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Transfer cells are anatomically specialized cells optimized to support high levels of nutrient 
transport in plants. These cells trans-differentiate from existing cell types by developing 
extensive and localized wall ingrowth labyrinths to amplify plasma membrane surface area 
which in turn supports high densities of membrane transporters. Unsurprisingly, therefore, 
transfer cells are found at key anatomical sites for nutrient acquisition, distribution and 
exchange. Transfer cells are involved in delivery of nutrients between generations and in 
the development of reproductive organs and also facilitate the exchange of nutrients that 
characterize symbiotic associations. Transfer cells occur across all taxonomic groups in higher 
plants and also in algae and fungi. Deposition of wall ingrowth-like structures are also seen in 
“syncytia” and “giant cells” which function as feeding sites for cyst and root-knot nematodes, 
respectively, following their infection of roots. Consequently, the formation of highly localized 

TRANSFER CELLS

Transmission electron micrograph showing extensive wall ingrowth deposition characteristic of a minor 
vein phloem transfer cell in leaves of Pisum arvense. This iconic image of a transfer cell was published 
in the first contemporary account of these cell types by Gunning, Pate and Briarty in 1963. The image 
shows reticulate wall ingrowths protruding into the cytoplasm from all wall faces of this cell. The 
increase in plasma membrane surface area as a consequence of wall ingrowth deposition, a hallmark of 
transfer cell identity, is clearly appreciated in this image. Image reproduced with permission - ©1968 
Rockefeller University Press. Journal of Cell Biology. 37:C7-C12. doi:10.1083/jcb.37.3.C7
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wall ingrowth structures in diverse cell types appears to be an ancient anatomical adaption to 
facilitate enhanced rates of apoplasmic transport of nutrients in plants. In some systems a role 
for transfer cells in the formation of an anti-pathogen protective barrier at these symplastic 
discontinuities has been inferred. Remarkably, the extent of cell wall ingrowth development 
at a particular site can show high plasticity, suggesting that transfer cell differentiation might 
be a dynamic process adapted to the transport requirements of each physiological condition. 
Recent studies exploiting different experimental systems to investigate transfer cell biology 
have identified signaling pathways inducing transfer cell development and genes/gene 
networks that define transfer cell identity and/or are involved in building the wall ingrowth 
labyrinths themselves. Further studies have defined the structure and composition of wall 
ingrowths in different systems, leading in many instances to the conclusion that this process 
may involve previously uncharacterized mechanisms for localized wall deposition in plants. 
Since transfer cells play important roles in plant development and productivity, the latter 
being relevant to crop yield, especially so in major agricultural species such as wheat, barley, 
soybean and maize, understanding the molecular and cellular events leading to wall ingrowth 
deposition holds exciting promise to develop new strategies to improve plant performance, a 
key imperative in addressing global food security. This Research Topic presents a timely and 
comprehensive treatise on transfer cell biology to help define critical questions for future 
research and thereby generating a deeper understanding of these fascinating and important 
cells in plant biology.
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Advances in plant science research will lie at the center of efforts to
address global food security as demand for agricultural produc-
tion is predicted to more than double by 2050. A key determinant
of plant productivity and thus crop yield is efficient nutrient
transport between sites of net nutrient synthesis and acquisi-
tion to sites of net utilization. Transfer cells (TCs) play key roles
in optimizing such nutrient transport processes in plants, and
thus research on these anatomically specialized cell types has the
potential to contribute new approaches for improving plant per-
formance. The collection of reviews and research articles in this
Research Topic on Transfer Cells provides a valuable contribution
to advancing our understanding of these important cell types in
plant biology.

TCs trans-differentiate from existing cell types by develop-
ing extensive wall ingrowths. The resulting increase in plasma
membrane surface area enables increased densities of membrane
transporters to optimize nutrient transport across apoplas-
mic/symplasmic boundaries at sites where TCs form. Key chal-
lenges in TC biology include understanding the signals and
genetic pathways required for initiating and building the unique
wall ingrowths that define TC identity. This knowledge in turn
will provide a basis to investigate physiological and genetic fac-
tors explaining the variability observed in TC differentiation, even
among equivalent anatomical situations in highly related species.

Amongst many other scenarios, TCs are involved in delivery of
nutrients between generations and, as evidenced by the number of
contributions in this Research Topic, considerable focus is being
directed toward investigating endosperm TCs in seeds of cereals
such as maize and barley. Thiel (2014) provides a comprehen-
sive review of the development of these cells in barley, including
transcript profiling studies which have revealed a likely role for
two-component signaling pathways in endosperm TC differen-
tiation, in addition to identifying a developmental switch across
grain filling from active to passive modes of nutrient uptake as
revealed by expression profiles of membrane transporter genes.
Lopato et al. (2014) review the field of endosperm TC-specific
genes and their encoded proteins, emphasizing the potential for
using promoters of such genes for biotechnological applications.
Identifying the repertoire of genes showing TC-specific expres-
sion provides important molecular insight into these cell types,
and two research articles contribute to this goal. Royo et al.
(2014) describe the non-overlapping expression of BETL9 and
BETL9like, two lipid transfer genes similar to END-1 expressed
specifically in barley endosperm TCs. While the functions of

these genes remain unknown, BETL9 is expressed exclusively in
the basal endosperm transfer layer (BETL), but protein product
accumulates in maternal tissue adjacent to this layer. In contrast,
BETL9like is expressed specifically in the endosperm aleurone
layer. The expression domains of these genes completely surround
the filial tissues, suggesting a protective role at the maternal-filial
interface. The miniature1 (mn1) mutant in maize is defective in
a BETL-specific cell wall invertase (INCW2), resulting in reduced
hexose levels and wall ingrowth development in this tissue. Silva-
Sanchez et al. (2014) report a comparative glycoproteome analysis
of developing endosperm in mn1 seed compared to the wild
type Mn1. Most of the identified proteins showing decreased
glycosylation in mn1 were involved in post-translational mod-
ification, protein turnover, chaperone function, carbohydrate
metabolism and cell wall biosynthesis, suggesting links to endo-
plasmic reticulum stress and the unfolded protein response in
the mutant due to compromised glycosylation levels. Muñiz et al.
(2014) describe establishment of a PCR-based forward genetic
screen using expression domain-specific markers to identify new
mutant lines showing altered TC development. Application of
this forward genetics approach using genes known to be tissue
or developmental-stage specific offers new tools to extend the use
of maize as a model for TC research. Finally, Rocha et al. (2014)
report the unexpected finding that both reticulate-like and flange
wall ingrowths in maize BETL contain significant amounts of
lignin, a result counter-intuitive with the presumed need for high
rates of nutrient diffusion through the wall ingrowths themselves
(see Gunning and Pate, 1974) and the general role of lignifica-
tion in providing cell wall rigidity and strength. A reassessment
of wall ingrowth structure and ontogeny is needed in light of this
finding.

Upon infection of root tissue, cyst and root-knot nematodes
induce vascular cells to form enlarged feeding cells, termed syn-
cytia and giant cells, respectively. These cell types both form
wall ingrowth structures reminiscent of those seen in TCs, and
are thought to function similarly to facilitate enhanced rates of
apoplasmic/symplasmic solute exchange required for feeding the
invading nematode. Rodiuc et al. (2014) review the cellular mod-
ifications and transport functions of these nematode feeding sites
in Arabidopsis roots, while Cabrera et al. (2014) review transcrip-
tomic signatures of these cells in Arabidopsis with emphasis on
auxin and ethylene signaling pathways. In contrast to endosperm
TCs in cereals, genes involved in two-component signaling appear
not to contribute significantly to the development of nematode
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feeding cells, nor are genes associated with early signaling involv-
ing reactive oxygen species.

Arabidopsis provides a powerful genetic system to study TC
biology (Arun Chinnappa et al., 2013). Phloem parenchyma TCs
of leaf minor veins form wall ingrowths which are involved in
phloem loading (Haritatos et al., 2000) by facilitating apoplasmic
unloading of sucrose via the recently discovered sucrose effluxers
AtSWEET11 and 12 (Chen et al., 2012). The research paper by
Maeda et al. (2014) analyzes the role of callose synthases in TC
wall development in the tocopherol deficient mutant vte2. When
grown at low temperature, vte2 shows reduced photoassimilate
export from leaves due to massive callose deposition specifically
in phloem parenchyma TCs. Transcript profiling and knock-
out studies revealed the confounding result that while GLUCAN
SYNTHASE LIKE 4 (GSL4) and GSL11 were induced specifically
at low temperature in vte2, only disruption of GSL5 substantially
reduced this phloem parenchyma TC-specific production of cal-
lose, but had no effect on the low temperature photoassimilate
export phenotype of vte2. Adams et al. (2014) report a significant
correlation between photosynthetic capacity and wall ingrowth
development in minor-vein phloem parenchyma (Arabidopsis
and Senecio) and companion TCs (pea and Senecio), consistent
with the role of these TCs in supporting photoassimilate export
from leaves. In contrast, responses to stress such as application of
methyl jasmonate caused increased wall ingrowth deposition in
phloem parenchyma TCs alone, indicating cell specific responses
of TCs to different signals and possibly different roles for these
TCs (sugar export vs physical defense against pathogen infection).

Collectively, the insights into TCs provided in the reviews and
research articles assembled for this Research Topic establish a
valuable platform for continued investigation of these fascinat-
ing cell types in plants. Further research on TCs may unlock key
possibilities for improving crop yield and thus contribute to the
rapidly approaching challenge of addressing global food security.
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Endosperm transfer cells (ETCs) are positioned at the intersection of maternal and filial
tissues in seeds of cereals and represent a bottleneck for apoplasmic transport of
assimilates into the endosperm. Endosperm cellularization starts at the maternal-filial
boundary and generates the highly specialized ETCs. During differentiation barley ETCs
develop characteristic flange-like wall ingrowths to facilitate effective nutrient transfer.
A comprehensive morphological analysis depicted distinct developmental time points in
establishment of transfer cell (TC) morphology and revealed intracellular changes possibly
associated with cell wall metabolism. Embedded inside the grain, ETCs are barely
accessible by manual preparation.To get tissue-specific information about ETC specification
and differentiation, laser microdissection (LM)-based methods were used for transcript
and metabolite profiling. Transcriptome analysis of ETCs at different developmental
stages by microarrays indicated activated gene expression programs related to control
of cell proliferation and cell shape, cell wall and carbohydrate metabolism reflecting the
morphological changes during early ETC development. Transporter genes reveal distinct
expression patterns suggesting a switch from active to passive modes of nutrient uptake
with the onset of grain filling. Tissue-specific RNA-seq of the differentiating ETC region
from the syncytial stage until functionality in nutrient transfer identified a high number
of novel transcripts putatively involved in ETC differentiation. An essential role for two-
component signaling (TCS) pathways in ETC development of barley emerged from this
analysis. Correlative data provide evidence for abscisic acid and ethylene influences on
ETC differentiation and hint at a crosstalk between hormone signal transduction and TCS
phosphorelays. Collectively, the data expose a comprehensive view on ETC development,
associated pathways and identified candidate genes for ETC specification.

Keywords: barley seed, endosperm transfer cells, cell wall ingrowths, tissue-specific analysis, nutrient transport,

TCS, ABA, ethylene

INTRODUCTION
Transfer cells (TCs) occur ubiquitously in all taxonomic groups
of the plant kingdom as well as in algae and fungi. TCs represent
highly specialized cells modified to facilitate enhanced transport
capacities of nutrients. Unique characteristics of these cells are
thickened cell walls and massive, localized wall ingrowths to
enrich the membrane surface for transport processes. In general,
TCs are located at strategically important positions for nutrient
acquisition and exchange, such as symplasmic/apoplasmic inter-
faces in vascular tissues and seeds, reproductive and secretory
organs and at contact points of plant/symbiotic and plant/parasitic
interactions. In the last decade, TCs in seeds have been the
object of intensive investigation due to their pivotal role in
feeding the new generation and the impact on seed filling.
Developing seeds are sink tissues depending on nutrient supply
from vegetative tissues, accordingly efficient assimilate transfer
into seeds is yield-determining and of high agronomical inter-
est. In the developing barley grain, incoming assimilates are
released from the maternal grain part by the nucellar projection
(NP), which is responsible for transfer but also for interconver-
sion of assimilates, especially amino acids (Thiel et al., 2009).
Released assimilates are taken up by endosperm transfer cells
(ETCs) and supplied to the endosperm. ETCs are positioned

at the maternal-filial boundary of grains and might also play
an essential role in communication of maternal and filial tis-
sues by transmitting signals into the endosperm (Thiel et al.,
2008).

Anatomy of TCs in seeds can be distinguished by two prin-
ciple types of cell wall ingrowth architecture, the “flange” or
“reticulate” type. A prominent example for the reticulate wall
ingrowth-type is represented in epidermal TCs of Vicia faba cotyle-
dons. Reticulate wall ingrowths are initiated as discrete papillar
projections that appear as randomly located depositions on the
primary cell wall. Further repetitions of branching and fusion
with neighboring ingrowths result in the formation of a multi-
layered, fenestrated wall ingrowth labyrinth (Talbot et al., 2001;
McCurdy et al., 2008). Flange wall ingrowths are deposited as
parallel ribs or bands of cell wall material emerging from the
primary cell wall. By affiliation of adjacent ribs -predominantly
toward the basal part of the cell- a dense network of flanges is
created. This morphology is found in basal endosperm transfer
cells (BETCs) of maize kernels (Talbot et al., 2002; Zheng and
Wang, 2010) and ETCs in wheat and barley (Zheng and Wang,
2011; Thiel et al., 2012a). In addition to these peculiar anatomi-
cal differences between TCs observed in legume and cereal seeds,
the genetic origin of the cells is fundamentally different. Legume
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TCs originate from the diploid embryo by a trans-differentiation
process converting abaxial epidermal cells of the cotyledons into
TCs (Offler et al., 1997). This process of “re-differentiation” of
cells is deemed to be part of the developmental program of sev-
eral types of TCs or is induced by abiotic and/or biotic stresses.
ETCs of cereal grains are part of the triploid endosperm which
is composed of four different cell types: starchy endosperm,
embryo-surrounding region, aleurone and TCs. After fertiliza-
tion of the central cell of the megagametophyte by the second
male gamete, endosperm development of barley starts with divi-
sions of nuclei without building of cell walls resulting in the
formation of the endosperm coenocyte. Cell fate specification
occurs already in the endosperm coenocyte (Olsen, 2001) and is
proposed to be determined by positional signaling (Gruis et al.,
2006). Endosperm cellularization is accompanied by the differ-
entiation of the NP, the part of the nucellus facing the main
vascular bundle. Cellularization of the endosperm starts around
3–4 days after flowering (DAF) in the outermost cell row adja-
cent to NP generating the highly specialized ETCs whereas the
other cells in peripheral positions assume aleurone cell fate later
on (6/7 DAF). This raises the question which genetic regula-
tors give rise for the early specification of this distinct region
of the syncytium which later on differentiates to ETCs while
other endosperm cells differentiate to aleurone, subaleurone and
starchy endosperm. The END1 gene of barley and its wheat
ortholog has been associated to the specification of the ETC
region due to the specific expression in the coenocytic nuclei
which is a prerequisite for development of ETCs (Doan et al.,
1996). Another molecular marker inducing TC identity has been
found in maize BETCs by Gomez et al. (2002). ZmMRP-1 is a
MYB-related R1-type transcription factor and has been shown
to transactivate the promoters of BETL1 (Gomez et al., 2002),
Meg1 (Gutierrez-Marcos et al., 2004) as well as ZmTCRR1 (Muñiz
et al., 2006) genes, which are also specifically expressed in BETCs.
The imprinted Maternally expressed gene 1 (ZmMeg1) is located at
the plasma membrane and extracellular matrix of ETCs and has
been shown to play a key role in specification and differentiation
of BETCs. Meg1-knockdown resulted in impaired BETC devel-
opment with diminished cell wall ingrowths and clearly affected
nutrient uptake, sucrose partioning and seed biomass (Gutierrez-
Marcos et al., 2004; Costa et al., 2012). As mentioned, other
genes specifically expressed in maize BETCs encode for members
of the small, cystein-rich BETL family (BETL1-4), two type-
A response regulators (ZmTCRR1,-2; Muñiz et al., 2006, 2010)
and for the Mn1-encoded cell wall invertase 2 (INCW2; Cheng
et al., 1996). However, these genes are predominantly expressed
during the mid-term endosperm development (8-16 DAP) and
might therefore play a role in structural specification of TCs
(i.e., establishment of wall ingrowths) rather than in acquisi-
tion of cell identity. Remarkably, the expression of ZmMRP-1
is induced by sugars, most effectively by glucose (Barrero et al.,
2009), which might be attributed to INCW2 activity. The phy-
tohormones auxin and ethylene have been shown to function
as important compounds determining TC differentiation. Dibley
et al. (2009) uncovered a role for auxin and ethylene signaling in
TC induction and development by using an in vitro culture system
to selectively induce trans-differentiation to a TC morphology in

V. faba cotyledons. The expression of ethylene biosynthesis genes
and ethylene signaling elements in tight correlation with ROS sig-
naling might play an inductive role in formation of polarized cell
wall ingrowths in Vicia cotyledons (Zhou et al., 2010; Adriunas
et al., 2011). A role for ethylene in ETC differentiation in barley
seeds was elucidated by LM-based transcript profiling of ETCs and
cells of the NP (Thiel et al., 2008), which revealed a preferential
expression of enzymes associated with ethylene biosynthesis and
catabolism as well as several AP2/EREBP transcription factors in
ETCs. This is in agreement with the finding that direct applica-
tion of the ethylene precursor 1-aminocyclopropane-1-carboxylic
acid (ACC) increased the number of cells forming wall ingrowths
during TC formation in tomato roots (Schikora and Schmidt,
2002).

However, the underlying molecular mechanisms determin-
ing acquisition of TC fate and further development are poorly
understood. Subsequently, the elucidation of signals activating key
regulators directing ETC specification in the syncytial endosperm
and further differentiation to achieve characteristic TC anatomy
would be a challenging task toward a deeper understanding of
these specialized plant cells.

This article reviews results from tissue-specific transcrip-
tome and metabolome analyses which have been performed
by using LM-based techniques for the isolation of this specific
cell type. Transcriptionally activated pathways, regulatory net-
works as well as new modes of signal transduction potentially
implicated in barley ETC differentiation are highlighted in the
article.

HISTOLOGICAL ANALYSIS OF BARLEY ENDOSPERM
TRANSFER CELLS DEPICTS DISTINCT TIME POINTS IN
ESTABLISHING TRANSFER CELL MORPHOLOGY
Morphogenesis of barley ETCs from initial steps (just before/at cel-
lularization) until establishment of TC structure (3/4 to 12 DAF)
was analyzed by light, scanning electron and transmission elec-
tron microscopy. An overview about barley grain tissues and a
magnification of the crease region is given in Figures 1A,B. At 3/4
DAF, the filial grain part is composed of the endosperm coeno-
cyte, a seam of cytoplasm containing free nuclei, surrounding
the large endosperm vacuole (Figure 1E). Cellularization starts in
the region of the syncytium facing the NP whereas in the dorsal
part of the syncytium cellularization has not yet been initiated.
First smooth and thin cell walls are visible in the emerging cell
row, dividing nuclei indicate high mitotic activity in the ETC
region (Figures 1F,G). The cells contain a dense cytoplasm rich
in organelles of the endomembrane secretory system, like the
endoplasmatic reticulum (ER), dictyosomes and secretory vesi-
cles. Cellularization has just started and segments of cell walls
are apparent but seem not to border complete cells (Figure 1H).
At 5 DAF, cellularization of the ETC region is completed. Up to
three rows of cells facing the NP are apparently different from
the other cells of the endosperm (Figure 1I). They are charac-
terized by a rounded shape, smaller size, and dense cytoplasm
with small vacuoles. Cell walls appear subtle and thin; branch-
ing and deposition of cell wall ingrowths are not visible at 5 DAF
(Figure 1K). The slender nature of wall anatomy is supported
by DIC fluorescence microscopy (Figure 1J) which was used as
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a method to visualize cell wall morphology by detecting the aut-
ofluorescence of cellulose-containing cell contents. As illustrated
in further pictures (Figures 1N,R,V), the red autofluorescence
reflects the changing cell wall architecture as observed by elec-
tron microscopy. Cells show a strong compartmentation with
organelles of the secretory system (ER and dictyosomes) and
multiple mitochondria predominantly adjacent to the cell wall
(Figure 1L).

At 7 DAF, differences in the cell wall architecture between ETCs
and endosperm cells became pronounced. Cell walls are clearly
thickened preferentially in the direction toward the endosperm
(Figure 1M). First branches of ribbed cell wall depositions cover-
ing the inner surface of walls can be detected (Figure 1O). Fusion
of branched flange-like strands is predominantly visible in the
basal part of the cell at the corners contacting adjacent cells and
thereby indicating a differentiation gradient in the formation of
wall ingrowths (Figure 1P). More generally, the structure of the
intracellular compartments seems to change at 7 DAF: central vac-
uoles and deposition of small starch granules can be monitored
as well as a strong orientation of mitochondria and banded ER to
wall ingrowths. Presumably, this re-arrangement of cellular orga-
nization is related to the initiation of wall ingrowth formation.
Areas of cell walls further increase during ongoing development
of ETCs (10 DAF) and cells are completely lined by massive walls
(Figure 1R). Cell walls show parallel rib-shaped projections fused
at parallel protrusions (Figure 1S) which lead to the character-
istic Y-shaped structure of flanges as visible in the TEM picture
(Figure 1T). In contrast, cells of the starchy endosperm -located
only some rows below- show a glossy surface without any wall
depositions (Figure 1D). ETCs obtain a more rectangular shape
and starch grains are visible in the second and third layer of ETCs
(Figure 1Q). ER appeared to be constantly striped and nestled
to the thickened walls. At 12 DAF, cell wall and its ingrowths
emerge asymmetrically and thereby, covering the main part of the
cell (Figures 1U–X). The cytoplasm of ETCs is less dense and
seems to be reduced compared to earlier stages (Figure 1X); fewer
mitochondria and dictyosomes can be observed and the cell sur-
face is dominated by a large vacuole and storage bodies (starch,
lipids).

ESTABLISHMENT OF TRANSFER CELL MORPHOLOGY PROCEEDS
ENDOSPERM GROWTH
Growth behavior of ETCs and changes in size was deter-
mined using 3D histological images during barley grain devel-
opment (5–14 DAF) by calculating the geometric expansions
in transverse and longitudinal directions (Bollenbeck and Seif-
fert, 2008). The volume of ETCs increases 9-fold from 5
to 10 DAF but decreases thereafter around 30% at 14 DAF
(Figure 1C). Interestingly, the volume increment of ETCs pro-
ceeds that of the endosperm which shows a strong augmen-
tation between 10 and 14 DAF (Thiel et al., 2012a). Thus, it
can be concluded that ETCs have to be fully developed before
the endosperm growth rises exponentially. This clearly sup-
ports the concept that ETCs represent a kind of bottleneck for
assimilate transfer into the filial grain parts and suggests that
grain filling is tightly related to the developmental status of
ETCs.

TISSUE-SPECIFIC STUDIES UNRAVELED DEVELOPMENTAL
PROGRAMS AND ASSOCIATED PATHWAYS DURING
ENDOSPERM TRANSFER CELL DIFFERENTIATION
EARLY ETC DIFFERENTIATION IS CHARACTERIZED BY
TRANSCRIPTIONAL ACTIVITIES REGULATING CELL SHAPE AND
RELATES INTENSIVE CELL WALL TO RESPIRATORY METABOLISM
Hidden inside the grain, ETCs are barely accessible by manual
preparation. To get information about molecular processes occur-
ring in ETCs, LM-assisted methods for transcript and metabolite
analyses of barley grain tissues have been developed. Microarray
analysis of ETCs at different stages of grain development (5–12
DAF) provided comprehensive information about transcription-
ally activated pathways and underlying transcriptional networks
determining ETC differentiation (Thiel et al., 2012a). Intrigu-
ingly, at the early stages of differentiation concurrent with the
cellularization process a multitude of transcripts related to cell
division, cell shape control, intracellular vesicle trafficking as well
as cell wall biosynthesis and primary metabolism are preferen-
tially expressed. Transcripts encoding cyclins, proteins controlling
cell cycle and cell cycle-associated kinases as well as microtubule
associated proteins, ß-tubulins and expansins indicate distinct cell
proliferation and cell shape control at 5 DAF. Simultaneously more
than 40 transcripts related to vesicle formation and vesicle trans-
port are predominantly expressed at 5 and 7 DAF, among them,
genes encoding kinesins, motor-related proteins, actins and tubu-
lins. Two transcripts encoding Rab-GTPases are upregulated at 7
DAF which potentially bind intracellular vesicles to recruit motor
proteins (Deneka et al., 2003).

V-type ATPases, autophagy-related proteins and vacuolar sort-
ing proteins might be involved in endocytic and secretory traf-
ficking. This reflects the dense accumulation of organelles of
the endomembrane secretory system in the cytoplasm of early
ETCs. Cell wall biosynthesis is predominantly stimulated at 5 DAF
and to a less degree at 7 DAF. Transcription of several cellulose
synthase-like and cellulose synthase genes accompanied by glu-
can synthases and transferases, enzymes involved in biosynthesis
of mannose sugars, arabinoxylans and pectins indicate complex
patterns in cell wall biosynthesis. Remarkably is the expression
profile of genes involved in callose metabolism like 1,3-ß-glucan
synthases/transferases and 1,3-ß-glucanases with a preferential
expression at 5 DAF indicating a high turnover just after cellular-
ization. In endosperm cells, callose has been shown to be involved
in cell plate formation and early cell wall development (Brown
et al., 1997) but the exact role in ETC differentiation remains
unclear. Distinct transcripts related to primary metabolism are
preferentially expressed at 5 and 7 DAF: high transcript amounts
of enzymes related to mitochondrial activity (TCA cycle, respira-
tion) and glycolysis particularly at 7 DAF suggest the demand
for energy which is probably needed for ATP-consuming pro-
cesses, such as cell wall biosynthesis and its further differentiation.
The abundance of transcripts involved in carbohydrate/starch
metabolism supports this assumption. Furthermore, multiple
genes transcriptionally activated at 5 and 7 DAF are associated to
amino acid catabolism and the adjustment of C:N balances (Thiel
et al., 2012a). Taken together, the data set provides insights into
transcriptional pathways that relate energy-generating metabolic
activities and stimulated cell wall biosynthesis. The developmental
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FIGURE 1 | Morphological and ultrastructural analysis of barley ETC

development. Light microscopy (E,G,I,M,Q,U), DIC fluorescence
microscopy (F,J,N,R,V), scanning electron (K,O,S,W) and transmission
electron microscopy (H,L,P,T,X) images show ETC differentiation from
cellularization (3/4 DAF) until the establishment of transfer cell structure (12
DAF). (A) Median cross section of a barley grain at 7 DAF depicts grain
tissues and (B) magnification shows the transfer region of barley grains. (C)

Volume of ETCs from 5 to 14 DAF, (D) scanning electron picture of an
endosperm cell at 10 DAF. At 3/4 DAF, cellularization in the region of the
syncytium facing the nucellar projection has just started (E,G). Cells contain a
dense cytoplasm, rich in organelles of the endomembrane secretory system,
and segments of cell walls are apparent but do not border complete cells
(arrow, H). At 5 DAF, cellularization of the ETC region is completed; up to three
rows of cells facing the NP are apparently different from the other cells of the

endosperm (I). Cell walls appear subtle and thin; branching and deposition of
cell wall ingrowths are not visible (K). Cells show a strong compartmentation
and multiple mitochondria predominantly adjacent to the cell wall (arrows, L).
At 7 DAF, cell walls are clearly thickened (M) and first branches of ribbed cell
wall depositions covering the inner surface of walls can be detected (O). At
10 DAF, area of cell walls further increase and cells are completely lined by
massive walls (Q,R). Cell walls show parallel rib-shaped depositions
characteristic for the flange-type ingrowths (S). ER appeared to be constantly
striped and nestled to the thickened walls (T). At 12 DAF, cell wall and
ingrowths emerge asymmetrically and cover the main part of the cell (U–X).
The cytoplasm is reduced compared to earlier stages (X). CW, cell wall; CWI,
CW ingrowths; ER, endoplasmic reticulum; Mi, mitochondria; ETC,
endosperm transfer cells; NP, nucellar projection; SE, starchy endosperm; SY,
syncytium; V, vacuole (images modified after Thiel et al., 2012a).
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stages just after cellularization when ETCs have adopted cell fate
and first cell wall depositions can be detected (5–7 DAF) is con-
sistent with the idea that the demand for respiratory energy and
carbohydrates is high for cell wall development.

THE PATTERN OF TRANSCRIPTIONALLY ACTIVATED TRANSPORTER
GENES CHANGES WITH THE ONSET OF GRAIN FILLING
As ETCs control assimilate and nutrient uptake from maternal tis-
sues into the endosperm via an apoplasmic barrier, the transcrip-
tional activities of transporter genes address the main function
of these cells. Developing seeds are sink tissues importing pho-
toassimilates in solution by bulk flow through the phloem. Major
transported solutes are sucrose, amino acids and monosaccha-
rides. Expression of invertases and monosaccharide transporter
in early legume and cereal seed development governs the dis-
tribution of free sugars which play a pivotal role in regulating
TC function and simultaneously, determining final endosperm
and embryo cell number (Thompson et al., 2001). ETC-specific
transcriptome analysis at distinct stages of barley grain develop-
ment showed a wide array of expressed transporter genes possibly
related to endosperm development (Figure 2). Several genes show
a peak of expression directly after cellularization (5 DAF); eight
amino acid, nine sugar, and two potassium transporter are highly
expressed. Transcriptional activity of several hexose transporters,
including HvSTP1 and transporter for Glc-6-phosphate, UDP-
Glc and UDP-galactose, indicate a high influx of hexose sugars
probably feeding glycolysis or providing precursors of cell wall
synthesis. The high expression of transcripts related to cell wall
biosynthesis, particularly to UDP-Glc metabolism corresponds
to transporter gene activities. HvSTP1 has been shown to be
expressed in very early endosperm development (from the syncy-
tial stage on) and to be spatially and temporally associated with the
cell wall invertase1 (HvCWIN1) suggesting an interplay between
liberation of hexoses by invertase activity and active uptake by
HvSTP1 (Weschke et al., 2003). An interesting gene is the barley
ortholog to the wheat TaSWEET2, assigned as HvSWEET2, which
depicts the same profile with highest transcript levels at 5 DAF.
Most of the recently discovered membrane-associated SWEET
proteins have been shown to function as monosaccharide, particu-
lar glucose transporter in Arabidopsis (Slewinsky, 2011). A genetic
analysis of AtSWEET11 and -12 revealed that these two trans-
porters are capable of transporting sucrose and control sucrose
release from phloem parenchyma TCs for uptake into sieve ele-
ment/companien cell complexes (Chen et al., 2012). A set of
amino acid transporter with different substrate specificities (neu-
tral/aromatic, lysine/histidine, peptides; assignment according to
Kohl et al., 2012) is predominantly expressed at 5 DAF correspond-
ing to a stimulated amino acid metabolism at this time point. All
of these transporters have in common that they catalyze proton-
coupled/energy-dependent active transfer of nutrients. In addition
to the transcriptome analysis, metabolite profiling of develop-
ing ETCs has been performed by a GC–MS approach (Thiel
et al., 2012a). Metabolite abundancies display distinct profiles
during development from cellularization until further differen-
tiation/maturation of ETCs. Several amino acids, among them the
transport form glutamine and lysine, are most abundant at 5 DAF.
Enhanced glutamine levels potentially result from high activity

FIGURE 2 | Expression profiles of transporter genes in developing

ETCs as determined by microarray analysis. Transcript levels are
median-centered and log2-transformed. Transcript levels are indicated by
color code: yellow, high; blue, low [data were selected from transcriptome
analysis presented by Thiel et al. (2012a)].

of Gln synthase in the NP which has been observed by a tissue-
specific metabolite analysis (Thiel et al., 2009). Cells of NP may
convert amino acids in transport forms for active uptake from the
apoplasmic endosperm cavern by the ETCs. This example nicely
demonstrates a coordinated action of these transfer-related tis-
sues at the maternal/filial boundary in allocation of nitrogen to
the endosperm. Hexose sugars, like fructose, glucose and glucose-
6-phosphate show the highest concentrations at 5 and 7 DAF,
respectively, and thereby correspond to the pronounced activi-
ties of monosaccharide transporter genes. Sucrose levels clearly
peak at 7 DAF and may be an indicator for the switch from high
to low hexose:sucrose ratios which might serve as an intracellular
signal for the transition of the endosperm into a storage accumu-
lating organ. A recent comparative transcriptome analysis of cells
of NP and ETCs in barley grains was in line with these presump-
tions and revealed a pronounced expression of HVSUT1 and two
amino acid permeases (AAPs) in ETCs before the beginning of
grain filling (Thiel et al., 2008).

As visible in Figure 2, the spectrum of transcriptionally
activated transporter genes clearly changes with the onset of the

www.frontiersin.org March 2014 | Volume 5 | Article 108 | 11

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


Thiel Development of endosperm transfer cells in barley

storage phase (10 DAF). Nutrient transporter with less defined
substrate specificities, such as different members of the aqua-
porin family, and micronutrient transporter displayed a strong
increase of transcript amounts at 12 DAF, whereas the expres-
sion of sugar and amino acid transporter significantly decreased.
Aquaporins are channel proteins positioned in the plasma and
intracellular membranes of plant cells and function as facilita-
tors of water, neutral solute or gas transport. Aquaporins in
plants can be classified into plasma membrane intrinsic proteins
(PIPs), tonoplast intrinsic proteins (TIPs), NOD26-like proteins
(NIPs), and small basic intrinsic proteins (SIPs). Several HvPIP
isoforms specifically peak at 12 DAF and might regulate water and
solute flow from the endosperm cavity into the endosperm. Dif-
ferent members of the PIP and TIP family have been shown to
be transcriptionally activated in the seed coat and cotyledons of
pea seeds and a role in nutrient release for the embryo is antic-
ipated (Schuurmans et al., 2003). A general role in sensing the
osmotic potential and regulation of turgor homeostasis necessary
for water equilibrium between phloem and xylem is assumed for
PIP aquaporins (Zhang et al., 2007). TIP isoforms are probably
localized to different vacuolar compartments from which the sub-
group of α-TIPs is postulated to be predominantly associated to
protein storage vacuoles (Jauh et al., 1999) and has been found
exclusively in developing embryos (Hunter et al., 2007) pinpoint-
ing to a role in lytic/remobilization processes. Noticeable is the
emerging expression of three genes encoding zinc-/iron-regulated
transporter-like proteins (ZIPs), cation/Zn transporter/metal tol-
erance protein (HTP1) and a boron transporter from 10 DAF
on. ZIPs are capable of transporting divalent metal ions (i.e.,
zinc, iron) and are suggested to play critical roles in balancing
metal uptake and homeostasis. Homeostasis of micronutrients is
essential for plant growth and development as their deficiency or
excess severely impaired physiological and biochemical reactions
of plants. The storage of micronutrients in seeds is of high rele-
vance for seedling growth after germination and represents also
an important trait for the nutritional value of crop seeds. In maize
kernels, novel identified ZmZIP genes revealed distinct tempo-
ral expression patterns in embryo and endosperm indicating a
complex regulation of ion translocation and/or storage in embryo
and endosperm development (Li et al., 2013). A transcriptome
analysis of different tissues from barley grains observed specific
patterns of metal transporter activities in embryo, endosperm,
aleurone, and maternal tissues of the transfer zone (i.e., NP cells;
Tauris et al., 2009). Comparable to ETCs (see Figure 2), mem-
bers of the ZIP, VIT, and yellow stripe like (YSL) families have
been shown to be highly expressed in the transfer zone and prob-
ably contribute to zinc/metal supply to the endosperm and/or
embryo, but due to different developmental time points of the
investigated grains (onset of storage phase – late storage phase)
a direct relation is difficult to draw. A study visualizing nutri-
ent distribution in the wheat grain at the end of the storage
phase (25 DAF) by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) imaging showed an accumulation of
micronutrients preferentially in the scutellum of the embryo (Wu
et al., 2013). Besides, iron and zinc seem to be enriched in the
ETC region but with lower amounts compared to the scutellum.
Accordingly, a transfer route of these micronutrients for provision

of the embryo could start with an uptake from the maternal sites
of efflux (NP) in the filial grain part by ETCs, from where it is
directed toward the embryo-near region and actively absorbed
by the scutellum. Assuming the high expression of ZIPs at the
onset of the storage phase (10 DAF) this developmental stage
could represent the starting point for Zn/Fe-accumulation in the
embryo, although micronutrient distribution patterns have been
analyzed later in grain development and need to be verified for
earlier stages.

In conclusion, transcript profiles of transporter genes in ETCs
revealed development-specific patterns of expression. Although
transcript abundancies do not necessarily reflect protein amounts
or temporal protein activities, the data suggest a general transition
from active to passive modes of transport. After cellularization
and during early ETC development (5–7 DAF) active nutrient
uptake seems to be dominating as concluded from high transcript
amounts of amino acid, monosaccharide and potassium trans-
porter, which are energy coupled and driven by the proton-motive
force. High hexose and amino acid concentrations, which have
been shown to peak between 5 and 7 DAF, are probably needed for
differentiation processes in the ETCs itself but also for cell prolifer-
ation and rapid growth of the endosperm. Between 7 and 10 DAF
a change in gene activities from active to passive transport mecha-
nisms was observed. Expression of micronutrient transporter and
an array of aquaporins arose with the beginning of the storage
phase. In accordance, intracellular changes have been observed in
ETCs at 12 DAF. The cytoplasm of ETCs seems to be generally
reduced compared to earlier stages, possibly this structural mod-
ifications might be associated with the shift to passive modes of
transport. In summary, observed changes might be related to the
switch in caryopsis development during the intemediate phase
between 6 and 10 DAF where a metabolic and transcriptional
reconfiguration indicates the transition of the endosperm into a
storage accumulating organ (Sreenivasulu et al., 2006). The begin-
ning of the accumulation process coincides with the switch from
maternal to filial control of grain development and this might
be also reflected in the changing patterns of transporter gene
activity.

