-binding sites have been detected in forisomes.
As observed in vitro (Knoblauch et al., 2005), high Ca2+ con-
centration (>50 μM) is also needed to disperse forisome in
vivo (Furch et al., 2009). After burning the tip of a V. faba leaf,
the elevation of Ca2+ concentration in most regions of sieve
tubes inside the respective leaf was demonstrated to be below
the threshold that is necessary for forisome dispersion (Furch
et al., 2009). Only in the close vicinity of the Ca2+-channel
pore Ca2+-level goes beyond the threshold and increases up to
100 μM (Figure 1B; Trewavas, 1999). Therefore, it was con-
cluded that forisomes are directly associated with Ca2+ release
sites (Furch et al., 2009). An association between forisomes and
the ER (where the highest frequencies of Ca2+ channels were
observed) was found. It was observed that the more intimately
forisomes were associated with the ER or the plasma mem-
brane of SEs, the greater was the probability of dispersion
(Furch et al., 2009).

Scanning electron microscopic images show that forisomes are
composed of largely identical subunits named forisomettes (Tuteja
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et al., 2010). Indicated by transmission electron microscopy
studies (Ehlers et al., 2000), forisomettes consist of strictly ordered
arrays of a number of forisome proteins. At least three proteins are
involved in formation of forisomettes, called sieve element occlu-
sion 1 (SEO1), SEO2, and SEO3, and were identified in Medicago
truncatula (Noll, 2005; Noll et al., 2007). SEOs are also present
in plant families that do not possess forisomes, e.g., Rosaceae,
Solanaceae, and Brassicaceae (Rüping et al., 2010). Two Arabidop-
sis thaliana genes (At3g01670 and At3g01680) encode SEO proteins
assigned AtSEOR1 and AtSEOR2 (Pélissier et al., 2008; Rüping
et al., 2010; Froelich et al., 2011). Both phloem filament pro-
teins are required for formation of filaments that are arranged
as complex network inside SEs (Anstead et al., 2012). Whether
the formation of dense SEO filament deposits at sieve plates stops
phloem mass flow (Figure 1B; Ernst et al., 2012) or mass flow
remains intact (Froelich et al., 2011) is a matter of debate. Aphids
of the species Myzus persicae that feed on AtSEOR1 and AtSEOR2
mutants without SEO filament formation show no benefit from
the absence of filaments. Thus, Anstead et al. (2012) conclude that
SEOs are not involved in plant defense against phloem-feeding
insects. In fact, aphids perform worse when compared to aphids on
control plants, indicated by reduced reproduction and shortened
reproduction period. The authors suggest that reduced fitness
could be associated with lower nitrogen supply due to reduced
protein content, but no data about amino acid concentration or
protein content in the phloem sap of these plants are available.
A further explanation could be that the absence of SEO filaments
influences parameters in sieve tubes relevant for aphid feeding, e.g.,
turgor pressure (Miles, 1999), reducing nutrition supply and lead-
ing to the observed reduction of aphid reproduction. Although,
Anstead et al. (2012) describe that the phenotype SEO mutants
does not differ to the wildtype this allows no conclusion about the
state of sieve tubes.

Callose deposition and protein plugging operate in parallel. A
burning stimulus elicits distant occlusion in V. faba with rapid
forisome dispersion and a slower subsequent callose deposition
(Furch et al., 2007, 2009). While forisomes reconstitute into the
condensed state, constriction of sieve pores by callose deposition
reaches its maximum level (Furch et al., 2007). It is suggested,
therefore, that plants possess a universal safety design for sieve-
tube occlusion, one that proceeds rapidly and involves P-protein
and a slower and more long-lasting one based on callose (Furch
et al., 2007).

The distant-induced occlusion was associated with the pas-
sage of a damage-induced EPW. EPWs communicate sudden and
profound physiological changes over long-distances (Furch et al.,
2007; Hafke et al., 2009). EPWs trigger a release of Ca2+ that
results in callose deposition and protein plugging (Kauss, 1987;
Colombani et al., 2004). Ca2+ originates from the apoplast via
opened plasma membrane channels or from the ER acting as an
intracellular Ca2+ storage (Furch et al., 2009; Hafke et al., 2009;
Zimmermann and Mithöfer, 2013).

“INSECTS IN ACTION”: HOW PHLOEM-FEEDING INSECTS
OVERWHELM PLANT DEFENSES
Phloem-feeding insects belong to the order Hemiptera. Of these,
important pests are planthoppers (suborder Auchenorrhyncha)

and leafhoppers (suborder Clypeorrhyncha) as well as aphids
and whiteflies (suborder Sternorrhyncha). The most currently
available information about interaction with plants is on aphids,
which make them a model organism for phloem feeders. Phloem-
feeding insects possess specialized mouthparts, so-called stylets,
with which they are able to obtain nutrition from plant tissues that
are located deep inside the plant (Figure 1A). To access their food
source, phloem-feeding insects secrete saliva that potentially inter-
acts with defense mechanisms located in the sieve tube (Tjallingii,
2006; Will and van Bel, 2006).

THE STYLET AND ITS PATHWAY
The thin stylets of phloem-feeding insects are formed of four sub-
units, and their diameter and length are species dependent. The
two outer mandibular parts contain nerve canals; the inner maxil-
lary parts form the nutrition channel and a saliva channel that
merge to a common duct at the tip of the stylet (Uzest et al.,
2010). An insect penetrates the plant with its stylet and moves
the stylet toward the sieve tubes (Figure 1A). The stylet moves
through the apoplast without causing significant damage to plant
cells (Tjallingii and Esch, 1993; Hewer et al., 2011). Plant cells of
different cell types are regularly penetrated along the stylet track.
Aphids take up small cell sap samples when penetrating; this sam-
ple is most likely analyzed by chemosensilla in the precibarium
(Wensler and Filshie, 1969) as observed for leafhoppers (Backus
and McLean, 1985). Beside acceptance of host plants (Backus and
McLean, 1985) this behavior could allow aphids to orient them-
selves inside the plant and helps them to detect sieve tubes, whereat
parameters like sucrose and pH (Table 1) are suggested to be indi-
cators for sieve tube penetration (Hewer et al., 2010, 2011). After
a sieve tube is penetrated, ingestion starts.

SALIVA AND ITS RELEVANCE FOR APHID-PLANT INTERACTIONS
Before plant penetration with their stylets, during stylet move-
ment through the apoplast, penetration of cells, and ingestion,
saliva is secreted by planthoppers (Wang et al., 2008), leafhoppers
(Günthardt and Wanner, 1981; Harris et al., 1981; DeLay et al.,
2012), aphids (Prado and Tjallingii, 1994; Tjallingii, 2006) as well
as whiteflies (Morgan et al., 2013). Saliva has been suggested to
play a key role in the interaction of insect pests and their respective
host plants (reviewed in Walling, 2008). Aphids in particular func-
tion as model organisms for studying both phloem-feeding insects
and the role and functions of saliva inside the plant. Like other
hemiptera, aphids possess two types of saliva, one gel-like and one
watery (Miles, 1999), although recently the protein composition
of both types was shown to overlap partly (Will et al., 2012a).

Gel saliva forms a salivary flange on the plant surface prior to
plant penetration (Figure 1A; Will et al., 2012b), which is sug-
gested to stabilize the stylet before initiating stylet penetration of
the plant (Pollard, 1973; Tjallingii, 2006). When the stylet moves,
small amounts of gel saliva are secreted; these harden and are then
penetrated by the stylet (McLean and Kinsey, 1965). This con-
tinuous secretion of gel saliva leads to the formation of a solid
salivary sheath that envelops the stylet and is left in situ after it is
withdrawn from plant tissues (Will et al., 2012b). Sheath forma-
tion was assumed to be associated with the oxidation of protein
sulphydryl groups, e.g., present in the amino acid cysteine (Miles,
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1965; Tjallingii, 2006). Will et al. (2012a) observed in this context
that salivary sheath formation is disturbed under anoxic condi-
tions. A protein that possesses a high content of cysteine was
identified in saliva of the pea aphid Acyrthosiphon pisum by Car-
olan et al. (2009) and termed “sheath protein” (SHP). It is assumed
that formation of disulfide bonds leads to SHP aggregation and
formation of the solid sheath. The fact that most phytophagous
hemiptera were observed to form a salivary sheath during the feed-
ing process (Morgan et al., 2013), implies biological relevance but
specific functions are unknown.

It is suggested that gel saliva functions as a lubricant to facili-
tate stylet movement and that the sheath protects the stylet against
mechanical forces and chemicals (Miles, 1999). Furthermore, Will
and van Bel (2006) postulated that the salivary sheath prevents
the induction of defense responses in these conduits. In contrast,
some enzyme components of the gel saliva are assumed to trigger
plant defense responses by forming so-called pathogen-induced
molecular patterns (PIMPs; Figure 1C). Potential candidates for
PIMP production are cell-wall-degrading enzymes, such as cellu-
lase and pectinase, which were detected in aphid saliva (Ma et al.,
1990; Cherqui and Tjallingii, 2000). Whether the protein or pep-
tide components of gel saliva act in a similar manner to, e.g., flg22
from bacteria (Zipfel, 2008) as pathogen-associated molecular pat-
terns (PAMPs; Figure 1C) that trigger plant defense responses in a
gene-to-gene interaction can be speculated (Will et al., 2012b). It
may be that aphid gel saliva on one hand induces plant defense in
cortex cells along the stylet track and on the other hand suppresses
defense inside penetrated sieve tubes (Figure 1C; Will and van Bel,
2008; Louis et al., 2012).

Aphid watery saliva is secreted intracellularly, either when the
stylets briefly puncture cells during probing (Martin et al., 1997)
or immediately before and during sap ingestion (Figure 1C; Prado
and Tjallingii, 1994), and recent studies on Aphis gossypii indicate
that watery saliva is secreted into the apoplast as well (Moreno
et al., 2011). Gel saliva and watery saliva contain many different
proteins of a broad molecular weight range (e.g., Madhusudhan
and Miles, 1998; Will et al., 2007, 2009; Harmel et al., 2008; Carolan
et al., 2009; Cooper et al., 2011; Nicholson et al., 2012). The main
classes of proteins that were identified with a proteomic approach
in the species Acyrthosiphon pisum are proteases, detoxifying
enzymes and proteins that potentially interact with plant signaling
cascades, so-called effectors (Carolan et al., 2011). Salivary pro-
teins appear to move from the SE where they were secreted into
adjacent SEs (Madhusudhan and Miles, 1998), which suggests that
saliva functions are not restricted to an aphid-penetrated SE. Thus,
the activity of aphids in a population puncturing SEs downstream
from an SE already punctured by another aphid may be facili-
tated by suppressed defense responses. The aphids may therefore
benefit from the saliva secretions of other individuals. The obser-
vation that feeding is locally stimulated on potato for the aphid
species Myzus persicae and Macrosiphon euphorbiae, respectively,
96 h after first infestation (Dugravot et al., 2007) supports this
hypothesis.