IDENTIFICATION OF SIGNALS REGULATING ENDOSPERM
TRANSFER CELL SPECIFICATION AND DIFFERENTIATION
TISSUE-SPECIFIC 454 TRANSCRIPTOME SEQUENCING IDENTIFIED TCS
PHOSPHORELAYS AS A MAJOR SIGNAL TRANSDUCTION PATHWAY IN
ETCs
To identify new sequence information putatively involved in early
differentiation of barley ETCS, 454 transcriptome sequencing of
the differentiating ETC region from the syncytial stage until func-
tionality has been performed (3–7 DAF). Tissues were isolated
by laser-assisted microdissection and the transcriptome was ana-
lyzed by pyro-sequencing. Surprisingly, about 40% (17,028) of the
generated contigs were not present in barley EST databases and
represent ETC-specific sequences (Thiel et al., 2012b). Screening
the data set for signaling components uncovered an intriguingly
high amount of transcripts encoding elements of the two-
component signaling (TCS) system to be specifically expressed
in this endosperm region. Fourty genes probably being part of
the TCS were identified in the ETC transcriptome during the
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narrow time period of 4 days, thereby covering all components
and subfamilies of the TCS system (Figure 3A). The TCS repre-
sents an ancient signal transduction pathway firstly discovered
in bacteria and has previously been shown to be co-opted by
eukaryotic organisms, like fungi and plants, whereas in ani-
mals and humans this signaling route does not exist. In plants,
the TCS persists of a multi-step phosphorelay involving phos-
phorylation of His and Asp residues of proteins in a modular
arrangement and thereby, transmits a signal from the mem-
brane to the nucleus to modulate cellular responses (Schaller
et al., 2008). TCS phosphorelays have been shown to be impli-
cated in the perception of external signals, such as sensing of
nutrient availability, abiotic stresses, and to regulate various
aspects of plant development (Sakakibara et al., 1998; Leibfried
et al., 2005; Mizuno, 2005; Chefdor et al., 2006; Kim et al., 2006;
Riefler et al., 2006). Information about implications in devel-
opmental programs of plants is largely related to cytokinin
signaling (Schaller et al., 2008), but interactions with signaling
pathways of other hormones, like ethylene, abscisic acid (ABA)

or auxins, are indicated by several studies (Hass et al., 2004;
Wohlbach et al., 2008; Kakani and Peng, 2011; Scharein and Groth,
2011).

As presented in the phylogenetic tree in Figure 3Aa three
types of histidine kinase (HK) transcripts were found in bar-
ley ETCs: six putative ethylene receptors characterized by a
GAF domain, two putative cytokinin receptors with an emblem-
atic CHASE domain and three classical HKs. Six genes encode
histidine-containing phosphotransfer proteins (HPts) which act
as intermediates in multi-step phosphorelays by converting sig-
nals from HKs to response regulators. Among them, three
elements with conserved His residues and three pseudo-HPts are
transcriptionally activated in ETCs. Response regulators (RRs)
execute the signal output of the signal transduction pathway
by activating downstream target genes. Three subclasses of RRs
have been identified in the ETC transcriptome: three type-A
and four type-C RRs which are solely composed of a receiver
(REC) domain with short N- and C-terminal extensions and
11 sequences encoding B-type RR elements (Thiel et al., 2012b).

FIGURE 3 | Phylogenetic relationship ofTCS elements from barley,

Arabidopsis and rice and expression profiles of selected genes in barley

ETCs. (A) Barley sequences are highlighted by blue boxes. (a) Histidine
kinases, colors indicate different subgroups. Arabidopsis PDK was used as
outgroup. (b) HPt elements, protein sequences of Z. mays and T. aestivum
were additionally included in the alignment. Yeast HPt protein YPD1 was used

as outgroup. (c–e) Type-A, -B, -C response regulators, amino acid sequences
of selected maize response regulators were included in the alignment.
(B) Expression profiles of barley TCS elements in ETCs as determined by
qRT-PCR analyses. Expression profiles of candidate genes were grouped by
clusters. [Images are reproduced from Thiel et al. (2012b) with permission of
PLoS org.].
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Type-B RRs are structurally differing from other RRs as they
contain long C-terminal extensions with a MYB-like DNA bind-
ing domain, suggesting that they act themselves as transcription
factors (Imamura et al., 1999). The fact that to a great extent
TCS sequences were not present in public EST databases sup-
ports the specificity for small distinct tissue regions, like dif-
ferentiating ETCs, and subsequently, indicates an outstanding
role for the TCS in intrinsic developmental programs of these
cells.

Pioneering work toward a role for TCS phosphorelays in differ-
entiation of maize BETCs came from Muñiz et al. (2006, 2010).
They showed a specific transcript accumulation of ZmTCRR1
and -2 in the BETL layer and verified a physical interaction
between both proteins with the phospho-intermediate ZmHP2.
By qRT-PCR analysis other elements putatively contributing to
TCS phosphorelays in maize kernels have been identified but a
specific localization of these TCS elements in BETCs has not been
resolved so far. Transcript profiling of barley TCS elements in
isolated ETCs by qRT-PCR identified clusters of co-expressed
genes activated in a consecutive manner during development
(Figure 3B). At 3 DAF just at the transition from the syncytial
state to cellularization, the HK HvHK1 is highly and exclusively
expressed in the ETC region. Concomitantly HvHP2 and the
type-A response regulator HvRR1 show an overlapping profile
with a truncated expression at 5/7 DAF (cluster 1). After cel-
lularization when cells have adopted ETC fate, several putative
ethylene receptors, a HPt element (HvPHP3) and a suite of type-B
RRs depict a characteristic peak of expression at 5 DAF (clus-
ter 2). During progression of structural specification of ETCs
another putative ethylene receptor is coordinatively expressed
with HvHP1 and two type-C RRs (HvRR15/-16), which both
depict outstandingly high transcript levels (cluster 3). Assuming
that genes sharing a common function and/or a functional rela-
tion are frequently transcriptionally co-ordinated, co-expression
analysis of TCS elements pinpoints to a participation in spe-
cific phosphorelays activated at important crossroads of ETC
development. The experimental design of analysis also pro-
vided information about the specificity of gene expression in
ETCs related to other grain tissues: transcripts assigned to clus-
ters 1 and 2 were almost found to be exclusively expressed in
ETCs whereas transcripts of cluster 3 also depict a remark-
able expression in other tissues of the grain (see Thiel et al.,
2012b).

A CROSSTALK OF SPECIFIC TCS ELEMENTS AND ABA MIGHT REGULATE
ETC CELLULARIZATION
Membrane-bound HKs are expected to play a key role in
TCS-mediated signal transduction pathways as they perceive
extracellular signals which are finally transmitted via the cyto-
plasm into the nucleus. The deciphered localization of such a
receptor component at the exchange surface of maternal and filial
tissues generally hints at a role in signal transmission between the
mother plant and the filial tissues. Among the TCS elements tran-
scriptionally activated in the ETC region before cellularization (see
Figure 3B), a decisive role is anticipated for HvHK1, which is the
only HK remarkably been expressed in the syncytial endosperm.
In situ hybridization verified the expression of HvHK1 at 3 DAF

FIGURE 4 |Transcript analyses of HvHK1 and putatively interacting

transcription factors. (A) In situ hybridization specifies the expression of
HvHK1 in 3 DAF grains exclusively in the part of the cellularizing
endosperm facing the nucellar projection. (B) Transcriptional response of
HvHK1 to hormones was analyzed by in vitro experiments. Grains were
incubated in MS medium supplemented with the indicated concentrations
of hormones for 16h. The ��Ct value was calculated from qRT-PCR
analysis and represents the log2-ratio compared to control conditions.
(C) Expression profiles of putative interacting transcription factors and ABA
signaling elements in ETCs. Transcript levels were determined by qRT-PCR
analyses and relative expression is given in the log10 scale. Transcripts
numbers indicate the contig identifier in the 454 transcriptome assembly
[Image in C is reproduced from Thiel et al. (2012b)].

exclusively in the part of the syncytium/cellularizing endosperm
facing NP (Figure 4A). Interestingly, in the phylogenetic tree
HvHK1 clusters together with the Arabidopsis receptors AHK1
and Cytokinin Independent 1 (CKI1; Figure 3A). Genevestiga-
tor data show an expression of AHK1 and CKI1 in the chalazal
endosperm (Zimmermann et al., 2004), which is one of the
mitotic domains in the early syncytial endosperm positioned at
the maternal-filial boundary of Arabidopsis seeds. In analogy to
the ETC region, the chalazal endosperm facilitates nutrient trans-
fer from the mother plant to the next generation (Boisnard-Lorig
et al., 2001). AHK1 was initially identified as a plant osmosen-
sor and thereby acting as a positive regulator of salt and drought
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stress responses (Tran et al., 2007). By using single T-DNA inser-
tion lines and AHK1 overexpression, AHK1 has previously been
shown to positively affect ABA signaling and to enhance ABA
biosynthesis in vegetative and seed tissues (Wohlbach et al., 2008).
By in vitro incubation experiments with barley grains (4 DAF),
a strong transcriptional response of HvHK1 to external ABA
was monitored; transcript levels increased to more than 3-fold
(Figure 4B). To check if there are additional hints for ABA-
mediated transcriptional regulation, we searched for conserved
cis-regulatory motifs in the promoter regions of HvHK1 and
co-expressed TCS elements HvHP2 and HvRR1. As now compre-
hensive information about the barley genome is available (http://
webblast.ipk-gatersleben.de/barley/viroblast.php) promoter seq-
uences 1 kb upstream of the predicted start codon were identified
and analyzed for the occurrence of transcription factor binding
sites. Promoter motifs known to be bound by transcription factors
implicated in ABA signaling (ATHB, ABRE, DREB, MYC, MYB,
and W-box) are highly abundant in the investigated promoter
regions. The co-occurrence of cis-elements potentially interacting
with ABA-related transcription factors reveals common mecha-
nisms of transcriptional regulation by ABA (Thiel et al., 2012b).
To encourage the role of putative interacting transcription factors,
the ETC-specific 454 contigs were screened for candidate genes
from these putative interaction partners. Transcript profiling by
qRT-PCR revealed that three putative bZIP transcription factors,
two putative DREB transcription factors (DREB2A, DREB2B), a
MYB and a WRKY transcription factor, are highly expressed at 3
DAF (Figure 4C). Furthermore, three members of the HVA22
family, genes which are strongly induced by ABA (Shen et al.,
2001), as well as candidate genes operating as positive regula-
tors on the ABA signaling pathway (CDPK, SNF1-related kinase)
depict the same profile. In summary, profiles of ABA signaling
elements and transcription factors support the idea that ABA reg-
ulates transcriptional networks involved in ETC cellularization
in a crosstalk with the phosphorelay genes HvHK1, HvHP2, and
HvRR1. Protein-DNA binding studies would be helpful to verify
transactivation of the phosphorelay genes by ABA-related tran-
scription factors as suggested by the results. The identification
of transcription factors transcriptionally activating phosphorelay
genes with a proposed role in ETC specification would expand
the knowledge about ABA-regulated signaling cascades in a fun-
damentally important process of seed development. The idea that
ABA affects early endosperm development of seeds is supported
by other studies in Arabidopsis and rice. Transcriptome analy-
ses of the developing rice endosperm (Xue et al., 2012) and the
proliferating Arabidopsis endosperm at the syncytial stage (Day
et al., 2008) revealed a pronounced expression of ABA biosyn-
thesis and signaling genes during early endosperm differentiation.
The studies correspond to results obtained from the analysis of the
barley endosperm mutant seg8 for which defects in cellularization
of ETCs have been attributed to altered ABA levels (Sreenivasulu
et al., 2010). The study implies a role for ABA in cell cycle regula-
tion during early endosperm development. Related to the function
of potentially ABA-regulated TCS elements, which expression
disappears after ETC cellularization, a possible role for the main-
tenance of the coenocyte and/or the switch to cellularization can
be concluded for HvHK1, HvHP2, and HvRR1.

PHOSPHORELAYS MIGHT BE INVOLVED IN ETHYLENE SIGNAL
TRANSDUCTION AND REGULATE ESTABLISHMENT OF TRANSFER CELL
STRUCTURE
Information about implications of the TCS in developmental
programs of plants is largely related to cytokinin signaling in Ara-
bidopsis (Schaller et al., 2008). However, elements of a subgroup
of HKs (ETR/ERS) have been identified as ethylene receptors and
negative regulators of the ethylene response, but the contribution
of downstream phosphorelay elements in ethylene signal trans-
duction has been discussed controversially. Previous results hinted
at an implication of specific HPt and RR elements in ethylene sig-
nal transduction. Urao et al. (2000) detected physical interactions
between the ethylene receptor ETR1 and three HPt intermediates
as well as interactions of them with type-A response regulators.
By genetic analysis, it was concluded that type-B response regula-
tor ARR2 mediates ethylene responses and its transcription factor
activity is likely to be regulated by an ETR1-initiated phosphore-
lay (Hass et al., 2004). More recently, an interaction of ETR1 with
the HPt protein AHP1 has been evidenced by fluorescence polar-
ization. Using this method the authors additionally confirmed
that the affinity of the ETR1-AHP1 complex is tightly regulated
by ethylene (Scharein and Groth, 2011). qRT-PCR profiling of
TCS elements in ETCs revealed transcriptional activation of dif-
ferent putative ethylene receptors with concomitant downstream
elements after cellularization (clusters 2 and 3, Figure 3B). Data of
co-expressed TCS elements in barley ETCs between 5 and 7 DAF
allow the assumption that type-B and type-C RRs, respectively,
participate in ethylene receptor-initiated phosphorelays. An inter-
esting fact is that the MYB-related transcription factor ZmMRP-1
(Gomez et al., 2009) and just lately, two MYB-related genes (Chin-
nappa et al., 2013) have been identified as transcriptional “master
switches” regulating wall ingrowth deposition in BETCs of maize
kernels and phloem parenchyma TCs in Arabidopsis, respectively.
The high number of barley type-B RRs with a MYB-like DNA
binding domain and their specific expression in ETCs after cel-
lularization (5 DAF) imply a role for MYB domain-containing
proteins as regulatory components in transcriptional networks
controlling wall ingrowth development.

Supporting data for a key role of ethylene in barley ETC devel-
opment came from microarray analysis of developing ETCs. High
transcriptional activity of the key enzymes in ethylene biosyn-
thesis, S-adenosylmethionine (SAM) synthase and ACC oxidase,
particularly at 5 DAF indicates a burst in ethylene production after
cellularization of ETCs, which is followed by an upregulation of
ethylene signaling elements at 7 DAF or later stages. Confirmed
players in ethylene signal transduction are ethylene receptors,
ethylene insensitive 3 (EIN3) and EIL (EIN3-like) transcription
factors operating upstream of ERF1/EREBP1 transcription fac-
tors. The combination of metabolite analysis with transcriptional
activities gave further indications for an activated methylation
(Yang) cycle in ETCs, which might provide the ethylene pre-
cursor SAM. Pronounced expression of genes encoding enzymes
involved in methionine and SAM recycling correlate to chang-
ing levels of the metabolic intermediates cysteine, isoleucine,
and methionine between 5 and 10 DAF (Thiel et al., 2012a).
Considering the findings that ethylene signaling directs initiation
of TC morphology in V. faba cotyledons and application of ACC
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induces formation of wall ingrowths in tomato roots (Schikora
and Schmidt, 2002; Dibley et al., 2009), high expression of ethy-
lene biosynthesis and signaling genes in barley ETCs hints at an
implication of ethylene in the formation of wall ingrowths. An
important question is whether the downstream phosphorelay ele-
ments (HvHPts and HvRRs from B-and C-type) co-regulated with
HvETR/ERS elements are part of ethylene receptor-initiated phos-
phorelays and/or if they interact with downstream elements in
ethylene signal transduction. Protein-protein interaction stud-
ies could confirm specific interactions between TCS elements
in ethylene receptor-initiated phosphorelays and known ethylene
signaling elements as suggested by co-expression analysis.

CONCLUSIONS AND FUTURE DIRECTIONS
Recent technological developments in providing access to specific
cellular regions or even single cells have advanced our under-
standing of differentiation processes occurring inside an organ
or in specific tissues. LM-based methods have brought knowledge
gains about developmental programs involved in differentiation
processes of ETCs in barley grains. Insights into ETC differen-
tiation as discussed in this review are schematically represented
in Figure 5. Global transcriptome analysis highlighted activated
pathways in cellular differentiation and cell wall metabolism which
could be related to transport mechanisms (active→passive) into

the endosperm. A decisive role for ABA in ETC specification and
for ethylene as an inductive compound for cell wall modifica-
tion was hypothesized. Expression of ABA-related transcription
factors and signaling elements just at the onset of cellulariza-
tion as well as transcriptional regulation of HvHK1 pinpoints to
early ABA influences on cell specification which might be per-
ceived by HvHK1. Ethylene biosynthesis is clearly stimulated in
ETCs after cellularization (5 DAF) in correspondence to tran-
scriptionally activated ethylene receptor-initiated phosphorelays.
Potential ERS/ETR-phosphorelays involve type-B RRs at 5 DAF
whereas during further ETC differentiation other RR elements
(type-C subgroup) might contribute to ethylene signaling path-
ways. Changing phosphorelay elements during the establishment
of TC anatomy is accompanied by the upregulation of downstream
elements on the ethylene signal transduction pathway. Accord-
ingly, a cascade of ethylene biosynthesis in ETCs and successive
ethylene regulation might be responsible for structural modifi-
cations of ETCs which in turn are linked to altered modes of
transport.

The discovery of signals determining ETC differentiation
in barley grains also represents the starting point for further
investigations. Functional studies in planta by modulating the
expression of identified candidate genes will help to advance
our understanding about the importance of TCS pathways for

FIGURE 5 | Hypothetical model of cellular processes and signals determining ETC differentiation from cell specification to the establishment of

transfer cell morphology. The figure summarizes results from different kinds of tissue-specific analyses. Further explanations are given in the text.
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ETC and endosperm development. The verification of pos-
tulated interactions between phosphorelay elements and puta-
tive intersections with ABA and ethylene signaling pathways
would emerge new aspects of hormonal regulation in crop seed
development.
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Endosperm transfer cells (ETC) are one of four main types of cells in endosperm. A
characteristic feature of ETC is the presence of cell wall in-growths that create an enlarged
plasma membrane surface area. This specialized cell structure is important for the specific
function of ETC, which is to transfer nutrients from maternal vascular tissue to endosperm.
ETC-specific genes are of particular interest to plant biotechnologists, who use genetic
engineering to improve grain quality and yield characteristics of important field crops. The
success of molecular biology-based approaches to manipulating ETC function is dependent
on a thorough understanding of the functions of ETC-specific genes and ETC-specific
promoters. The aim of this review is to summarize the existing data on structure and
function of ETC-specific genes and their products. Potential applications of ETC-specific
genes, and in particular their promoters for biotechnology will be discussed.

Keywords: endosperm transfer cells, biotechnology, invertase, lipid transfer protein, two-component system

INTRODUCTION
Transfer cells are highly specialized plant cells responsible for the
transport of solutes and nutrients from source to sink organs
(Offler et al., 2003; Olsen, 2004). They can be found at many
plant exchange surfaces, including phloem loading zones within
the root, and unloading zones for transfer of nutrients to the
endosperm in developing seeds. Endosperm transfer cells (ETC)
have easily recognizable structural features, including an elongated
shape and numerous cell wall in-growths, which greatly increase
the surface area of the cell membrane and consequently enhance
transport of solutes (Olsen, 2004). In maize seeds, transfer cells
are located at the base of the endosperm. By contrast, in wheat
and barley they are positioned along the crease (Figure 1; Olsen,
2004; Monjardino et al., 2013). Various molecular markers based
on genes that are specifically or preferentially expressed in ETC,
have been identified and isolated from maize, wheat, barley, and
rice (Hueros et al., 1995, 1999a; Doan et al., 1996; Serna et al.,
2001; Cai et al., 2002; Gutierrez-Marcos et al., 2004; Li et al., 2008;
Kovalchuk et al., 2009). Initially, some of these markers were used
by cytologists to localize ETC and determine their fate at different
stages of grain development. For instance, it was discovered that
ETC are not a part of maternal tissues, but rather a modification of
part of the aleurone cell layer(s), which is located near to maternal
vascular tissues. The identity of ETC is defined irreversibly during
syncytium development and cellularization, the earliest stages of
endosperm development (Costa et al., 2003; Olsen, 2004).

More recently, the function of some ETC-specific marker genes
was elucidated, and their involvement in ETC differentiation and
function established (Carlson et al., 2000; Weschke et al., 2003;
Wang et al., 2008b; Muñiz et al., 2010). All currently known ETC-
specific genes and those predominantly expressed in ETC cells,
can be classified into one of the five groups (Table 1): (1) signal
receptors and transducers, forming the basis of a two-component
signaling system for ETC differentiation and development; (2)

transcriptional regulators and co-factors; (3) genes responsible
for sugar conversion and transport; (4) genes encoding lipid trans-
fer proteins (LTPs); and (5) genes encoding proteins with as yet
unknown functions. Since the grain filling process is dependent on
ETC structure and function, there is a high level of interest from
biotechnologists in genes involved in the formation and function
of ETC. This review will summarize current knowledge of the
function of ETC-specific genes and the molecular structure of their
products, focussing on commercially important grass species (i.e.,
maize, wheat, and barley), but also including relevant molecular
evidence from the model plant Arabidopsis. Potential applications
for some ETC-specific genes in genetic engineering for improved
grain size, quality, and yield under favorable conditions and also
under environmental stresses, will be discussed.

TWO COMPONENT SIGNALING PLAYS AN IMPORTANT ROLE
IN DIFFERENTIATION OF ETC
Two component signaling (TCS) was initially discovered in 1981
for bacteria (Hall and Silhavy, 1981), and its involvement in nearly
all signal transduction events has been demonstrated. Existence
of TCS in plants was revealed for the first time in 1996 (Kaki-
moto, 1996). The first type of TCS components described in plants
are membrane-localized receptor histidine kinases (HK), respon-
sible for the perception of signals transferred by ligand molecules,
usually hormones. The binding of a ligand molecule leads to
auto-phosphorylation of the receptor domain and intra-molecular
transfer of the phosphoryl residue to the receiver domain of the HK
(Hwang and Sheen, 2001). This is followed by phosphate trans-
fer to a small soluble histidine phospho-transfer protein (HP),
which is able to move to the nucleus. The structural character-
istics of the AHK5RD-AHP1 complex from Arabidopsis thaliana
(Bauer et al., 2013), suggest the process for transfer of the phospho-
ryl group from AHK5RD to AHP1 (Figure 2). HP proteins from
maize (Sugawara et al., 2005), Medicago truncatula (Ruszkowski
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FIGURE 1 | GUS expression in wheat grain directed by the ETC-specific

TdPR60 promoter. (A) Histochemical GUS assay counterstained with
safranin in 10 μm thick transverse sections of transgenic wheat cariopsis at
31 DAP. (B) A detailed view on ETC at larger magnification. Bars = 200 μm.

et al., 2013) and rice (Wesenberg et al., unpublished data, PDB
1YVI) superimposed over the AHP1 protein from Arabidopsis
indicate that HP acceptor proteins from diverse plant species fold
similarly, and that interfaces between HP and kinases are highly
conserved (Figure 2). Further, comparison of the level of con-
servation of residues at the binding interface region of 22 HP
proteins from 16 plant species including those from Arabidop-
sis, reveals a remarkably high level of preservation of architecture
in HP proteins; in particular the spatial positions of a key His
residue. It is therefore expected that the mode of action of the
AHK5RD-AHP1 complex serves as a paradigm to understand the
function of TCS in higher plants at the molecular level (Bauer
et al., 2013). Analogous machineries of intermolecular phospho-
transfers are likely to operate in both mono- and dicotyledonous
plants. In the nucleus, HP activates type-B response regula-
tors (RR), which are a subfamily of MYB transcription factors
(TF). Members of this MYB subfamily in turn activate target
genes, including genes encoding the type-A RR, which are usually
negative regulators of hormone signaling pathways (Hwang and
Sheen, 2001).

Two component signaling is involved in a range of plant
developmental processes and responses to stresses and other
stimuli, such as the development of meristems (Kim et al.,
2006), maintenance of circadian rhythms (Mizuno, 2005), senes-
cence (Riefler et al., 2006), phosphate and nitrogen availability
responses (Sakakibara et al., 1998; Coello and Polacco, 1999;
Takei et al., 2001, 2002), sulfur metabolism processes (Fernandes
et al., 2009), responses to heavy metals (Srivastava et al., 2009),
and other abiotic (Chefdor et al., 2006; Jain et al., 2008a; Karan
et al., 2009) and biotic (Jolivet et al., 2007) stresses. Recently,
many TCS components were identified in ETC, confirming
ETC as the primary mediator of signal transduction between
maternal tissue and developing grain (Muñiz et al., 2006, 2010;
Thiel et al., 2012).

The first TCS components identified in cereal grains were the
maize genes Transfer Cell Response Regulators 1 and 2 (ZmTCRR-1
and ZmTCRR-2; Table 1). These encode members of the type-A
RR of the TCS, which are responsible for phospho-transfer-based
signal transduction (Muñiz et al., 2006, 2010). The TCRR genes
were found to be expressed exclusively in the ETC layer 8–14 days
after pollination (DAP), when transfer-cell differentiation is most
active. However, the ZmTCRR-1 protein was also detected in con-
ductive tissue deep inside the endosperm, where transcription
of the gene was not observed (Muñiz et al., 2006). This finding
suggests that TCS is involved in intercellular signal transduction.
A possible role of TCRR proteins is to integrate external signals
with seed developmental processes (Muñiz et al., 2006, 2010). The
promoter of ZmTCRR-1 was strongly trans-activated in heterol-
ogous systems by the transfer cell-specific TF ZmMRP-1, which
is a MYB type TF (Muñiz et al., 2006, 2010; Gomez et al., 2009;
Figure 3).

Recently, the ETC layer was isolated by laser micro-dissection
and pressure catapulting (LMPC) from barley grains at different
stages of development (Thiel et al., 2012). Sequence analysis of
the barley ETC transcriptome revealed a large number of TCS
components. Practically all known components of the TCS were
identified and in some cases several types of each component were
evident. For example, among the HK identified were six putative
ethylene receptors, two putative cytokinin receptors and three HK
of unknown function with high similarity to kinases from rice
and Arabidopsis (Thiel et al., 2012). Six genes encoding HPs were
also found to be expressed in the ETC layers. Two of these con-
tained no His residue in the HP domain. All types (A, B, and C)
of RRs were found in barley ETC. Three type-A RRs had higher
levels of sequence similarity to rice RRs than to either ETC-specific
ZmTCRR-1 or ZmTCRR-2 from maize (Muñiz et al., 2010), which
cluster separately in phylogenetic analyzes. 11 sequences of type-B
RRs and four isoforms of type-C RRs were also present in the bar-
ley ETC transcriptome (Thiel et al., 2012). The high number and
high mRNA abundance of TCS components in developing ETC
suggests that TCS is crucial for ETC development and consequently
for grain filling.

TRANSCRIPTIONAL REGULATION OF ETC FORMATION AND
FUNCTION
ZmMRP-1 is so far the only transfer cell-specific TF to have been
identified and characterized in cereals (Table 1). It is proposed to
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FIGURE 2 |Three-dimensional structure of the AHK5RD-AHP1 complex

from Arabidopsis thaliana (PDB 4EUK), consisting of the

histidine-containing phosphotransfer (AHP1, green) and kinase

(AHK5RD, yellow) region, is shown in two orthogonal orientations. The
structure of the complex in panel A is rotated by approximately 90 degrees to
produce a view shown in panel B. The mechanism of intermolecular
phosphotransfer mediated by the Arabidopsis AHK5RD-AHP1 complex. Maize
ZmHP2 (PDB 1WN0, smudge green), Medicago truncatula MtHPT1 (PDB
3US6, limon green) and rice OsHPT (PDB 1YVI, forest green) are superposed

over the Arabidopsis AHP1. The His in AHP1 and Asp in AHK5RD residues that
respectively donate and accept a phosphoryl group are shown in sticks in
atomic green and yellow colors, respectively. The octahedral coordination
geometry of Mg2+ (green sphere) participating in the phosphotransfer
reaction is indicated by black dashes (atomic distances between 1.9 Å
and 2.0 Å), where Mg2+ is coordinated by Asp from AHK5RD, three water
molecules (red spheres) and two other residues (Asp and Cys) of AHK5RD.
The distance of 3.4 Å between His from AHP1 and one of the water
molecules is also shown.

FIGURE 3 | Domain analyses of selected DNA binding proteins

containing MYB domains that are involved in the two component

system (TCS). A multiple sequence alignment of ZmMRP-1 involved in
TCS with three MYB domain-containing proteins ARR10-B of the GARP
family from Arabidopsis thaliana (PDB 1IRZ, chain A), a telomeric
repeat-binding protein from Arabidopsis thaliana (PDB 2AJE, chain A),
and a MYB domain of the RAD transcription factor from Antirrhinum

majus (PDB 2CJJ, chain A). Protein sequences were aligned with
ProMals3D (Pei et al., 2008) and analysed for domain boundaries using
ProDom (Bru et al., 2005). The predicted and consensus secondary
structures (ss) are shown in red (α-helices, h) and black (loops) types.
Conservation of residues on a scale of 9–5 is shown at the top of the
diagram. The absolutely conserved and similar residues are highlighted
in brown and black, respectively.

play a central role in the regulatory pathways controlling transfer
cell differentiation and function (Gomez et al., 2009). ZmMRP-1
is a single-copy gene that encodes proteins with a MYB-related
DNA binding domain (Figure 3) and a nuclear localization sig-
nal. Analysis of domain boundaries in the ZmMRP-1 protein
reveals the location of a MYB-like domain sequence (Figure 3).
The MYB-like domain in ZmMRP-1 shows significant similar-
ity to secondary structural element distributions in known MYB
domain-containing proteins, including ARR10-B of the GARP
family from A. thaliana (Hosoda et al., 2002), a telomeric repeat-
binding protein from A. thaliana (Sue et al., 2006) and a MYB
domain of the RAD TF from Antirrhinum majus (Stevenson et al.,
2006; Figure 3). In developing maize grain, ZmMRP-1 transcript
was detected in the cytoplasmic region of the basal endosperm
coenocytes as early as 3 DAP. Because the transfer cell layer devel-
ops from this part of maize coenocytes, it is reasonable to propose
a role for ZmMRP-1 in ETC formation. However, the strongest
ZmMRP-1 expression was observed in transfer cell layers from 3
to 16 DAP and peaked at 11 DAP, when formation of ETC was
already completed, suggesting an additional role of this TF in ETC
function (Gomez et al., 2009).

To evaluate the level of conservation of ETC formation and
function in different plant species, spatial expression patterns of
ZmMRP-1 were studied in transgenic lines of maize, Arabidopsis,
tobacco and barley which were transformed with a ZmMRP-
1 promoter-GUS reporter construct (Barrero et al., 2009). GUS
signal was detected in several plant organs in regions of active
transport between source and sink tissues and at vascular con-
nection sites between developing organs and the main plant
vasculature. Promoter induction was observed in all tested species
at early developmental stages of transport-to-sink tissues, includ-
ing in the ETC layer (Barrero et al., 2009). Based on these results
it was proposed that ETC differentiate in a similar way in diverse
plant species, and that this differentiation is initiated by conserved
induction signals. Using both in planta and yeast experiments it
was demonstrated that ZmMRP-1 promoter activity is modulated
by different carbohydrates. Glucose was found to be the most
effective inducer of the ZmMRP-1 promoter (Barrero et al., 2009).

Several target genes of ZmMRP-1 have been identified (Gómez
et al., 2002; Costa et al., 2004; Gutierrez-Marcos et al., 2004;
Barrero et al., 2006; Muñiz et al., 2006, 2010). The activation of
BETL (Basal Endosperm Transfer Layer) gene promoters was
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initially demonstrated by co-transformation of two constructs in
tobacco protoplasts. In these experiments, constitutive expres-
sion of ZmMRP-1 led to the activation of a co-transformed
GUS gene driven by the promoter from the Basal Endosperm
Transfer Layer (BETL-1) gene (Barrero et al., 2006). In whole
plants, it was also shown that ectopic expression of ZmMRP-
1 under the control of the ubiquitin promoter in BETL-1:GUS
transgenic maize led to activation of ETC-specific gene expres-
sion (Gómez et al., 2002). In a separate study, the promoter of
MATERNALLY EXPRESSED GENE1 (MEG1) was found to be acti-
vated by ZmMRP-1, when the transcriptional MEG1 promoter-
GUS fusion construct and a transcriptional 35S:MRP1 construct
were co-transformed into tobacco protoplasts (Costa et al., 2004;
Gutierrez-Marcos et al., 2004). Since MEG1 is expressed in maize
basal transfer cells from 10 to 20 DAP, it can potentially be
activated by ZmMRP-1 in maize plants. The promoter of the
ETC-specific gene encoding a type-A RR, ZmTCRR-1, was
also strongly activated in heterologous systems by ZmMRP-1
(Muñiz et al., 2006, 2010).

Interaction between ZmMRP-1 and the promoter of the trans-
fer cell specific gene BETL-1, led to activation of the BETL-1
promoter in various cell types (Barrero et al., 2006). Although
the reporter construct containing the BETL-1 promoter was silent
in all tested types of cells when transformed alone, transient
co-expression of ZmMRP-1 led to significant activation of the
reporter gene. This suggests that ZmMRP-1 does not require the
help of ETC-specific factors for promoter activation. The tran-
sient expression system was used to find specific cis-elements in
the BETL-1 promoter. A cis-element consisting of a 12 bp motif
containing two consecutive repeats (2 × TATCTC) was situated
approximately 100 bp upstream of the TATA box of the BETL-
1 promoter. Specific binding of ZmMRP-1 to this cis-element
was confirmed in vitro using electrophoretic mobility shift exper-
iments (Barrero et al., 2006). Similar cis-elements were found in
several other transfer cell-specific promoters and were designated
as “transfer cell box” elements. However, the “transfer cell box”
was not identified in ETC-specific promoters from wheat or rice
(Li et al., 2008; Kovalchuk et al., 2009). In these species, a single
copy of the TATCTC motif was found in a number of ETC-specific
promoters, suggesting that there has been degeneration of trans-
fer cell box sequences during evolution of some grass species. It
cannot be excluded that ETC-specific expression of some genes is
regulated by other, as yet unidentified TF(s), or at least requires
the presence of other factors for specific interaction with promoter
sequences.

It has been shown that ZmMRP-1 TF binds not only to gene
promoters, but it may also bind other proteins (Royo et al.,
2009). Two proteins were isolated in a yeast 2-hybrid screen
using full length ZmMRP-1 as bait; these were designated as
ZmMRP-1 Interactors 1 and 2 (ZmMRPI-1 and ZmMRPI-2;
Table 1). Binding of ZmMRP-1 to ZmMRPI-1 and ZmMRPI-
2 was confirmed in planta by co-localization of the proteins in
transfer cell nuclei. ZmMRPI-1 and ZmMRPI-2 are very similar
proteins, both belonging to the C(2)H(2) zinc finger protein
subfamily of nuclear proteins. Members of this subfamily inter-
act with MYB-related TF through their C-terminal conserved
domains (Royo et al., 2009). In ZmMRPI-1 and ZmMRPI-2

proteins, a Zinc finger domain of the C2H2-type and a C-terminal
DNA-binding domain are highly conserved both in disposition
and in sequence identities at the amino acid level, which are 89
and 97% for the Zinc finger and DNA-binding domains, respec-
tively (Figure 4). In both proteins the Zinc finger (Figure 4A)
and C-terminal DNA-binding (Figure 4B) domains fold into
α-helices, and β-sheets, respectively. Although the full-length
sequences of ZmMRPI-1 and ZmMRPI-2 share very high sequence
identity (85%) and similarity (94%), analysis using the SMART
database (Letunic et al., 2012) identified an ATPase, central
region-like domain in ZmMRPI-1, but a glycoprotein E1-like
domain and putative Raf-like Ras-binding domain in ZmMRPI-2
(Figure 4C). These domains were positioned in different loca-
tions of the protein sequences, reflecting localized differences in
amino acid sequence that may be important for specific regulatory
functions.

It was shown that MRPI proteins can modulate activation
of ETC-specific promoters by interacting with ZmMRP-1 (Royo
et al., 2009). In addition, the expression of MRPI genes in maize
and Arabidopsis are found to be expressed at the same nutrient
exchange surfaces, where the expression of ZmMRP-1 has been
previously detected. MRPI-orthologs genes have been identified
in the rice and Arabidopsis genomes (Royo et al., 2009).

Although there are no reports of other types of TF which are
specifically or predominantly expressed in ETC and participate
in the regulation of ETC development and function, the exis-
tence of such TFs cannot be excluded. Most members of the
HD-Zip IV TF subfamily, for example, are expressed in grain tis-
sues (Yang et al., 2002; Javelle et al., 2011; Kovalchuk et al., 2012a),
and are involved in regulation of LTP expression (Javelle et al.,
2010; Lopato et al., unpublished data). It has been reported that
at least three wheat LTPs (TaLtp7.2a, TaLtp9.1a, and TaLtp9.3e)
are specifically expressed in the main vascular bundle of wheat
scutellum (Boutrot et al., 2007), which plays a major role in sugar
transport from endosperm to embryo during seed germination.
Recently, it was demonstrated that the wheat HD-Zip IV TF
TdGL9H1 is also predominantly expressed in the scutellar vascular
bundle and thus is potentially a regulator of these LTPs (Kovalchuk
et al., 2012b). Since several LTPs have been found to be specifically
expressed in ETC layers (Hueros et al., 1995, 1999a; Doan et al.,
1996; Li et al., 2008; Kovalchuk et al., 2009), it would be reason-
able to predict that at least one member of HD-Zip IV subfamily is
also specifically or predominantly expressed in ETC and involved
in the transcriptional regulation of at least some ETC-specific
LTPs.