INTERACTION WITH OCCLUSION AND SIGNALING
Sieve tubes lack most organelles and gene expression machinery
but possess a variety of defense components, both physical and

chemical mechanisms. Ca2+ represents a core of both groups
(Figure 1B). The high concentration gradient of Ca2+ between
apoplast and SE lumen leads to an influx of Ca2+ into the SE
lumen during penetration of the SE membrane by a thin glass
capillary, which induces occlusion (Figure 1B; Knoblauch and
van Bel, 1998). During SE penetration by an aphid stylet this
transient event is assumed to be suppressed initially by gel saliva
that is secreted prior to penetration and seals the penetration site
(Figure 1C; Will and van Bel, 2006). Walker and Medina-Ortega
(2012) did not observe forisome dispersion in penetrated SEs prior
to secretion of watery saliva and concluded that SE occlusion does
not represent a defense mechanism against aphids, which is also
suggested by Anstead et al. (2012). Nevertheless, findings of Walker
and Medina-Ortega (2012) support the hypothesis that sealing of
the stylet penetration site by gel saliva already mediates suppres-
sion of occlusion mechanisms (Figure 1C). The risk of triggering
SE occlusion also occurs when aphids start to remove solute from
the SE lumen, as this too potentially decreases turgor in SEs
(Table 1) and thus activates potential mechano-sensitive Ca2+-
channels that results, e.g., in forisome dispersion (Knoblauch et al.,
2001; Furch et al., 2009). For this reason, in a second step prior to
ingestion, aphids secrete watery saliva (Figure 1C) that contains
proteins that bind Ca2+; these proteins were detected by functional
analysis for the aphid species Megoura viciae and were shown to
counteract SE occlusion (Will et al., 2007). Because aphids of dif-
ferent species change to watery saliva secretion if an occlusion
event is induced during ingestion, the phenomenon of counter-
acting SE occlusion by secreting watery saliva is likely widespread
(Will et al., 2009). In vitro experiments have demonstrated that
this change of behavior is triggered by a decrease of turgor pres-
sure inside the sieve tubes (Will et al., 2008) that is the consequence
of SE occlusion (Gould et al., 2004).

In the saliva of Acyrthosiphon pisum, a Ca2+-binding protein
was detected by mass spectrometry and was identified as regucalcin
(Carolan et al., 2009). The molecular mass of this protein, 43 kDa,
is comparable to that of a previously detected Ca2+-binding pro-
tein (Will et al., 2007). Regucalcin is a member of the senescence
marker protein-30 (SMP-30) family that helps sequester signal-
ing molecules such as Ca2+ (Fujita et al., 1992; Shimokawa and
Yamaguchi, 1993). In addition, regucalcin maintains intracellu-
lar Ca2+ homeostasis by activating Ca2+ pumps in the plasma
membrane, ER, and mitochondria of many animal cell types (Yam-
aguchi, 2000). Moreover, in animals regucalcin has an inhibitory
effect on the activation of Ca2+/calmodulin-dependent enzymes
and protein kinase C (Yamaguchi, 2005). Thus, an inhibition of
signaling cascades due to Ca2+-binding by saliva proteins appears
likely (Will and van Bel, 2006, 2008), although little information
about the molecular level of defense signaling inside sieve tubes
is available. A recent study by Rao et al. (2013) did not detect the
presence of regucalcin in the saliva of cereal aphids and the authors
suggest that different protein compositions of watery saliva of var-
ious aphid species may illustrate the insects’ adaptation to various
host plants.

Other aphid species than Megoura viciae and Acyrthosiphon
pisum, were not screened for Ca2+-binding proteins in their
watery saliva. A Ca2+-binding protein was also identified in
saliva of the green rice leafhopper; that this insect’s saliva was
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secreted into sieve tubes may indicate the presence of comparable
mechanisms in different groups of phloem-feeding insects (Hat-
tori et al., 2012). Previously, Hao et al. (2008) demonstrated that
the brown planthopper Nilaparvata lugens activates callose syn-
thases during plant infestation but is able to unplug sieve pores
by activating β-1,3-glucanases. Whether aphids also influence fila-
ment formation of SEO proteins (Batailler et al., 2012) or influence
callose degradation is currently unknown.

INTERACTION WITH CHEMICAL DEFENSE
Several detoxifying proteins in the saliva of aphids were identi-
fied by enzymatic essays and novel approaches, including mass
spectrometry. The detoxification of phenols by the secretion of
polyphenoloxidase and peroxidase was reported for Sitobion ave-
nae (Urbanska et al., 1998). The degradation of hydrogen peroxide
could most likely interfere with defense signaling because hydro-
gen peroxide represents an activator of Ca2+ channels in the
plasma membrane (Lecourieux et al., 2006).

Proteins that appear to interact directly with plant defense sig-
naling are glucose dehydrogenase and glucose oxidase that were
detected in the aphid species Myzus persicae and Acyrthosiphon
pisum (Harmel et al., 2008; Carolan et al., 2011). Both poten-
tially interfere with jasmonic acid (JA)-regulated defense responses
that were shown to be induced during infestation of Arabidop-
sis by Brevicoryne brassicae (Kusnierczyk et al., 2011). Takemoto
et al. (2013) noticed that endogenous JA production was less for
Acyrthosiphon pisum infested broad bean plants. Furthermore,
aphids appear to be able to modulate genes in the salicylic acid
(SA) pathway (Zhu-Salzman et al., 2004). Cross-talk between
JA and SA defense pathways (Pieterse et al., 2012) may allow
aphids to suppress specific plant defense responses as has been
previously described for whiteflies by Zarate et al. (2007). The
role of SA and JA in plant-aphid interaction is reviewed by
Louis and Shah (2013).

SALIVARY EFFECTORS
Effectors are defined as proteins and/or small molecules that mod-
ify cell structure and function inside the host of a pathogen
(Hogenhout et al., 2009). Aphid species were shown to pur-
sue similar strategies and secrete effectors as components of
their saliva (Figure 1C). Effectors in saliva were first shown
for Megoura viciae by identifying proteins that bind Ca2+ (Will
et al., 2007). Later it was shown that C002, a salivary protein
that is secreted into the sieve tubes by Acyrthosiphon pisum,
plays an important role in aphid feeding (Mutti et al., 2008). If
C002 is silenced by RNA interference (RNAi) in Acyrthosiphon
pisum, aphids’ life spans are reduced because they have prob-
lems reaching the sieve tubes and are thus unable to sustain
ingestion (Mutti et al., 2006, 2008). Silencing of C002 homolog
in Myzus persicae by feeding on transgenic plants showed lower
aphid reproduction rates than usual but no overall change in
survival rates (Pitino et al., 2011). When Myzus persicae fed on
MpC002-expressing plants, an enhanced fecundity was observed
(Bos et al., 2010), while the reproduction rates of Myzus per-
sicae feeding on plants that express C002 from Acyrthosiphon
pisum are not influenced (Pitino and Hogenhout, 2013). Fur-
ther effectors with beneficial effect on aphid reproduction and

thus on colonization are PIntO1 and PIntO2. Orthologs of C002,
PIntO1and PIntO2 were detected in salivary gland transcriptome
of multiple aphid species and appear to be specific for the respec-
tive aphid species (Pitino and Hogenhout, 2013). A recent study
of the effector Me23 shows that effectors are specific not only
to aphid but also to plant by demonstrating that the fecun-
dity of Macrosiphon euphorbiae was enhanced when aphids fed
on Me23 expressing Nicotiana benthamiana and not on Me23
expressing tomato (Atamian et al., 2013). Above described effec-
tors may be able to facilitate ingestion by suppressing plant
defense responses, perhaps by interfering with signal cascades as
described for different fungi (reviewed in Stergiopoulos and de
Wit, 2009) and appear to contribute to aphid-plant compatibil-
ity (Pitino and Hogenhout, 2013). In addition to effectors that
promote aphid colonization, some effectors induce plant defense
responses. MP10 and MP42 were shown to reduce fecundity
when expressed in plants (Bos et al., 2010), possibly interact-
ing with plant receptors of the NBS-LRR superfamily and thus
triggering plant defense responses (Hogenhout and Bos, 2011).
The identified aphid resistance genes Mi-1.2 in tomato (Mar-
tinez de Ilarduya et al., 2003) and Vat in melon (Dogimont
et al., 2008) belong to the NBS-LRR receptor family (reviewed in
Smith and Clement, 2012).

PHLOEM-LOCATED APHID CONTROL STRATEGIES
As described, plant defense can be overwhelmed by aphids. For
this reason, e.g., agro-biotechnological control strategies sup-
port plant defense by inserting additional insecticidal compounds
into the sieve tubes. Approaches are the expression of PIs and
antimicrobial peptides (AMPs) that naturally do not belong to
the target plants defense system (reviewed in Will and Vilcin-
skas, 2013). PIs can be used to target proteases detected in the
watery saliva (Carolan et al., 2009) and alimentary tract (Rahbé
et al., 1995; Cristofoletti et al., 2003, 2006) of aphids; there the PIs
may prevent the digestion of proteins within the sieve-tube sap
(Table 1). Although for a long time researchers did not believe
that aphids were able to use proteins as a source of nutrition,
new findings show that aphids can digest proteins in sieve-tube
sap (Pyati et al., 2011). The use of AMPs represents an approach
that targets the endosymbiotic bacteria of aphids, assuming that
disrupting these bacteria would negatively affect aphid fitness
(Douglas, 2007). The primary (obligate) endosymbiotic bacteria
Buchnera aphidicola (Baumann et al., 1995) improves the quality
of aphid diet by supplying it with essential amino acids (IAGC,
2010) that are absent in sieve-tube sap (Gündüz and Douglas,
2009). Other endosymbiotic bacteria improve aphid fitness by
giving resistance to pathogenic fungi (e.g., Lukasik et al., 2012)
or increasing thermo tolerance (e.g., Russell and Moran, 2006).
Although described methods of controlling aphids address dif-
ferent levels of interaction of pests and their respective host
plants, a common goal is disrupting plant accession and nutri-
tion uptake. Expressing defense agents in the sieve tubes is an
effective way of accomplishing this disruption. Defense agents
negatively affect fitness parameters (e.g., Le-Feuvre et al., 2007;
Mutti et al., 2008; Pyati et al., 2011), such as growth, repro-
duction, and survival, which may reduce infestations among
plants.
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All eukaryotes contain sterols, which serve as structural components in cell membranes,
and as precursors for important hormones. Plant vegetative tissues are known to contain
mixtures of sterols, but very little is known about the sterol composition of phloem. Plants
are food for many animals, but plant-feeding arthropods (including phloem-feeding insets)
are unique among animals in that they have lost the ability to synthesize sterols, and must
therefore acquire these essential nutrients from their food, or via endosymbionts. Our
paper starts by providing a very brief overview of variation in plant sterol content, and
how different sterols can affect insect herbivores, including those specializing on phloem.
We then describe an experiment, where we bulk collected phloem sap exudate from
bean and tobacco, and analyzed its sterol content. This approach revealed two significant
observations concerning phloem sterols. First, the phloem exudate from each plant was
found to contain sterols in three different fractions – free sterols, sterols conjugated to
lipids (acylated), and sterols conjugated to carbohydrates (glycosylated). Second, for both
plants, cholesterol was identified as the dominant sterol in each phloem exudate fraction;
the remaining sterols in each fraction were a mixture of common phytosterols. We discuss
our phloem exudate sterol profiles in a plant physiology/biochemistry context, and how
it relates to the nutritional physiology/ecology of phloem-feeding insects. We close by
proposing important next steps that will advance our knowledge concerning plant phloem
sterol biology, and how phloem-sterol content might affect phloem-feeding insects.

Keywords: aphids, bean, cholesterol, hemiptera, insect nutritional physiology, phytosterols, tobacco

INTRODUCTION
Sterols are found in all eukaryotes, where they serve essential roles:
(1) modulating membrane permeability, fluidity, organelle iden-
tity, and protein function, (2) serving as required precursors to
steroid hormones, and (3) acting as signaling molecules (Behmer
and Nes, 2003; Lindsey et al., 2003; Espenshade and Hughes,
2007). Plants and animals are the most familiar eukaryotes, but
they have very different sterol profiles. Cholesterol (Figure 1A)
is the dominant sterol recovered from animals, but plants usu-
ally contain only a small amount of cholesterol. Instead, plants
mostly contain phytosterols (Nes and McKean, 1977), which dif-
fer structurally from cholesterol in one or two key ways: (1)
the position and extent of nuclear and side chain unsaturation
and (2) the extent of C24-alkylation in the side chain (Nes and
McKean, 1977; Akihisa et al., 1991). For example, the common
phytosterols sitosterol and stigmasterol (but not cholesterol) have
an ethyl group at the C24-position (Figures 1B,C); stigmas-
terol (but not sitosterol or cholesterol) also has a double bond
at the C22-position (Figure 1C). Other structural differences
can also occur. For instance, a double bond might be lacking
in the tetracyclic nucleus (e.g., cholestanol and cholestan-3-one,
Figures 1D,E), a ketone group, rather than a hydroxyl group, might
occur at the C3-position (e.g., cholestan-3-one and cholest-4-en-
3-one, Figures 1E,F), and/or a double bond might occur at the