GENES RESPONSIBLE FOR SUGAR TRANSPORT TO
ENDOSPERM
Sucrose is the main carbohydrate transported from photosyn-
thetically active tissues to sinks such as root, flower, and seed
(Ruan et al., 2010; Lemoine et al., 2013). However, sucrose does
not enter in this form, but is converted into the hexoses glucose
and fructose. These reactions are catalyzed by sugar invertases
(INVs), which are reported also to have regulatory roles in plant
growth and development (LeClere et al., 2008, 2010; Chourey
et al., 2010). INVs can be classified into three groups according to
their localisation in cells: vacuolar (VIN), cytoplasmic (CIN) and
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FIGURE 4 | Domain analyses of ZmMRPI-1 and ZmMRPI-2 proteins

involved in the two component system (TCS) contain a highly conserved

Zinc finger domain in nearly the same location. (A) A sequence alignment
of the Zn finger domains, which fold into α-helices. (B) A sequence alignment
of the C-terminal DNA-binding domains, which fold into sheets. Protein
sequences were aligned with ProMals3D (Pei et al., 2008) and analysed for
domain boundaries using SMART (Letunic et al., 2012) and ProDom (Bru et al.,
2005). The predicted and consensus secondary structures (ss) are shown in
panels (A) and (B) in red (α-helices, h), blue (β-sheets, e) and black (loops)

types. Conservation of residues (brown and black types) on a scale of 9–5 is
shown at the top of the diagram. (C) Schematics of domain organization of
ZmMRPI-1 and ZmMRPI-2, as analysed by SMART (Letunic et al., 2012) and
ProDom (Bru et al., 2005). A position of the ATPase, central region-like domain
is shown in ZmMRPI-1, while in ZmMRPI-2, glycoprotein E1-like and Raf-like
Ras-binding domains are schematically represented. In both entries Zn finger-
(light gray) and C-terminal DNA-binding (dark gray) domains are also
illustrated. The schematic is drawn to scale of 505 amino acid (aa)
residues.

cell wall-bound or apoplastic (CWIN or INCW). Several stud-
ies have demonstrated that INCWs are the major type of INVs
responsible for the delivery of hexoses to the developing seed
(Table 1). Tight regulation of the delivery of hexoses by CWINs
provides a mechanism for controlling cell division and even cell
differentiation in developing kernels (Miller and Chourey, 1992;
Weber et al., 1996). A positive correlation between seed develop-
ment and the activity of INCWs has been observed in faba bean
(Weber et al., 1995, 1996), maize (Cheng et al., 1996; Vilhar et al.,
2002; Chourey et al., 2006), barley (Weschke et al., 2003; Sreeni-
vasulu et al., 2004), rice (Hirose et al., 2002; Wang et al., 2008a),
tomato (Zanor et al., 2009), and cotton (Wang and Ruan, 2012).
In addition to INVs localized at the interface of sink organs,
hexose transporters facilitate the import of hexoses into seed
endosperm and other sinks (Bihmidine et al., 2013; reviewed in
Slewinski, 2011).

ETC-SPECIFIC CELL WALL-BOUND INVERTASES
Transfer cells are the gateway for sugar transport from mater-
nal tissue to the endosperm. Sugar delivery in turn directly
affects transfer cell formation. Mutants of the maize gene Minia-
ture1 (mn1) show an anatomical lesion in the pedicel region and
reduced size of the kernel (Lowe and Nelson, 1946; Miller and
Chourey, 1992; Cheng et al., 1996). Kernel size is reduced due
to reductions in both mitotic activity and cell size (Vilhar et al.,
2002). Miniature1 encodes a cell wall invertase (INCW2) that was
originally thought to be localized in the basal endosperm and

pedicel (Miller and Chourey, 1992; Cheng et al., 1996; Carlson
et al., 2000). However, histochemical visualization of invertase
activity in the maternal pedicel region revealed that INCW2
is expressed exclusively in the ETC layer, and that the pedi-
cel is served by the orthologs gene INCW1 (Chourey et al.,
2006).

Loss of INCW2 function in the mn1 mutant led to reduced
size and number of the labyrinth-like wall-in-growths (WIGs)
of ETC, a subsequent decrease in plasma membrane surface area
and decline in ETC transport capacity, and consequently reduced
grain filling (Kang et al., 2009). Analysis of intracellular structure
by electron microscopy revealed that in the mn1 mutant, WIGs
in the ETC were stunted and the endoplasmic reticulum in these
cells was swollen; Golgi density in the mutant ETC was reduced to
51% of the Golgi density in wild-type plants (Kang et al., 2009).
INCW2-specific immunogold particles were detected in WIGs, the
endoplasmic reticulum, Golgi stacks, and the trans-Golgi network
in the ETC of wild-type plants, but were extremely rare in the ETC
of the mn1 mutant (Kang et al., 2009).

A recent study was undertaken to identify gene products that
are metabolically regulated in ETC in response to invertase defi-
ciency (Silva-Sanchez et al., 2013). Comparisons of soluble and cell
wall-bound proteomes of the mn1 mutant and wild-type (Mn1)
plants revealed 131 differentially expressed proteins, which fell
into two major groups: proteins related to carbohydrate metabolic
and catabolic processes, or proteins involved in cell homeostasis
(Silva-Sanchez et al., 2013).
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Developing kernels of the mn1 mutant also have drastically
reduced auxin (IAA) levels (LeClere et al., 2008). The reduced IAA
levels are due to decreased transcript abundance of the ZmYucca1
(ZmYuc1) gene. This gene encodes flavin monooxygenase, a key
enzyme in the IAA biosynthetic pathway (Chourey et al., 2010;
LeClere et al., 2010). Using two different approaches it was shown
that expression of ZmYuc1 is regulated by sugar levels (LeClere
et al., 2010). These data explain how sugar levels can influence
auxin levels in seed, which in turn regulates specific aspects of
seed development.

A similar role of INCW genes in seed development in rice has
been reported (Wang et al., 2008b). Rice seed weight was increased
by overexpression of the GRAIN INCOMPLETE FILLING 1 (GIF1)
gene that encodes a cell-wall invertase (Wang et al., 2008b). Inter-
estingly, although expression under the native GIF1 promoter
increased grain size, ectopic expression of the GIF1 gene under
the 35S or rice Waxy promoters resulted in smaller grains. This
observation illustrates that transgenic plant phenotypes depend
on the spatial and temporal patterns of transgene expression.

A study of barley cell wall-bound invertase genes revealed an
expression pattern similar to expression of maize INCW2. Two cell
wall-bound invertase genes, HvCWINV1 and HvCWINV2, were
preferentially expressed in the maternal-basal endosperm bound-
ary just before cellularization (Weschke et al., 2003). Transcripts
of HvCWINV1 were localized within the first row of endosperm
cells, in the outermost area of the nucellar projection as well as
in ETC before starch filling. HvCWINV2 is expressed early in
development, predominantly in the style region and later on in
pericarp areas which transiently accumulate starch (Weschke et al.,
2003).

Possible additional roles for INCWs have been revealed by
examining spatial and temporal expression of the GhCWIN1
gene in cotton seeds during very early seed development, from
just before fertilization to the beginning of starch accumula-
tion in the endosperm (Wang and Ruan, 2012). The dynamics
of GhCWIN1 expression suggest an involvement of INSWs in
regulating endosperm nuclear division, embryonic provascular
formation and differentiation of ETC (Wang and Ruan, 2012).

ETC-SPECIFIC CELL SOLUBLE INVERTASES
A barley gene encoding the soluble acid invertase enzyme,
sucrose:fructan 6-fructosyltransferase (HvSF6FT1), shows similar
temporal and spatial expression patterns to HvCWINV2 (Weschke
et al., 2003). HvSF6FT1 is expressed in the inner cell layers of
maternal pericarp above the dorsal cells, at 3 DAP. At 4 DAP the
expression of HvSF6FT1 is observed in the ventral pericarp and
ETC. At 6 DAP, expression of this gene is limited to the ETC layers
(Weschke et al., 2003). HvSF6FT1 transcript levels and acid soluble
invertase activity were found to be highest in the maternal pericarp
1–2 days after flowering (DAF). HvSF6FT1 is strongly expressed
in regions flanking the main vascular bundle and to a lesser extent
in filial ETC, which continues until grain maturity (Weschke et al.,
2003).

AN ETC-SPECIFIC HEXOSE TRANSPORTER
Regions of the developing barley grain associated with HvCWINV1
expression are also associated with expression of a hexose

transporter, HvSTP1 (Weschke et al., 2003; Table 1). HvSTP1
is expressed at a very low level within the pericarp, but much
more highly in the syncytial endosperm at 3 DAF and in ETC
at 7 DAF. The temporal and spatial association of expression
of HvsSTP1 and INVs suggests that hexoses released by INVs
within the endospermal cavity are transferred by the trans-
porter to the liquid part of the mitotically active endosperm
(Weschke et al., 2003). HvSTP1 is a large membrane protein
of 743 amino acid residues with up to 10 trans-membrane
α-helices, as assessed by hydrophobic cluster analysis (HCA;
Callebaut et al., 1997) and PRED-TMR (Pasquier et al., 1999;
Figure 5A). Our topological analysis shows that HvSTP1 harbors
a large intracellular module rich in hydrophilic residues that are
positioned approximately in the middle of an α-helical bundle
(Figure 5B).

Thus, the activity of cell wall INVs establishes a sucrose con-
centration gradient between maternal symplast and endosperm
apoplast by hydrolysis of sucrose to fructose and glucose moieties.
Subsequently, an ETC-specific hexose transporter facilitates the
import of hexoses into the endosperm (Miller and Chourey, 1992;
Cheng et al., 1996; Weschke et al., 2003).

ETC-SPECIFIC LIPID TRANSFER PROTEINS
PLANT NON-SPECIFIC LIPID TRANSFER PROTEINS
Non-specific lipid transfer proteins (nsLTPs) have been found in
a broad range of tissues from plants, animals and fungi (Crain
and Zilversmit, 1980; Tai and Kaplan, 1985; Kader, 1996; Ng
et al., 2012). The term “non-specific” indicates that LTPs can
bind with phospholipids or their derivatives of broad specificity
(Ostergaard et al., 1993). In plants, nsLTPs form multigenic fam-
ilies of structurally related proteins with low levels of protein
sequence identity. All plant nsLTPs are originally translated as
precursor proteins and contain hydrophobic signal peptides of
different length, which are subsequently proteolytically processed
by endopeptidases. The enzymes responsible for the processing
of precursors remain largely unknown but are likely to be mem-
bers of the subtilase group of Ser proteases (Murphy et al., 2012).
The precise place and role of signal peptide processing of nsLTPs
is also unknown. However, in one example it was shown that
signal peptide processing takes place in microsomal membranes
(Bernhard et al., 1991). It is not yet clear whether the prote-
olytic cleavage of a signal peptide also occurs in other types of
membranes.

Plant nsLTPs usually have a molecular mass between 6.5
and 10.5 kDa and an isoelectric point ranging between 8.5
and 12 (Jose-Estanyol et al., 2004). Each mature nsLTP sequence
usually contains a characteristic 8-cysteine residue motif: Cys1-
Xn-Cys2-Xn-Cys3Cys4-Xn-Cys5XCys6-Xn-Cys7-Xn-Cys8. Plant
nsLTPs were initially classified into two types, based on their
size and localization (Kader, 1996). Later, a new classification
based on the analysis of a large number of nsLTPs sequences
was proposed, to include nine types (I–IX) of nsLTPs (Boutrot
et al., 2008). Genome-wide analysis revealed 49 Arabidopsis, 52
rice and 156 wheat nsLTPs (Boutrot et al., 2008). Recently, the
first plant nsLTP database (nsLTPDB1) was constructed, which

1http://140.114.98.10/ltp/
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FIGURE 5 | Secondary structure analyses of a barley hexose

transporter HvSTP1, (A) A bi-dimensional hydrophobic cluster

analysis (HCA) plot (Callebaut et al., 1997). Positions of 10 membrane
helices MH1–MH10 are marked by arrowed lines. Proline residues are
shown as red stars, glycine residues as black diamonds, serine residues
are empty squares and threonine residues are shown as squares
containing a black dot in the center. Negatively charged residues are

colored in red and positively charged residues are in blue. Other
residues are shown by their single amino acid letter codes. The amino
acid numbers are read from the top to the bottom of the plots (in
duplicate) in a left to right direction. (B) A topology model predicted by
PRED-TMR algorithm (Pasquier et al., 1999). The intracellular and
extracellular positions of individual domains are shown. The topology
map was drawn with TOPO (http://www.sacs.ucsf.edu/TOPO/topo.html).

initially contained 595 nsLTPs from 121 different species. This
database includes information about LTP sequence, protein struc-
ture, relevant references and also some biological data (Wang et al.,
2012).

Plant nsLTPs are involved in embryogenesis (Sterk et al., 1991),
defense against bacterial and fungal pathogens (Molina and
Garcia-Olmedo, 1993; Molina et al., 1993; Hendriks et al., 1994;
Lindorff-Larsen and Winther, 2001), symbiosis (Krause et al.,
1994; Pii et al., 2009), plant response to environmental stresses
(White et al., 1994; Liu et al., 2000; Cameron et al., 2006) and in the
delivery of waxes to cuticle (Hendriks et al., 1994; Lindorff-Larsen
and Winther, 2001; Lee et al., 2009). It has also been postulated that
nsLTPs can associate with hydrophobic cell wall compounds and
disrupt or facilitate cell wall extension (Nieuwland et al., 2005). A
role in these very diverse functions is based on the ability of nsLTPs
to carry a broad range of hydrophobic molecules such as fatty
acids or fatty acid derivatives (Garcia-Olmedo et al., 1995). LTPs

can catalyze the exchange of lipids between natural and artificial
membranes in vitro (Helmkamp, 1986; Wirtz and Gadella, 1990;
Kader, 1996). A role of nsLTPs in intracellular lipid transfer has
also been proposed (Miquel et al., 1988) but not yet proven. Exist-
ing knowledge suggests that LTPs are secreted from cells into the
extracellular (cell wall) space (Serna et al., 2001; Yeats and Rose,
2008). Precise mechanisms of uploading, delivery to membranes
and cuticle, and unloading of lipidic molecules by LTPs remain
unclear.

LTP GENES SPECIFICALLY OR PREDOMINANTLY EXPRESSED IN ETC
Most nsLTP genes show very specific spatial patterns of expres-
sion, and several ETC-specific genes encoding different nsLTPs
have been identified in developing kernels (Hueros et al., 1995,
1999b; Doan et al., 1996; Cai et al., 2002; Gutierrez-Marcos et al.,
2004; Li et al., 2008; Kovalchuk et al., 2009; Table 1). Four types
of nsLTPs are found in maize BETL. BETL-1 and BETL-3 show
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sequence homology to defensin-like proteins; BETL-2 has no
homologous sequences; and BETL-4 shares some homology with
the Bowman-Birk family of α-amylase/trypsin inhibitors (Hueros
et al., 1995, 1999b). Members of these protein families have been
shown to inhibit the growth of fungi and bacteria (Broekaert
et al., 1997). Defensins and probably other types of LTPs can alter
the permeability of fungal plasma membranes and hence may
act as regulators of transport through plant cellular membranes
(Thompson et al., 2001). Proteolytic processing and secretion into
adjacent maternal tissue of BETL-2 (also named BAP2) protein
was demonstrated by immunolocalization in different grain tissues
(Serna et al., 2001). A gene with sequence similarity to BETL-3,
OsPR9a, has been found in rice. However, OsPR9a expression is
not restricted to ETC, but was also detected in some rice floral
tissues (Li et al., 2008).

Expression of BETL-1 and BETL-2 proteins was found to be
strongly reduced in the maize reduced grain filling1 (rgf1) mutant,
which also showed decreased uptake of sugars in endosperm cells
at 5–10 DAP and changes in pedicel development (Maitz et al.,
2000). The rgf1 mutant is morphologically similar to the mni1
mutant; it causes up to 70% reduction of grain filling in maize.
Starch accumulation (but not synthesis) is reduced in rgf1 kernels.
Therefore, the Rgf1 gene, which has not been identified, may be
involved in sugar sensing or transport in ETC (Maitz et al., 2000).

Expression of at least some ETC-specific genes is under mater-
nal control. One such gene, Maternally Expressed Gene1 (MEG1),
encodes a LTP which bears structural similarity to defensins
(Gutierrez-Marcos et al., 2004). MEG1 is expressed exclusively in
the BETL cells of maize endosperm and has a parent-of-origin
expression pattern during early stages of endosperm develop-
ment. However, at later stages of endosperm development it shows
biallelic expression. The product of this gene is glycosylated and
localizes to the labyrinthine in-growths of the walls of transfer cells
(Gutierrez-Marcos et al., 2004).

Another class of ETC-specific nsLTP genes was identified in
the barley transfer cell domain of the endosperm coenocyte. The
gene was designated Endosperm 1 (END1; Doan et al., 1996). The
expression pattern of the barley END1 gene and its ortholog
from wheat were studied using in situ hybridization (Doan et al.,
1996; Drea et al., 2005). Before cellularization END1 transcripts
accumulate mainly in the coenocyte above the nucellar projec-
tion, and after cellularization in the ventral endosperm over the
nucellar projection. At 8 DAP and later, a low level of END1
expression can be detected in the ETC and the adjacent starchy
endosperm (Doan et al., 1996). The function of END1 remains
unknown. The expression of the wheat END1 homologue, des-
ignated TaPR60, was studied using transgenic wheat, barley, and
rice stably transformed with a gene promoter-GUS fusion con-
struct (Kovalchuk et al., 2009). In wheat and barley, TaPR60 is
expressed predominantly in ETC and in the adjacent starchy
endosperm. However, in rice the expression pattern of TaPR60
was rather different, suggesting that the regulatory mechanisms
for ETC-specific expression in rice are different to wheat and
barley (Kovalchuk et al., 2009). A molecular model of the TaPR60
protein lacking its N-terminal hydrophobic peptide, constructed
using the crystal structure of a non-specific LTP from Prunus per-
sica as a template (Figure 6), indicates the likely positions of a

FIGURE 6 | Structural molecular modeling of theTaPR60 lipid transfer

protein. (A) HCA of a non-specific lipid transfer protein (LTP) from
Prunus persica (PDB 2ALG:A) and of TaPR60. Positions of N-terminal
hydrophobic signal peptide (large arrow ), four paired conserved cysteines
(arrowheads) and α-helices (lines) are marked. (B) Superposition of the
TaPR60 model (cyan) on the template crystal structure of 2ALG:A
(magenta) showing distribution of the secondary structural elements. A
root-mean-square-deviation value for 69 structurally equivalent residues is
1.5 Å over the Cα backbone positions. The dispositions of bound lauric acid
(LA; left ) and heptane (HE; right ), in cpk colors internalized in protein
cavities, and the positions of four invariant disulfide bridges (yellow ) are
also shown. The right-hand-side and left-hand -side arrows indicate N- and
C-terminal parts of both proteins, respectively. The Figure was modified
from Kovalchuk et al. (2009).

fatty acid (lauric acid) and lipid-mimicking molecule (heptane).
These are enclosed in the central cavity of a triple α-helical bun-
dle of TaPR60. Modeling supports the hypothesis that TaPR60
is involved in binding and transfer of lipid molecules. It was
also shown that the cavity of TaPR60 retains its shape both with
and without the hydrophobic signal peptide (Kovalchuk et al.,
2009). Therefore, TaPR60 could potentially enclose the lipid and
lipid-like molecule(s) in the cavity during precursor processing
and secretion. One of the possible functions of TaPR60 could
be in mediation of lipid delivery to or through a membrane
(Kovalchuk et al., 2009). Similar findings were reported for a
closely related protein, TdPR61, isolated from durum wheat (T.
durum; Kovalchuk et al., 2012a).
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Expression directed by the promoter of a rice homologue of
the END1 gene, OsPR602, was studied in transgenic rice and bar-
ley. In rice, the promoter of OsPR602 was active in ETC and
above the ETC in several layers of the starchy endosperm cells.
However, GUS reporter gene expression was also detected in the
maternal vascular tissue adjacent to ETC and vascular tissue of
the lemma and palea (Li et al., 2008). Surprisingly, in barley the
promoter of OsPR602 was activated only in ETC and adjacent lay-
ers of starchy endosperm and the temporal and spatial patterns of
GUS expression were perfectly correlated with the expression of
the END1 gene from barley and TaPR60 from wheat (Doan et al.,
1996; Kovalchuk et al., 2009). These data again suggest possible
differences in ETC-specific gene regulation between barley and
rice.

The most probable roles of END1-like proteins in ETC are
regulation of cell wall-ingrowth extension, formation of cellu-
lar membranes, lipid transfer to endosperm and/or defense from
bacterial and fungal pathogens transported from maternal tissues.

OTHER ETC-SPECIFIC GENES
Recently, a new ETC-specific gene, AL1, was isolated from
rice (Kuwano et al., 2011; Table 1). The gene encodes a puta-
tive anthranilate N-hydroxycinnamoyl/benzoyltransferase and is
expressed in the dorsal aleurone layer adjacent to the main vascu-
lar bundle. In rice, transfer cells are differentiated in this region.
The role of this gene in plants remains unknown.

With the advent of new technologies for tissue/cell-specific
transcriptome and proteome analysis (Thiel et al., 2012; Silva-
Sanchez et al., 2013) it is expected that further genes with
ETC-specific or predominant expression of novel function will
be identified.

POTENTIAL APPLICATIONS OF ETC-SPECIFIC GENES AND
THEIR PROMOTERS FOR IMPROVEMENT OF GRAIN QUALITY
AND YIELD
It is a well-documented that grain development in crops occurs
under saturated supply of assimilates, which indicates that trans-
portation of those nutrients from plant maternal tissues to
embryo and endosperm is the main yield limiting factor (Bor-
rás et al., 2004; Bihmidine et al., 2013). Therefore, manipulating
the nutrients transport in order to increase grain sink strength
is expected to lead to increased yield (Reynolds et al., 2009).
Considering the role of ETC as a principal gateway regulat-
ing flux of nutrient precursors for endosperm filling, there is
a huge, yet un-realized potential for engineering this gateway
to increase grain yield and improve endosperm composition:
quantity and quality of carbohydrates, proteins, lipids and
micronutrients.

The importance of TCS for ETC development and the likely
consequential involvement of TCS components in grain develop-
ment, make this group of genes interesting tools for engineering
or modifying grain quality and yield. Furthermore, involvement
of TCS components in response to major abiotic stresses such as
drought (Le et al., 2011; Kang et al., 2012), high salinity (Karan
et al., 2009), and cold stress (Jeon et al., 2010) have been demon-
strated. Although many genes representing the major components
of TCS were recently identified in the barley ETC layer (Thiel et al.,

2012), their function and responsiveness to environmental stresses
and stimuli are largely unknown. Most of the existing studies
on TCS-based cytokinin and ethylene signaling have been done
in the model plant A. thaliana. Although studies have recently
expanded to a broader range of plant species, there is still very
little known about TCS function in cereals and specifically in
grain development (Hellmann et al., 2010). Therefore, it is still
too early to design or even predict possible applications of spe-
cific grain-related TCS genes in breeding and molecular genetics
projects.

There are similar problems for biotechnologists interested in
manipulating the transcriptional regulation of ETC development
and function. Only one TF, ZmMRP-1, has been demonstrated
to regulate ETC function (Gómez et al., 2002). Observations
that ZmMRP-1 regulate several ETC-specific genes makes this
TF a promising target. However, characterisation of transgenic
plants with up- or down-regulated ZmMRP-1 has not been
reported. It may be that ectopic, constitutive overexpression of
ZmMRP-1 or silencing of this gene leads to significant pleiotropic
changes in plant development or is lethal. It would be par-
ticularly interesting to express this gene under an ETC-specific
promoter that is regulated by ZmMRP-1. This could lead to
higher levels of ZmMRP-1 as a result of feed-back loop activa-
tion of the promoter. Higher levels of ZmMRP-1 could potentially
enhance and/or extend in time the activation of target ETC-
genes, and consequently further increase the development of
cell wall-ingrowths (to increase cell membrane surface) and lev-
els of ETC-specific proteins responsible for transport of lipids
and sugars, hopefully culminating in increased efficacy of ETC
function. An alternative to overexpression of ZmMRP-1 could
be manipulation of levels of ZmMRP-1 regulators, the MRPI
proteins.

The best studied and currently most promising ETC-related
genes for the engineering of grain quality and yield, and particu-
larly for grain yield under stress conditions, are genes of sucrose
synthases, INVs, and hexose transporters. There are considerable
data on the structure and function of these genes (Weschke et al.,
2000; Xu et al., 2012). Some of these genes are either specifically
or predominantly expressed in ETC and tissues adjacent to ETC
layers in barley (Weschke et al., 2000), sorghum (Jain et al., 2008b),
cotton (Wang and Ruan, 2012), maize (Chourey et al., 2012; Liu
et al., 2012), and rice (Wang et al., 2008a). Improvement of grain
size and yield by overexpression of a hexose transporter has not
been reported. Recent reports of the effects of sucrose synthase and
cell wall-bound invertase overexpression, however, are astonishing
(Wang et al., 2008a; Xu et al., 2012; Li et al., 2013). For example,
overexpression of a potato sucrose synthase gene in transgenic cot-
ton reduced seed abortion and increased the seed fresh weight by
about 30% compared to the seed weight of control plants (Xu et al.,
2012). Constitutive overexpression of the Mn1 gene from Ara-
bidopsis, rice and maize in transgenic maize significantly increased
invertase activities in leaves and developing seeds and dramatically
improved grain yield through enlarged ears, and increased grain
size and number (Li et al., 2013). Total starch content in transgenic
kernels was also increased.

It is interesting however, that ectopic expression of cell wall-
bound INVs does not always produce an expected positive effect
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on grain size and yield. For example, ectopic expression of
the GIF1 gene under 35S or rice Waxy promoters resulted in
smaller grains, while overexpression of GIF1 driven by its native
promoter increased grain production (Wang et al., 2008a). The
incorrect spatial or temporal expression of sugar INVs and hex-
ose transporters can potentially lead to re-arrangement of auxin
levels in grain tissues and consequential changes in auxin gra-
dient. Decreased auxin levels impair development of ETC and
other parts of endosperm (Bernardi et al., 2012). Therefore,
knowing and considering the cascade of events induced by hor-
mones during early stages of grain development is important
for making correct decisions on spatial and temporal expres-
sion of genes, which can directly or indirectly influence auxin
concentrations.

Another way to increase invertase activity, while maintaining
the original spatial patterns of invertase gene expression, is in
silencing invertase inhibitors (Rausch and Greiner, 2004). Silenc-
ing of invertase inhibitors in transgenic tomato plants resulted in
an increased seed weight and increased levels of hexoses in fruit
(Jin et al., 2009). Inhibitor(s) of ETC-specific INVs have not been
reported, but if such inhibitor(s) exist, tissue-specific silencing of
these gene(s) would be interesting to test.

It would also be interesting to express genes of sucrose synthase,
invertase, and hexose transporters simultaneously, using stacking
constructs and clever selection of suitable promoters. A simpler
approach could be the tissue specific overexpression of a TF which
co-ordinately regulates a group of sugar production and transport
genes. It was recently reported that overexpression of the soybean
GmbZIP123 gene in transgenic Arabidopsis not only enhanced lipid
accumulation in Arabidopsis seeds, but also up-regulated expres-
sion of two sucrose transporter genes and three cell-wall invertase
genes by directly binding to their promoters. This in turn signif-
icantly increased levels of sucrose and both hexoses in seeds of
transgenic plants compared to seeds of control plants (Song et al.,
2013).

CONCLUSIONS AND FUTURE PERSPECTIVES
ETC are highly specialized cells responsible for the delivery of
signals and nutrients from maternal tissues to the developing
endosperm. Large numbers of ETC-specific genes and genes
predominantly expressed in ETC have been isolated and char-
acterized from important cereal crop species and other plants
during the last decade. Surprisingly, the most of identified
genes fall into just four of the five groups. These four groups
of genes are involved in signal transduction and/or transcrip-
tional regulation in ETC. Genes from two groups are directly
involved in transport of sugars and lipids to the endosperm.
Because of the significance of ETC for grain development, ETC-
specific genes and their promoters are important targets for the
generation of transgenic crop plants with improved seed size
and quality characteristics. The overexpression of ETC-specific
INCW genes in transgenic rice and maize provides the first
example of targeting ETC-specific genes for the manipulation
of grain characteristics. However, a better understanding of
the roles of ETC-specific genes encoding regulatory proteins is
required for the correct application of these genes for grain
biotechnology.
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Two maize END-1 orthologs, BETL9 and BETL9like, are
transcribed in a non-overlapping spatial pattern on the
outer surface of the developing endosperm
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In the course of a project aimed to isolate transfer cells-specific genes in maize endosperm
we have identified the BETL9 gene. BETL9 encodes for a small protein very similar in
sequence to the product of the barley transfer cell-specific gene END-1. Both BETL9 and
END-1 proteins are lipid transfer proteins, but their function is currently unknown. In situ
hybridization analysis confirms that the BETL9 gene is exclusively transcribed in the basal
endosperm transfer cell layer during seed development since 10 days after pollination.
However, immunolocalization data indicates that the BETL9 protein accumulates in the
maternal placento-chalaza cells located just beside the transfer cell layer.This suggests that
the BETL9 protein should be transported to the maternal side to exert its, still unknown,
function. In addition, we have identified a second maize gene very similar in sequence to
BETL9 and we have named it BETL9like. In situ hybridization shows that BETL9like is also
specifically transcribed in the developing maize endosperm within the same time frame that
BETL9, but in this case it is exclusively expressed in the aleurone cell layer. Consequently,
the BETL9 and BETL9like genes are transcribed in a non-overlapping pattern on the outer
surface of the maize endosperm. The BETL9 and BETL9like promoter sequences, fused
to the GUS reporter gene, accurately reflected the expression pattern observed for the
genes in maize. Finally, we have identified in the Arabidopsis genome a set of four
genes orthologous to BETL9 and BETL9like and analyzed the activity of their promoters
in Arabidopsis transgenic plants carrying fusions of their promoter sequences to the GUS
reporter. As in the case of the maize genes, the Arabidopsis orthologs showed highly
complementary expression patterns.
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INTRODUCTION
Developing seeds are strong sinks for nutrients produced in
the maternal plant. Since there are not symplastic connections
between the maternal and filial tissues, the flow of nutrients
required to sustain seed filling has to be carried through the
apoplast, where solutes coming from the vascular system of the
mother are discharged in the maternal side. In many species, the
nutrients are uploaded from the apoplast by a specialized group
of cells that differentiate as transfer cells in the outer surface of the
developing seed, facing the maternal vascular terminals (reviewed
in Royo et al., 2007). Transfer cells are characterized by numer-
ous cell wall ingrowths that increase their surface area to enhance
its nutrient uptake capacity (Pate and Gunning, 1972). In cere-
als, these transfer cells differentiate from the endosperm and their
precise position and extension varies on the different species. In
maize, the maternal vascular terminals are placed at the base of
the developing seed and form a cup-shaped cushion. Nutrients
discharged from the conducting vases must transverse several lay-
ers of crushed maternal cells, the placento-chalazal zone (Kladnik
et al., 2004), in their way to the seed surface. There, the transfer cells
are located as a continuous layer placed in front of the maternal

vascular terminals and interrupting the aleurone layer that covers
the remaining surface of the seed (Thompson et al., 2001). They
constitute the basal endosperm transfer cell layer (BETL). In wheat
and barley, there is a vascular bundle running along the length
of the grain and the nutrients are discharged, through modified
maternal cells in the nucellar projection, to the endosperm cav-
ity that extends along the seed, in parallel to the vascular bundle.
From this cavity, nutrients are uptaken by the endosperm trans-
fer cells whereas the aleurone covers the remaining surface of the
seed (Olsen, 1992; Royo et al., 2007). In rice, nutrients transported
in the vascular bundle running along the length of the developing
seed are not discharged to a cavity, but loaded symplastically into a
layer of nucellar epidermal cells that covers most of the seed surface
and it is of maternal origin. Therefore, nutrients from this nucellar
tissue do not move to the apoplast facing the filial endosperm in
a localized region and consequently there is no a distinct transfer
cell layer differentiated from the aleurone (Bechtel and Pomeranz,
1977; Oparka and Gates, 1981; Krishnan and Dayanandan, 2003).
Nevertheless, the region of the aleurone facing the vascular bundle
contains additional layers of cells and these cells possess a specific
regulatory program, as evidenced by the expression of genes not
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found in any other area of the aleurone (Li et al., 2008; Kuwano
et al., 2011).

A growing number of genes expressed in the endosperm trans-
fer cells have been identified during the last years. In maize there
is already an extensive collection that includes genes named as
BETL1, 2, 3, and 4 (Hueros et al., 1995, 1999) encoding for
small cysteine-rich proteins. The product of the BETL2 gene
was renamed BAP-2 (basal layer antifungal protein 2) after its
in vitro antifungal activity was demonstrated (Serna et al., 2001).
meg-1 (maternally expressed gene1) encodes for another small
cysteine-rich protein that shows imprinting in their expression
(Gutiérrez-Marcos et al., 2004). ZmCKS encodes for the enzyme
CMP-KDO synthase involved in the activation of an important
precursor for the synthesis of components of the cell wall pectins
and, although not transfer cells specific, it is highly expressed in
this tissue, probably to sustain the intensive remodeling of their
cell walls during development (Royo et al., 2000). ZmMRP-1 is a
single-MYB domain transcription factor of the SHAQKYF class
that controls the expression of several of the BETL genes (Gómez
et al., 2002) and meg-1 (Gutiérrez-Marcos et al., 2004) and it is
a major determinant of the identity of the endosperm transfer
cells (Gómez et al., 2009). ZmTCRR-1 and ZmTCRR-2 encode
Type A response regulators that are probably involved in a signal
transduction pathway important for the development of these cells
and both genes are also transcriptionally regulated by ZmMRP-1
(Muñiz et al., 2006, 2010).

In barley the END-1 (endosperm 1) gene is expressed in the
transfer cells facing the endosperm cavity (Doan et al., 1996) and
it encodes for a non-specific lipid transfer protein (nsLTP). nsLTPs
are a large family of proteins widely distributed across the plant
kingdom that are able to bind lipids in a hydrophobic cavity sta-
bilized by four disulphide bridges among a set of eight conserved
cysteines in their primary sequence (reviewed in Yeats and Rose,
2008). Some of the nsLTPs genes are expressed in aleurone cells
and could participate in the synthesis of extracellular cuticle layers
(Boutrot et al., 2007), but a similar activity in transfer cells seems
at odds with the active transport of nutrients circulating through
these cells. Subsequently, it has been shown that other nsLTPs simi-
lar to END-1 are expressed in transfer cells from wheat (Kovalchuk
et al., 2009, 2012) and in the maternal nucellar cells covering the
vascular bundles and the adjacent aleurone cells that are func-
tionally equivalent in rice (Li et al., 2008). An alternative role in
antipathogen defense has be hypothesed for nsLTPs, consistently
with the emerging evidence suggesting that endosperm transfer
cells control a delicate balance between the need to facilitate an
intense transport and the need to impede the ingress of pathogens
into the growing seed.

In this paper we describe the cloning and characterization of
BETL9, a maize gene for a nsLTP highly related to END-1 and
its wheat and rice relatives. BETL9 was cloned in the course
of a screening for BETL genes and in situ hybridization con-
firmed that it is really specifically expressed in that tissue. We
have found that there is a highly similar gene to BETL9 in maize,
that we named BETL9like. Surprisingly, BETL9like is expressed
instead in the aleurone cells, in situ hybridization with specific
probes for both genes showed that there is a sharp boundary
between their expression domains that coincides with the border

between the BETL and aleurone regions of the endosperm. We
have isolated proximal promoter regions for both genes that repro-
duce, in transgenic maize plants, the expression pattern of the
endogenous genes. We have also isolated the promoter regions of
the four Arabidopsis genes encoding for the nsLTPs most closely
related to BETL9 and BETL9like and studied their expression
patterns in transgenic Arabidopsis plants carrying promoter-GUS
constructs.

RESULTS
ISOLATION OF TWO LIPID TRANSFER GENES SPECIFICALLY EXPRESSED
IN THE DEVELOPING MAIZE KERNEL
We have previously described (Balandin et al., 2005) a screening for
genes specifically expressed in the basal halves of developing maize
kernels, based on the method of Sokolov and Prockop (1994). In
the course of this screening we isolated a cDNA clone containing
an open reading frame for a 107 amino acids long nsLTP. Northern
blot analysis indicated that the transcripts corresponding to this
cDNA were only detectable in developing maize kernels as early
as 11 days after pollination (DAP; the youngest time point used
in these experiments) and only in RNA extracted from the lower
halves of hand dissected kernels (Figure 1). In accordance with
its expression pattern we have called this gene BETL9. Inspec-
tion of the Maize Genome Sequencing Project database reveals
that this gene is located on chromosome 3 and has the identifier
GRMZM2G0847413.

Analysis of the maize genome sequence database revealed the
presence of a gene closely related to BETL9 that we consequently
named as BETL9like. A cDNA clone for BETL9like was isolated and
Northern blot analysis indicated it was also specifically expressed in
developing maize kernels, with a temporal pattern closely resem-
bling that of BETL9. Its transcripts, however, were not restricted

FIGURE 1 | Northern blot analyses of the expression of BETL9 and

BETL9like. The probe used in each northern blot is indicated on the left.
Each panel contain an EtBR picture of the ribosomal RNA to show equal
loading. The tissues used as source of total RNA (10 μg per lane) were: U,
unpollinated female flowers; T, upper part of 10 DAP kernels; B, lower part
of 10 Dap kernels; C, coleoptiles; L, leaves; R, roots; S, silks; T, tassel (male
flowers); 3, 11, 14, 17, and 24, complete kernels collected at the indicated
developmental stage (in DAP).
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to the basal halves of the kernels, the RNA from the upper halves
of immature kernels showed an equally strong hybridization sig-
nal with the BETL9like probe (Figure 1). According to the Maize
Genome Sequencing Project database this gene is located on
chromosome 8 and has the identifier GRMZM2G091054.

Non-specific lipid transfer protein are an extensive group of
related proteins widely distributed in the plant kingdom. Plant
nsLTPs typically contain an N-terminal signal peptide and are
characterized by an eight cysteine motif (8 CM) of the form:
C-Xn-C-Xn-CC-Xn-CXC-Xn-C-Xn-C. The cysteine residues are
engaged in the formation of four disulphide bonds that stabi-
lize a hydrophobic cavity where phospholipids and other lipidic
compounds can bind (Yeats and Rose, 2008). Consequently, the
in vivo activity of nsLTPs is supposed to pivot on this abil-
ity to bind lipids. However, the actual physiological function
of most of these proteins has not been determined. Based on
sequence relationships among their rice, wheat and Arabidopsis
members, plant ns-LTPs have been previously classified in nine
groups (Boutrot et al., 2008; Wang et al., 2012) and according to
this scheme BETL9 and BETL9like belong to group VI. Edstam
et al. (2011) classified the plant nsLTPs proteins using a differ-
ent sorting scheme and included in their analysis sequences from
non-flowering plants. In their scheme, nsLTPs of group VI are
included in a wider type they named D. Type D nsLTPs appeared
very early in evolution, shortly after the divergence of the first land
plants.

Based on the Boutrot et al. (2008) and Wang et al. (2012) studies
and our own search on sequence databases we have compiled the
complete amino acid sequences of members of the group VI from
several cereal species, along with the four members from Arabidop-
sis (Figure 2A). In the alignment shown in Figure 2A we include
the two maize proteins BETL9 and BETL9like, but not the trans-
lation product of the AC194405.3_FG009 gene. This gene, located
on chromosome 8, contains the N-terminal half of a related pro-
tein, but its coding region is currently interrupted in the sequence
databases by a region of poor sequence quality that makes impos-
sible its precise identification. In Figure 2A we have also included
the sequences of the proteins encoded by three classes of wheat
genes: TaLtpVIb from Triticum aestivum (Boutrot et al., 2008) and
the T. aestivum members of the two pairs of orthologous T. aes-
tivum and T. durum genes TaPR60 and TdPR60 (Kovalchuk et al.,
2009) and TaPR61 and TdPR61 (Kovalchuk et al., 2012). TaPR61
corresponds to the wheat gene TaLtpVI.a described by Boutrot
et al. (2008). We also include the four rice genes (Os01g58650,
Os01g58660, Os10g05720, and Os11g29420) initially reported
by Boutrot et al. (2008), and Os03g25350, added by Wang et al.
(2012). Os01g58660 was cloned on the basis of its sequence sim-
ilarity with TaPR60 by Li et al. (2008), and named OsPR602.
From barley we have included the product of END-1 (Doan et al.,
1996), located on chromosome 1H, and those from the genes
HvMLOC62188, on chromosome 3HL, and HvMLOC63390, on
chromosome 3H. Finally, we include four genes from Sorghum
bicolor, two of them (Sb08g005340 and Sb08g005360) proba-
bly represent the product of a recent tandem duplication event,
since they are highly similar and located in close proximity on
chromosome 8. The same duplication event could have gener-
ated the nearby and very similar gene Sb08005345, but we do

not include it here because it contains sequence alterations sug-
gesting this might be a pseudogen. The other pair of sorghum
genes (Sb03g37210 and Sb03g37220) are located in close prox-
imity on chromosome 3, but their sequences are not as closely
related as that of the genes on chromosome 8. Wang et al. (2012)
included in group VI two additional genes from rice (Os11g03870)
and Arabidopsis (At2g13295), but we discarded them here because
their protein sequences do not have all the characteristic features
of the members of group VI. These features are the presence
of a valine and methionine residues located at positions −4
and −10, respectively, from cysteine at position 7 of the motif
8 CM, and a single intron interrupting their coding sequence 4
nt downstream of the codon for the last cysteine of the 8 CM
motif.

Phylogenetic analysis based on the alignment of the sequences
of the mature nsLTPs reveals the presence of two subgroups
of proteins of cereal origin in type VI (Figure 2B). The first
one includes BETL9 and the product of the barley gene END-1
(Doan et al., 1996). END-1 is expressed in the endosperm trans-
fer cells that in the barley developing kernel are located over the
nucellar projection running along the length of the grain. This
subgroup also includes the products of the common and durum
wheat endosperm transfer cell-specific genes TaPR60 and TdPR60
(Kovalchuk et al., 2009) as well as the protein from the rice gene
Os03g25350 and from the two closely related sorghum genes
located in close physical proximity on chromosome 8. Microar-
ray database mining reveals that the Os03g25350 transcripts are
abundant in spikelets and young seeds, but we do not have pre-
cise data about the pattern of expression of this gene. The second
subgroup includes BETL9like, and the protein products of the
genes HvMLOC62188 from barley, located on chromosome 3HL,
Sb03g037220 from sorghum, Os01g58660 from rice and TaPR61,
and TdPR61 from common and durum wheat. The wheat genes
are expressed in the endosperm transfer cells, but also in the aleu-
rone, part of the starchy endosperm, the embryo surrounding
region (ESR) and the developing embryo (Kovalchuk et al., 2012).
Os01g58660 is expressed in the aleurone cells located in most close
proximity to the maternal vascular bundles, and in the mater-
nal tissues located between those vascular bundles and the seed
surface (Li et al., 2008). The remaining proteins of cereal origin
of this group VI do not form a well-supported clade and there
is not much information about the expression patterns of their
genes.

The protein products from the four Arabidopsis genes belonging
to group VI (At1g32280, At4g30880, At4g33550, and At5g56480)
do not cluster with the cereal ones. This separation between the
proteins from Arabidopsis and cereal species inside a group is very
common in the nsLTPs family and precludes identifying orthology
relationships among them (Boutrot et al., 2008).

IN SITU LOCALISATION OF THE BETL9 AND BETL9LIKE TRANSCRIPTS
IN THE DEVELOPING MAIZE KERNEL
In situ hybridization experiments were used to clarify the spa-
tial discrepancies observed in the Northern blot analyses, see
above, where BETL9 was localized in the lower half of the ker-
nels whereas BETL9like was found both in the upper and lower
halves. Localisation of the BETL9 and BETL9like transcripts was
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FIGURE 2 | Sequence analysis of the protein sequences of group VI

nsLTPs. (A) Alignment of type VI nsLTPs proteins from maize (ZmBETL9 and
ZmBETL9like), sorghum (Sb03g037210, Sb03g037220, Sb08g005340, and
Sb08005360), barley (HvEND-1, HvMLOC62188, and HvMLOC63390), rice
(Os01g58650, Os01g58660, Os03g25350, Os10g05720, and Os11g29420),
wheat (TaLtpVIb, TaPR60, and TaPR61), and Arabidopsis (At1g32280,
At4g30880, At4g33550, and At5g56480). Sequences were aligned using
ClustalW. Identical amino acids are in black boxes, similar amino acids in gray

boxes. Signal peptides were predicted using SignalP 4.1 (Peterson et al.,
2011) and their sequences are shown in red. (B) Phylogenetic relationships of
the nsLTPs protein from type VI. The analysis is based on the alignment of the
proteins shown in A, excluding the N-terminal signal peptides, plus the
Triticum durum TdPR60 and TdPR61 proteins. The Neighbor-Joining tree was
constructed using MEGA 5.2 with 1000 bootstrap replicates and the
p-distance and pairwise deletion options. Only bootstrap values above 50%
are shown.
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determined in longitudinal sections of developing maize kernels
using antisense probes corresponding to gene-specific regions
of the cDNAs. BETL9 transcripts are only present at the BETL
(Figures 3A–E, TCL) whereas BETL9like transcripts are only at
the aleurone cell layer covering the remaining outer surface of
the developing endosperm (Figures 3G–N, Al). Both genes were
readily detected as early as 5 DAP (Figures 3A,G). The transi-
tion between the transcription domains of both genes accurately
reflects the transition between the characteristically elongated, cell
wall ingrowths-covered transfer cells and the smaller, cubic, and
symmetric aleurone cells. At the embryo pole, the aleurone con-
sists of a single cell layer that forms a cavity enclosing the embryo,
this layer is readily evidenced by the strong expression of the
BETL9like marker. At the upper part of the seed (Figure 3M), the
BETL9like marker seems to reflect the maturation stage of the aleu-
rone cells, which at 16 DAP are still forming a three layers of cells
that will evolve into a single cell layer at maturity. The hybridiza-
tion signals appears in one, two, or three cell layers depending
on the seed area analyzed. No transcripts were detected in the
embryo, ESR or other parts of the seed and adjacent maternal
tissues.

LOCALISATION OF THE BETL9 PROTEIN
An antibody was raised in rabbits against the BETL9 mature
protein translated in Escherichia coli. The antibody specifically
recognized a single protein of the expected molecular size for the
mature BETL9 protein, 9.8 KDa, in crude protein extracts pre-
pared from the basal halves of 14 DAP maize kernels (data not
shown).

Inmunolocalization using this antibody against wax-embedded
sections from 14 DAP kernels detected the BETL9 protein

exclusively at the placento-chalazal region located on the maternal
tissues of the pedicel (Figure 3F). This maternal region is facing
the BETL, where in situ studies indicate the BETL9 transcripts are
accumulating. Almost no signal is detectable at the BETL cells sug-
gesting that the BETL9 protein is efficiently exported from them
into the apoplast in a polarized fashion.

Assuming that the BETL9like transcripts are efficiently trans-
lated, the absence of inmmunolocalization signal either at the
aleurone or the tissues surrounding it, suggests that this anti-
body is indeed specific against the BETL9 protein and does not
appreciably detect BETL9like protein molecules.

ACTIVITY OF THE BETL9 AND BETL9LIKE PROMOTERS IN TRANSGENIC
MAIZE
The promoter regions located upstream of the BETL9 (1911 base
pairs, bp) and BETL9like (2229 bp) coding regions were iso-
lated from the corresponding clones of a BAC library screened
with the cDNA probes. These promoter regions were fused to the
reporter GUS gene and used to produce stable transformed maize
transgenic plants. At least three transgenic lines containing single
locus insertion of the constructs were analyzed in detail in each
case.

In the maize transgenic plants the pattern of GUS staining
reproduced that obtained from in situ studies for both genes. The
GUS signal was exclusively observed in developing seeds from 8
DAP until almost maturity in both cases but whereas in plants
carrying the BETL9 promoter the signal was only detected in
the basal endosperm transfer cells (Figure 4A), in those with the
BETL9like promoter the GUS staining was limited to the aleurone
layer (Figure 4B). Consequently, these promoter regions are suf-
ficient to explain the different expression patterns of both genes

FIGURE 3 | Expression analyses of the BETL9 and BETL9like genes in

developing maize kernels. The expression of BETL9 was analyzed by in situ
hybridization with antisense RNA probes (A–E) or Immunolocalization (F) with
a specific antisera. The expression of BETL9like was analyzed with an
antisense RNA probe (G to N). RNA labeling was done with S35-dUTP (A,G)

or DIG-dUTP (B–E,H–N). Sections correspond to 5 DAP (A,G), 10 DAP
(B,F,H–J), and 16 DAP (C–E,K–N). S35 hybridization signal appears as light

dots in the dark field microphotographs, DIG signal is visualized as a
purple–black precipitate. For the immunolocalization positive signal s
visualized as a brown–black precipitate. Sense and preimmune sera controls
produced no signal and are not shown due to space constrains. TCL, transfer
cell layer; Al, aleurone; Em, embryo; ESR, embryo surrounding region; Pd,
pedicel; PC, Placento-chalaza; Nu, nucella; Sus, suspensor. Bars mean
500 μm in A,G; 1 mm in H,K and 50 μm in I,J,L–N.
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and post transcriptional processes are expected to be of minor
importance in controlling it. The expression of the reporter con-
structs, as detected by histochemical staining, showed in both cases
some delay when compared with the expression of the endoge-
nous genes, although the difference in sensitivity between the
GUS staining and the in situ hybridization might explain this
discrepancy.

ACTIVITY OF THE PROMOTERS OF THE Arabidopsis BETL9 -RELATED
GENES IN TRANSGENIC Arabidopsis PLANTS
We have previously indicated that there are four Arabidopsis genes
included in the group VI of nsLTPs (At1g32280, At4g30880,
At4g33550, and At5g56480), but they do not cluster into either
the BETL9 or BETL9like subgroups. In the absence of clear
phylogenetic relationships coming from the comparison of their
sequences, analysis of their expression patterns could provide some
insights into possible functional relationships between the Ara-
bidopsis and cereal proteins. Consequently, we have isolated the
promoter regions of the four genes by PCR amplification using
forward and reverse primers designed from the sequence data at
the Arabidopsis genomic sequence database. The resulting pro-
moter regions were fused to the reporter GUS genes and used to
obtain stable transgenic Arabidopsis plants. For each gene several

transgenic lines were analyzed and the results of the more represen-
tative ones are shown (Figure 5A; for a color-coded cartoon). The
promoters of the four genes show distinct patterns of activity with
a very limited overlapping. In mature plants the activity of the pro-
moter of At1g32280 is restricted to a collar region in the transition
zone between the stem and hypocotyl, the basal rosette node, and
in the stipules around the branching points of the inflorescence
stems. In young seedlings this promoter is, however, transiently
active in the first developing pair of true leaves, where it marks
only the proximal parts of the leave (Figure 5D). At5g56480 is also
active in the rosette node, but not in the stipules and neither in any
part of developing plantlets. The At4g30880 promoter is active in
the hypocotyl both in seedlings (Figure 5B) and mature plants.
The expression of the gene is especially strong at the borders of the
hypocotyl, i.e., at the interfaces with stem or roots. There is also a
weak activity in nectaries. The activity of the At4g33550 promoter
extends along the vascular bundles of stems, leaves, and root in
the mature plant and developing plantlets (Figure 5C), and it is
also evident in the collar of vascular bundles located at the base of
flowers and immature siliques, as well as in the branching points
of the root.

In reproductive tissues, the promoter of At1g32280 is active
in mature anthers, ovules, and developing seeds (both in embryo

FIGURE 4 | Expression analyses of the BETL9 and BETL9like
promoters. Histochemical analyses for GUS expression in maize
kernels. Positive expression is seen as a blue precipitated. The age
of the kernels is indicated as days after pollination. The promoters

assayed are the BETL9 promoter (A) and the BETL9like promoter
(B), in the lower panel. En, endosperm; Em, embryo; Nu, nucella.
The scale bars shown in the 8 DAP figures mean approximately
1 mm.
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FIGURE 5 | Expression analyses of the BETL9 A. thaliana orthologs.

Histochemical analyses for GUS expression in Arabidopsis thaliana transgenic
plants. (A) Cartoon showing the expression pattern registered for the four
promoters assayed, as indicated by the color code. The signal inside the
ovaries and immature siliques corresponds to At5g56480 and At1g32280.

B–D are young plantlets (7–10 days after germination) transgenic for the
promoters of At4g30880 (B), At4g33550 (C), and At1g32280 (D).
(E–G) Expression of At1g32280 in anthers and ovules (E), immature seeds
(F), and embryo axis and endosperm (G). (H,I) Expression of At5g56480 in
immature seeds (H) and funiculus and micropilar endosperm (I).

and endosperm, Figures 5E–G) whereas that of At4g30880 is only
transiently active in the developing anthers of young flower buds.
The promoter of At5g56480 is active in ovules, from the bud to the
mature stages, in the funicular connections to the pod vasculature
and in very young seeds at the micropilar side (Figures 5H,I) but
it is not active in developing seeds.

DISCUSSION
The most characteristic feature of the nsLTPs is their well proved
capacity to bind lipidic compounds (Yeats and Rose, 2008) and,
consequently, it is widely assumed that they are probably involved
in the transport of those substances. On the other hand, nsLTPs
have a conspicuous N-terminal signal peptide that presumably
leads to their export out of the cell and makes rather unlikely
their participation in the intracellular trafficking of lipids. For this
reason, it has been suggested that nsLTPs would be involved in
the transport of lipids to extracellular locations during the syn-
thesis of structures such as the cuticle layer (Pyee et al., 1994;
Lee et al., 2009). This role would be particularly likely for those
nsLTPs genes predominantly expressed in epidermal cells of aerial
parts of the plant because it is there where the cuticular layers
are usually located. However, it should be reminded that in each
plant species there is a great number of nsLTPs that presumably
have diversified to perform distinct physiological functions, and
to work in different parts of the plant body and during diverse
developmental stages. Consequently, it would be very surprising
to find a single nsLTPs in vivo function. Indeed, some nsLTPs have
shown antimicrobial activity in vitro and the expression of their
encoding genes is induced after pathogen infection, suggesting that
they could be involved in defense against these invaders (Molina
and García-Olmedo, 1993, 1997; Guiderdoni et al., 2002; Gomès

et al., 2003). For those nsLTPs their defensive role would be act-
ing like toxic weapons, but for the Arabidopsis DIR1 (defective
in induced resistance1) nsLTP it would be carrying, or chap-
eroning, a still unknown systemic signal that triggers defensive
responses in parts of the plant still free of the pathogen (Mal-
donado et al., 2002; Champigny et al., 2013). It is not known if
other nsLTPs could also be involved in the transport of lipid sig-
nals, in defense or developmentally related signaling pathways.
On the other hand, some nsLTPs from legume plants partic-
ipate in the control of the symbiotic interactions between the
host and its rhizobium partner during the nodulation process,
likely acting as a positive signal for the rhizobium coloniza-
tion (Pii et al., 2009), but their exact mechanism of action is
unclear.

In this context, BETL9 and BETL9like are an interesting case
because they are a couple of very similar maize genes exclu-
sively transcribed in developing seeds, more specifically at the
two endosperm layers covering their surface: BETL9 in the BETL
and BETL9like in the aleurone. Both cell layers can be consid-
ered as the endosperm epidermis, marking the border between
the seed and the enclosing maternal body. However, the BETL
and aleurone have very different physiological activities in that
border because whereas the aleurone layer functions as a classical
barrier, the BETL is a place of very active nutrient uptake into
the developing seed from the maternal vascular terminals located
just in front of it. In fact, the BETL is the only exchange surface
available for the developing maize seed because the rest of the
endosperm is surrounded by a cuticle layer (Davis et al., 1990).
Consequently, we suggest that this pair of similar genes could have
diversified following an ancient duplication to carry out differ-
ent functions in those two contiguous regions. BETL9like in the
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synthesis of a cuticle, facilitating the establishment of an effec-
tive barrier surrounding the aleurone layer, and BETL9 adopting
a function more related to toxicity against pathogens trying to
enter the seed along the same pathway that nutrients. That being
the case, BETL9 would add to the number of proteins expressed
at the BETL with presumed or already proven anti pathogenic
activity. BETL1, BETL3, and meg-1 (Hueros et al., 1995, 1999;
Gutiérrez-Marcos et al., 2004) genes code for proteins related to
the antimicrobial peptides defensins. BETL4 has some similarity
to alpha-amylase/trypsin inhibitors (Thompson et al., 2001) and
BETL2 was renamed as BAP-2 (basal layer antifungal protein 2)
after been demonstrated that it has antifungal activity in vitro
(Serna et al., 2001). In addition, both BETL1 and BAP2 proteins
accumulate at the placento-chalazal area, the maternal region that
the nutrients coming from the maternal vascular terminals, and
presumably also the pathogens, should cross before arriving to
the BETL. In the case of BETL9, the availability of an antibody
allowed us to show that also in this case the protein is exported
from the BETL to the apoplast and extends through the placenta-
chalazal region where its putative antipathogenic activity should
be exerted (Figure 3F). Either this export is particularly efficient,
or the BETL9 protein molecules inside the BETL cells are not very
stable because only traces of BETL9 protein are detected inside the
BETL (Figure 3F). Unfortunately, we do not have an antibody able
to detect the BETL9like protein and we cannot discern if it remains
around the cell walls of the aleurone cells where it is transcribed,
as expected if it is involved in the synthesis of the cuticle covering
them, or it expands across the maternal cells as BETL9. Another,
more speculative, possibility would be that BETL9 functions as a
member of a signaling system between the seed and maternal tis-
sues contributing to the coordinated development and location of
the maternal vascular terminals and the BETL seed layer. We have
already indicated that one nsLTP, the product of the dir1 Arabidop-
sis gene, is indeed involved in a signaling system. DIR1 protein
belongs to group IV of nsLTPs according to the Boutrot et al.
(2008) scheme, but groups IV and VI proteins were included in
the wider Type D according to the classification scheme by Edstam
et al. (2011), pointing to a relationship that could extend to their
activities.

Independently of their putative physiological role, the expres-
sion patterns of BETL9 and BETL9like genes provide us with a
valuable material to study the mechanisms regulating differential
gene activity between endosperm transfer cells and aleurone in
maize. We have isolated proximal promoter regions of both genes
that very closely recapitulate the expression patterns of the corre-
sponding endogenous genes, in transgenic maize plants carrying
promoter-GUS constructs (Figure 4). Consequently, these con-
structs could be used in the future to investigate the regulatory
mechanisms determining BETL and aleurone specific expression.
Unfortunately, there is still a very sparse knowledge about the
transcription factors network regulating gene expression in the
different maize endosperm domains. Conversely, the resulting
scarcity of well characterized target sequences and their frequent
ambiguity makes very difficult to get fruitful results only from
sequence analysis. For this reason, we have attempted to com-
plete the classical search for already characterized target motifs
with a comparative approach in the sequence analysis of these

promoters, taking advantage of the availability of genomic data
from sorghum. Sorghum is a closely related species to maize
and we reason that the three sorghum genes that we have iden-
tified as orthologous to either BETL9 or BETL9like (Sb08g005340
and Sb08g005360 for BETL9 and Sb03g037220 for BETL9like;
Figure 2B) would presumably have similar expression patterns to
their maize counterparts and be regulated by related transcription
factors, binding similar target sequences. A search for conserved
short motifs in the sequences of 1 Kb of the maize and sorghum
proximal promoters of the five genes using the MEME (Bailey
and Elkan, 1994) and MAST (Bailey and Gribskov, 1998) tools
reveals that BETL9 and Sb08g005360 have a significant number
of common sequence motifs. BETL9like and Sb03g037220 share
a different group of motifs, as expected from the distinct expres-
sion patterns of the maize genes and their relationships with their
sorghum relatives. Intriguingly, although the protein products of
the Sb08g005340 and Sb08g005360 genes are almost identical,
the promoter of Sb08g005340 has a different pattern of motifs.
Since both genes are closely located in the same chromosome,
this suggests they could have differed in their expression patterns
after a recent duplication event that generated them, although
only experimental data could validate this prediction. Meanwhile,
we have taken advantage of our conserved motifs approach to
focus our attention on the presence in the promoter of the BETL9
and Sb08g005360 genes of several copies of the sequence TATCT,
sometimes repeated in tandem, and positioned around 500 bp
upstream of the start codon of the coding region. This conserved
motif is highly related, but not identical, to the “transfer cell
box,” the target of the transfer cell specific transcription factor
ZmMRP-1 (Barrero et al., 2006). In the promoters of BETL9like
and Sb03g037220 there are several copies of the motif TTGA-
CACTTG located between 200 and 400 bp upstream of the position
of the start codon, this motif is also present in the promoters of
the wheat TdPR61 and barley HvLOC62188 genes that belong to
the same phylogenetic group (Figure 2B). The first half of this
motif resembles the W box-like sequences that are closely related
to the binding motifs for WRKY proteins, although functional
studies indicate they are unlikely targets for these transcription
factors (Ciolkowski et al., 2008). The second half is related to the
CANNTG E-box element found in other seed-specific promoters
(Stalberg et al., 1996). Finally, we have found in the promoters
of both BETL9 and BETL9like genes and their sorghum rela-
tives, but not in Sb08g005340, the motif ACATGCAAC, related
to the RY repeat present in the promoters of several seed spe-
cific genes in cereals and legumes (Baumlein et al., 1992). This
set of differentially conserved motifs comprises promising tar-
gets to be validated during the experimental dissection of both
promoters.

The phylogenetic relationships among the cereal nsLTP pro-
teins belonging to group VI suggests that a duplication before the
divergence of the maize, sorghum, barley, rice, and wheat lin-
eages originated the BETL9 and BETL9like clades leaving apart a
less well defined group of sequences (Figure 2B). Current data
(Doan et al., 1996; Li et al., 2008; Kovalchuk et al., 2009, 2012; this
work) indicates that this split has been accompanied by a differ-
entiation in their expression patterns. The members of both main
clades are specifically expressed in seeds, but with some differences.
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The genes of the BETL9 clade from maize (Figure 3), the barley
END-1 (Doan et al., 1996) and the wheat TdPR60 (Kovalchuk et al.,
2009) have their expression restricted to the endosperm trans-
fer cells. Endosperm transfer cells, although located in different
physical arrangements in these species (Royo et al., 2007), share
their position as entrance gates to the developing seed for nutri-
ents coming from the maternal tissues. We do not have detailed
data concerning the expression pattern of the rice member of this
clade (Os03g25350), but the available information from microar-
ray analysis is not incompatible with this scheme. On the other
hand, the situation is not so homogenous in the BETL9like clade.
The maize BETL9like gene is only expressed in the aleurone layer of
the endosperm, and it is clearly silent in the transfer cells (Figures 3
and 4), but this clear-cut difference with the expression of its
BETL9 counterpart is not seen in the rice and wheat members
of the clade. In rice there is not a distinct endosperm transfer cell
layer, but the OsPR602 (Os01g58660) expression is restricted to the
aleurone cells located in closer proximity to the maternal vascular
bundles that constitute their nearest equivalent (Li et al., 2008).
Considering only this, the expression of OsPR602 would be equiv-
alent to that of the BETL9 genes and not to the maize BETL9like.
However, the promoter of OsPR602 is also active in the maternal
nucellar cells located in the pathway between the vascular bundles
and the adjacent aleurone. This pattern contrasts with the expres-
sion of the typical rice transfer cell-like specific gene AL1 (Kuwano
et al., 2011) and indicates that OsPR602 is not as specific as the
BETL9 genes. In addition, the wheat gene TdPR61 (Kovalchuk
et al., 2012) has also a wide expression pattern, including not only
the aleurone, like the maize BETL9like gene, but the endosperm
transfer cells, the ESR and the embryo, but not any maternal tis-
sues surrounding the developing seed as in the case of OsPR602.
Finally, the only source of information on the expression of the
cereal genes of the group VI that cannot be clearly assigned to the
BETL9 or BETL9like clades comes from microarray experiments
data for the three rice genes, and suggests that their transcripts are
not restricted to developing seeds. On the absence of more precise
data this could indicate that these genes have evolved to perform
different physiological functions.

In conclusion, our current data indicates that in cereals there
was a duplication and diversification of the genes encoding for the
group VI nsLTPs leading to two clear subgroups, we have called
them BETL9 and BETL9like clades, that are mainly expressed in
developing seeds, and a third one less well defined and studied.
In maize the genes belonging to each of the two main subgroups
have clearly different patterns of expression in the two endosperm
domains covering the surface of the seed whereas in the other cereal
species this spatial differentiation of the expression patterns is less
clear. Aside from the cereal splits there are the four Arabidopsis
genes belonging to group VI. As it is common in the other nsLTPs
groups (Boutrot et al., 2008), the Arabidopsis proteins constitute a
separate clade and it is not possible to establish an obvious cor-
respondence between them and those from cereals. This suggests
that the successive duplications leading to the current members
in both groups of plant occurred after the divergence between the
lineages leading to Arabidopsis and cereals. Data concerning the
promoter activity of the four Arabidopsis genes (Figure 5) also sup-
port this notion because none of them have patterns reminiscent

of those found for the cereal genes. The Arabidopsis genes have
clearly diversified their spatial and temporal patterns of expres-
sion, suggesting they have evolved different in vivo functions,
in addition their expression is not restricted to seeds although
some members are expressed in immature endosperm and
embryo.

MATERIALS AND METHODS
PLANT MATERIAL
DNA, RNA, and biological samples were obtained from wild type
(var. A69Y) or transgenic (var. A188) maize plants (Zea mays)
grown in a glasshouse and from Arabidopsis thaliana var Col-0
grown under long-day conditions (18 h light/6 h darkness, 70%
humidity, 21◦C/18◦C).

MOLECULAR BIOLOGY METHODS
Standard DNA and RNA methods were carried following Sam-
brock et al. (1989) and as previously described (Hueros et al.,
1995).

BACTERIAL EXPRESSION, PURIFICATION OF THE BETL9 PROTEIN AND
PREPARATION OF THE ANTISERUM
The mature BETL9 coding sequence was generated by PCR from
the cDNA clone by PCR, using primers which added suitable
restriction sites. The PCR product was digested with the restriction
enzymes Bam HI and BglII and cloned into the pQE60 expression
vector (Qiagen GmbH) to yield pQE60-BETL9. The pQE60 vector
provides a start codon followed by three aminoacids, which results
in the addition at the N-terminus of four aminoacids (MGGS) to
the first residue of the mature BETL9 protein. At the C-terminus,
an extension of eight aminoacids (RSHHHHHH) are fused to
the last aminoacid of the mature protein. The construct was
transformed into E. coli strain M15 and protein overexpression
and purification was done following the manufacturer’s instruc-
tions under denaturing conditions. The purity of the protein was
checked by SDS-PAGE electrophoresis and Coomassie blue stain-
ing. After desalting by dialysis in 0.1 M acetic acid, the protein
was lyophilised, dissolved in distilled water, and used to immunize
rabbits to obtain polyclonal sera.

IN SITU HYBRIDISATION AND INMUNOLOCALIZATION
A69Y maize seeds were collected at different DAP and fixed in
4% paraformaldehyde, 0.1% glutaraldehyde in 0.1 M sodium
phosphate buffer pH 7.2 for 12–24 h depending on the tissue vol-
ume. Samples were dehydrated and embedded in wax (Paraplast,
Sigma) using xylol as solvent. Sections 10 μm thick were affixed
to glass slides treated with 3-aminopropyltriethoxylane. Sections
were deparaffinised in xylol and rehydrated through an ethanol
series.

For the in situ hybridisation, DIG- or S35-labeled antisense
and sense probes were synthesized using T3 and T7 poly-
merases (Boehringer Manheim) from linearised pBluescript SK+
plasmids containing the BETL9 and BETL9like cDNAs. Probes
were partially hydrolysed with sodium carbonate. Sections were
hybridized as previously described (Hueros et al., 1995), follow-
ing the method of Cox and Goldberg (1988). For the detection
of the hybridization signal a radiosensitive emulsion was used in
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the case of S35-labeled probes. After film developing, the signal
appears as dark spots that appear bright in dark-field microscopy.
Sections were counterstained with calcofluor white and pho-
tographed under UV light. In the case of DIG-labeled probes
the detection was done using an anti-DIG antibody coupled with
alkaline phosphatase, after addition of the enzyme substrates
(Roche-diagnostics) the signal was visualized as a black–purple
precipitated. Sections were counterstained with saphranine-O
(Sigma).

For the immunolocalization experiments, inhibition of
endogenous peroxidase was carried out by incubating the sections
in 0.3% v/v H2O2 in 0.5% methanol for 10 min. Tissue was then
washed in PBS and blocked with 10% normal donkey serum
(Chemicon International) in PBS for 30 min at room tempera-
ture. Sections were incubated with anti-BETL9, anti-BETL9like,
or preimmune sera diluted 1:200 in PBS for 2 h at room tem-
perature. The immunoreaction was detected using horseradish
peroxidase-coupled secondary antibody (Sigma) diluted 1:500 and
3′-diaminobenzidine (Sigma).

PROMOTER ISOLATION, PLANT TRANSFORMATION, AND GUS
ACTIVITY ASSAYS
Promoters of the maize BETL9 and BETL9like genes were obtained
from BAC genomic clones. The promoter sequences were cloned
as fusions to the GUS reporter gene in Agrobacterium-mediated
plant transformation vectors. Z. mays plants of the variety A188
were transformed essentially as described by Ishida et al. (1996).

Promoters of the Arabidopsis genes were amplified by PCR from
genomic DNA using primers designed according to the informa-
tion present in the Arabidopsis genome sequence database. 1751,
1780, 1013, and 1001 bp of sequence upstream of the coding
region start codon were amplified from the At1g32280, At4g30880,
At4g33550, and At5g56480 genes, respectively. To prepare the
Arabidopsis reporter lines, these promoter sequences were ligated
upstream of the GUS reporter gene in the pBI101.3 plasmid (Clon-
tech). A. thaliana Col-0 plants were transformed following the
floral dip method as described by Clough and Bent (1998).

Expression of the GUS gene was detected by histochemical
staining according to the method of Jefferson et al. (1987). Tis-
sues were stained for GUS in a medium containing 0.5 mg/ml
X-glucuronide (Duchefa), 0.5 mM K+-ferrocyanide, 0.5 mM K+-
ferricyanide, 10 mM Na2EDTA, 50 mM phosphate buffer, pH 7,
0.1% Triton X-100, and 20% methanol.
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In maize developing seeds, transfer cells are prominently located at the basal endosperm
transfer layer (BETL). As the first filial cell layer, BETL is a gateway to sugars, nutrients and
water from mother plant; and anchor of numerous functions such as sucrose turnover,
auxin and cytokinin biosynthesis/accumulation, energy metabolism, defense response,
and signaling between maternal and filial generations. Previous studies showed that basal
developing endosperms of miniature1 (mn1) mutant seeds lacking the Mn1-encoded
cell wall invertase II, are also deficient for hexose. Given the role of glucose as one
of the key sugars in protein glycosylation and proper protein folding; we performed a
comparative large scale glycoproteome profiling of total proteins of these two genotypes
(mn1 mutant vs. Mn1 wild type) using 2D gel electrophoresis and glycosylation/total
protein staining, followed by image analysis. Protein identification was done by LC-MS/MS.
A total of 413 spots were detected; from which, 113 spots matched between the two
genotypes. Of these, 45 showed >20% decrease/increase in glycosylation level and
were selected for protein identification. A large number of identified proteins showed
decreased glycosylation levels in mn1 developing endosperms as compared to the Mn1.
Functional classification of proteins, showed mainly of post-translational modification,
protein turnover, chaperone activities, carbohydrate and amino acid biosynthesis/transport,
and cell wall biosynthesis. These proteins and activities were related to endoplasmic
reticulum (ER) stress and unfolded protein response (UPR) as a result of the low
glycolsylation levels of the mutant proteins. Overall, these results provide for the first
time a global glycoproteome profile of maize BETL-enriched basal endosperm to better
understand their role in seed development in maize.

Keywords: seed development, gene expression, sugar methabolism, transfer cells, maize

INTRODUCTION
The mn1 mutation in maize is associated with a loss of 70%
seed weight at maturity due to a loss-of-function mutation at the
Mn1 locus that codes for the endosperm-specific cell wall inver-
tase 2 (INCW2). The INCW2 protein is entirely localized in basal
endosperm transfer cell layer (BETL), a major if not the sole gate-
way for the intake of sugars and nutrients from maternal cells into
the filial tissue (Miller and Chourey, 1992; Cheng et al., 1996).
Homozygous mn1 mutant is not lethal presumably due to a resid-
ual low level of the cell wall invertase (CWI) activity encoded by
another homolog, Incw1 (Chourey et al., 2006). A BETL in devel-
oping maize seed is composed of two to three strata of highly
specialized transfer cells (Davis et al., 1990; Kang et al., 2009),
marked by a hallmark feature of labyrinth-like proliferation of
cell wall called wall-in-growths (WIGs) in plants (Offler et al.,
2003; Vaughn et al., 2007; Ruan et al., 2010). The INCW2 pro-
tein is immunolocalized to the Mn1 WIGs, and the mn1 mutant
is associated with stunted WIG development due to the INCW2

deficiency (Kang et al., 2009). Sucrose hydrolysis is clearly a major
physiological function of the Mn1-encoded INCW2 in the BETL
and there is evidence that metabolically released hexoses, not
exogenous, are critical as a driving force in assimilate movement
between maternal and filial cells (Cheng and Chourey, 1999). As
expected from the INCW2-deficiency, the mn1 basal endosperm
shows greatly reduced levels of glucose, fructose and sorbitol; and
increased levels of sucrose relative to the Mn1 developing seeds
(LeClere et al., 2010; Chourey et al., 2012).

Glycoproteins (GPs) have one or more covalently attached gly-
can (oligosaccharide, often with the presence of glucose) moieties.
Nearly all N-linked GPs are believed to be secretory proteins,
which are associated with numerous functions, including stress
tolerance and cell-cell communication in development. Proteins
entering the secretory pathway are marked by signal peptides;
17% of all proteins in Arabidopsis have predicted signal pep-
tides and, 33% of these have at least one trans-membrane domain
associated with the endoplasmic reticulum (ER). Addition of
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N-glycans to the proteins occurs as a co-translational modifica-
tion at the ER and then transported through secretory pathway
to the cell surface in a traffic process mediated mostly by the
Golgi complex (Vitale and Boston, 2008; Liu and Howell, 2010).
The ER is suggested to be a nursery where newly synthesized
secretory proteins are properly decorated, modified, de-decorated
(deglycosylated), finally properly folded and assembled prior to
exit to their final destination (Vitale and Boston, 2008). Quality
Control (QC) in this entire process is highly critical. Improperly
folded proteins in the ER are causal to the so called ER-stress
that is associated with unfolded protein response (UPR)—a sig-
nal transduction pathway that is well studied in mammalian and
yeast cells. Recent studies in plants suggest that QC, ER stress,
and UPR play an important role in biotic/abiotic stress and seed
development (Liu and Howell, 2010).

The most detailed studies of GPs in maize developing
endosperm have been on the storage protein zein, stored in ER-
derived protein bodies (Vitale and Boston, 2008; Arcalis et al.,
2010). However, there is no such information on the GPs in
the BETL, a cell type not associated with storage functions in
seed development. Here we report the first detailed profile of the
GPs in the basal endosperm using LC-MS/MS approach, a pre-
eminent tool for identification and quantitative characterization
of GPs (Ruiz-May et al., 2012). Comparative GP profiles of the
BETL enriched proteins of the mn1 relative to the Mn1 revealed
potential changes due to both the hexose deficiency.