C4-position (e.g., cholest-4-en-3-one, Figure 1F). More than 100
different sterols have been identified from plant vegetative tis-
sue, and individual plants often contain multiple sterols (Nes and
McKean, 1977). It is notable, though, that plant sterol composi-
tion varies in a predictable manner with phylogeny, such that the
sterol profile in plants of one family tend to be more similar to
each other than to plants of different, and more distantly related
families (Nes et al., 1977; Salt et al., 1991).

Although the sterol content of plant vegetative tissue has been
studied intensively, little is known about the sterols in phloem sap
(Forrest and Knights, 1972; Shigematsu et al., 1982; Behmer et al.,
2011). Recently, Behmer et al. (2011) revealed that the sterol profile
of phloem sap differs markedly from that in vegetative tissues for
both Chinese cabbage and tobacco. For both plants, phytosterols
(e.g., sitosterol and stigmasterol) were dominant in the vegetative
tissue (Chinese cabbage = 100%; tobacco = 85%), but cholesterol
was the most abundant sterol recovered in the phloem (Chinese
cabbage = 40%; tobacco = 96%). This study also compared the
vegetative and phloem sterol profiles of tobacco plants genetically
modified to express a bacterial sterol oxidase gene. These plants
are as vigorous as the wild-type controls despite producing large
amounts of atypical sterol derivatives, particularly the cholesterol
derivatives cholestan-3-one and cholest-4-en-3-one (Heyer et al.,
2004). These two sterol derivatives were particularly concentrated
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FIGURE 1 | Sterols and steroids of interest. Cholesterol (A) is the common
sterol in animals, including insects. Plants contain cholesterol analogs (the
arrows on the remaining sterols/steroids indicate structural differences from
cholesterol). Sitosterol (B) and stigmasterol (C) are two common phytosterols
that each contain an ethyl group on the side-chain (at the C24-position); stig-
masterol, unlike sitosterol, contains a double bond at the C22-position. The

three steroids in the bottom row have been identified in a transgenic tobacco
line on which aphids perform poorly (Behmer et al., 2011). Cholestanol (D) is
similar to cholesterol but it lacks a double bond at the C5-position. Cholestan
-3-one (E) and Cholest-4-en-3-one (F) both have a ketone at the C3-position,
and both lack a double bond at the C5-position; cholest-4-en-3-one, in contrast
to cholestan-3-one, has a double bond at the C4-position.

in the phloem sap where they accounted for 76% of the phloem
sterol content (in the vegetative tissues they represented 43% of
the total sterol profile). Bouvaine et al. (2012) also showed that
in the fava bean, phytosterols comprised >99% of the vegetative
tissue sterol profile, but that cholesterol was the dominate sterol in
the phloem (43%; sitosterol and stigmasterol were present at 17.3
and 39.4%, respectively). To date, though, all phloem sterol profile
analyses have been limited to sterols that occur in the free-form; in
this form they are likely transported in the aqueous phloem by a
lipid-binding protein (Guelette et al., 2012). However, as in other
organisms, a proportion of the sterol may be conjugated – for
example, attached to a lipid (acylated), or to a carbohydrate (gly-
cosylated; Moreau et al., 2002; Aguirre et al., 2012; Schrick et al.,
2012). Acylated sterols, like free-sterols, would require a lipid-
binding protein to move in the phloem. In contrast, glycosylated
sterols would likely be soluble in the phloem. Unfortunately, we
currently know virtually nothing about the extent to which the
phloem contains sterols in free, acylated, and glycosylated forms.

Many animals, including insects, feed on plants, but all insects
(in fact all arthropods) are metabolically impoverished relative to
most other organisms in one crucial respect: they lack the capacity
for the de novo synthesis of sterols (Grieneisen, 1994; Behmer and
Nes, 2003). Cholesterol is the most abundant sterol recovered from
most insects, including those feeding on plants (Behmer and Nes,
2003), and most insects have an absolute requirement for choles-
terol as the precursor for ecdysteroid synthesis (Grieneisen, 1994).
Plant-feeding insects typically generate cholesterol by metaboliz-
ing phytosterols. For example, caterpillars can readily convert
sitosterol and stigmasterol to cholesterol (Svoboda and Weirich,

1995; Svoboda, 1999; Jing et al., 2012b). However, not all insects
share the same sterol metabolic capabilities. Grasshoppers, for
instance, cannot convert stigmasterol to cholesterol (Behmer and
Elias, 1999, 2000). Other sterol metabolic constraints are more
general – no plant-feeding insect can insert a double bond at
the C5-position in the sterol nucleus, and there is little evidence
that insects modify, other than for metabolic purposes (Brown
et al., 2009), the position of double bonds in the sterol nucleus
(reviewed by Behmer and Nes, 2003). When chewing insect herbi-
vores ingest large quantities of sterols that cannot be converted into
cholesterol, they often suffer reduced performance (Behmer and
Grebenok, 1998; Behmer and Elias, 1999, 2000; Jing et al., 2012a,b).
Additionally, unsuitable sterols can reduce feeding (Behmer et al.,
1999).