EXPERIMENTAL PROCEDURES
PLANT MATERIALS AND CHEMICALS
Immature maize (Zea mays L.) kernels wild type (Mn1) and
miniature 1 mutant (mn1) in the W22 inbred line were har-
vested at 12 days after pollination (DAP). All plants were grown
in the field and were self- or -sib-pollinated. At the time of
harvest, kernels were individually excised from the ear with
a paring knife, taking care to include undamaged base (pedi-
cel) of each kernel. Excised kernels were flash frozen in liquid
nitrogen and stored at −80◦C until analysis. We used the basal
1/3 end of the endosperm because it is enriched for the BETL
cells, the sole site of the Mn1 expression and also a major
zone for sucrose turn-over reactions, as previously discussed
(LeClere et al., 2008; Silva-Sanchez et al., 2013). All chemicals
were purchased from Fisher Scientific Inc., USA unless otherwise
stated.

TOTAL PROTEIN EXTRACTION
Soluble proteins were extracted from the one-third lower part
of maize kernels according to a method reported by Hurkman
and Tanaka (1986) with minor modifications. The frozen ker-
nels were ground into fine powder in a pre-chilled mortar and
pestle. A total of 3 mL of extraction buffer (0.1 M Tris HCl pH
8.8, 10 mM EDTA, 0.2 M DTT, 0.9 M sucrose) and 3 mL of sat-
urated phenol were added to homogenize the sample. To extract
proteins, samples were constantly agitated for 2 h at room temper-
ature. The mixture was then centrifuged at 5000 × g for 10 min
at 4◦C. The top clear phenol phase was removed and collected
in a fresh tube. The remaining pellet was re-extracted with 3 mL
buffered phenol solution and centrifuged again to recover the

top clear phenol phase and combined with the previous fraction.
The supernatant was precipitated with five volumes of ice cold
0.1 M ammonium acetate in 100% methanol overnight and cen-
trifuged at 20000 × g for 20 min at 4◦C. The supernatant was
discarded and the pellet was washed twice with 0.1 M ammo-
nium acetate in 100% methanol, then washed twice with cold
80% acetone and finally with 70% of ethanol. The pellet was
solubilized in isoelectric focusing (IEF) buffer (7 M urea, 2 M
thiourea, 4% (w/v) CHAPS and 40 mM DTT). The samples were
treated with benzonase (Novagen, Gibbstown, NJ) for 30 min
and then centrifuged at 34,000 rpm for 30 min at 15◦C using an
ultracentrifuge (Optima TLX ultracentrifuge, Beckman Coulter).
Supernatant was collected and 50 μL aliquots were kept at −80◦C
until use.

TWO DIMENSIONAL GEL ELECTROPHORESIS, PROTEIN STAINING AND
IMAGING ANALYSIS
Protein samples were quantified using an EZQ protein quantita-
tion kit (Invitrogen, CA, USA). Protein extracts of 500 μg each
were mixed with 0.2% of ampholytes (pH 3–10) and loaded
onto an 18 cm Immobilized pH gradient (IPG) strips (pH range
3–10 NL) (GE healthcare, CA, USA), followed by overnight rehy-
dration at room temperature. IEF was conducted on an Ettan
IPGphor3 system (GE Healthcare, CA, USA) using the following
conditions: 200 V for 30 min, then ramping to 500 V for 30 min,
and finally to 10,000 V for 1 h. The voltage was held at 10,000 V
until 85,000 Vh were reached in order to ensure complete sep-
aration and focusing of the proteins. After IEF, the strips were
equilibrated for 15 min in equilibration buffer (6 M urea, 75 mM
Tris-HCl pH 8.8, 29.3% glycerol, 2% SDS, 0.002% bromophenol
blue) containing 2% DTT, and for another 15 min in equilibra-
tion buffer containing 2.5% iodoacetamide. The IPG strips were
placed onto 18 cm 12.5% SDS gels (Jule Biotechnologies INC,
Milford, CT, USA). Electrophoresis was run at 15 W for 5 h.
A total of three replicate 2-DE experiments were conducted for
each sample.

After gel electrophoresis, staining with a glycoprotein-specific
stain Pro-Q Emerald fluorescent dye was performed according
to manufacturer’s instructions (Invitrogen, CA, USA). Images
were acquired using the Investigator ProPic unit equipped with
a UV light-box (Genomics solutions, MI, USA). Then, the gels
were destained and restained with a total protein dye Sypro
Ruby following manufacturer’s instructions (Invitrogen, CA,
USA). Images were acquired with the Investigator ProPic unit.
Spot detection, matching and quantification across the repli-
cate gels of wild type and mutant samples, were done using
a Progenesis Samespot Software (Non-linear Dynamics, CA,
USA). The function of automatic spot detection and match-
ing was used, followed by manual inspection. Protein experi-
mental molecular weights were calculated using a CandyCane™
molecular mass standard (Invitrogen, CA, USA) separated in
a separate lane on the 2D gels, and the experimental isoelec-
tric points were determined based on IPG strip specifications.
Normalized spot volumes were used to determine the quanti-
tative changes of glycosylated/total protein ratios and total pro-
tein levels. ANOVA test was used to determine the statistical
significance.
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PROTEIN IDENTIFICATION USING LIQUID CHROMATOGRAPHY
TANDEM MS (LC-MS/MS)
Selected 2D gel spots were excised using an Investigator ProPic
robot (Genomics Solutions Inc., USA) and digested with trypsin
as previously described (Sheffield et al., 2006); The lyophilized
peptides were resuspended in 15 μL of loading buffer (3% ace-
tonitrile, 0.1% acetic acid, 0.01% trifluoroacetic acid) and loaded
onto a C18 capillary trap cartridge (LC Packings, USA) and then
separated on a 15 cm nanoflow analytical C18 column (PepMap
75 μm id, 3 μm, 100 Å) at a flow rate of 300 nL/min on a nanoLC
ultra 1D plus system (ABsciex, USA). Solvent A composition was
3% acetonitrile (ACN) v/v, 0.1% acetic acid v/v; whereas solvent
B was 97% ACN v/v, 0.1% acetic acid v/v. Peptide separation
was performed with a linear gradient from 3 to 40% of solvent
B for 20 min, followed by an increasing to 90% of solvent B in
5 min and hold for 5 min (Zhu et al., 2010). The eluted peptides
were directly sprayed into an LTQ Orbitrap XL mass spectrome-
ter (Thermo Scientific Inc., Bremen, Germany). MS2 spectra were
acquired in a data-dependent mode. An Orbitrap full MS scan
(resolution: 3 × 104, mass range 400–1800 Da) was followed by
10 MS2 scans in the ion trap, which were performed via col-
lision induced dissociation on the top 10 most abundant ions.
Isolation window for ion selection was 3 Da. Normalized colli-
sion energy was set at 28%. Dynamic exclusion time was 20 s (Li
et al., 2012a). The acquired mass spectra were searched against
a Uniprot Zea mays database (62,860 entries, Jan-04-2013) using
Mascot 2.2 search engine (http://www.matrixscience.com) with
the following parameters: tryptic peptides with 1 missed cleav-
age site, mass tolerance of precursor ion of 10 ppm and MS/MS
ion of 0.8 Da, fixed carbamidomethylation of cysteine, variable

methionine oxidation, asparagine and glutamine deamination.
Unambiguous identification was done using Scaffold software V
3.0 (Proteome Software, OR, USA).

BIOINFORMATICS ANALYSIS
Functional classification of the proteins was done according to the
clusters of orthologous groups for eukaryotic complete genomes
(KOG) (ftp://ftp.ncbi.nih.gov/pub/COG/KOG/) (Tatusov et al.,
2003) and the prediction of subcellular localization was done
using a Plant-mPLoc tool (http://www.csbio.sjtu.edu.cn/bioinf/
plant-multi/) (Chou and Shen, 2010).The identified proteins
were submitted to an N-Glycosite tool for glycosylation site anal-
ysis (http://www.hiv.lanl.gov/content/sequence/GLYCOSITE/
glycosite.html) (Zhang et al., 2004). Prediction of the N-terminal
presequences: chloroplast transit peptide (cTP), mitochondrial
targeting peptide (mTP) and secretory pathway signal peptide
(SP) was done using the TargetP 1.1 tool (http://www.cbs.dtu.

dk/services/TargetP/) (Emanuelsson et al., 2000).

RESULTS AND DISCUSSION
TWO DIMENSIONAL GEL ANALYSIS, PROTEIN IDENTIFICATION AND
GLYCOPROTEIN (GP) DETECTION
In order to determine the differences in glycosylation patterns
of BETL between the wild type (WT) and the mutant (M),
total protein extracts were prepared from the one-third lower
part of maize kernels. For each sample, three biological repli-
cates/gels were performed. The gels were stained with ProQ
Emerald for glycoproteins, and then for total protein detection
with Sypro Ruby stain. Figure 1 shows representative images of
gels stained for potential glycoproteins and total proteins. A total

FIGURE 1 | Representative 2D-PAGE of BETL total protein extract

stained with ProQ emerald for glycoprotein detection (A) and Sypro

ruby for total protein detection (B). The spots along with the spot

numbers selected for protein identification by LC-MS/MS are marked with
a circle. Numbers on various spots in each gel refer to the #s shown in
the 1st column, Table 1.
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of 413 spots were detected in the four gels of the three replicates
(Supplemental Figure 1) representing the wild type and mutant
endosperm extracts; of these, 254 spots with p-values smaller than
0.05 based on ANOVA test were selected for further analysis.

Glycosylation of each protein spot was evaluated by their
staining intensity with the GP stain that was normalized by
the intensity of total protein stain (G/TP) for both WT and
the mutant samples. Normalized glycosylation ratios are rep-
resented as M(G/TP)/WT(G/TP) in Table 1. A total of 113 pro-
tein spots matched between the wild type and mutant gels, are
shown in Supplemental Table 1. There are 45 spots (Figure 1)
showing more than 20% increase or decrease in the normal-
ized glycosylation level. Interestingly, only 4% of the 113 spots
matched between WT and M showed increased GP ratios when
comparing to the WT, while 36% showed decreased ratios
(Supplemental Table 1).

Figure 2 shows four representative spots with dynamic
changes in normalized glycosylation levels (G/TP). The majority
of proteins have decreased glycosylation ratio that is calculated
by M(G/TP)/WT(G/TP); as demonstrated by spots 357 and 436
in Figure 2 with ratios of 0.69 and 0.71, respectively. Only four
spots showed 20% increased glycosylation in the mutant com-
pared to the wild type. The spot 547 in Figure 2 is one of those
proteins with glycosylation levels in the mutant being more than
two-fold of those in the wild type. This indicates the relation-
ship between glycosylation and protein abundance is complex.
Figure 2 also includes an example of a protein, spot 185, with the
glycosylation ratio of 0.97 that represented no significant change
in glycosylation (Supplemental Table 1) in the two genotypes.

The 45 spots from the wild type and the mutant were excised
and subjected to trypsin digestion and LC-MS/MS analysis. After
database search using Mascot, the data were filtered in Scaffold
software, and protein identification was considered valid if it had
an overall 99% confidence and at least three unique peptides
with 95% confidence. A total of 35 spots showed 69 compara-
ble protein identifications between the WT and the M (Table 1).
Some spots such as 272, 436, and 449 yielded multiple protein
identifications due to the overlapping nature of proteins with
similar molecular weights and isoelectric points (pIs). Several
proteins were also reported by Zhu et al. (2006) in a similar
proteomic study of root elongation zone in maize. Conversely,
the same proteins were identified from multiple spots, e.g., spots
425, 454, and 461 as subtilisin-like protease, spots 357, 362, and
371 as Rhicadhesin receptor, and spots 440 and 449 as ER lumi-
nal binding protein. Differential post-translational modifications
may account for these isoforms (Satoh et al., 2002). Alternative
splicing is known to create multiple RNAs from a single gene
that increase the proteome diversity. In maize, 19.2% of the total
expressed genes are reported to be alternatively spliced (Barbazuk
et al., 2008); thus various protein isoforms encoded by the same
gene or its homologs may have alternative sizes and/or pIs.

Although nearly all the identified proteins (Table 1) exhib-
ited close correlations between experimental and reported pIs,
some did show discrepancy between the experimental molecular
weights and theoretical molecular weights (e.g., spots 376, 454,
and 493). These variations can be attributable to several factors,
such as the lack of full length cDNA sequences or misannotation

for these proteins; some of the cDNA sequences may have differ-
ent splicing or degraded products, and post-translational mod-
ifications like glycosylation, which can also alter the molecular
weights. Out of the 69 proteins presented in Table 1, 39 have been
reported to be glycosylated.

FUNCTIONAL CLASSIFICATION
Functional classification of the identified proteins (Table 1) was
performed according to the clusters of orthologous groups
for eukaryotic complete genomes (KOG, Tatusov et al., 2003).
Thirteen different categories were found: (I) Post-translational
modification, protein turnover, chaperone functions; (II) carbo-
hydrate metabolism and transport; (III) Amino acid metabolism
and transport; (IV) Energy production and conversion; (V)
Translation; (VI) RNA processing and modification; (VII)
Nucleotide metabolism and transport; (VIII) Signal transduction;
(IX) Coenzyme metabolism; (X) Secondary metabolites biosyn-
thesis, transport and catabolism; (XI) Defense mechanisms; (XII)
General functional prediction only; (XIII) No KOG related; as
shown in Figure 3A.

Category I (Post-translational modification, protein turnover,
chaperone functions) was the most represented category that
included 15 proteins such as ER luminal binding protein (spots
440 and 449, Table 1), glutathione transferase (spot 362), heat
shock proteins (spots 449 and 513), proteasome subunits (spots
376 and 433), chaperone proteins (spot 449), vignain (spot
440), subtilisin like protease (spots 454, 461, and 425), and WD
repeat (spot 491). Interestingly, all proteins represented in the
10 spots are glycosylated as reported previously in other organ-
isms (Table 1, the last column for the references); however, all
showed reduced normalized glycosylation ratio except for the heat
shock protein 70 (spot 513) with a ratio of 1.19. These spots
showed a total protein ratio, M(TP)/WT(TP), of 1.0 or slightly
higher (Table 1), suggesting that the reduced glycosylation in the
mutant was not associated with the reduced abundance of these
proteins.

Protein glycosylation is accomplished when the lipid
(dolichol)-linked oligosaccharide transfers the carbohydrate-
containing structure (Glc3Man9GLcNAc2) to nascent peptides
in the ER (Howell, 2013).Several studies have shown that the
glucose residues on the lipid linked oligosaccharide facilitate
the in vitro transfer of the oligosaccharide to the protein
although it is not an absolute requirement (Kornfeld and
Kornfeld, 1985). Cells starved of glucose or in energy depriva-
tion state fail to produce Glc3Man9GlcNAc2-P-P-Dol; instead,
they accumulate Man9GlcNAc2 lipid linked species that were
associated with the decrease in protein glycosylation in thy-
roid slices (Spiro et al., 1983). The accumulation of defective
saccharide-lipid linked carrier upon different stresses varies
according to cell type. In the BETL region of the mn1 mutant
kernels, the low glucose content may lead to defective or
low levels of the dolichol-linked oligosaccharide causing a
reduction of the normal glycosylation process associated as a
general trend of low glycosylation ratios when compared with
the WT.

Table 1 depicts proteins with a high total protein ratio when
comparing to the wild type, including heat shock proteins (spots
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FIGURE 2 | Examples of protein spots from BETL total protein extracts

[spot 185 [M(G/TP)/WT(G/TP) = 0.97], spot 357 [M(G/TP)/WT(G/TP) =
0.74], spot 436 [M(G/TP)/WT(G/TP) = 0.69], and spot 547 [M(G/TP)/

WT(G/TP) = 2.35] showing quantitative differences in glycosylation (G)

and total protein (TP) between WT and mutant after glycoprotein and

Sypro Ruby staining. The spots that showed a 20% increase/decrease
(357, 436, and 547) in the glycosylation ratio were identified by mass
spectrometry and labeled with the same numbers as in Table 1. Spots
that did not showed significant changes in glycosylation ratios (185) are in
Supplemental Table 1.

449 and 513), glutathione transferase III (spot 362) and pro-
teasome (spots 376 and 433). Proteomic studies in developing
seeds of Brassica campestri L reported that 23.4% of the total pro-
teins are involved in protein processing and degradation (Li et al.,
2012b).

One of the main protein folding machineries in protein pro-
cessing is the N-glycan dependent folding pathway (Howell,
2013). After the Glc3Man9GlcNAc2 core is transferred to the
nascent polypeptide by the oligosaccharide transferase (OST), the
Glc α-1, 2, and α-1,3 are removed by the glucosidase I and II,
then calreticulin/calnexin along with protein disulfide isomerase
(PDI) help in the proper folding of the protein. Folded proteins
are released by glucosidase which cleaves off the last glucose α-
1,3 and are finally secreted. Proteins that are not properly folded
are sensed by UDP-glucose:glycoprotein glucosyltransferase, and
they can be reglucosylated to reenter the calreticulin/calnexin
mediated folding cycle; where N-glycosylation plays an impor-
tant role in the endoplasmic reticulum quality control (ERQC).

We hypothesized that ER stress was induced in the BETL region
due to the observed low protein N-glycosylation, and since
N-glycans are recognized along several steps in the folding pro-
cess of proteins, low N-glycosylation may lead to accumulation
of unfolded/misfolded proteins that triggers the UPR response
to mitigate the ER stress. These observations are consistent with
Howell (2013) that UPR in plants is associated with upregulation
of genes involved in protein folding and endoplasmic reticulum
associated degradation (ERAD).

We observed four Hsp1 and Hsp70 proteins (spots 449 and
513); some with a high protein ratio in the mn1 mutant kernels
when compared with the WT; these proteins are reported to be
involved in protein targeting to the mitochondria and chloro-
plasts (Kriechbaumer et al., 2012), along with ER luminal binding
proteins (spots 440 and 449), proposed to be involved in pro-
tein body assembly within the ER (Li et al., 2012b), supporting
the hypothesis of ER stress and UPR process as a response of the
defective glycosylation process occurring in the BETL region.
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FIGURE 3 | Functional classification (A), and subcellular localization prediction (B), of the 69 proteins identified by LC-MS/MS in total protein

extracts.

In addition to UPR response, the degradation of proteins via
the ubiquitination-mediated pathway is an important mecha-
nism in plant growth and development, and is responsible for the
degradation of abnormal peptides and short-lived cellular regu-
lators; controlling many processes that allow rapid response to
intracellular signals (Sadanandom et al., 2012).This pathway is
also related the ERAD by sensing glycoproteins that fail to fold
into a native state. The alpha mannosidase interfere the reglucosy-
lation cycles and removes the α-1,6 linked mannose from the core
oligosaccharide linked to a glycoprotein. The mannose trimmed
glycoprotein is recognized by a series of luminal proteins such as
Lectin OS9 and HRD3 and then exported to the cytosol to be
degraded via ubiquitinilation mediated pathway (Howell, 2013).
The observation of proteasome subunit alpha and beta (spots 433
and 376 respectively) in a high total protein ratio in the mn1
mutant compared to the WT kernels suggest that mn1 kernels are
undergoing ER stress due to low concentration of glucose in the
BETL region.

A correlation between ER stress and programed cell death
(PCD) is also described in plants (Zuppini et al., 2004). PCD
occurs when internal contents of a cell are engulfed in the vac-
uole, leading to the tonoplast rupture and release of vacuolar
hydrolytic enzymes. The tonoplast rupture is mediated by vac-
uolar processing enzymes that have caspase–like activity (Howell,
2013). Along with the observed proteins related to ER stress, UPR,
and ERAD processes, we found that the subtilisin-like protease
(spots 425, 454, and 461) also have a reported caspase-like activity
(Vartapetian et al., 2011). This protein showed a low normalized
glycosylation level and no change in the total protein ratio in the
mn1 mutant compared to the WT, suggesting that ER stress might
regulate PCD through under-glycosylation in the mn1 mutant
BETL region. Overall, the reduced glycosylation levels of many of
the above proteins may also affect diverse metabolic and cellular
functions in developing seeds.

Carbohydrate catabolism and transport, the second most rep-
resented group in the functional classification (Figure 3A), is
composed of eight proteins in the glycolysis pathway, pentose

pathway, fructose and mannose metabolism and starch synthesis
(spots 272, 403 with two proteins, 425, 436, 590, 626, and 649).
The enzymes that participate in glycolysis pathway showed low
ratios of glycosylation in the mn1 mutant when compared to WT
and no change in the total protein ratio (Table 1). Several gly-
colytic enzymes among other protein/enzymes are reported to be
modified by O-GlcNAc in various systems (Love and Hanover,
2005). The enzymes that participate in glycolysis are of special
interest, due to the greatly reduced levels of hexoses resulting from
the INCW2-deficiency in the BELT region of the mutant.

One of the proteins involved in carbohydrate catabolism
is glucose-6-phosphate-isomerase (spot 425). It catalyzes the
conversion of glucose-6-phosphate to fructose 6-phosphate, an
important step in the hexoamine biosynthetic pathway. We
observed that the glycosylation ratio of glucose-6-phosphate-
isomerase was reduced (≈0.76) and the total protein ratio was
nearly the same (≈1.16), suggesting that its enzymatic function
and activity may be modulated through glycosylation. Cells can
sense the level of a product, UDP-GlcNAc, in the hexoamine
biosynthetic pathway as an indication of the level of glucose, the
precursor that is used in the same pathway (Love and Hanover,
2005). Because glucose-6-phosphate-isomerase is an essential
enzyme in the hexoamine biosynthetic pathway, we hypothesize
that it plays an important role in maintaining the homeostasis in
the cells in terms of nutrient levels in the mn1 kernel. Further
studies are needed in the characterization of this particular pro-
tein and its role in regulatory pathways.

Triosephosphate isomerase (spot 649) that catalyzes the inter-
conversion of glyceraldehyde-3-phosphate to dihydroxyacetone
phosphate was found in cytosolic and plastid isoforms with
the same trend in glycosylation and total protein abundance as
the glycolytic enzymes, in which glycosylation level goes down
while the total protein level doesn’t change significantly. For
fructose and mannose metabolism, fructokinase-2 (spot 272)
was found with a low glycosylation ratio but a high ratio in
total protein (≈1.5); while diphosphate-fructose-6-phosphate 1-
phosphotransferas (spot 590) was found with a high ratio of
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glycosylation (≈1.2) and no significant change in the total pro-
tein ratio. The 6-phosphogluconate dehydrogenase (spot 436), a
decarboxylating enzyme, participates in the pentose phosphate
pathway (PPP) and was found with low ratios for both glyco-
sylation and total protein. Significantly, Spielbauer et al. (2013),
reported a subset of chloroplast-localized PPP enzymes to be
not only present in endosperm amyloplasts but are also critical
for starch and oil biosynthesis in developing seeds. The UTP-
glucose-1-phosphate uridylyltransferase (spot 403) is responsible
for synthesis and pyrophosphorolysis of UDP-glucose, a key pre-
cursor of carbohydrate formation (including sucrose, cellulose,
starch, glycogen and β-glucan biosynthesis). This protein showed
one of the highest ratios in glycosylation but had a reduced ratio
in total protein level. UGPase is highly abundant in cell wall mem-
brane in barley and it is speculated to have a role in providing
UDP-glucose for biosynthesis of cell wall components, including
β-glucans and cellulose (Eimert et al., 1996).

Amino acid metabolism and transport was the third most
important category in functional classification. There were six
proteins involved in amino acid metabolism; 2-isopropylmalate
synthase, alanine aminotransferase, chorismate synthase, ser-
ine hydroxymethyltransferase, transaminase and glutamine syn-
thetase (spots 495, 436, 187, 590, and 547 for last two proteins).
The first three enzymes showed a low glycosylation ratio but 2-
isopropylmalate synthase and chorismate synthase had a high
protein abundance ratio (Table 1). The last three enzymes had
high glycosylation ratios but did not change in protein levels,
which suggests that glycosylation may play a role in the regulation
of these enzymes. In rice seed development proteomics studies,
Deng et al. (2013) observed a correlation between the accumu-
lation of proteins involved in protein synthesis and turnover,
protein folding and amino acid metabolism, in early stages of
rice seed development, indicating an active turnover of proteins
during early development stages; as observed in our work.

SUBCELLULAR LOCATION OF THE IDENTIFIED PROTEINS
When observing the subcellular location prediction of the com-
mon proteins between the wild type and the mutant (Figure 3B),
the chloroplast was the most represented with a 33% contribu-
tion of the total proteins identified, followed by the cell wall
proteins (15%) and cytoplasm (13%). The chloroplast protein
group consists of a very wide spectrum of different proteins that
are involved in energy production and conversion, amino acid
metabolism and transport, nucleotide metabolism and transport,
carbohydrate metabolism and transport, and post-translational
modification-protein turnover-chaperone functions.

All cell wall associated proteins showed low glycosylation level
in the mn1 mutant compare to the WT, as expected. The cell wall
group was composed of 10 proteins; three subtilisin-like proteases
that have post-translational modification, protein turnover, and
chaperone functions (spots 425, 454, and 461) did not show any
significant change in their total protein ratio. The other seven
proteins did not belong to any KOG related group and were
germinin-like proteins (GLPs), rhicadhesin receptor, and alpha-
N-arabinofuranosidase A (spots 357, 361, 362, 371, 449, 451, and
498), It has been reported that about 40% of all known GLPs
are cell wall proteins; and all GLPs contain N-terminal secretory

sequences that relate them strongly to the cell wall/extracellular
matrix targeting (Breen and Bellgard, 2010). GLPs have been
studied as defense molecules in different plant species, conditions
and diseases due to their high resistance to protease, heat, SDS
and extreme pH. Several reports identified GLPs in diverse envi-
ronmental conditions, such as salt, aluminum, drought stresses,
fungal pathogen attacks, bacteria and virus infections (Breen and
Bellgard, 2010). A special class of GLPs that is almost exclusively
found in cereals is characterized by an oxalate oxidase (OXO)
activity; meanwhile, a barley GLP reported by Bernier and Berna
(2001) presents a different ADP glucose enzyme activity that leads
to the hypothesis of its involvement in the control of metabolic
flow toward starch, cell wall polysaccharides, glycoproteins and
glycolipids in plants (Rodríguez-López et al., 2001). In addi-
tion, Gucciardo et al. (2007) isolated a pea GLP that showed
similarity in its N-terminus with a rhicadhesin recepetor. The
GLP mRNA was expressed in non-conventional locations for rhi-
cadhesin receptors such as in nodules and the expanding cells
adjacent to the nodule meristem and in the nodule epidermis.
This protein is demonstrated to have a superoxide dismutase
activity and show resistance to high temperature among other
stresses (Breen and Bellgard, 2010). All GLP proteins showed an
increased protein ratio in the mn1 mutant kernel, suggesting an
upregulation due to the stress caused by the glucose-deficiency in
BETL region.

Eight proteins of cytosolic location (spots 362, 403, 418,
425, 440, 480, 491, and 547) are described in Table 1 and
Figure 3B were found in the experiment. These proteins have a
variety of functions such as amino acid metabolism and trans-
port; carbohydrate metabolism and transport; post-translational
modification, protein turnover, chaperone functions; secondary
metabolites biosynthesis; transport and catabolism; and trans-
lation. Glutathione transferase III(A), peroxidase 2, and a like-
WD-repeat protein (spots 362, 418, and 491; respectively) showed
low normalized glycosylation level but an increase in the total
protein ratio. These proteins are related to oxidative stress. In a
previous study (Silva-Sanchez et al., 2013), proteins related to
gluthatione metabolism were up-regulated, in the mn1 kernels,
suggesting a potential redox regulation by glutathione. Elongation
factor 2, alcohol dehydrogenase class-3 and glucose-6-phosphate
isomerase (spots 425, 440, and 480; respectively) showed a low
normalized glycosylation level and nearly no change in their total
protein ratio. These observations suggest that their regulation
may be mediated through their glycosylation. A protein similar
to UTP-glucose-1-phosphate uridylyltransferase (UGPUT) from
Zea mays (B6T4R3, spot 403) showed a high normalized gly-
cosylation ratio (≈1.48) but a low total protein ratio (≈0.76).
This protein plays an important role in the biosynthesis of cell
wall polysaccharides as well as in the synthesis of the carbohy-
drate moiety for glycolipid and glycoproteins (Kleczkowski et al.,
2004). Glutamine synthetase (GS) (spot 547) showed the highest
level of normalized glycosylation (≈2.35) but no change in total
protein ratio (≈1.01). Cytosolic GS participate in seed develop-
ment by assimilating ammonium in sink tissues probably through
the asparagine catabolism as a possible source of ammonium
(Bernard and Habash, 2009). The high glycosylation levels of
UGPUT and GS suggest a complex mode of post-translational
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regulation in the plant. It is interesting to add that glycosylation
of cytosolic proteins has been reported previously. Haltiwanger
et al. (1992) described that several cytoplasmic and nuclear pro-
teins undergo O-glycosylation, which is highly dynamic in nature
and is known to response to various stimuli in the media, in a sim-
ilar way to phosphorylation responses. These processes are thus
far well known in yeast or animal models (Spiro, 2002; Love and
Hanover, 2005) although there is some research done in plants
(Thornton et al., 1999; Love and Hanover, 2005 and references
there in).

N-GLYCOSYLATION PREDICTION AND SECRETORY PATHWAY
For all of the proteins present in Table 1, we predicted the num-
ber of probable N-glycosylation sites based on the N-X-S, N-X-T,
or NX[ST]Z motifs, where X can be any amino acid residues
except proline using the N-glycosite tool (Zhang et al., 2004). A
total of 48 proteins showed at least one predicted N-glycosylation
site in their sequence. Those proteins that did not show any
predicted N-glycosylation sites potentially have other types of
unusual or rare glycosylation or are not studied/reported as gly-
coproteins yet. Although some proteins that showed at least one
predicted N-glycosylation site, they may have been reported with
other types of glycosylation. For example, the proteasome alpha
subunit (spot 433) has been reported to be O-glycosylated in
mouse (Overath et al., 2012); elongation factor 2 (spot 480) is an
O-glycosylated protein in human cervical cancer cells (Solórzano
et al., 2012), triosaphosphate isomerase (Spots 626 and 649) (Love
and Hanover, 2005); and protein Z showed O-glycosylation in
human plasma (Spiro, 2002). O-glycosylation occurs in a great
variety of proteins that are involved in key nuclear and cytoplas-
mic activities. Similar to phosphorylation, O-GlcNAc modifica-
tion occurs on Ser or Thr residues. O-GlcNAc is interchangeable
with phosphorylation. These two modifications have similar roles
in biological functions as well. O-GlcNAc modification is asso-
ciated to a variety of regulatory activities such as carbohydrate
metabolism, signaling, transcription and translation, and stress
response (Love and Hanover, 2005).

In order to investigate whether the proteins are related to
the secretory pathway and have the potential of being glycosy-
lated or not, the identified proteins from the 45 spots in Table 1
were subjected to signal peptide prediction using the TargetP tool
(Emanuelsson et al., 2000). According to the prediction, 17 pro-
teins showed the highest scores for SP and have signal peptides.
Examples of these proteins included rhicadhesin receptor (spots
357, 362, and 371), ER luminal binding protein (spots 440 and
449), GLP’s (spots 361, 451, and 498), subtilisin-like protease
(spots 425, 454, and 461). Many of these proteins are cell wall
proteins or membrane proteins and are known to be glycosylated
(Denecke et al., 1991; Bykova et al., 2006; Koseki et al., 2006;
Gucciardo et al., 2007). For proteins with relative low scores for
signal peptide prediction, eight proteins were assigned to mito-
chondria while 10 were located in the chloroplasts. The majority
of these proteins have not been reported as glycoproteins. For
the proteins that were not assigned neither to mitochondria or
chloroplast; the low score on the SP prediction could indicate that
these proteins have no classical secretion signal (Radhamony and
Theg, 2006), and may follow so-called unconventional secretion

based on alternative models of secretion independent of ER and
Golgi route (Zhang and Schekman, 2013).

CONCLUSIONS
The study of glycosylated proteins in the total protein extracts
of BETL from wild type and the mn1 mutant revealed the defi-
ciency of the mutant in the glycosylation process. The identified
proteins that participate actively in post-translational modifica-
tions, protein turnover and chaperone functions may indicate
the ER stress and UPR in the mutant due to the defective gly-
cosylation processes. Carbohydrate metabolism related proteins
showed in general low glycosylation ratios, suggesting that their
enzymatic functions and activities may be regulated by the gly-
cosylation levels through the hexosamine pathway. Low glycosy-
lation ratios were also found in cell wall proteins of the mutant,
which represent most of the plant defense proteins and structural
protein-crosslink. More studies are needed to fully understand the
mechanism underlying protein glycosylation, sugar sensing and
plant survival.
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Mutant collections are an invaluable source of material on which forward genetic
approaches allow the identification of genes affecting a wide variety of biological
processes. However, some particular developmental stages and morphological structures
may resist analysis due to their physical inaccessibility or to deleterious effects associated
to their modification. Furthermore, lethal mutations acting early in development may
escape detection. We have approached the characterization of 101 maize seed mutants,
selected from a collection of 27,500 visually screened Mu-insertion lines, using a
molecular marker approach based on a set of genes previously ascribed to different tissue
compartments within the early developing kernel. A streamlined combination of qRT-PCR
assays has allowed us to preliminary pinpoint the affected compartment, establish
developmental comparisons to WT siblings and select mutant lines with alterations in the
different compartments. Furthermore, clusters of markers co-affected by the underlying
mutation were identified. We have analyzed more extensively a set of lines presenting
significant variation in transfer cell-associated expression markers, and have performed
morphological observations, and immunolocalization experiments to confirm the results,
validating this approach as an efficient mutant description tool.

Keywords: transfer cells, development, aleurone, mutant, gene expression

INTRODUCTION
The angiosperm seed is a complex structure evolutionarily
designed to attain protection of the forming embryo, resist des-
iccation, facilitate its dispersal and nurture the new plant before it
obtains sufficient photosynthetic ability for self-support. The syn-
chronized formation of tissular domains and activation of their
different functions presents a very interesting scenario for devel-
opmental studies (Berger, 2003), as plant seeds are easy to obtain
in great numbers in a controlled manner, dissection and struc-
ture observation is easy, and similar developmental patterns are
implemented with little variation by very different plant species.
A number of works have described the architecture and devel-
opment of the seed (Wobus and Weber, 1999; Boisnard-Lorig
et al., 2001; Thompson et al., 2001). Among these, the maize
seed has received particular attention due to its economic value
and widespread cultivation (Timmermans et al., 2004). It is the
result of a double fertilization event which produces two isolated
compartments differing in ploidy level but otherwise genetically
identical, the embryo and the endosperm. The endosperm devel-
ops from the fusion of one sperm nucleus with the central cells
of the embryo sac, producing a triploid syncytial tissue which
follows a nuclear type of development (Kiesselbach, 1949). Few
days after pollination, active cell division yields to a differenti-
ation process that results in four specialized tissues within the
endosperm (Olsen, 2001; Consonni et al., 2005; Scanlon and

Takacs, 2008): the starchy endosperm, which accumulates nutri-
ents for seedling nutrition after germination; the ESR, presumably
involved in nutrient transfer from the mother plant to the embryo
and its protection (Balandín et al., 2005); the basal endosperm
transfer layer (BETL), located right under the starchy endosperm
and opposite to the placento-chalaza, where it facilitates solute
uptake and secretes defensive peptides onto the seed-mother
plant interface (Serna et al., 2001; Olsen, 2004); and the aleurone,
a peripheral layer of nearly cubical cells which participates in sub-
strate mobilization upon germination of the embryo (Bommert
and Werr, 2001) and covers the entire surface of the endosperm
except for the BETL.

Forward genetics is a time-proven, reliable strategy to identify
genes involved in the regulation of biological processes. Providing
researchers with a collection of individuals on which to per-
form phenotypic screenings and amenable to an easy search for
the causative gene has been the goal of an increasing number
of mutant collections in several biological systems (Arabidopsis;
Alonso et al., 2003, maize; Walbot, 2000, rice; An et al., 2005,
Drosophila; Bellen et al., 2004, Caenorhabditis; Barstead and
Moerman, 2006, mouse; Adams et al., 2004. . .). The study of
early developmental processes or tissue differentiation through
mutant screening poses however some problems, like the reduced
size and accessibility of some tissues and the loss of individuals
bearing defects deleterious for organ/tissue organization in early
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stages (Warren and Fishman, 1998). Technologies able to detect
and quantify markers for development and function in minute
samples and/or in a fast, simple manner may open the possibil-
ity to scrutinize tissue organization and functionality in a reliable
way (Borisjuk et al., 1998), thus facilitating the identification of
interesting mutants. Genes expressed in a tissue-specific manner
are thus excellent candidates as tools to detect mutations affecting
cell fate and organ determination.

Genetic determinants and markers for the endosperm differ-
entiated tissues have been described along the years (Opsahl-
Ferstad et al., 1997; Bonello et al., 2000; Becraft, 2001; Gómez
et al., 2002). Many of these genes have been shown to be inti-
mately associated to the presence/function of a specific cell type
and may provide an unequivocal beacon of its presence or state of
development. Additionally, genes with known expression kinetics
along tissue differentiation may allow pinpointing precisely the
moment when a given mutation is relevant for tissue identity or
function. To test the feasibility of a molecular-based analysis of
the maize seed as mutant-screening tool, we have analyzed 101
maize mutant lines showing alterations in the kernel develop-
ment via a streamlined combination of qRT-PCR tests. We have
described the molecular effect of the mutations in each line on
kernel formation, pinpointed the affected cell types according to
the expression patterns, and validated the results by performing
histological descriptions and immunolocalization of sibling ker-
nels, confirming this approach as an efficient mutant screening
tool.

MATERIALS AND METHODS
PLANT MATERIAL
One hundred and one maize lines showing monogenic segrega-
tion for mutations affecting kernel development were selected
from a collection of 27,500 Mutator-mutagenized maize lines
(Martin et al., 2006). Wild type (WT) and mutant sibling ker-
nels were dissected out from segregating ears once they could be
un-ambiguously distinguished (in most cases between 13 and 15
DAP). Kernels were immediately frozen in liquid N2 and stored
at −80◦C until they were used for RNA extraction.