Although most insects derive their sterol requirement from the
diet, some insects that feed on foods of very low nutritional qual-
ity (e.g., wood) obtain sterols from yeast symbionts (Noda and
Koizumi, 2003). Early studies (Ehrhardt, 1968) also implicated
microbial symbionts in the sterol nutrition of plant-sap feed-
ing insects, especially aphids, but improved analytical techniques
have refuted these interpretations (Campbell and Nes, 1983). It
is now appreciated that the yeast symbionts borne by a few plant
sap-feeding insects (a minority of planthoppers and aphids) pro-
vide their insect hosts with sterols (Noda et al., 1979; Noda and
Koizumi, 2003). In contrast, bacterial symbionts cannot provide
sterols, because bacteria cannot biosynthesize sterols (Douglas,
2009). Therefore, most phloem feeding insects are dependent on
the phloem sap for their sterol requirements. We have recently
demonstrated that the aphid Myzus persicae feeds poorly and
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suffers high mortality on plants with the atypical sterol con-
tent, raising the hypothesis that some sterols/sterol derivatives are
deleterious to the aphids (Behmer et al., 2011).

Given the sparsity of data on phloem sap sterol composition,
coupled with the importance of sterols to insects specializing on
phloem, the current study had two main objectives. The first was to
determine the extent to which phloem sterols occur as free sterols,
acylated sterols and/or steryl glycosides in two model plant sys-
tems: bean (Phaseolus vulgaris) and tobacco (Nicotiana tabacum).
The second objective was to determine, for each sterol class (free,
acylated, and glycosylated), the sterol composition. We discuss our
findings both in the context of plant physiology, and the nutri-
tional physiology/ecology of insects that specialize on phloem.
We also propose next steps that will advance our understand-
ing of both plant phloem sterol physiology/biochemistry, and the
nutritional physiology/ecology of phloem-feeding insects.

MATERIALS AND METHODS
EXPERIMENTAL PLANTS
Two plant species were used: Phaseolus vulgaris and Nicotiana
tabacum (var. Xanthi). Seedlings were germinated under transpar-
ent plastic drape (to maintain high humidity); upon establishing,
the plastic drape was replaced with a 6-inch transparent plastic
dome. When plants outgrew the plastic domes, they were grown
under tents of transparent plastic drape. All plants were main-
tained at 23◦C with 12L:12D at 120 μmol m−2 s−1 PAR; they
were watered as needed and fertilized once per week.

COLLECTION OF PHLOEM SAP
Samples for sterol analysis were obtained from multiple plant
leaves (located at least 3 leaves below the apical meristem at the
day of harvest) using the EDTA exudation technique developed
by King and Zeevaart (1974), and later modified by Karley et al.
(2002). Briefly, leaves were excised and the petioles inserted imme-
diately into an Eppendorf tube containing 1 ml 10 mM Na+ EDTA
solution, pH 7.5. The samples were then incubated for 60 min in
the dark in a sealed chamber equilibrated at 23–25◦C; the inside
of the chamber was lined with water saturated paper towels to
maintain high humidity.

The number of leaves harvested/plant, and the number of plant
leaves used to generate each sterol exudate sample varied based on
the plant. For P. vulgaris, each replicate sample consisted of 80
leaves (each cut at the base of the petiole (near the stem) using
a sterile, sharp #10 scalpel). Specifically, 10 individual Eppendorf
tubes, each containing 1 ml of EDTA solution, plus 8 leaves, were
established. After the 1 h incubation period, the 10 individual
EDTA exudate solutions were consolidated into a single 10 ml
sample (held in a 20 ml borosilicate glass vial, in the refrigerator,
until used for sterol analysis). For N. tabacum, there was only
one leaf/Eppendorf tube, but as above a replicate consisted of 10
consolidated EDTA solutions. Bulking the samples in this way
provided a sufficient amount of phloem exudate on which sterol
analysis could be performed.

STEROL ANALYSIS OF PHLOEM SAP EXUDATE
Analysis on three different sterol forms was conducted: (1) “free”
(unbound 3′ hydroxyl group), (2) “acylated” (bound 3′ hydroxyl

group, typically lipid bound), and (3) “glycosylated” (bound 3′
hydroxyl group, typically carbohydrate bound). The number of
replicates for each sterol form, and for each plant, ranged from 3
to 6 (see Table 1).

The first step for each sterol sample, regardless of form being
analyzed, was the addition 5 ml of 100% MeOH (pre-equilibrated
to hexane), plus 5 ml 100% hexane (pre-equilibrated to 50%
MeoH/water). Additionally, 10 μg of cholestane was added to each
sample (this served as an internal standard). Next, each sample
was shaken vigorously for several seconds, followed by incubation
at room temperature for 24 h in the dark. The hexane fraction
(containing free and acylated sterols) was then separated from the
MeOH/water fraction (containing the glycosylated sterols), and
both fractions were evaporated to dryness using nitrogen. For
each sample, the hexane fraction was processed further for quan-
tification of either the free sterols or acylated sterols, while each
MeOH/water fraction was processed further for quantification of
glycosylated sterols.

For free sterol analysis, 50% of the hexane fraction was taken,
conjugated, and analyzed by GC–MS. For acylated sterol analy-
sis, the remaining 50% of the hexane fraction was resuspended in
100 μl of clean hexane and 8 ml of 70% MeOH-water containing
5% KOH was added, and then incubated in a shaking water bath
(225 rpm) at 55◦C for 2.5 h. This replaces the lipid moiety at C3
with a free hydroxyl group. The MeOH-water fractions were resus-
pended in 8 ml 100% methanol containing 10% HCl, and then
incubated in a shaking water bath (225 rpm) at 55◦C for 2.5 h, to
remove the carbohydrate moiety present at C3; it was replaced with
a free hydroxyl group. Subsequently, all fractions contained free
sterols, which were extracted from the chemically treated samples
with water-equilibrated hexane; the hexane layer was then washed
to neutrality with hexane-equilibrated water. The recovery rate
of our internal standard (cholestane) was 92 ± 5%. The level of
detection for GC–MS was tens of nanograms; detection at this low
level was made possible using selected ion chromatogram software,
and selected ion monitoring software [GC–MSD ChemStation
(Agilent Technologies)].