RNA EXTRACTION
RNA was extracted from 2 WT and 2 mutant kernels for each
line using the FastRNA® Pro System (Bio101) with minor mod-
ifications to the manufacturer’s protocol. Briefly, frozen seeds
were crushed in liquid nitrogen and immediately mixed with lysis
buffer. After completing the extraction and prior to quantita-
tion, the RNA solutions were frozen at −80◦C and centrifuged
to precipitate starch.

qRT-PCR DESIGN
At least one of the primers selected for each gene spanned an
intron site in the genomic DNA, to avoid amplification of con-
taminating DNA in the RNA preparations. Primer couples were
designed to amplify short cDNA sequences to maximize the
efficiency of the PCR reactions.

The qRT-PCR reactions were performed in an ABI-PRISM-
7000 instrument using the Power SYBR Green One-Step RT-PCR
Master Mix, both from Applied Biosystems, and 20 ng of total

RNA as template. Reactions were checked for specificity by visual
inspection of melting curves and relative expression values were
calculated using the ��Ct method, normalizing to the ZmFKBP-
66 gene Ct in the same sample and comparing the WT/mutant
pairs.

IMMUNOLOCALIZATION AND HISTOLOGY
Seeds kept at −80◦C were hand dissected whilst frozen and
immediately fixed in 0.1 M phosphate buffer pH 7.2 plus
4% paraformaldehyde, 0.1% glutaraldehyde. Samples were then
dehydrated in an ethanol series and embedded in Paraplast
(Sigma). Sections 8 µm thick were attached to sylanized glass
slides. Slides were deparaffinised with xylene (Dimethyl-benzene)
and then rehydrated in an ethanol series. Endogenous peroxi-
dase activity was deactivated by incubation in 0.3% hydrogen
peroxide for 20 min. Sections were then blocked with 2% nor-
mal donkey serum for 2 h at room temperature (RT) and reacted
with antiBETL1 or antiBETL2 antisera, or the corresponding pre-
sera at 1:500 dilution. Reacted primary antibodies were detected
with biotin-conjugated anti-rabbit goat antibody diluted 1:750
(Sigma) and then with Extravidin-peroxidase (Sigma) solution
at 1:800 dilution. Finally, positive reaction was developed using
SIGMAFAST™ DAB with Metal Enhancer (Sigma) until a gray-
black precipitate was clearly visible on the sera-reacted slides. The
sections were stained post-detection with 0.025 % Azure B in
phosphate buffer pH4 for 3 min, washed in abundant distilled
water, mounted in DEPEX and photographed as described in
Muñiz et al. (2006).

RESULTS
COLLECTION OF RNA FROM WILD TYPE AND MUTANT SIBLING
DEVELOPING KERNELS
A visual screening among 25,000 maize lines of a Mu transposon-
mutagenized collection allowed identification of 600 lines show-
ing alterations in the development of the endosperm. These
lines were classified as min (miniature) or udve (undeveloped
with embryo) (Figure 1A). F2 seeds from 101 mutant lines were
planted in the field to produce the material used in the present
work. Immature cobs were opened for visual inspection start-
ing at 13 days after pollination (13 DAP). In most cases WT and
mutant kernels could be un-ambiguously distinguished in seg-
regating ears 13–15 DAP. Kernels were collected at the youngest
possible distinctive developmental stage, frozen in liquid nitrogen
and stored at −80◦C.

On average, 200 µg total RNA was obtained from the WT ker-
nels and 80 µg from the mutant kernels, although wide variation
was observed for the mutant samples among the different lines.
The quality of the RNA was analyzed by formaldehyde-gel elec-
trophoresis of aliquots of 3 µg (not shown); only samples showing
intact ribosomal RNA species were used for real time PCR.

DESIGN OF REAL TIME PCR ASSAYS FOR DEVELOPING ENDOSPERM
EXPRESSION DOMAIN SPECIFIC MARKERS
Marker genes were selected for different expression domains
within the developing endosperm (see Figure 1B for a graphical
representation of the domains analyzed). The expression pattern
of all the markers used in this study has been characterized in

Frontiers in Plant Science | Plant Physiology April 2014 | Volume 5 | Article 158 | 59

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


Muñiz et al. qRT-PCR screening of endosperm mutants

FIGURE 1 | Diagram describing the setup of the qRT-PCR screening used

in this work. (A) Image of a cob segregating for WT and miniature mutant
phenotypes, source for the current study. (B) Sagittal section of a 15 DAP
maize kernel showing the different tissular domains it contains. Pd, pedicel;
ESR, embryo surrounding region; TCL, transfer cell layer; Em, embryo; En,

endosperm; Al, aleurone. The markers used in this study and the tissues they
mark are indicated in the central panel. The right panel shows the organization
of the PCR plates, total RNA was extracted from sibling mutant and wild type
(WT) kernels and analyzed in parallel columns, each row was used for a tissue
specific marker or the ubiquitous control used for data normalization.

detail, including in situ hybridization studies. The list includes 4
markers for the transfer cell layer: BETL-1 and BETL-2 (Hueros
et al., 1999), ZmTCRR-1 (Muñiz et al., 2006), and ZmMRP-1
(Gómez et al., 2002, 2009); 1 marker for the embryo surround-
ing region: ZmESR-6 (Balandín et al., 2005); 1 marker for the
aleurone: BETL-9like (our group, see Royo et al., under review)
and 1 marker for the starchy endosperm: Opaque-2 (the expres-
sion of the gene was analyzed by in situ hybridization in Dolfini
et al., 1992). As an internal control for data normalization, we
selected the ubiquitously expressed gene ZmFKBP-66 (Hueros
et al., 1999). Different primer sets were tested for each gene (data
not shown) until a primer pair was identified (Table 1) satisfy-
ing the following criteria: 1. No PCR product was amplified from
50 ng genomic DNA, using the same PCR conditions designed for
the real time RT-PCR assays, 2. In the absence of PCR product, no
primer dimers were formed, and 3. The efficiency of the amplifi-
cation, as determined by the standard curve method, was similar
for all genes, and approached 1 (not shown).

The ability of the selected primer pairs to detect domain spe-
cific expression was tested in real time RT-PCR experiments
using as template total RNA extracted from the upper (Top in
Figure 1B) or lower (Bottom in Figure 1B) halves of WT ker-
nels collected at 10 DAP. As shown in Figure 1B, the upper
part of the kernels does not contain transfer cells and very lit-
tle embryo surrounding region, whilst both the upper and lower
halves should contain roughly equivalent amounts of aleurone
and starchy endosperm tissues.

Consistent with the distribution of tissues within the seed, the
results (Figure 2) showed a higher accumulation of transcript in

the bottom samples, with a difference of over 1 order of mag-
nitude, for the transfer cell and ESR specific markers. Equivalent
amounts of transcript were detected, however, in Top and Bottom
for the aleurone and starchy endosperm specific markers.

REAL TIME PCR ANALYSES
For the real time PCR analyses of the selected lines, the scheme
outlined in Figure 1 was followed. We designed an analysis
setup for pairs of total RNA samples from immature WT and
mutant sibling kernels in parallel columns of 12 × 8 well PCR
plates. PCR primers specific for the seven tissue-specific mark-
ers and the ubiquitous control were distributed in each of the
8 rows of the plate (see the schematics in Figure 1B). The anal-
yses of the expression data for the WT kernels from the 101
lines (Figure 3A), shows that the markers expression level ranges
from highly expressed (BETL-1, BETL-2, and BETL-9like) to very
lowly expressed (ZmMRP-1), encompassing nearly two orders of
magnitude. The expression levels of ZmTCRR-1, ZmESR-6, and
Opaque-2 were intermediate between the other two groups. The
variation in the expression level of the markers among the WT
samples from different lines was moderate, and very likely reflects
differences in the maturation stage of the different ears at the time
the kernels were collected. The low expression level found for
ZmMRP-1 could compromise the sensitivity of the WT/mutant
comparisons and we therefore decided not to include this marker
among the primary criteria for selection of putative transfer cell
mutant lines.

A pooled comparison of the effect of the different mutations
on the expression of the markers reflects a wide range of variation
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Table 1 | Summary of primers used in the transcriptomic analysis.

Gene Amplicon Primers (5′-3′) Expression

size (bp) domain

BETL-1 93 CAGCACAATCGTCGCGCTT Transfer cells

TTCTTGGGTTTCCCGATGC*AGC

BETL-2 115 TGCACGCACAACAAGTG*GGC Transfer cells

AGCATGGCCCGTCGTCATT

ZmMRP-1 120 GACTACAGATGAGCACAG*GAATTTC Transfer cells

GCATGGCTAGAGATCTGCA

ZmTCRR-1 106 ATTGGAATTCTTAGATGCG*AAC Transfer cells

CGATTC*CTTCACTTCCCTAA

ZmESR-6 90 GCCATAACCATGCCGTCCT ESR

TGCAGACGCATCCATTC*CGA

BETL-9like 283 CTATGTTTGCCATAGGCTCTCATGC Aleurone

GCTGGAACCTTGTAGC*TTCCG

Opaque-2 158 AGAACTGGAGGACCAG*GTAGC Starchy

CCTCTCCCATCTTCAC*CTTA endosperm

ZmFKBP-66 117 GGGTGCTGTTGTTGAAG*TCA Ubiquitous

GCAATAA*CTTCCTCTTCATCG

The table presents gene name, expected amplicon size, primer sequence and

represented tissue domain. The asterisks indicate the intron/exon boundary.

FIGURE 2 | Expression analyses of the marker genes in wild type

kernel halves. RNA from the upper (Top, black bars) and lower (Bottom,
empty bars) halves of 10 DAP wild type kernels was used as template for
the markers indicated in the X axis. The Y axis scale is logarithmic (base 10).
The ratio Bottom/Top found for each marker is indicated above each empty
column.

among the lines and among markers (Figure 3B). The analysis of
the structure of this variation indicates that most lines show only
a moderate decrease in the expression of the domain markers. As
a result, the median values for the different markers’ WT/mutant
ratio are below 5, being as low as 1.16 in the case of ZmESR-6.
This gene and ZmMRP-1 display the lowest median WT/mutant

variation, possibly confirming the aforementioned discrimina-
tion limit for lowly expressed genes. In the case of ZmESR-6,
which has a higher expression than ZmMRP-1, the limited exten-
sion of its expression domain at this stage may contribute to the
low WT/mutant ratio found. On the other hand, in a small num-
ber of lines the expression ratio WT/mutant for certain markers
indicated a variation of several orders of magnitude (note the long
error bars in Figure 3B for BETL-1, -2, ZmTCRR-1, and BETL-
9). Most probably, in these lines the mutation has altered the
early differentiation of a certain cell type leading to a significant
reduction of the expression levels of the corresponding markers.

The expression ratios were converted into color variations
to visualize the expression patterns of the different markers
and lines (Figure 4), the lines were then ordered according
to the WT/mutant ratio displayed for BETL-2 and ZmTCRR-
1 (the numeric values the figure is based on are supplied as
Supplementary Table S1). These markers were chosen as first and
second hierarchical parameters for the evaluation of the lines,
regarding the putative absence of the TC domain, as both of
them were reliably measurable by qRT-PCR. In this way, 11 lines
(labeled in red in Figure 4), with differing severity in the alter-
ation of the TC marker expression levels, were selected for further
characterization. Surprisingly, in the case of BETL-1 no expres-
sion could be detected in 36% of the lines in either WT or mutant
kernels. This result discarded the expression data recorded for
this marker as the primary parameter for the selection of candi-
date lines and suggest that the expression of this marker might be
influenced by environmental factors.

For 29 lines, no significant difference in the expression level
of the markers in the WT and mutant samples was found. The
remaining 72 lines showed a WT/mutant ratio >5 for at least one
of the markers (Figure 4).

When the aleurone and transfer cell specific markers were
examined, only 10 (for BETL-9like) or 30 (for BETL-2) lines
showed a ratio WT/mutant higher than 5, although this ratio
reached levels above two orders of magnitude in particular cases.
This contrasts with the situation observed for Opaque2, which
showed a ratio >5 in 42 (58%) of the lines showing any varia-
tion, and was the only marker affected in 25 cases. The decrease
in the expression of the Opaque2 marker in the mutant kernels
was, however, moderate; for the majority (31 lines) the ratio
WT/mutant ranged between 5 and 10 and was never higher than
30. The ESR marker showed the least affection, with WT/mutant
ratios higher than 5 only in 6 cases and a quite moderate range
from 5 to 11 fold.

The 11 lines selected were then rechecked by qRT-PCR on
RNA extracted from sibling seeds. The qRT-PCR analyses showed
the results of line C1282 were not reproducible on the new RNA
samples (no significant differences were found in this round of
tests, not shown), and the line was removed from subsequent
studies.

HISTOLOGY AND IMMUNOANALYSES OF SELECTED LINES
As a way to obtain an anatomical perspective of the effect of
the mutations under study, investigate what their effect on seed
structure is, and validate the qRT-PCR analysis’ ability to predict
specific tissue alterations we prepared optical microscopy sections
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FIGURE 3 | Transcript level quantification in the wild type (WT) and

mutant kernels from the 101 mutant lines analyzed in this study.

(A) Expression analyses in WT kernels. The mean value and standard
deviation from the analysis of the 101 WT samples are indicated for the
7 markers used in this study. The scale in the Y axis is logarithmic.

Values are referred to the highest expressed gene (BETL-1). (B)

Representation of pooled WT/mutant relative expression levels. The
median value and standard error from the analysis of the 101 WT/
mutant pair samples are shown for the 7 markers used in this study.
The Y-axis scale is linear.

of 15 DAP WT and mutant seeds for histological observation.
Additionally, we performed immunolocalization of several TC
specific proteins to check correspondence between transcript and
protein levels and examine protein localization in this compart-
ment. We used polyclonal sera generated against recombinant
BETL-1 or BETL-2 peptides. These proteins are secreted from
the transfer cells to the placento-chalaza, forming a continuous
layer in the seed-mother plant interface (Hueros et al., 1995; Serna
et al., 2001), so potentially they offer an indication of the tis-
sue’s ability to perform some of its functions. As expected, both
antibodies labeled the transfer cell area and the pedicel directly
opposite to the TC in sections of 15 DAP WT seeds (Figure 7, top
left panel. Only BETL-1 on A1090 is shown). We provide now a
summary of the results for each mutant line focusing on three
aspects: macroscopic alterations and size, transfer cell domain
markers (both gene expression and protein accumulation) and
histological features:

A1090: The 15 DAP endosperm is highly reduced in size rela-
tive to the WT, which at this stage replaces the nucella almost
completely (Figure 5, panel 1). The surface of the endosperm,
where the aleurone is located, is formed by differentially stained
cells which are much altered in appearance; these cortical cells
are flattened and interspersed with starchy endosperm cells.
Accumulation of starch in the central endosperm is not sig-
nificantly affected, together with the general appearance of the
storage cells, although their size is somewhat smaller (Figure 6,
panel 1). The cells at the base of the endosperm, where the
transfer layer should be, are also flat and miss their character-
istic cell wall ingrowths (Figure 7, panel 1). In summary, in this
line all the superficial cells seem to have adopted a similar fate,
different from storage cells but without distinctive features of
aleurone and transfer cells, although resembling an immature
aleurone layer. The qRT-PCR analysis of this line shows severe

decreases in markers for the TCs and mild reductions in those
for aleurone and starchy endosperm. The immunodetection of
TC marker peptides in 15 DAP kernels reveals, in agreement
with the qRT-PCR results, a very low signal from BETL-1 and -2
from the basal endosperm in mutant seeds, while they are read-
ily detectable in WT siblings (Figure 7, panel 1: only BETL-1
detection is shown). In this line TC molecular markers faith-
fully reflected the histological alterations, while the degree of
modification of other altered markers (Opaque-2, ZmESR-6,
ZmMRP-1, or BETL-9like) did not correlate so well with the
anatomy.
C0511: In this line kernel size is much reduced and nucellar
tissue still occupies most of the caryopsis (Figure 5, panel 2).
Starch deposition is much delayed in the peripheral endosperm
when compared to WT, although this difference is not so sig-
nificant in central endosperm at this stage. Tissue organization
within the endosperm is lax, the storage cells being the only
clearly recognizable structure. There are, however, patches of
aleurone-like cells, with a cubical or prismatic morphology,
which surround the starchy endosperm (Figure 6, panel 2). The
transfer cells are absent or not properly developed for morpho-
logical recognition (Figure 7, panel 2). The transcript levels for
transfer cell and ESR genes in this line are reduced between
1 and 2 orders of magnitude in mutant kernels, and aleurone
and endosperm markers are also reduced, indicating a gen-
eral underdevelopment of the seed. The strong sub-expression
of ZmMRP-1 might explain the down-regulation of the TC
markers under its transcriptional control, and strongly corre-
sponds with the severe alterations in the transfer cell identity.
The immunological detection of BETL-2 shows an irregularly
distributed signal at the basal cells and none at the pedicel
of the mutant, while the immunostaining is strong in WT
material (Figure 7, panel 2). In this line the molecular charac-
terization reflects the anatomical events quite faithfully, as the
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FIGURE 4 | Organization of the 101 lines according to marker

expression ratio. Lines are ordered according to the WT/mutant
expression ratio, first for BETL-2, then for ZmTCRR-1. WT/mutant ratios
were then converted into color intensities to facilitate graphical
representation, according to the scale shown.

basal endosperm markers’ severe alteration and the endosperm
Opaque-2 reduction are validated by the absence or erroneous
development of transfer cells and an apparent delay or arrest in
storage tissue function.

D1509: The morphological study of mutant seeds shows that
their size is less reduced than in other mutants in this work,
with the endosperm occupying about half of the nucellar space
(Figure 5, panel 3). Apical and basal poles are clearly defined,
although the internal endosperm organization is quite lax. Sub-
aleuronal starch accumulation, visible in WT kernels is absent
in the mutant, although the internal endosperm seems well-
differentiated. It can be clearly distinguished from peripheral
tissues, which in the case of the aleurone shows a flattened, col-
lapsed appearance and stains more intensely than the inner cells
(Figure 6, panel 3). Likewise, the transfer cells are not organized
in a “palisade” layer, but rather as a flat, discontinuous row of
dense cytoplasm-containing cells, compressed by the internal
endosperm, which occasionally invades the layer. The inter-
mediate, elongated transmitting cells seem to be absent in the
mutant (Figure 7, panel 3). qRT-PCR analysis of this line shows
acute differences between WT and mutant kernels regarding
ZmTCRR-1, BETL-2, and BETL-9like, which suggest abnor-
malities in the outermost endosperm layers (BETL-1 was not
analyzed in this material as apparently the line lacks this gene).
The TC master regulator, ZmMRP-1, is however, less affected
than its targets, suggesting an independent cause for their down
-regulation. Opaque-2 and ZmESR-6 are reduced to a minor
extent (about 4 and 5 times, respectively). The immunolocal-
ization of BETL markers (BETL-2, as the line doesn’t show
any detectable BETL-1 expression) shows a strong signal in the
transfer layer and the underlying pedicel of WT individuals,
while it is much reduced in the mutant, matching the RNA
expression data (Figure 7, panel 3). The molecular definition
of the mutant is consistent with its tissular appearance, antici-
pating the superficial disorders that can be found under optical
microscopy.

H0271: Morphologically, the mutant endosperms are small in
size (about 1/3 of the WT at this stage) and elongated in shape,
reminding of a younger developmental point (Figure 5, panel
4). The embryo encapsulation within the endosperm is still
clearly observed (inset in panel 4) and the tissue seems disorga-
nized and mixed with both the starchy endosperm and extended
aleurone around the embryo. The starchy endosperm is quite
similar in both genotypes, in the central area as well as in the
periphery, with very little starch present. Storage cells are how-
ever smaller in the mutant. The aleurone layer is flattened and
the cells show a dense cytoplasm, except those on the outer ger-
minal surface which show a more rounded, and regular shape
(Figure 6, panel 4). The transfer cell layer is apparently miss-
ing or totally altered in its morphology, as the cells in this
area are irregular in shape and devoid of cell wall ingrowths
(Figure 7, panel 4). The expression analysis of this line indi-
cates a severe reduction in TC transcripts (from 24 times for
BETL-1 to almost 150 for BETL-2) in the mutant kernels, while
other regional markers are only slightly affected (this is the case
of ZmESR-6, which is reduced by approximately 50% in the
mutant) or even elevated. The immunological study shows no
detection of BETL-1 peptide (not shown). However, in con-
trast to the extremely low RNA levels, accumulation of BETL-2
can be detected at the basal endosperm and pedicel (Figure 7,
panel 4). The apparent disagreement in BETL-2 transcript and
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FIGURE 5 | Seeds from each line were sagittally cut and sectioned at 8 µm thickness. Low magnification images (15×) are shown for comparison of
general kernel structure and size. The WT kernel shown corresponds to line A1090. Scale bars represent 1 mm in main panels and 50 µm in insets.

FIGURE 6 | Aleurone and central endosperm structure. Sections of
WT (first and third column) and mutant (second and fourth column)
15 DAP kernels from each line are presented, showing magnifications
of the aleurone and starchy endosperm cells. Sections are stained

with azure B. Scale bars represent 50 µm. Note that for line F1942
only one mutant image is shown, as the reduced endosperm size
allows detailed visualization of central endosperm and aleurone in
one frame.
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FIGURE 7 | Basal endosperm structure and immunodetection of BETL peptides. Sections of WT (first and third column) and mutant (second and fourth
column) were reacted with antiBETL1 or antiBETL2 and counterstained with azure B. Scale bars represent 50 µm.

protein accumulation levels notwithstanding, the transfer cell
developmental alteration visible under the microscope was in
fact detected by the molecular tests.
F1942: The mutant endosperm is reduced to a minute fraction
of the normal size (in fact the smallest one of the mutant lines),
being formed by only a few tens of poorly differentiated cells
that seem randomly organized (Figure 5, panel 5). The mutant

central “starchy endosperm” cells are bigger and more regu-
lar in size than the peripheral ones (Figure 6, panel 5). The
endosperm surface is not cytologically regular, and internal cells
occasionally occupy it. There are no obvious aleurone or trans-
fer cell layer and no starch deposition can be found. All tissue
markers (except BETL-1, which is not detectable in WT kernels
either) are down to a certain extent in the mutant kernels of
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this line, from 4.5-fold for Opaque-2 to over 30-fold for BETL-
2, indicating a general alteration in development. Anti-BETL-2
labels the whole periphery of the endosperm, concentrating on
cells of small size and flat or elongated structure (Figure 7, panel
5), although the signal is weak and almost indistinguishable
from general background. The line’s extensive abnormalities
reflect well on the molecular results, although the expression
analysis does not directly indicate the severity of the alterations,
when compared to other lines.
D0201: The size of the mutant endosperm at 15 DAP is about
one-third of the WT sibling, with a pear-shaped morphology
(Figure 5, panel 6). The aleurone is deformed with occasional
invasion from the internal cells, and there is no apparent starch
accumulation in the subaleurone or in the small cells that con-
stitute the central endosperm (Figure 6, panel 6). The transfer
layer showed a strikingly bi-phenotypic morphology in this
mutant. The cell layer is composed by thick-walled WT-looking
transfer cells at the germinal half, and storage type-looking
cells at the abgerminal end. Cells in this area are irregular in
shape, not corresponding in morphology to neither aleurone
nor transfer cells (Figure 7, panel 6). The expression analysis
of the mutant kernels shows reduced expression of all marker
genes, except for ZmMRP-1 and BETL-9like, the aleurone tran-
script. The detection of BETL-2 in this line showed signal in the
pedicel cup, as expected, but only in the germinal half of the
transfer layer and less intense than in the WT (Figure 7, panel
6. A lower magnification is shown to include the pedicel in the
mutant). In summary, the altered morphology of the mutant
seed is reflected on the expression analysis.
D1939: This line displays a remarkable difference with the
other lines analyzed. The endosperm size is fairly normal in
this line, about 2/3 of the WT, with a clear morphological dif-
ferentiation between starchy endosperm and superficial cells
(Figure 5, panel 7). However, the starch deposition pattern
appears altered; the central endosperm accumulates more starch
than the WT, and this extends to the subaleurone, especially
along the germinal and abgerminal sides of the endosperm
instead of the characteristical upper dominance typical of WT
kernels at this stage (Figure 6, panel 7; inset in Figure 5, panel
7). The surface of the endosperm is formed by a layer of nearly
flattened cells which become slightly more prismatic in the
transfer area, acquiring also engrossed cell walls. These cells
lack, however, the characteristic wall ingrowths expected in
transfer elements, and they resemble an engrossed aleurone
or an intermediate state between aleurone and transfer cell
fate. The conductive tissue immediately over the transfer area
lacks its typical centripetally elongated shape and invagina-
tions, and is morphologically indistinguishable from the upper
endosperm area (Figure 7, panel 7). Expression abnormalities
in the mutant focus on the transfer cell markers, and in a rel-
atively moderate manner (from 14-fold in BETL-1 to 1.6-fold
for ZmMRP-1) while other areas show less effect (just 3.3 times
for Opaque-2), and the marker for aleurone cell fate, BETL-
9like, is in fact unregulated over 3 times. The expression analysis
would in summary indicate a state of mild alteration or develop-
mental delay for the mutants, affecting specially the base of the
endosperm in this line (as compared to others in the collection).

The immunolocation of BETL-1 and -2 shows agreeing results,
with no detectable signal from BETL-1 and a faint one, mostly
in the pedicel from BETL-2 (BETL-2 is shown in Figure 7,
panel 7). As suggested by the molecular study, most the alter-
ations focus at the transfer cells, while the aleurone and starchy
endosperm look relatively unaffected.
E1723: The anatomical appearance of the mutant seeds is deeply
affected in this line. The endosperm is reduced to a small
mass of cells which doesn’t cover the whole pedicel surface
and shows no defined polarity (Figure 5, panel 8). There is no
apparent tissue organization, as the whole mass is formed by
storage cells diminishing in diameter close to the surface of
the endosperm, where many cells are collapsed (Figure 6, panel
8). The mutant seeds displayed significant downregulation of
the markers under study, with the exception of ZmMRP-1 and
ZmESR-6, although the WT/mutant ratios are lower than for
other lines in this work. The values range from 18 (ZmTCRR-
1) to 3.6 times (ZmESR-6). The immunological markers tested
in this mutant are either undetectable (BETL-1) or faint and
limited to the areas where the protein accumulates at higher
levels in WT seeds (BETL-2 at the pedicel, Figure 7, panel 8).
The developmental alterations in this line were correctly pre-
dicted by the molecular analysis, although their severity is much
greater than what can be found in other lines with greater
WT/mutant expression ratios.
G003: As in other mutants in this study, the endosperm is
reduced in size (about 1/3 of the WT), although its general axial
organization is normal (Figure 5, panel 9). Tissular domains
are clearly differentiated and occupy their regular positions,
with the periphery being clearly distinguishable from the central
endosperm. The cells in this tissue are smaller in the mutant,
and show lower or no starch deposition. The aleurone is formed
by a layer of 1–3 thick cells that become wider over the upper
endosperm portion. The walls of these cells are more intensely
stained than those in the WT, possibly indicating a greater thick-
ness (Figure 6, panel 9). The transfer cells, conversely, seem
to have a thinner, less stained than WT appearance, and their
shape varies from stretched to almost round (see Figure 7, panel
9). The area on top of them, the transmitting tissue, is indistin-
guishable from the starchy endosperm, while the WT displays
the characteristical axial elongation in this area. The analysis of
domain markers in this line shows that the mutant individuals
do not differ much from the WT as far as the ESR (ZmESR-
6 ratio approx. 0.7), the aleurone (BETL-9like ratio approx. 1)
and the starchy endosperm (Opaque-2 ratio approx. 2.9) are
concerned. The transfer cell markers are affected by the muta-
tion to a different extent, as BETL-2 is slightly down-regulated
(about 3 times) and ZmTCRR-1 is down by over one order of
magnitude (17.5). BETL-1 expression is hardly detectable in
this line. ZmMRP-1, the transcription factor that regulates the
expression of BETL-1, -2 and ZmTCRR-1 is also slightly down-
regulated. The immunolocalization experiments showed that
BETL-2 accumulation concentrates mainly at the pedicel, with
a patchy location at the endosperm base (Figure 7, panel 9).
This mutant line presents a comparatively mild phenotype, as
could be expected from the molecular analysis, in which only
ZmTCRR-1 indicated alterations in the transfer cell area.
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J0191: The endosperm size is reduced approximately by half
in the mutant, and the starch deposition pattern within the
endosperm differs significantly from the WT, as abundant
starch granules accumulate at the germinal side and extend into
the central endosperm (Figure 5, panel 10). In fact starch stor-
age seems more advanced in the mutant, as the cells are more
densely filled with granules. The cells in peripheral positions
display a thick cell wall all around the endosperm, although they
differ in shape; the basal cells are rectangular, almost cubical
in front of the phloem terminals, and display a dense cyto-
plasm. The cells in the aleurone layer are flattened along the
whole layer. The adgerminal subaleurone displays a dense cyto-
plasm, filled with starch (Figure 6, panel 10). The main effect
at the transcriptional level of this line’s mutation shows on
the transfer cell markers, which are down regulated between
7 and 15 times (Figure 4), pointing at an altered development
of the transfer cell area. Other transcriptional domains are rel-
atively unaffected, as values for ZmESR-6 and Opaque-2 are
even higher in mutant seeds than in WT, while the aleurone
marker is down-regulated only twice. BETL-2 is detected at
both the basal endosperm layer and the pedicel, although sig-
nificantly reduced in quantity. The signal at the endosperm
is limited to the tissue immediately above the altered TCs,
while the WT kernel shows abundant signals at the pedicel and
the basal endosperm (Figure 7, panel 10). The overall mutant
appearance in this line is fairly regular, with the exception of
an apparent increase in starch accumulation. This observation,
together with the increased Opaque-2 expression suggest an
advanced development for the storage tissue, while the transfer
cells appear underdeveloped and not fully differentiated from
the aleurone.

DISCUSSION
Large mutant collections in a variety of model organisms are a
powerful tool to understand the impact of the genetic component
in the functional biology of the individual. However, as pheno-
type scoring is the access gate to the study of the underlying
genetic mechanism (Hotz et al., 2006), a comprehensive and thor-
ough screening process becomes the key to their use. Analyzing or
even finding phenotypes related to the process or tissue of inter-
est is especially difficult when these are not easily accessible to
assay (Kielczewska and Vidal, 2006). A wide variety of approaches
has been used, from classical bare-eye observation (Kuromori
et al., 2006) to complex functional in vivo and in vitro assays
(Burrack and Higgins, 2007). The development of molecular tools
at high throughput scale has allowed to include metabolome
(Benning, 2004), proteome and transcriptome analysis as a part
of a mutant’s phenotypic description (Domoney et al., 2006). The
availability and variety of markers greatly facilitates the isolation
and study of new mutant lines, although their development and
design may be cumbersome (Guitton et al., 2004). It is not unreal-
istic to expect that markers based on genes with developmentally
regulated expression in a given tissue or cell type are somehow
involved in determining its identity (Li and Wurtzel, 1998; Kubo
et al., 2005); thus, the growing information about gene expression
timing and localization collected in the bibliography and pub-
lic databases allows to design directed transcriptomic screens to

study particular processes or tissues, even when these are not eas-
ily accessible. This work has a dual purpose: we have designed and
tested a molecular kit for the screening of a maize seed mutant
collection and the dissection of mutant phenotypes affecting seed
development, based on a set of genes previously identified as spe-
cific of particular kernel compartments. Secondly, we report the
characterization at the molecular and histological levels of a series
of maize mutants displaying seed phenotypes.

The transcripts used to “label” the transfer cell area, embryo
surrounding region and aleurone have been isolated and
described by our group, and detailed data exist about their
expression site, developmental regulation and in some instances
functional hierarchy. ZmESR-6 encodes a defensin-like peptide
that has shown antimicrobial activity in in vitro test (Balandín
et al., 2005). BETL-1 and -2 have currently no known func-
tion, although BETL-2 may also be involved in seed defense, as
in vitro tests have shown bactericidal properties for the peptide
(Serna et al., 2001). ZmTCRR-1 shows sequence similarity to plant
response regulators and is proposed to participate in signal trans-
duction in the seed (Muñiz et al., 2006). The three TC transcripts
have been shown to be transcriptionally regulated by ZmMRP-
1, a R1 MYB-type transcription factor which is expressed in the
developing kernel since early stages and whose activity suffices to
confer transfer cell features to aleurone cells (Gómez et al., 2002,
2009). ZmBETL-9like encodes a peptide of unknown function
which is expressed along the aleurone layer, complementing the
surfacial expression pattern of its paralog ZmBETL-9 (see Royo
et al., under review). Together with Opaque-2, isolated over 16
years ago, they may constitute a valuable set of tools to describe
the anatomical and developmental state of the maize kernel and
predict the alterations to be found within the seed structure. We
validated their use as indicators of presence/state of development
of a specific tissue in qRT-PCR by comparing the relative values
obtained in the analysis of upper (formed by aleurone and starchy
endosperm) and lower (aleurone, starchy endosperm, transfer
cells and ESR) halves of WT seeds. Previous studies through
Northern blot and in situ hybridization have shown that these
BETL and ESR transcripts are undetectable by these techniques
in the upper endosperm, while aleurone and starchy endosperm
markers distribute approximately evenly (Hueros et al., 1999;
Gómez et al., 2002; Balandín et al., 2005; Muñiz et al., 2006;
Dolfini et al., 2007). The differences in the values obtained are
in all cases in agreement with previous data, showing over 1 order
of magnitude difference in their accumulation in bottom over the
top half for the basal specific genes, while those expressed in the
aleurone and starchy endosperm are roughly comparable in both
samples. The value of the bottom/top ratio is highly dependent on
the abundance of the different transcripts, as the quantification
threshold of bottom-specific genes for the top samples is always
close to the detection limit of the technique. This highlights
an otherwise expected technical consideration: genes with low
expression levels display a lower sensitivity for mutant discrimi-
nation in this strategy, as the screening is based on the comparison
of expression strength in WT and prospective mutants.

Once the design of the qRT-PCR experiment was set, it allowed
for the rapid transcriptomic screening of over 100 lines for mark-
ers representing 4 compartments within the endosperm. The fact
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that no expression for BETL-1 was detectable in up to 1/3 of
the lines can be explained by the genetic structure of the mutant
collection, which comes from a number of crossings of different
Mu-bearing maize parents. A variation in the number of BETL-1
loci among maize lines, probably due to active transposable ele-
ments at their location, was already described in Hueros et al.
(1999).

The application of the directed transcriptomic screening to
WT individuals from the mutant collection showed very minor
variations in the expression of the different markers, supporting
their use as reliable indicators of WT structure. In 29 lines (28.7%
of the analyzed genotypes) none of the markers presented alter-
ations. Pending a morphological study of these lines, (which is
beyond the scope of the present paper) this would point to an
origin of the macroscopic phenotype (min or udve) not associ-
ated to significant identity alterations in the endosperm domains
studied. Alternatively, a different set of marker genes might be
able to detect alterations in these tissues that have gone unde-
tected in our panel. If this is the case, fine-tuning the identity
of the markers or increasing their number and their relevance
for the tissue or developmental event under study may yield
a higher correlation between the molecular and microscopical
approaches. In our case, we screened the starchy endosperm using
a marker essential for its storage function, and the transfer layer
with four markers. The hierarchical relationship among ZmMRP-
1 and the other TC transcripts might however limit the range
of exploration, and more diverse, independent markers might be
desirable.

The analysis of WT vs. mutant seeds showed that the transcrip-
tional alterations were under 1 order of magnitude for most of the
lines, although significant outliers could be found. These severely
altered lines are potentially of great interest to study the effect of
certain cell type alteration or absence on the seed development.
The highest variation (not including BETL-1 due to the afore
mentioned reason) was found in BETL-9like expression, which
was reduced only slightly in most of the lines but displayed strong
reductions of up to 885 times in others (Figure 4).

The transcriptome analysis allowed clustering of the 101 maize
lines in quantitative categories based on the degree of alter-
ation of the different markers (Figure 4). We have found, as
expected, significant correlations in the reductions of the dif-
ferent TC markers, indicating that the mutations found in the
collection disrupt the tissue’s developmental program in early
stages. However, as most of these genes reach their peak expres-
sion around 11 DAP, it would be highly informative to have
an earlier marker to pinpoint more precisely the developmen-
tal effect of the mutation. This adds in fact a new analytical
power to the quantitative molecular dissection in cases where a
number of genes affecting a given process or tissue are known.
The expression analysis of a set of selected genes might show
in which point of development the case under study is affected,
by determining the earliest gene with altered expression. Our
analysis also shows that for these particular mutant phenotypes
(miniature and undeveloped with embryo), Opaque-2 is the most
commonly affected marker, which is coherent as the most con-
spicuous feature in both cases is a reduced seed size, and this
is mainly the result of starchy endosperm growth. The analysis

of the mutant collection points to a developmental organiza-
tion along the top/bottom axis and surface/center gradient (Gruis
et al., 2006), as most of the lines significantly affected in the
ESR also display a TC molecular phenotype (5 out of 6), and
transfer cell defects are present in 7 of the 9 aleurone-affected
mutants. The marker for central endosperm fate, on the other
hand, behaves quite independently from other seed areas, as only
16 of the 41 Opaque-2-altered lines show TC, ESR, or aleurone
defects.

The transcriptional analysis has allowed us to select lines dis-
playing transcriptional defects in the transfer cell markers to
a varying extent (H0271, D1939, J191, G003), surface tissues
(D1509) or TC plus starchy endosperm (A1090, C0511, D0201,
F1942, E1723), and rechecked the marker expression using qRT-
PCR on independent seeds (not shown). Both analysis showed
good correspondence, except for line C1282. This may be the
result of differences in developmental state of the tested material
or incorrect phenotyping.

The anatomical analysis of mutant seeds combined to
immunolocation allowed us to further check and refine the
description of each of the mutants. However, caution must be
exercised when interpreting the immunolocation results quan-
titatively; the technical features of this analysis preclude proper
comparison between samples, as WT and mutant seeds have
been processed on different slides. The goals of our immunolog-
ical study are offering an anatomical perspective of the mutants
to complement the expression results, and ascertaining whether
transfer cell-specific peptides can still be detected in morpholog-
ically altered seeds.

All the lines showing only transfer cell marker alterations
(H0271, D1939, J191, and G003) display a reduced endosperm
size with a generally conserved seed architecture. The transfer
cells are misshaped, with a cubical appearance reminiscent of
aleurone tissue. This suggests that although the central/peripheral
organization is retained, the mutations in these lines affect deter-
mination of transfer cell identity, causing an arrest/redirection of
the developmental program to another surface cell type. A similar
effect was found in the emp4-1 mutant, in which VP1 expression
can be found in the basal area (Gutierrez-Marcos et al., 2007).
The effect of these basal alterations on the overall endosperm size
might reflect a deficient uptake of nutrients and a concomitant
delay in development (Dolfini et al., 2007).

Mutant kernels of the line D1509 present altered “surface”
markers (both transfer cell and aleurone) in ranges from 50 to
almost 900 times WT/mutant values. An exception is made of
the ESR cells, for which the WT accumulation is just a bit over
4 times the mutant value. The directed transcriptome analysis
offers a relatively accurate portrait of the seed’s appearance, as in
this line both the immunological markers and anatomical anal-
ysis indicate a relatively normal internal structure and seed size
(albeit slightly reduced) with surface alterations, which include
invasion of the periphery by starchy endosperm tissue. This phe-
notype is similar to crinkly4 (Becraft et al., 1996) or cp2-o12
(Becraft and Asuncion-Crabb, 2000), and suggests the mutated
gene is involved in surface differentiation. An increasing number
of genes have been shown to affect aleurone and general surface
specification in maize, uncovering identity mechanisms based on
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the proper membrane localization and recycling of kinase-type
receptors and signal processors (Becraft and Asuncion-Crabb,
2000; Kessler et al., 2002), whose effect is aleurone-specific at
the cellular level but affects the whole seed development. The
size reduction, common to the previously commented category,
indicates the relevance of the surface tissues to properly complete
endosperm filling (Dolfini et al., 2007). A point of further inter-
est in these lines is the mutation’s effect on other plant epidermal
tissues, as common developmental routes have been discovered
along the years (Lid et al., 2004). As germination is often com-
promised in udve mutants, embryo rescue approaches may be
necessary to determine whether the mutation affects later stages
of the plant life cycle (Gutierrez-Marcos et al., 2007).

Five lines in our analysis showed a severe developmental phe-
notype, with reduced size, complete disorganization of the storage
tissue and starch location, and loss of histological identity. This
phenomenon of tissue malformation has been previously associ-
ated to a misregulation of cell division (Consonni et al., 2005).
Such an extent of alteration suggests that genes acting early in the
seed development might be affected, as cell identity proceeds in
a clonal manner from the coenocyte phase (Becraft, 2001; Olsen,
2001). Baseless1, a maternal effect gene acting in the embryo sac
causes alterations in the transfer cell layer position and structure,
as well as a general disorganization of the endosperm and delay
in embryo development since very early stages, which are visually
detectable around 10 DAP (Gutiérrez-Marcos et al., 2006). The
molecular analysis we used is especially suitable for the detection
of this kind of early-effect mutations, provided a set of suit-
able markers is available. A feature shared by all the lines is a
greater tissue differentiation in the germinal area, where both
aleurone and transfer cells display more resemblance to their WT
counterparts. This is in agreement with a gradual differentiation
and maturation of the seed tissues along several axes, as previ-
ously proposed by other authors (Becraft and Asuncion-Crabb,
2000).

As a whole, a wide array of processes are candidates to be
mutated in this material as the kernel development is affected
by external signals, nutrient availability, positional cues and
genetic factors, all acting coordinately along time (Berger, 2003;
Consonni et al., 2005; Brugiére et al., 2008). Additionally, gene
dosage and imprinting affect tissue specification as well (Gehring
et al., 2004; Gutiérrez-Marcos et al., 2006).

We believe the PCR-based strategy proposed here is a valuable
tool for the early detection and initial characterization of mutants
affecting seed development. The availability of genes specifically
expressed in different kernel domains and developmental stages
allows to describe, from a transcriptomic point of view, the
anatomical effect of a mutation even when direct observation of
the affected tissues is not feasible (Verza et al., 2005; Laudencia-
Chingcuanco et al., 2006). The use of a sensitive technique such as
qRT-PCR permits the application of a panel of expression-based
markers to determine whether a given cell type/tissular domain is
functioning or developing properly, simultaneously quantifying
the extent of the alteration, if any. This use of genes discovered by
transcriptomic approaches to be tissue or development-specific
further extends the array of tools that can be applied in forward
genetics programs.
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Endosperm transfer cells in maize have extensive cell wall ingrowths that play a
key role in kernel development. Although the incorporation of lignin would support
this process, its presence in these structures has not been reported in previous
studies. We used potassium permanganate staining combined with transmission
electron microscopy – energy dispersive X-ray spectrometry as well as acriflavine staining
combined with confocal laser scanning microscopy to determine whether the most basal
endosperm transfer cells (MBETCs) contain lignified cell walls, using starchy endosperm
cells for comparison. We investigated the lignin content of ultrathin sections of MBETCs
treated with hydrogen peroxide. The lignin content of transfer and starchy cell walls was
also determined by the acetyl bromide method. Finally, the relationship between cell wall
lignification and MBETC growth/flange ingrowth orientation was evaluated. MBETC walls
and ingrowths contained lignin throughout the period of cell growth we monitored. The
same was true of the starchy cells, but those underwent an even more extensive growth
period than the transfer cells. Both the reticulate and flange ingrowths were also lignified
early in development. The significance of the lignification of maize endosperm cell walls is
discussed in terms of its impact on cell growth and flange ingrowth orientation.

Keywords: transfer cells, starchy cells, maize endosperm, lignin, flange ingrowths, reticulate ingrowths, cell

growth analysis

INTRODUCTION
Transfer cells are the first cells to differentiate in maize endosperm
and their main purpose is to facilitate the flow of assimilates into
the starchy cells. They are characterized by complex flange and
reticulate wall ingrowths (Monjardino et al., 2013) that project
several micrometers into the cytosol and maintain a consistent
ultrastructure throughout development (Davis et al., 1990; Talbot
et al., 2002; Offler et al., 2003; McCurdy et al., 2008; Monjardino
et al., 2013). The starchy cells are the most abundant cells in
the endosperm. They predominantly accumulate starch and pro-
tein starting 12–14 days after pollination (DAP) and continuing
until physiological maturity (Young and Gallie, 2000; Monjardino
et al., 2005; Prioul et al., 2008). They undergo programed cell
death during endosperm development (Young and Gallie, 2000),
but nevertheless withstand severe desiccation and maintain their
tightly-arranged starch granules and protein bodies.

Lignification is associated with several traits in plants, includ-
ing the structural integrity of the cell wall, secondary growth
of vascular tissues, the strength of the stem and root (Boerjan
et al., 2003), resistance to fungi (Ride, 1975; Xu et al., 2011),
the prevention of autolytic cell wall degradation (O’Brien, 1970),
and the gravitropic response of trees (Donaldson et al., 2010).
Lignins are the second most abundant polymers in plants (after
cellulose) and comprise phenolic heteropolymers resulting from
the oxidative coupling of the three p-hydroxycinnamyl alcohols:

p-coumaryl, coniferyl and sinapyl (Lewis and Yamamoto, 1990;
Dixon et al., 2001). The polymerization of p-hydroxyphenyl,
guaiacyl, and syringyl monomers via carbon–carbon and ether
linkages is mediated by free radicals (Nadji et al., 2009; Liu, 2012;
Zhang et al., 2012).

Lignin has been suggested to be present in the ingrowths
of transfer cells adjacent to sieve elements of basal nodes of
the perennial Valeriana officinalis plants (Gaymann and Lörcher,
1990), using toluidine blue stain to detect it. In addition Heide-
Jørgensen and Kuijt (1994) have detected lignin in transfer cells
situated between the root xylem elements of Triphysaria sp. plants
and their hosts with phloroglucinol. However, other studies using
the periodic-Schiff reaction with alcian blue or with toluidine
stains failed to detect lignification in transfer cells compared to
xylem cells in the nodes of Trifolium repens and Trollius europaeus
(Gunning and Pate, 1974). Furthermore, lignin was not detected
with phloroglucinol in Vicia faba cotyledon transfer cells (Vaughn
et al., 2007), which have led to a general consensus that transfer
cells are not lignified (Offler et al., 2003; McCurdy et al., 2008).
However, these methods may not be sensitive enough to detect
small amounts of lignin, e.g., phloroglucinol does not detect the
early stages of lignification and a negative phloroglucinol reac-
tion therefore does not necessarily confirm the absence of lignin
(Kutscha and McOrmond, 1972; Müsel et al., 1997). It has been
demonstrated that ferulic and p-coumaric acids, two precursors
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of lignin, can esterify to lignin and to polysaccharides of the wall
of the Poaceae (Harris and Hartley, 1976), including in tissues that
give a negative phloroglucinol reaction. It is possible that may be
the case in the endosperm transfer cells.

Potassium permanganate (KMnO4) is a general electron-dense
staining agent for lignin, which works by oxidizing coniferyl
groups. The permanganate anion is reduced to insoluble man-
ganese dioxide (MnO2) which then precipitates, indicating the
reaction site (Hepler et al., 1970; Bland et al., 1971; Kutscha and
Gray, 1972; Xu et al., 2006; Ma et al., 2011). Ultrathin sections can
be stained with KMnO4 to determine the distribution of lignin in
woody cell walls (Donaldson, 1992; Grünwal et al., 2002; Coleman
et al., 2004; Wi et al., 2005; Xu et al., 2006; Lee et al., 2007; Tao
et al., 2009; Ma et al., 2011).

Scanning electron microscopy and transmission electron
microscopy (TEM) can be used to generate backscattered elec-
trons for energy dispersive X-ray spectrometry (EDS), and these
techniques can be used to probe the results of KMnO4 staining
(Stein et al., 1992; Xu et al., 2006; Ma et al., 2011). The greater the
concentration of Mn revealed by TEM–EDS, the higher the lignin
concentration (Xu et al., 2006), and these data can be used for the
quantitative assessment of lignin distribution (Ma et al., 2011).
Bland et al. (1971) and Hoffmann and Parameswaran (1976)
found that KMnO4 can stain several amino acids and other cell
wall components with acidic groups in addition to lignin, but
their studies involved chemically-delignified plant material and
acidic groups that are rare in native plant cell walls. However, fix-
atives such as glutaraldehyde can react with the aminoacids lysine,
tyrosine, tryptophan, phenylalanine, hystidine, cysteine, proline,
serine, glycine, glycilglycine, and arginine (Migneault et al., 2004),
therefore their reactivity to KMnO4 may be altered in fixed tis-
sues. Coleman et al. (2004) highlighted the duration of KMnO4

staining, because excessive exposure can result in non-specific
staining of the cell wall based on the potent oxidation activity of
this chemical (Lawn, 1960).

Acriflavine is a fluorochrome that can detect low levels of
lignin. The intensity of acriflavine fluorescence is proportional
to the concentration of lignin, and the signal can be detected
and quantified by confocal laser scanning microscopy (CLSM)
(Donaldson et al., 2001; Coleman et al., 2004; Christiernin et al.,
2005; Cho et al., 2008; Nakagawa et al., 2012) or epifluorescence
microscopy (Donaldson and Bond, 2005).

Lignin can be extracted using solvents containing hydrogen
peroxide (H2O2), so the same method can be used for lignin
detection (Xiang and Lee, 2000; Svitelska et al., 2004; Yao et al.,
2006; Hejri and Saboora, 2009). This technique is often more use-
ful when applied in combination with other detection strategies.

There are several methods that chemically extract and detect
lignin from plant tissues that vary in sensitivity and specificity
(Hatfield and Fukushima, 2005). Each methodology carries its
specific constrains and one that is relevant to this study is the
rather limited amount of tissue to be analyzed. The transfer cells
are located in the placento-chalazal region of the endosperm,
their tissue often has a total volume of ∼0.1 mm3, therefore even
when large numbers of samples are pooled it may not be enough
for most of the methods for lignin analysis. The acetyl bromide
method combines the specificity, the sensitivity and the relatively

low requirement of plant tissue (Fukushima and Hatfield, 2001;
Foster et al., 2010).

We determined the presence of lignin in developing transfer
cells and starchy cells using two staining techniques: KMnO4 in
conjunction with TEM–EDS and acriflavine in conjunction with
CLSM. We also studied H2O2-treated samples by TEM and TEM–
EDS. The lignin content of the walls was also determined by acetyl
bromide method, we analyzed the growth of both types of cells,
and determined the flange ingrowth orientation in transfer cells.
Our results revealed that transfer cells become lignified during
early development when undergoing active growth and the for-
mation of cell wall ingrowths. Similar levels of lignification were
observed in the reticulate and flange ingrowths and cell walls
at mid-development stages. The cell walls of starchy cells also
became lignified from early through late developmental stages.

MATERIALS AND METHODS
PLANT MATERIAL, GROWTH CONDITIONS, AND SAMPLING
Maize plants (inbred W64A) were cultivated and kernels were col-
lected from 2009 to 2013 as previously described (Monjardino
et al., 2013). At each sampling date, at least 30 kernels were col-
lected from at least five different ears. We focused on the most
basal endosperm transfer cells (MBETCs) and the starchy cells.

The temperature was recorded daily during early kernel devel-
opment allowing the growing degree days (GDD) to be calcu-
lated according to the formula GDD = � (ADT − BT), where
ADT is the average daily temperature and BT is the base
temperature of 10◦C (Gilmore and Rogers, 1958). Minimum tem-
peratures <10◦C were adjusted to 10◦C, and maximum temper-
atures >30◦C were adjusted to 30◦C. The developmental stages
were therefore described as DAP and references were made to
GDD.

TEM–EDS OF SAMPLES STAINED WITH KMnO4

Kernels were selected at 6, 12, and 20 DAP (95–97.5, 190–192.5,
and 315.5–318.5 GDD, respectively), and were sectioned with
a razor blade, discarding most of the endosperm tissue except
the basal and central endosperm regions. The tissues were fixed
immediately in 4% glutaraldehyde containing 2% osmium tetrox-
ide for 2 h. The fixed sections were dehydrated in acetone and
progressively infiltrated in Spurr’s resin for 8 days at room tem-
perature (Monjardino et al., 2007) before polymerization at 60◦C.

Ultrathin sections (40–60 nm) were prepared on a LKB 2188
NOVA Ultramicrotome (LKB NOVA) using diamond knives
(Diatome). The sections were mounted on 400-mesh gold grids
(Agar Scientific), stained with 1% KMnO4 for 2 min each, fol-
lowed by eight washes in water, and examined under a JEOL
JEM 1400 TEM equipped with an EDS Microanalysis System
(Oxford Instruments). We analyzed MBETC and starchy cell
walls, ingrowths and vesicles adjacent to the reticulate ingrowths
(when visible). The areas were traced for the probe to raster
and produce an integrated average of several thousand readings
(Figures 1A–F). Areas of the sample that apparently did not con-
tain any cell content were used as controls. The elements analyzed
in the samples were C, O, Mn, Na, K, Ca, and Fe. The levels of
each element were expressed in terms of the relative proportion
in relation to the sum of the seven elements.
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FIGURE 1 | Images obtained by TEM-EDS (A–E) and TEM (F) of

samples stained with KMnO4. Polygons represent the boundaries of EDS
readings in each sample. (G–J) CLSM images of acriflavine-stained
samples. (A) MBETCs at 12 DAP – readings were obtained from the
reticulate ingrowths. (B) MBETCs at 12 DAP – readings were obtained
from vesicles adjacent to reticulate ingrowths. (C) MBETCs at 12 DAP –
readings were obtained from anticlinal walls. (D) MBETCs at 20 DAP –

readings were obtained from flange ingrowths and inner periclinal walls (∗).
(E) Starchy cells at 20 DAP – readings were obtained from the walls. (F)

MBETCs at 6 DAP – readings were obtained from vesicles releasing their
contents into reticulate ingrowths. (G) MBETCs at 9 DAP. (H) Starchy cells
at 9 DAP. (I) MBETCs at 25 DAP. (J) Starchy cells at 25 DAP. AW, anticlinal
wall; FI, flange ingrowth; OPW, outer periclinal wall; RI, reticulate
ingrowth. Scale bars: (A–F) = 1 µm; (G–J) = 20 µm.
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TEM AND TEM–EDS FOLLOWING EXPOSURE TO H2O2

Kernels were selected at 5–20 DAP (69.5–77.5 to 284.0–287.5
GDD) and processed as described above. After mounting on
400-mesh gold grids, the ultrathin sections were treated with 4%
H2O2 for 15 or 60 min, followed by three washes in water. Images
were captured using a Zeiss EM10 C TEM (Carl Zeiss) and were
digitally recorded using a Gatan SC 1000 ORIUS CCD camera
(Warrendale).

Ultrathin sections containing MBETCs of 6 DAP and 12 DAP
kernels (97.5 and 191 GDD, respectively), were treated with 3%
H2O2 for 60 min, followed by eight washes in water, after which
they were stained with 1% KMnO4 for 2 min, followed by three
washes in water, and examined under a JEOL JEM 1400 TEM
equipped with an EDS Microanalysis System. The element anal-
ysis was conducted as described above. The percentage reduction
of Mn deposition due to H2O2 treatment was calculated by com-
parison to other ultrathin sections of the same samples that were
only stained with 1% KMnO4 for 2 min.

CLSM WITH ACRIFLAVINE STAINING
Kernels were selected at 6, 9, and 25 DAP (92.0–92.5, 128–134.5,
and 355.5–356.5 GDD, respectively), and sectioned longitudinally
(70–100 µm thicknesses) with a Leica VT 1200 vibratome (Leica
Microsystems). The sections were stained with 0.0025% aqueous
acriflavine for 10 min, followed by a 2-min wash in water, and
coverslips were mounted with glycerol (adapted from Donaldson
and Bond, 2005). Unstained sections were used as controls. The
sections were visualized under a Zeiss CLSM 510 (Carl Zeiss) at
an excitation wavelength of 488 nm and emission wavelengths of
505–550 nm and LP 615 nm for detection. The projected images
were obtained from Z stacks at a resolution of 1024 × 1024
pixels. The Z stacks contained 16–35 planes at 0.37-µm
intervals.

LIGNIN DETERMINATION BY ACETYL BROMIDE METHOD
Kernels of 5, 10, and 15 DAP (61.5–77.5, 140–152.5, and 211–231
GDD, respectively), were dissected manually and the transfer cell
and starchy cell tissues were collected separately, frozen in liq-
uid nitrogen and stored at −80◦C until further use. There was a
particular concern in dissecting the transfer cell tissue in order
to not include remnants of the nucellus, the pedicel and peri-
carp, and the embryo tissue. The starchy cells were collected
from the central endosperm region. For each sampling at least
120 kernels were dissected and at least four samples were pooled
in each replicate in order to have a minimum of 50 mg of dry
matter for the extraction of wall material (Foster et al., 2010).
The extraction of lignin was done according to the procedures
of Fukushima and Hatfield (2001) and absorbance was mea-
sured at 280 nm by a double beam UV-Vis spectrophotometer
Shimadzu UV-2401 PC (Shimadzu Corporation). The analysis
was done on two replicates of transfer cells and starchy cells of
10 and 15 DAP kernels and on the pedicel and pericarp of 5 DAP
kernels. Stems of Populus nigra L. were used as control. The per-
centage of acetyl bromide soluble lignin was determined using
an appropriate coefficient (maize = 17.75 L g−1 cm−1; Populus
nigra = 18.21 L g−1 cm−1) with the formula described in Foster
et al. (2010).

ANALYSIS OF GROWTH AND FLANGE INGROWTH ANGLE
For growth analysis, kernels at 4–35 DAP (62.0–65.5 to
515.5–522.0 GDD) were processed as described above for CLSM,
but were stained with 0.01% calcofluor white (Monjardino et al.,
2013). For flange ingrowth angle analysis, kernels at 6, 12, and 20
DAP (83.5–93, 168.0–177.5, and 284.0–287.5 GDD, respectively),
were processed in the same manner. Sections were visualized
under a Zeiss CLSM 510 at an excitation wavelength of 405 nm
(UV diode laser) and an emission wavelength of 420–480 nm.
The projected images were obtained from Z stacks at a resolu-
tion of 1024 × 1024 pixels. The Z stacks contained 25–98 planes
at 0.37-µm intervals.

Cell areas (taken from two-dimensional CLSM images) were
measured from an average of seven cells per kernel and 15 ker-
nels per sampling date. Flange ingrowth angles were measured
from an average of three cells per kernel and five kernels per sam-
pling date. Cell areas were measured from contiguous MBETCs
with Zeiss software LSM 510 4.0 SP1 using the “closed free-shape
curve” feature from the “overlay toolbar.” Flange ingrowth angles
in MBETCs were measured relative to the nearest anticlinal wall
using the “line” feature from the “overlay toolbar” in the same
software.

All selected images were imported into Adobe Photoshop CS6
software (Adobe Systems) for presentation, and photomontages
were produced using the same software.

STATISTICAL ANALYSIS
A complete randomized model was used to analyze the TEM–EDS
data, and ANOVA was carried out using Microsoft Excel. Means
were compared using the Tukey multiple range test. For growth
analysis, a regression survey was conducted using CurveExpert
Professional software with GDD as the independent variable and
cell area as the dependent variable. Among several tested mod-
els, the Richards sigmoidal function gave the best fit for MBETC
growth analysis, whereas the logarithmic function gave the best fit
for starchy cell growth analysis.

RESULTS
TEM–EDS ANALYSIS
Our TEM analysis highlighted some differences between reticu-
late ingrowths, vesicle content, anticlinal walls, flange ingrowths,
inner periclinal walls, and starchy cell walls, but without suffi-
cient clarity to distinguish them (Figures 1A–F). However, the
additional EDS quantification mode allowed us to measure the
amount of Mn and thus to infer the pattern of lignin deposi-
tion. Manganese could be detected as early as 6 DAP, mainly
in the reticulate ingrowths (Figure 1A) and vesicles (Figure 1B),
and also to a lesser extent in the anticlinal walls (Figure 1C),
the flange ingrowths and inner periclinal walls (Figure 1D), and
starchy cell walls (Figure 1E, Table 1). The reticulate ingrowths
and vesicles contained significantly higher levels of Mn than the
flange ingrowths, the anticlinal walls and periclinal walls at 6 DAP,
whereas at 12 DAP the reticulate ingrowths, vesicles and anti-
clinal walls had significantly higher levels of Mn than the flange
ingrowths, periclinal walls and starchy cell walls. At 20 DAP, there
were no significant differences in Mn levels among the vesicles,
ingrowths, and walls of the MBETCs and starchy cells. The Mn
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Table 1 | The average percentage concentration of elemental Mn in

transfer cells and starchy cells at 6, 12, and 20 DAP, determined by

TEM–EDS.

6 DAP 12 DAP 20 DAP P

Reticulate ingrowths 8.18 a1, A2 7.43 a1, A 7.84 a1, A >0.05

Vesicles adjacent to
reticulate ingrowths

9.35 a, A2 8.66 a, A 10.25 a, A >0.05

Anticlinal walls next
to the OPV§

6.00 a, B2 7.61 a, A 7.05 a, A >0.05

Flange ingrowths 6.26 a, B2 5.53 a, B 6.48 a, A >0.05

Periclinal walls 5.50 b, B2 4.98 b, B 7.69 a, A 0.02

Starchy cell walls – 3.35 a, C 5.68 a, A >0.05

Control 0.63 a, C2 0.47 a, D 0.56 a, B >0.05

p 7.94 × 10−5 1.12 × 10−6 4.45 × 10−3

1Numbers in lines followed by the same lower case letter do not differ

significantly.
2Numbers in columns followed by the same capital letter do not differ

significantly.
§OPW, outer periclinal wall.

levels in the periclinal walls increased significantly throughout
development, whereas the other cellular components did not
show substantial variation (Table 1).

Vesicles often fused with reticulate ingrowths and released
their highly electron-dense contents (Figure 1F). TEM–EDS anal-
ysis revealed a fusing vesicle containing 9.10% Mn immediately
adjacent to an electron-dense region in the reticulate ingrowths
containing 8.27% Mn, whereas ∼500 nm further away the retic-
ulate ingrowths contained only 7.62% Mn (Figure 1F). This
suggests that a substantial portion of lignin or its precursors must
be transported through the vesicles into the reticulate ingrowths.

CLSM ANALYSIS OF ACRIFLAVINE-STAINED SAMPLES
The fluorescence of acriflavine was only detected in the
505–550 nm band, not above 615 nm, which suggests that it
specifically detected lignin (Donaldson et al., 2001). Sections of
maize kernels stained with acriflavine revealed weak fluorescence
in the MBETCs at 6 DAP, except for the region next to the
outer periclinal wall (OPW) where the fluorescence was more
intense, with similar staining in the future starchy cells (data not
shown). These data suggested that there is only a low level of
lignification in the endosperm cell walls at this stage. Later in
development (9 DAP), the fluorescence levels increased in the
transfer cells (Figure 1G) and starchy cells (Figure 1H). This rep-
resented the mid-phase of ingrowth development in the transfer
cells (Monjardino et al., 2013), whereas starch and protein accu-
mulation was about to begin in the starchy endosperm cells. At
25 DAP, high-intensity acriflavine labeling was observed in both
the transfer cell walls and their ingrowths (Figure 1I). At this
stage, the walls of the MBETCs showed more intense fluores-
cence than the adjacent ingrowths, suggesting a greater degree
of lignification. The starchy cell walls were also more intensely
fluorescent at this stage (Figure 1J), suggesting that lignifica-
tion increased throughout development. These data supported
the TEM-EDS results. Lignification could be detected from early

developmental stages using both techniques. At 9 DAP, the walls
and ingrowths of the transfer cells were more intensely stained
than the starchy cell walls, but by 25 DAP the MBETC and starchy
cell walls stained with similar intensity suggesting they contained
equivalent amounts of lignin.

TEM ANALYSIS OF H2O2-TREATED SAMPLES
Ultrathin sections of differentiating transfer cells were treated
with H2O2 and analyzed by TEM, revealing that some vesi-
cles lacked their electron-dense contents (Figures 2A,B). Because
these samples were not stained prior to analysis, the observed
electron density thus arose from their intrinsic characteristics, the
osmium fixation and the treatment with H2O2. The visualization
of untreated controls of the same samples showed that similar
vesicles were electron dense (Figure 2C). This indicated that the
loss of electron density was a direct consequence of the H2O2

treatment, and strongly suggested the presence of polyphenolic
compounds in the vesicles.

The lack of electron density was affected by the duration of
H2O2 treatment. After 15 min exposure, only part of the vesi-
cles and a few scattered regions of the reticulate ingrowths and
OPW lacked the electron density (Figure 2A). However, after
60 min exposure there was more extensive loss of electron den-
sity in the vesicles and partial or complete loss in the walls and
ingrowths (Figure 2B). These data also supported the presence of
polyphenolic compounds in the vesicles, walls and ingrowths of
MBETCs.

TEM–EDS ANALYSIS OF H2O2-TREATED SAMPLES
The H2O2 treatment prior to KMnO4 staining caused drastic
reductions of the Mn levels in the vesicles, ingrowths and walls of
6 and 12 DAP MBETCs (Table 2). The vesicles suffered the largest
reduction in Mn levels, followed by the reticulate ingrowths, the
walls and the flange ingrowths.

LIGNIN DETERMINATION BY ACETYL BROMIDE METHOD
The lignin levels in the wall extracts of transfer and starchy cells of
10 and 15 DAP kernels were relatively constant, ranging between
36.9 and 47.4 µg mg−1 (Table 3). Although the extraction of the
wall material involves steps that should remove the precursors of
lignin, we aren’t sure on whether they were totally removed, there-
fore they could have been extracted together with lignin by acetyl
bromide. The small variability of lignin content between these tis-
sues is similar to the TEM–EDS analysis, but the slight tendency
of the lignin levels to decrease from 10 to 15 DAP is opposite
to the TEM–EDS analysis. The pedicel and pericarp of 5 DAP
kernels have a much higher lignin content, which is expected,
because the vascular bundles had a positive phloroglucinol reac-
tion, although the parenchyma cells had a negative reaction (data
not shown). The Populus nigra wood sample had a lignin concen-
tration of 199.2 µg mg−1, which is similar to previously published
data using the same extraction and detection methods (Foster
et al., 2010).

ANALYSIS OF CELL GROWTH AND FLANGE INGROWTH ANGLE
The transfer cells expanded until 120–140 GDD (9–10 DAP;
Figure 3A) whereas the starchy cells were still expanding at 520
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FIGURE 2 | TEM images of ultrathin MBETC sections at 10 DAP, after

H2O2 treatment without contrast (A and B) and control sections at 6

DAP without treatment and contrast (C). (A) After a 15-min H2O2

treatment, some vesicles lacked electron density (black arrows), whereas
reticulate ingrowths and the OPW show regions with less electron density
(white arrows). (B) After a 60-min H2O2 treatment, many vesicles lost their
electron density (black arrows), whereas reticulate and flange ingrowths,
the OPW and anticlinal walls reveal large regions with less electron density
(white arrows). (C) Control sections with electron-dense vesicles (black
arrows), whereas the walls and flange ingrowths have a weak electron
density. AW, anticlinal wall; FI, flange ingrowth; NUC, nucleus; OPW, outer
periclinal wall; RI, reticulate ingrowth. Scale bars: (A,B) = 2 µm, (C) = 1 µm.

GDD (35 DAP; Figure 3B). The transfer cells reached their max-
imum growth rate at 96 GDD (6 DAP; Figure 3A), when the
amount of lignin was relatively low in all structures except the
reticulate ingrowths and vesicles (Table 1). The starchy cells also
showed their highest growth rates prior to 100 GDD, but the sub-
sequent reduction in growth rate was not as dramatic as observed
for the transfer cells (Figure 3B). Indeed, lignification coincided
with starchy cell growth throughout development, which clearly
shows that lignification does not inhibit the growth of these cells.
The starchy cells continued expanding intensively at 35 DAP,
probably reflecting the active accumulation of assimilates at this
stage.

The flange ingrowth angles varied dramatically throughout
development (Figure 3C). At 6 DAP, most of the flange ingrowths
had angles of less than 15◦ relative to the nearest anticlinal wall,
whereas later there was a greater proportion of angles between 15
and 30◦. Furthermore, the proportion of angles between 30 and

Table 2 | The average percentage reduction of Mn deposition after

H2O2 treatment prior to KMnO4 staining in MBETC at 6 and 12 DAP,

determined by TEM–EDS.

6 DAP 12 DAP

Reticulate ingrowths 58.56 54.22

Vesicles adjacent to ingrowths 77.66 60.24

Flange ingrowths 48.77 43.98

Walls 47.96 48.15

Table 3 | Average lignin content (±standard error) in the dry matter of

wall material (µg mg−1) extracted by the acetyl bromide method

(Fukushima and Hatfield, 2001; Foster et al., 2010).

Lignin content

Populus nigra wood 199.2

Pericarp and pedicel 5 DAP 80.5 ± 13.2

Transfer cells 10 DAP 46.4 ± 14.8

Starchy cells 10 DAP 47.9 ± 9.7

Transfer cells 15 DAP 38.0 ± 10.0

Starchy cells 15 DAP 36.9 ± 12.4

45◦ increased as the MBETCs developed. The proportion of flange
ingrowths angles greater than 45◦ remained at <10% throughout
development, which confirmed previous observations that such
ingrowths tend to be oriented longitudinally and obliquely, rather
than transversely to the longer axis of the cell (Monjardino et al.,
2013).

DISCUSSION
Our analysis revealed that transfer cells have extensive inward
wall projections that contrast with the much thinner walls of the
starchy cells (Figure 1). The inward growth of cell wall regions
must overcome the outward pressure of the living cell cytoplasm,
and it is not unreasonable to suggest that this process might require
reinforcement, e.g., by the ubiquitous structural molecule lignin.

The TEM–EDS technique allowed the accurate quantification
of elemental Mn deposited in the cell walls and their ingrowths.
Our data were based on the trusted and reliable Clifft Lorimer
thin ratio section quantification method, which revealed that Mn
was deposited on the walls of the transfer cells and starchy cells
(Table 1, Figures 1A–F). Because TEM–EDS elemental analysis
offers a high degree of confidence, it was possible to conclude that
Mn atoms were deposited in the walls and ingrowths in amounts
that could not be attributed to background counts observed in
the control sections (Table 1). Considering previous reports that
KMnO4 does not react with cellulose, hemicelluloses or pectin
(Kutscha and Gray, 1972) and that short exposure times pre-
vent non-specific staining (Coleman et al., 2004), it would be
reasonable to conclude that the KMnO4 reacted with lignin, lead-
ing to the deposition of Mn atoms. However, it cannot be ruled
out the reaction of KMnO4 with other wall constituents, namely
precursors of lignin like the ferulic and p-coumaric acids, which
have been demonstrated to exist in relatively high content in
the cell walls of Poaceae plants, as compared to lignin (Harris
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FIGURE 3 | (A) Growth analysis of MBETCs, showing cell areas (µm2) of
developing kernels (4–20 DAP, equivalent to 62.0–300.2 GDD) and adjusted
growth curve (cell area = 903.04/(1 + exp(15.81 − 0.15 × GDD)∧(1/4.37)),
R2 = 67.15%). (B) Growth analysis of starchy cells, showing cell areas
(µm2) of developing kernels (5–35 DAP, equivalent to 73.5–522.0 GDD) and
adjusted growth curve (cell area = −43582.6 + 10195.3 × ln(GDD),
R2 = 92.3%). (C) Flange ingrowth angles (in relation to the nearest anticlinal
wall) of developing MBETCs (6, 12, and 20 DAP, and an average of the three
sampling dates).

and Hartley, 1976). It is also possible that KMnO4 may react
with some amino acids (Bland et al., 1971) and acidic groups
(Hoffmann and Parameswaran, 1976) like galacturonic and glu-
curonic acids. Therefore, we consider that the KMnO4 staining
and TEM-EDS analysis must have provided a proportional indi-
cation of the lignin content, but not the exclusive proof of its
existence.

H2O2 treatment provided an indirect approach to confirm
the presence of lignin: short-exposure experiments (15 min;
Figure 2A) resulted in the loss of electron-dense material from
vesicles compared with untreated control samples (Figure 2C),
whereas longer exposure (60 min) also caused the loss of

electron-dense material from ingrowths and walls (Figure 2B).
These results suggest that vesicles may contain the highest
concentrations of polyphenolic compounds in the MBETCs
but also that ingrowths and walls must have lower but still
biologically-relevant concentrations of such constituents. The
presence of vesicles that support ingrowth formation has been
reported previously (Davis et al., 1990; our unpublished data).
The vesicles are numerous (Figure 2B) and they contribute to
ingrowth formation (Figure 1F), thus reinforcing the thesis of
exocytosis supporting lignin deposition in the ingrowths.

We also tested the effects of H2O2 treatment prior to KMnO4

staining and quantified it by TEM–EDS in the MBETCs (Table 2).
The reduction of Mn deposition was the highest in the vesicles at
6 and 12 DAP, thus suggesting to contain the highest lignin and/or
its precursors’ content. The reticulate ingrowths had the sec-
ond highest reduction of Mn deposition due to H2O2 treatment,
which is also in accordance with the TEM–EDS data (Table 1).
The flange ingrowths and walls had the lowest reduction of Mn
deposition, but it still was above 40%, which reinforces the con-
cept of them also being lignified, although at lower levels than the
reticulate ingrowths.

The acriflavine staining experiment confirmed the presence
of lignin in the transfer cell walls and ingrowths, as well as in
the walls of the starchy cells (Figures 1G–J). The intensity of the
staining mirrored the TEM–EDS data, thus reinforcing our con-
clusions. It should be highlighted the tendency of the inner edges
of the reticulate ingrowths to fluoresce more intensively than the
rest of these ingrowths.

The determination of lignin content by the acetyl bromide
method (Fukushima and Hatfield, 2001; Foster et al., 2010) was
essential to confirm the presence of lignin and its precursors in
the walls of the transfer and starchy cells of maize endosperm
(Table 3), regardless of the negative phloroglucinol reaction.
However, this methodology does not enable us to distinguish
the ingrowths from the adjacent walls. The slight tendency of
reduction of the lignin and its precursors content from 10 to 15
DAP (Table 3) is not fully in accordance to the TEM–EDS data
(Table 1) and that could be due to: (a) non-specific determination
of other wall and ingrowth components by TEM–EDS that would
partially mask the lignin determination; (b) the extraction of wall
material prior to the acetyl bromide analysis not being 100% effi-
cient and still remnants of starch and other cell components of
15 DAP kernels causing an unforeseeable dilution of lignin. This
analysis clearly makes the case that lignin exists in the transfer and
starchy cell walls throughout kernel development.

Consistently higher levels of Mn were deposited in reticu-
late ingrowths compared to flange ingrowths, suggesting that
larger amounts of lignin may be required to stabilize the former
structures. Reticulate ingrowths contain less-compacted cellu-
lose microfibrils that tend to be arranged in non-parallel arrays
(Offler et al., 2003; McCurdy et al., 2008; Monjardino et al.,
2013), whereas the cellulose microfibrils in flange ingrowths
are arranged in tight parallel arrays. Therefore, it seems plau-
sible that higher lignin levels may be required to stabilize
the reticulate ingrowths because of their unique ultrastructure.
The stronger fluorescence of acriflavine in the inner edges of
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the reticulate ingrowths makes stronger the assumption of lignin
to be determinant to stabilize the looser ingrowth structures. To
our knowledge this trait has not been documented before and
it makes a strong case for the relevance of lignin to ingrowth
formation.