The sterols contained in the three fractions were converted to
their respective trimethylsilyl ether (TMS) deriviatives, to ensure
the inertness of the free C3 hydroxyl, by overnight incubation
with a 2:1 excess volume v/v of BSTFA + TMCS, 99:1 (Sylon BFT;
Supelco Inc. Bellefonte, PA, USA). All conjugated sterols were
processed by gas chromatography – mass spectroscopy (GC–MS),
using an Agilent 6850N GC coupled with a 5973 mass selective
detector (Agilent Technologies, Inc., Santa Clara, CA, USA). The
GC–MS was equipped with a fused capillary EC-5 column (30 m;
Alltech, Nicholasville, KY, USA) with a 0.25 mm internal diameter
and 0.25 μm film thickness. The running conditions were: inlet
280◦C, transfer line 290◦C, column 80◦C (1 min), ramp at 10◦C
min−1 to 240◦C, 240 to 300◦C, ramp of 5◦C min−1, with helium
(1.2 ml min−1) as carrier gas. The Agilent 5973 mass selective
detector maintained an ion source at 250◦C and quadrupole at
180◦C. Sterols were identified and quantified by GC–MS using
selected ion monitoring (SIM) protocols for each steroid identified
(Rahier and Benveniste, 1989). Authentic sterol standards were
purchased commercially [from Sigma Chemical (St. Louis, MO,
USA), and Steraloids Inc. (Newport, RI, USA)].
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Table 1 | Phloem sap sterol content for Phaseolus vulgaris and Nicotiana tabacum.

Plant Median total phloem

sterol amount (μg)

Sterol content [adjusted median % (w/w) of total in each sterol form]

Cholesterol Sitosterol Campesterol Stigmasterol

(a) Phaseolus vulgaris

Free sterols (4) 28.0 100.0 - - -

Acylated sterols (5) 60.1 100.0 - - -

Glycosylated sterols (4) 130.8 100.0 - - -

(b) Nicotiana tabacum

Free sterols (3) 761.3 97.8 0.9 - 1.3

Acylated sterols (6) 351.7 98.2 1.7 - 0.1

Glycosylated sterols (3) 1026.6 88.3 - 11.7 -

For each plant three different sterol forms were collected: (i) free, (ii) acylated (lipid conjugated) and (iii) glycoslyated (sugar conjugated). The number of replicate
samples for each sterol form, from each plant, is indicated in parentheses.

RESULTS
Phloem sap was collected from two different plant species (P.
vulgaris and N. tabacum), and for each plant we identified and
quantified the abundance of free, acylated and glycosylated sterols.
Both plants contained sterols in all three forms (Table 1), but
the amounts of each sterol form recovered from the phloem sap
differed between the two plant species. For example, P. vulgaris
contained large pools of glycosylated sterols, intermediate pools
of acylated sterols, and relatively small pools of free sterols. In
N. tabacum, glycosylated sterols were again the largest sterol pool,
but in contrast to P. vulgaris, N. tabacum contained free sterols in
rather large amounts, while acylated sterols were the smallest pool.

For both plant species, cholesterol dominated each of the
sterol fractions (Table 1). For P. vulgaris, cholesterol was the only
sterol recovered from the glycosylated-sterol fraction, and the only
sterol recovered from 3 of the 4 free-sterol fractions, and from
4 of the 5 acylated-sterol fractions. A single free-sterol sample
contained cholesterol and sitosterol (87 and 13%, respectively),
and a single acylated-sterol sample contained cholesterol, sitos-
terol and campesterol (53, 28 and 19%, respectively). In the case
of N. tabacum, the sterol fractions generally contained multiple
sterols (2–4), but cholesterol was always the most abundant. There
were, however, some trends with respect to the non-cholesterol
sterol profiles of the different tobacco sterol fractions. Generally,
small amounts of sitosterol and stigmasterol, but not campesterol,
were recovered in both the free- and acylated-sterol fractions.
In contrast, campesterol, but not sitosterol or stigmasterol, was
recovered in the glycosylated-sterol fraction.

DISCUSSION
The collection of phloem sap in the presence of EDTA is a standard
technique for isolating phloem sap from whole plants (King and
Zeevaart, 1974; Costello et al., 1982; Karley et al., 2002). Madey
et al. (2002) used this technique to isolate and characterize the
lipids found in canola phloem sap, and confirmed that lipid
exudates collected in the presence of EDTA originated from the
phloem, not the xylem. To date, the presence of phytosterols in the
phloem of higher plants has been demonstrated both indirectly
(e.g., from aphid honeydew; Behmer et al., 2011), and directly

(e.g., via phloem sap collection in the presences of EDTA (Behmer
et al., 2011; Bouvaine et al., 2012), as has the capacity for the move-
ment of sterols within the phloem (Grebenok and Adler, 1993).
However, in each of these instances the focus was entirely on free
sterols, for two primary reasons. First, in the case of phloem and
honeydew, only small amounts of material could be collected,
which precluded a more thorough investigation into the presence
of conjugated sterols. Second, with respect to sterol movement in
the phloem, analysis for sterol conjugates was simply not consid-
ered. In the current study we employed a bulk collection technique,
where petioles of multiple leaves were placed in EDTA containing
solutions, to ensure that a sufficient quantity of phloem sap could
be collected for analysis of sterol form, as well as sterol composi-
tion. Our data demonstrate, for the first time, that sterols in the
phloem of higher plants are maintained as free sterols, acylated
sterols and sterol glycosides. Additionally, our results show that
the percentage of these different sterol-forms can vary between
plants, and that cholesterol was the most abundant sterol for each
sterol fraction.

On average, about half of the phloem sterol pool (47–60%)
was glycosylated; the remaining half of sterol was a mixture of
free- and acylated forms. Considering that the phloem stream is
aqueous, it perhaps should not be surprising to find relatively
large pools of glycosylated sterol in the phloem. Glycosylation
makes sense, as it affords sterols greater solubility in the phloem.
Sterols are known to be important signaling molecules, in both
animals (Incardona and Eaton, 2000) and plants (Clouse, 2002),
and given the description of the phloem acting as an “information
superhighway” in plants (Lucas and Wolf, 1999), sterols in a glyco-
sylated form could move relatively unencumbered in the phloem,
and in this form interact more readily with potential receptor sites
on individual cells (in a fashion similar to hormones, which also
operate at low concentrations). On the other hand, movement of
free- and acylated-sterols would require a shuttle system. Animals,
including insects, use a protein shuttle system to transport sterols
in their blood (Arrese and Loulages, 2010), and although putative
proteins that provide such a role have been recently identified in
plants (Guelette et al., 2012), no data exist to link the association
of sterols with a phloem resident protein. Alternatively, free and
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acylated sterols may form, with other lipids, mixed micelle parti-
cles, with their hydrophilic elements oriented outward, and their
hydrophobic elements oriented inwards. Madey et al. (2002) found
that phloem lipid particles in canola phloem sap were organized
in the form of spherical particles, which were of variable size. Such
particles might also facilitate bulk transport of sterols, over rela-
tively long distance, where they might serve a developmental or
physiological function, for instance in cells in membranes (Demel
and De kruyff, 1976), as promoters of cell division (Haughan et al.,
1988), or for sensing osmotic change (Zelazny et al., 1995).

Perhaps the most notable result is the extent to which choles-
terol was the dominant sterol recovered, from each of the three
sterol fractions. This is in complete contrast to what is typically
observed in vegetative tissues (Nes and McKean, 1977; Nes et al.,
1977; Salt et al., 1991). But given that cholesterol is only a miniscule
percentage of a typical vegetative tissue sterol profile (Nes et al.,
1977; Salt et al., 1991; Behmer et al., 2011), why is it the dominant
sterol within the phloem stream? If cholesterol in the phloem is
not acting as a signaling molecule, or providing direct physiologi-
cal function, perhaps it is present as a precursor to important plant
steroid hormones, such as brassinosteroid. Insects require very
small pools of cholesterol as the precursor to the steroid molting
hormones (Gilbert et al., 2002), and in plants cholesterol is a close
analog to 24-methylene cholesterol (Benveniste, 2002), which is an
intermediate in the synthesis of campesterol, the direct precursor
to brassinosteroid (Noguchi et al., 1999). Alternatively, the differ-
ent chemical forms of cholesterol in the phloem stream might be
associating with different targets, potentially facilitating multiple
outcomes. There is also a question of where phloem sterols origi-
nate. Devarenne et al. (2002) demonstrated that sterol biosynthetic
enzymes are associated with the phloem, and suggested that sterols
can be synthesized in the phloem. Considering the presence of
both sterol biosynthetic enzymes and cholesterol in the phloem, it
is also possible that structural sterols are synthesized in the phloem
and transported where they are needed (Devarenne et al., 2002).
Although these functions need not be mutually exclusive, exper-
iments focused on the growth, development and physiological
response of the plant to various abiotic factors (e.g., temperature
extremes, light conditions, humidity levels and volatile chemicals),
coupled with the collection of phloem exudate from select leaves,
will help clarify these relationships.

For phloem-feeding insects, which perform best on diets con-
taining cholesterol (Bouvaine et al., 2012), and which have low
dealkylation efficiency (Campbell and Nes, 1983), having access
to a food source rich in cholesterol is very advantageous. How-
ever, given that a high proportion of sterols in the phloem can
be in a conjugated form, it will be important to experimentally
test how available these sterols are to phloem-feeding insects,
such as aphids. At a minimum, phloem-feeding insects would
require active glucosidases and/or acylases in the midgut. Sterol

form may also have implications related to experiments using
chemically-defined diets. One intriguing aspect about aphids
reared on chemically-defined diets is that performance relative
to plants is often greatly reduced, especially with respect to repro-
duction (Douglas, 2003). The chemically-defined diets typically
used in these studies are presented to aphids as aqueous solu-
tions contained within a Parafilm packet/sachet (Kunkel, 1976;
Douglas, 1988; Bouvaine et al., 2012), with the sterols either sol-
ubilized, or incorporated into liposomes, and then added to
the aqueous solution. Unfortunately we know little about how
evenly sterols, delivered using either of these methods, are dis-
tributed in the chemically-defined diet, or the extent to which
they are ingested. Knowing that phloem sap contains a signifi-
cant proportion of glycosylated sterols, it would be illuminating to
reevaluate aphid performance on diets containing free-, acylated-,
and glycosylated cholesterol. A simple hypothesis is that per-
formance would be superior on diets containing glycosylated
sterols.

The data we present, and the story we tell, is in many ways
very preliminary as we have no information on the identity of the
acylated/glycosylated groups attached to phloem sterols, no infor-
mation on the absolute amounts of each different sterol form and
type present in the phloem, and no clear understanding of what
biotic or abiotic factors influence the level and types of sterols
present in the phloem sap. Additionally, while our collective data
show that the sterol profile of the phloem is dominated by choles-
terol, we still see phloem sterol profile differences between closely
related plants (e.g., the common bean and fava bean). Another
key outstanding issue is the extent to which cholesterol is the
dominant phloem sap sterol in all plants. For instance, all the
plants so far studied (with respect to phloem sap sterols) accu-
mulate �5-sterols, but some plants accumulate �7-sterols in the
vegetative tissue (e.g., spinach and Solidago). In these plants is
cholesterol (a �5-sterol) the dominant phloem sap sterol? Unpub-
lished preliminary data involving spinach, and sterol profiles from
hemipterans feeding on Solidago (Janson et al., 2009), suggest
this might be the case. Comparative studies, sampling phloem
sap exudate from a variety of taxonomically diverse plants, and
combined with sterol tissue analysis of phloem feeding insects
(work currently underway), will help shed light on the extent to
which cholesterol is widely occurring, and the dominant phloem
sap sterol in plants. Such studies will also provide insight into
the potential of modifying plant sterol profiles as a novel way to
manage hemipteran pest populations (Behmer et al., 2011).
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