The presence of high Mn levels in vesicles adjacent to the
reticulate ingrowths (Figures 1B,F, Table 1) and the most drastic
reduction of Mn deposition after H2O2 treatment (Table 2) sup-
port the exocytosis of lignin or its precursors in vesicles derived
from the Golgi body (reviewed by Donaldson, 2001). In the trans-
fer cells, the flux of vesicles apparently from the Golgi body is
intense throughout development (Davis et al., 1990; Monjardino
et al., 2013) and this offers a significant mechanism to trans-
port lignin into the ingrowths and adjacent cell walls, although
other mechanisms cannot be ruled out (Liu, 2012; Wang et al.,
2013). These results point to the need of using other methods
to assess the transportation role of Golgi vesicles before definite
conclusions could be drawn.

Basic fuchsin in combination with fluorescence or light
microscopy has also been used successfully as a staining method
for lignified cell walls (Fuchs, 1963; Dharmawardhana et al., 1992;
Kraus et al., 1998; Caño-Delgado et al., 2000; Möller et al., 2005;
Soyano et al., 2008; Wagner et al., 2009). In a previous study,
we showed that basic fuchsin reacts with ingrowths and adja-
cent walls (Machado, 2004). However, other reports indicated
that basic fuchsin has affinity for the suberized and cutinized
walls of plants cells and other structures devoid of lignin, such
as chloroplasts, and starch granules in maize endosperm (Kraus
et al., 1998; Machado, 2004; Pereira et al., 2008). Therefore, basic
fuchsin staining cannot be considered unequivocal proof for the
presence of lignin, but it reinforces the data reported in this
study.

Taken together, these data support the general lignification of
endosperm cell walls, with particular emphasis on the transfer
cells despite previous contradictory reports (Gunning and Pate,
1974; Gaymann and Lörcher, 1990; Heide-Jørgensen and Kuijt,
1994; Vaughn et al., 2007). These discrepancies probably reflect
the higher sensitivity of our staining methods compared to the
periodic-Schiff reaction plus alcian blue or toluidine stains used
by Gunning and Pate (1974), and the phloroglucinol stain used
by Vaughn et al. (2007). We also tested phloroglucinol, and found
as expected that this method did not detect any lignin in maize
endosperm, only in the vascular tissue of the maize kernel (data
not shown). Several authors have demonstrated that phlorogluci-
nol is not sensitive enough for early lignification studies (Kutscha
and McOrmond, 1972; Müsel et al., 1997).

The lack of significant differences in lignin content between
ingrowths and adjacent walls after 6 DAP reinforces their similar-
ity in composition (Vaughn et al., 2007). However, there seems
to exist differences in lignin distribution at least in the reticulate
ingrowths throughout development and differences in composi-
tion in the ingrowths and adjacent walls cannot be ruled out; this
phenomenon must be addressed in future experiments.

Lignin is mainly associated with cell wall rigidity and strength,
but it is also present in low amounts in the growing primary
cell walls of several species (Joseleau and Ruel, 1997; Müsel
et al., 1997; Christiernin et al., 2005; Gritsch and Murphy,

2005). We detected lignin in maize MBETCs at 6 DAP, an early
developmental stage characterized by a high growth rate, allow-
ing the cells to increase by up to 4-fold in area until 12 DAP
(Table 1, Figure 3A). The ingrowths also form and develop exten-
sively during this period (Figures 1, 2; Monjardino et al., 2013).
The flange ingrowths may restrict cell expansion, because they
are predominantly obliquely oriented in relation to the long axis
of the cell, and are often as long as the cells themselves (Talbot
et al., 2002; Monjardino et al., 2013). They also appear to be
attached to the adjacent wall along most of their length and, as
we demonstrate in this study, they are also lignified. Furthermore,
the oblique orientation of the flange ingrowths does not facilitate
cell expansion along the long axis, although this may not neces-
sarily act as an impediment because the ingrowths may behave
like the folding bellows of an accordion, expanding obliquely to
their orientation. In addition, the increasing angle between flange
ingrowths and the nearest anticlinal walls during development
(Figure 3C) opposes the stretching effect of the predominant ori-
entation of cell growth. Therefore, other factors may facilitate
ingrowth reorientation in the MBETCs: (i) new ingrowths may be
formed with greater angles; (ii) the distortion effect on the trans-
fer cells caused by the growing embryo could promote unequal
variations in ingrowth and anticlinal wall orientations; (iii) assim-
ilate flow may contribute to distortions in the orientation of
the ingrowths; and (iv) the connections between the ingrowths
and walls may become weaker as the cell expands and develops,
therefore enabling them to change their orientation.

The starchy cells also contain lignin throughout develop-
ment (Tables 1, 3), despite the cells grew even more significantly
than the transfer cells (Figure 3B). These cells accumulate large
amounts of starch and protein, and at later developmental stages
they lose most of their water content. Therefore, the walls of the
starchy cells must be strong and flexible enough to endure such
challenging conditions, and lignin is likely to be an important
constituent that provides such abilities.

Our results suggest that the role of lignin in the structure of
the cell wall should be reconsidered. Müsel et al. (1997) proposed
that, in the process of cell wall growth, lignin may act to coun-
terbalance independent wall-loosening processes (mediated by
growth-promoting agents), thus allowing the cell wall to expand
without losing rigidity. Our results support this hypothesis for
maize transfer and starchy endosperm cells. The role of lignin in
ingrowth formation must also be to stabilize its structure, as that
seems particularly to be the case in the inner loose ends of the
reticulate ingrowths.
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Transfer cells are ubiquitous plant cells that play an important role in plant development
as well as in responses to biotic and abiotic stresses. They are highly specialized and
differentiated cells playing a central role in the acquisition, distribution and exchange
of nutrients. Their unique structural traits are characterized by augmented ingrowths of
invaginated secondary wall material, unsheathed by an amplified area of plasma membrane
enriched in a suite of solute transporters. Similar morphological features can be perceived
in vascular root feeding cells induced by sedentary plant-parasitic nematodes, such as root-
knot and cyst nematodes, in a wide range of plant hosts. Despite their close phylogenetic
relationship, these obligatory biotrophic plant pathogens engage different approaches
when reprogramming root cells into giant cells or syncytia, respectively. Both nematode
feeding-cells types will serve as the main source of nutrients until the end of the nematode
life cycle. In both cases, these nematodes are able to remarkably maneuver and reprogram
plant host cells. In this review we will discuss the structure, function and formation of
these specialized multinucleate cells that act as nutrient transfer cells accumulating and
synthesizing components needed for survival and successful offspring of plant-parasitic
nematodes. Plant cells with transfer-like functions are also a renowned subject of interest
involving still poorly understood molecular and cellular transport processes.

Keywords: nematode feeding sites, transfer cells, wall ingrowths, galls, syncytia, root-knot nematodes, cyst

nematodes

INTRODUCTION
The plant cell wall consists of a dynamic extracellular complex
that responds to external and internal cellular signals, and forms
a bridge between the plasma membrane and the cytoskeleton
(Humphrey et al., 2007). The cell wall is formed of a network of
polysaccharides and proteins and is multifunctional in plants: it
maintains and determines the cell shape (Szymanski, 2009; Singh
and Montgomery, 2011), resists internal turgor pressure (Haswell
et al., 2008), controls cell and plant growth (Wolf et al., 2012),
contributes to plant morphology (Hamant et al., 2010), regu-
lates diffusion through the apoplast and is involved in perception
and signaling during plant development and defense mechanisms
(Hamann, 2012; Nühse, 2012; Underwood, 2012). Plant cell walls
are composed of primary and secondary walls. The primary cell
wall is laid down during cytokinesis and keeps expanding until
cells acquire their final shape. The composition and heterogene-
ity of cell walls rely on developmental programs, in addition to
environmental conditions (Burton et al., 2010). Secondary cell
walls are thicker, and are deposited at the inner side of the pri-
mary cell wall mainly in highly specialized tissues and cell types
such as xylem vessels and fiber cells. While most cells deposit a
uniformly thickened secondary wall, some cells, e.g., tracheary ele-
ments (Hogetsu, 1991) and transfer cells (TCs; Gunning and Pate,
1974), build up an intricate secondary wall at restricted regions.

TCs are highly specialized cells that are found in algae and fungi,
and in all taxa of the plant kingdom, suggesting that every plant
has the genomic ability to develop TCs under a particular array
of environmental status and/or developmental signals (Gunning
and Pate, 1974; Offler et al., 2003; Andriunas et al., 2013). TCs
are situated at regions of functional nutrient transport (Gunning
and Pate, 1969, 1974) with the multifaceted wall ingrowth/plasma
membrane complex often oriented to the track of solute flow. They
facilitate apo/symplastic exchange of solutes and their cytoplasm is
typically dense and organelle rich, with numerous mitochondria
and organelles of the endomembrane secretory system situated
nearby the extended wall ingrowths (Gunning et al., 1968; Davis
et al., 1990). Vacuoles in TCs may be small or not present.

Generally, TCs develop from a range of differentiated cell
types by a process that involves de-differentiation followed by
re-differentiation named trans-differentiation (Andriunas et al.,
2013). Examples are xylem or phloem parenchyma cells, per-
icycle and epidermal cells. Since TCs arise from differentiated
plant cells, these are named according to the initial cell type, e.g.,
companion-cell TCs (Gunning et al., 1968; Wimmers and Turgeon,
1991; Haritatos et al., 2000), nucellar projection TCs (Wang et al.,
1994), and so on. The trans-differentiation process occurs either
during the normal developmental course of a particular plant tis-
sue or takes place in response to an abiotic or biotic stress. The
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ensuing TC has a distinctive wall harboring intricately invaginated
ingrowths unsheathed by a plasma membrane enriched in nutri-
ent transporter proteins (Offler et al., 2003). Ingrowths on walls
in TCs generally present the reticulate or flange architecture or a
combination of both (Talbot et al., 2002). TCs may well develop at
both sides of the tissue interface or only at one side and ingrowths
may be asymmetrically distributed.

Although little is known about the molecular signals that induce
TC differentiation, some genes expressed associated with TCs have
been described (Hueros et al., 1995, 1999; Gómez et al., 2002;
Gutiérrez-Marcos et al., 2004; Muñiz et al., 2006). Among these
the Myb-related protein-1 (MRP-1) was the first TC-specific tran-
scriptional activator identified in plants (Gómez et al., 2002) and
was shown to be a key regulator of TCs differentiation process
in maize endosperm (Gómez et al., 2009). In addition, MRP-1
regulates the expression of several TC-specific genes, like BETL-1
and BETL-2 (Gómez et al., 2002), Meg-1 (for Maternally Expressed
Gene 1; Gutiérrez-Marcos et al., 2004), and TCRR-1 (for transfer
cell response regulator 1; Muñiz et al., 2006), through its interac-
tion with the corresponding promoters (Barrero et al., 2006) and
of BETL-9 and BETL-10 promoters (Gómez et al., 2009).

Transfer cells can also develop associated with biotic symbionts
(nitrogen-fixing bacteria and mycorrhiza) and plant pathogens
(e.g., nematodes, leafhoppers, fungus; Pate and Gunning, 1972;
Offler et al., 2003). TC establishment is also linked to interac-
tions connected with a reciprocally beneficial trade of nutrients
between host and symbiont. Examples are Frankia hyphae on
Alnus rubra root hair infection directing the development of
nitrogen-fixing root nodules (Berry et al., 1986), or root epider-
mal cells in association with mycorrhizas (Allaway et al., 1985)
and Rhizobium nodules on pea roots (Gunning et al., 1968).
Examples of TC induction in response to pathogen strike com-
prise injury of leafhopper on companion cells of Medicago
sativa (alfalfa) internodes (Ecale-Zhou and Backus, 1999) and
disease caused on Duchesnea indica leaf cells by rust fungus
(Mims et al., 2001).

Infection of plant roots by plant-parasitic nematodes also
lead to the development of root swellings containing specialized
host-derived feeding structures, with which nematodes acquire
nutrients. The most studied specialized feeding sites are induced
by root-knot (RKN, Meloidogyne spp.) and cyst (CN, Globodera
spp., Heterodera spp.) nematodes, designated giant cells and syn-
cytia, respectively (Jones and Northcote, 1972a,b). However, other
minor economic species belonging to other taxa, such as Roty-
lenchulus spp., Nacobbus spp., and Xiphinema spp., are also able
to induce specialized feeding sites in the host roots. In the case
of RKN and CN, both feeding-cell types have the function to
feed the pathogen (Jones and Northcote, 1972a,b; Schemes in
Figures 1A,B). Products secreted by nematodes through their
stylet induce the differentiation of root cells into feeding struc-
tures and the content of this secretion remains largely unidentified
(Mitchum et al., 2013).

The molecular and cellular processes involved in solute trans-
port in plant tissues via TCs is yet poorly understood, even
though vital for the survival of plants and particular biotrophic
plant pathogens. This review will focus on data available on
cells with transfer-like function induced by biotrophic sedentary

FIGURE 1 | Schematic view of nematode feeding transfer-cells induced

by plant-parasitic nematodes. (A) Giant cells induced by RKN show cell
wall thickenings with invaginations (blue arrow) often at the proximity of
xylem vessels. Plasmodesmata (red arrow) also connect giant cells with
phloem cells to facilitate solute transfer and may connect NCs.
(B) Syncytium induced by a CN show cell wall thickenings with
invaginations (blue arrow) often at the proximity of xylem vessels.
Plasmodesmata (red arrow) also connect a syncytium with phloem cells to
facilitate solute transfer and may connect NCs. Wall stubs are the result of
cell dissolution of several root cells that fused to the syncytium itself.
Asterisk, giant cell; X, xylem; S, syncytium.

plant-parasitic nematodes, such as RKN and CN nematodes.
Cytological similarities between TCs suggest that at least part of
the nematode feeding site developmental pathway might involve
common routes regulating TC morphology and function.

NEMATODE INDUCED TRANSFER CELLS: CELLULAR
REARRANGEMENTS AND FUNCTION
Nematodes are devastating plant pathogens that trigger yield losses
in numerous crop plants. A great part of the damage is caused
by sedentary nematodes, which induce specialized feeding sites
in plant roots, from which nutrients are withdrawn. Amongst
these pathogens, CN (family Hoplolaimidae) and RKN nematodes
(family Meloidogynidae) are considered the major economically
important plant parasitic species (de Almeida Engler et al., 2005).
Feeding sites induced by CN and RKN are regarded as resilient
metabolic sinks (Grundler and Hofmann, 2011; Bartlem et al.,
2014). Even though both feeding systems share common structural
and functional features, their ontogeny differs considerably.

Root-knot nematodes induce galls composed of giant cells sur-
rounded by neighboring cells (NCs), giving the root a shape of a
knot (Figures 2A,B; de Almeida Engler et al., 1999, 2010). Giant
cells are generated through sequential mitoses without cytokinesis
(Huang and Maggenti, 1969; de Almeida Engler et al., 2004) and
cycles of DNA replication (Jones and Payne, 1978; Wiggers et al.,
1990; de Almeida Engler et al., 1999, 2012), leading to nuclear and
cellular hypertrophy.

Cyst nematodes induce syncytia, formed by an initial feeding
cell followed by fusion of hundreds of NCs causing root distension
(Figures 2C,D; de Almeida Engler et al., 1999, 2010; Sobczak et al.,
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FIGURE 2 | Nematode feeding sites induced by specialized sedentary

biotrophic plant-parasitic nematodes. (A,B) Arabidopsis thaliana roots
infected with the RKN Meloidogyne incognita. (A) A typical gall induced in
the plant host containing a mature female nematode, and associated
gelatinous matrix filled with nematode eggs. (B) Longitudinal gall section
containing seven multinucleate giant cells with unevenly thickened cell
walls, surrounded by asymmetrically divided NCs. (C,D) Arabidopsis
thaliana roots infected with the CN Heterodera schachtii. (C) A typical
syncytium induced in plant host roots associated with a female CN.
(D) Detailed longitudinal section of a syncytium resulting from the cell wall
dissolution of several root cells. em, egg masses; g, gall; n, nematode;
NC, neighboring cells; Asterisk, giant cells; S, syncytium. Bars = 50 μm.

2011). The multinucleated state in a syncytium is most probably
attained by cell wall dissolution of NCs (Endo, 1978) rather than
by mitotic activity. Increase in cytoplasmic density and nuclear
volume (de Almeida Engler et al., 1999, 2012) and cell wall mod-
ifications (Jones and Goto, 2011; Sobczak and Golinowski, 2011)
have been observed for both syncytia and giant cells. Both feeding
sites lead to root swellings disturbing water and nutrient transport
thereby affecting plant growth.

Different arguments have been attributed to the choice of
nematodes to induce feeding cells at the vascular parenchyma.
The position of the initial syncytial cell ensures close contact of
the feeding site at the proximity of the xylem and phloem nec-
essary to provide nutrients to the developing gall (Bartlem et al.,
2014) or syncytium. As well, the selected cells of the vascular tissue
may be more amenable to the nematode-induced changes. Vascu-
lar parenchymal cells are not entirely differentiated and may thus
be arrested at a particular cell cycle phase, allowing the switch to

other cell types like the nematode feeding site (de Almeida Engler
et al., 2011). Roles of cortical or endodermal cells outside the vas-
cular cylinder tissue have not yet been ascribed to syncytia induced
by the CN, Heterodera schachtii, nor to galls induced by the RKN,
Meloidogyne incognita, in Arabidopsis thaliana roots.

In the past years there has been extensive data reporting on
the anatomy of the sophisticated nematode feeding sites induced
by CN and RKN, comprising light, scanning and transmission
electron microscopy (e.g., Bird, 1961; Jones and Dropkin, 1976;
Wergin and Orion, 1981; Hussey and Mims, 1991; Berg et al.,
2008; Sobczak and Golinowski, 2008). Both nematode feeding
sites share common features, such as the increase of metabolic
activity and cytoplasmic density, the replacement of a large cen-
tral vacuole by several smaller ones, the large nuclei number
of increased size, and the proliferation of organelles including
Golgi stacks, mitochondria, plastids, ribosomes, and endoplas-
mic reticulum (Figure 3; Vieira et al., 2013 and Figure 4: Berg
et al., 2008; Sobczak et al., 2011). Concomitant with the struc-
tural modifications in a gall or a syncytium, cell walls thicken
and finger-like protuberances (ingrowths or cell wall labyrinths)
form (Schemes in Figures 1, 3 and 4; Berg et al., 2008; Sobczak
et al., 2011; Vieira et al., 2013) with the function to increase
the membrane surface area for solute uptake (e.g., Golinowski
et al., 1996; Hussey and Grundler, 1998). The cell wall degra-
dation is also observed in syncytia (Scheme in Figures 1B and
2D; de Almeida Engler et al., 1999 and Figures 4A,B; Sobczak
et al., 2011). Extensive changes of cell wall architecture in diverse
types of TCs encountered in plants may comprise cell wall
ingrowths and partial cell wall degradation (Offler et al., 2003)
as occurring in syncytia. Increased giant cell wall ingrowths
accompanied by intense surrounding vascularization will certainly
contribute to the access to nutrient supply by the feeding nema-
tode (Bartlem et al., 2014). Similar intense vascularization around
syncytia will certainly enhance nutrient supply to the developing
nematode.

Modifications of plant cell walls within nematode feeding cells
appear to be coordinated by significant changes in host gene
expression, as highlighted by a range of methods (e.g., Gheysen
and Fenoll, 2002; Jammes et al., 2005; Hammes et al., 2005; Ithal
et al., 2007a,b; Gheysen and Mitchum, 2009; Barcala et al., 2010;
Damiani et al., 2012). Examples are plant cell wall and metabolism
genes, shown to be differentially expressed in nematode feeding
sites compared to uninfected root tissue. Although the origin of
thickened cell walls, and elaborate cell wall labyrinths of combined
reticulate or flange architecture are still not well understood, the
elaborate structural design of nematode feeding cell walls reflects
the hyperactivity of the cell wall synthesis machinery of the host
plant. Similarly to walls of plant TCs (Offler et al., 2003), feeding
cells are mainly composed of polysaccharides such as cellulose,
hemicelluloses and pectin (Dropkin and Nelson, 1960; Littrell,
1966).

The large repertoire of host genes encoding plant cell wall
modifying enzymes distinctively regulated in giant cells include
for example; an extensin (EXT, Niebel et al., 1993), the expansin
gene family (several members of α- and β-expansins; Bar-Or et al.,
2005; Jammes et al., 2005; Gal et al., 2006), a pectin acetylesterase
(putative pectin acetylesterase, PAE homologue; Vercauteren et al.,
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FIGURE 3 | Anatomy of Meloidogyne incognita-induced giant cells in

Arabidopsis thaliana roots. (A) Light microscopy image of sectioned
giant cells embedded in a gall and stained with toluidine blue. Cell wall
thickenings (black arrows), and a cell wall stub (red arrow) indicating
arrest of cytokinesis. (B–D) Ultra-structure of giant cell sections showing
cell wall ingrowths (black arrows) along regions predominantly flanking

the vascular tissue. Note the xylem elements with thickened cell walls
and dense cytoplasm containing numerous organelles including
asymmetrically shaped nuclei and small vacuoles. (D) Detailed giant cells
showing a PD (green arrow). Asterisk, giant cell; NC, neighboring cells; x,
xylem; CW, cell wall; V, vacuole; nu, nucleus. Bars = (A) 25 μm and
(B–D) 5 μm.

FIGURE 4 | Anatomy of Heterodera schachtii induced-syncytium in

Arabidopsis thaliana root cells. (A) Light microscopy of a maturing
syncytium section stained with toluidine blue, presenting cell wall thickenings
(black arrows). (B–D) Ultra-structure of syncytia sections showing cell wall

ingrowths along regions mainly flanking the vascular tissue. Note the xylem
elements with thickened cell walls and the dense cytoplasm containing
numerous organelles including asymmetrically shaped nuclei and small
vacuoles. S, syncytium; x, xylem; CW, cell wall; nu, nucleus. Bars = (A) 25 μm.
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2002), pectate lyases (PEL; Jammes et al., 2005) and endoglu-
canases (endo-β-1,4-glucanases; Goellner et al., 2001; Sukno et al.,
2006).

Similar cell wall related genes are up-regulated in syncytia,
such as expansins (α- and β-expansins; Golecki et al., 2002; Wiec-
zorek et al., 2006; Fudali et al., 2008; Griesser and Grundler,
2008), endoglucanases (endo-β-1,4-glucanases; Goellner et al.,
2001; Wieczorek et al., 2008), EXT, and extension-like (EXTL)
genes (Ithal et al., 2007a,b); polygalacturonases (PG; Mahalingam
et al., 1999) and pectin acetylases (PE;Vercauteren et al., 2002; Ithal
et al., 2007a,b). This data is suggestive of both unique and appar-
ently common mechanisms orchestrated by these nematodes to
provoke adaptations of the plant cell wall to facilitate feeding cell
expansion and function.

Apart from cell wall changes pathogens may also locally inter-
fere with signaling pathways changing the concentration of sugars
such as sucrose (Hofmann et al., 2007) or plant hormones (e.g.,
Goverse and Bird, 2011; Rodiuc et al., 2012) in a coordinated man-
ner that may directly or indirectly influence the function of feeding
cells to act as TCs. Nematode secretions are likely to contain the
proteins or peptides that can affect plant gene expression (Davis
et al., 2008). In addition, for successful parasitism, nematodes
can make use of plant genes as observed for the plant cell cycle
or cytoskeleton machinery (de Almeida Engler et al., 1999, 2004,
2012; de Almeida Engler and Favery, 2011). Thus, nematodes may
manipulate genes involved in cell wall rearrangements inducing
the trans-differentiation of parenchyma vascular cells into giant
or syncytial TCs.

CELL WALL MODIFICATIONS AND CELLULAR
COMMUNICATION IN ROOT-KNOT NEMATODE-INDUCED
GIANT CELLS
As mentioned above, RKN species induce root galls containing
giant-feeding cells in a large variety of plant hosts. In giant cells
induced by RKN, wall thickening is observed as patches expand-
ing, merging, branching and often of uneven cell wall material
deposition at early stages of giant cell development suggesting an
existing mechanism responsible for depositing irregular cell wall
material (Figure 3; de Almeida Engler et al., 2004; Mordechai and
Oka, 2006; Berg et al., 2008). Patches of wall thickenings are dis-
tributed in giant cells mainly in the proximity of the proliferating
phloem and xylem elements, involved in the transfer of water
and solutes, and may include NCs (Jones and Northcote, 1972a;
Hoth et al., 2008). Throughout giant cell maturation these cell wall
patches expand and cover large areas, generating regions with pro-
fuse reticulate TC wall labyrinths (Scheme in Figures 1A and 3;
Berg et al., 2008; Vieira et al., 2013). It is fascinating to observe that
cell wall ingrowths proliferate as RKN develop, then degenerate
as nematodes reach maturity and complete their life cycle. Cell
wall composition of young giant cells is similar to syncytia. Thus,
these progressive cell wall changes suggest that the molecular dia-
log between nematodes and plant hosts is continuous, and might
hold a key role in maintenance of the physiological status of giant
cells (Jones and Northcote, 1972a).

Giant cells also present cell wall fragments, or stubs, thought
initially to originate from cell wall breakdown as was observed in
syncytia (Jones and Dropkin, 1975; Figure 3A; Vieira et al., 2013).

Subsequently, it has been demonstrated that cell wall stubs are
the product of the abortion of phragmoplast expansion and cell
wall formation (Jones and Payne, 1978; de Almeida Engler et al.,
2004).

A significant demand for nutrients from feeding cells is created
by nematodes. This is manifested by the development of TC wall
labyrinths of wall ingrowths, an idea long sustained as a hallmark
of giant cells (Jones and Northcote, 1972a,b; Jones and Gunning,
1976). These wall ingrowths notably increase the surface area of
the plasma membrane, assisting the transport of nutrients into
or out of the feeding cell, i.e., like symplast–apoplast exchange
occurring in plant TCs (Gunning and Pate, 1969; Gunning et al.,
1974; Offler et al., 2003). Furthermore, TC wall labyrinths can be
observed on the cell walls of neighboring giant cells, indicating
that nutrient transport in the apoplast, pooled from outlying cells,
can be an important source of giant-cell nutrients. As shown by
Berg et al. (2008), walls lying between giant cells are thickened and
labyrinth-rich, suggesting that nutrients might also flow between
these feeding cells (Jones and Northcote, 1972b; Jones and Gun-
ning, 1976). As well, solutes that are phloem-derived are imported
into the giant cells either via plasmodesmata (PD) (symplasti-
cally; Figure 3D; Vieira et al., 2013 and Figures 5B–E’; Hofmann
et al., 2010; Vieira et al., 2012) or by means of active transport
(apoplasmically).

Hofmann et al. (2010) gave insights into the role of PD fre-
quency and distribution and callose deposition along cell walls
of giant-feeding cells. This survey employed the double local-
ization of callose and green fluorescent protein (GFP) in root
sections. Initially, giant cells were reported to be symplastically
isolated from NCs (Jones and Dropkin, 1976; Wolf et al., 1991;
Hoth et al., 2008). Further studies using Arabidopsis transgenic
plants containing a viral movement protein (MP) of the Potato
leaf roll polerovirus fused to GFP (MP17PLRV-GFP; Hofius et al.,
2001) as a PD marker (Figure 5A; Roberts and Oparka, 2003;
Hofmann et al., 2010), reported that giant cells are connected
by PD (Hofmann et al., 2010). No callose deposition has been
detected in galls except in a number of NCs (Hofmann et al., 2010).
Most viral MP attach to branched PD that are essentially sec-
ondary PD formed in existing cell walls. Primary PD are often
not branched and appear during cell wall formation after cell
division.

Plasmodesmata are unique membrane channels in plant cell
walls that provide cytoplasmic continuity, cell-to-cell transport,
and an intercellular exchange network (Crawford and Zambryski,
2000). The status of PD may change from closed to opened, allow-
ing the flow of small or larger metabolites only when pertinent
for plant tissue development (Kim and Zambryski, 2005). Inward
compression of the plasma membrane can also play a role in
reducing the size exclusion limit of the PD, or eventually cut-
ting off solute passage (Wolf et al., 1991). As well, passage of most
molecules is controlled by the size exclusion limit and therefore
macromolecules such as proteins and RNA rely on specific traffick-
ing processes. Passage through PD has to be tightly regulated due
to its importance in signaling for information and solute exchange
during plant cell development. In plant–nematode interactions,
callose has been detected around the nematode stylet inserted
into plant cells of Criconemella xenoplax (Hussey et al., 1992) and
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FIGURE 5 | Plasmodesmata localization in Meloidogyne
incognita-induced galls and Heterodera schachtii-syncytium in

Arabidopsis thaliana roots. (A) In vivo localization of MP17PLRV-GFP
(plasmodesmata localization marked by green fluorescence). In an
uninfected root; (B) in a gall at early stage after nematode infection; and
(C) in a mature gall. (C’) Detail of two adjacent giant cells containing
numerous PD (red arrow). (D) In vivo MP17PLRV-GFP localization between
two giant cells and connecting NCs. Observations of Figures A–D were
made on non- and infected material of Arabidopsis transgenic lines
(35S:MP17PLRV-GFP). Non-infected roots, and galls were dissected from
roots, embedded in 5% agar and fresh slices were observed using an

inverted confocal microscope. (E) Cleared whole-mount gall showing the
complex network of PD between giant cells. (E’) Detail of giant cells
containing numerous PD (red arrows). (F,G) PD (red arrows point to green
fluorescence of PD) in a section of a syncytium flanked by NCs, and (F’) a
differential interference contrast image is presented to show syncytium
tissue morphology. (G) Double localization of PD (red arrows point to
green fluorescence of PD) and callose (white arrows to yellow dots).
Green dots hint at open PD whereas yellow dots suggest that solute
transport can be blocked by callose in syncytia. UR, uninfected root; n,
nematode; NC, neighboring cells; Asterisk, giant cell; S, syncytium.
Bars = 50 μm.
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H. schachtii (Sobczak et al., 1999) and along PD of syncytia (Jones
and Payne, 1977; Grundler et al., 1998). Deposition of callose
(β-1,3-glucan) in the cell wall contiguous to PD, at both ends of the
channel, may control the passage of water and solutes and can be
transient or reversible. Numerous PD can be found in the cell walls
of giant cells induced by RKN in Arabidopsis, suggesting massive
symplastic solute transfer (Figure 5D; Hofmann et al., 2010). PD
were detected not only in walls between giant cells but also in walls
of NCs, including the proliferating vascular tissue (Figures 5B–E’;
Hofmann et al., 2010; Vieira et al., 2012). Immunocytochemical
analysis verified that these PD were not functionally impaired due
to potential callose deposition, contrary to what is observed for
syncytia. This suggests that the stress that RKN might cause to
vascular parenchyma root cells dedifferentiated into feeding cells
is not enough to induce callose deposition. The occurrence of cell
wall ingrowths and PD at the feeding site induced by RKN thus
imply that these cellular adaptations are responsible for bulk solute
transport across the plasma membrane and via symplastic trans-
port. In addition, solute transport may be aided by specialized
membrane transport proteins that regulate the flow of nutrients
into and out of giant cells. Giant cell morphology indicates that
areas occupied by cell wall ingrowths have a lower frequency of PD
(Huang and Maggenti, 1969; Jones, 1981) and thus regions with
less wall ingrowths contain a higher density of PD.

CELL WALL MODIFICATIONS AND CELLULAR
COMMUNICATION IN A CYST NEMATODE-INDUCED
SYNCYTIUM
The initial syncytial cell induced by CN originates from a pro-
cambial cell for Heterodera spp. or a cortical parenchyma or
endodermis cell for Globodera spp. (Golinowski et al., 1996;
Sobczak et al., 2005). The first visible changes in this initial
syncytial cell include alterations to the plant cell wall configu-
ration and cell wall dissolution (Figures 2D and 4B; Golinowski
et al., 1996; de Almeida Engler et al., 1999; Sobczak et al., 2011).
The syncytium expands along the host root, NCs divide and
fuse, and some cells differentiate into new xylem tissue (ves-
sels) and phloem cells (sieve elements; Berg et al., 2008; Hoth
et al., 2008). Although nematodes produce a range of cell wall
degrading enzymes in their esophageal gland cells, which are
secreted through the stylet (Mitchum et al., 2013), their spe-
cific involvement in the cell wall degradation within the syn-
cytium is still unclear. The activity of plant cell wall degrading
enzymes (Goellner et al., 2001) in syncytia suggest that degra-
dation of cell walls in syncytium is mainly accomplished by
plant enzymes, while nematode-specific enzymes assume greater
importance for cell wall degradation and loosening during the
migration of nematodes through the host root. Degradation of
cell walls in syncytia accompanies the cell wall synthesis needed
to produce cell wall ingrowths (Jones and Northcote, 1972a;
Sobczak et al., 1997) close to the xylem and for the thicken-
ing of the outer cell wall of the syncytium (Golinowski et al.,
1996).

In syncytia, finger-like cell wall ingrowths are elongated
(Scheme in Figures 1B and 4; Sobczak et al., 2011), branch and
form sophisticated reticulate labyrinths that expand apically, caus-
ing the basal parts of ingrowths to fuse, developing into extensive

cell wall thickenings. Deposition of wall ingrowths is only obvious
around 5 to 7 days after CN infection once feeding cell develop-
ment is well advanced (Golinowski et al., 1996). This indicates that
wall ingrowth development may be a secondary response, unre-
lated to nematode feeding cell development (Jones and Northcote,
1972a), and might be caused by the augmented flow of solutes
to the feeding nematode. While cell walls flanked by the syncy-
tial elements are locally broken down, incorporating NCs into
the syncytium (Golinowski et al., 1996; Grundler et al., 1998), the
outer cell walls seem to be extended and thickened to resist aug-
mented turgor pressure created inside the syncytium (Golinowski
et al., 1996; Wieczorek et al., 2006). During nematode develop-
ment, cell wall ingrowths fuse and form distinct depositions along
the cell wall of the CN-induced syncytium. Thus, the forma-
tion and deposition of new ingrowths are continuously fashioned
during nematode maturation (Golinowski et al., 1996; Sobczak
et al., 2011), resulting in an increase of surface area of the plasma
membrane at the interface predominantly between syncytium and
xylem elements and phloem cells, facilitating water and nutrient
transport into the syncytium.

Cell wall ingrowths occurring in syncytia, typical for TCs,
involve myo-inositol oxygenases (MIOX; Kanter et al., 2005),
which are strongly expressed in syncytia (Szakasits et al., 2009).
MIOX genes are involved in the production of UDP- glucuronic
acid, a precursor of sugars used for cell wall biosynthesis, and
potentially involved in ascorbate synthesis (Lorence et al., 2004).
Thus, studies covering different aspects of cell wall rearrangements
in a CN induced-syncytium reveal adjustments in cell wall mor-
phology, thickness and possibly composition, presumably essential
to maintain a functional feeding site. Likewise, the presence of
cell wall ingrowths with transfer-like function most likely plays
an important role in nutrient translocation to allow nematode
development and reproduction.

Openings caused by cell fusion in the forming syncytium may
also develop from PD that are widened and subsequently enlarged
by gradual dissolution of cell walls (Jones and Northcote, 1972a;
Wyss et al., 1984; Grundler et al., 1998). During the maturation
of a syncytium wall in contact with vascular cells, invaginations
develop at regions in close contact with the secondary xylem and
phloem elements (Figure 4C; Golinowski et al., 1996; Sobczak
et al., 2011). Nematode feeding is highly depending on transfer of
solutes from neighboring phloem and xylem elements. The cell
wall of a young syncytium thickens uniformly except for walls in
contact with sieve tubes, which remain thin until the moment
neighboring sieve tube cell wall start thickening (Grundler et al.,
1998). Thus, an established syncytium is surrounded by thickened
walls where NCs continue to be incorporated by progressive and
local cell wall dissolution (Figures 4A,B; Sobczak et al., 2011).
New cell wall openings can also be created between NC walls
with no involvement of PD. After dissolution of the cell wall and
middle lamella the plasmalemma fuses and the protoplast of the
NC is incorporated into the syncytium. Often remnants of cell
walls are present within an expanding syncytia (Figures 2D and
4; de Almeida Engler et al., 1999; Sobczak et al., 2011). Only a
few PD are detected in young syncytia (Figures 5F,F’; Hofmann
et al., 2010) and a temporal callose deposition implies impaired
symplastic exchange (Figure 5G; Grundler et al., 1998; Hofmann
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et al., 2007, 2010). Co-localization of MP17PLRV-GFP and callose
confirmed the isolation of syncytia during the first days of feed-
ing site development (Figure 5G; Hofmann et al., 2010). In the
meantime, the outer syncytial wall becomes thickened and newly
deposited cell wall material obstructs existing PD. This will lead to
the symplastic isolation of young syncytia, thus nutrients are trans-
ported from phloem apoplastically via transmembrane carriers
(Juergensen et al., 2003; Hofmann and Grundler, 2006). Dur-
ing syncytium development (4–7 days after inoculation-DAI) an
increased frequency of PD is observed with less callose deposition,
confirming previous fluorochrome transport studies (Hofmann
and Grundler, 2006; Hofmann et al., 2007). At later developmental
stages (>10 DAI), microscopy studies, in addition to microinjec-
tion assays, confirmed that syncytia are symplastically connected
to new host phloem assembled as sieve elements and companion
cells as illustrated by the presence of PD (Hoth et al., 2005, 2008;
Hofmann et al., 2007, 2010). This symplastic transport is essen-
tial for transfer of nutrients into the syncytia and for nematode
development.

It is a widespread event that plant tissues can switch between
symplastic isolation to connectivity during development and func-
tional analysis can validate this status. This has been shown for
Arabidopsis embryos (Kim and Zambryski, 2005), or during cotton
fiber elongation characterized by a period of symplastic isolation
followed by increased expression of plasma membrane trans-
porters and decreased callose PD gating (Ruan et al., 2001, 2004).
Yet when mature syncytia are not symplastically isolated sucrose
transporters are still required for additional sugar retrieval.

Functional analysis of the T-DNA line with an insertion in
the exon of the β-1,3-glucanase (AtBG_ppap; Levy et al., 2007)
showed a reduced size of syncytia and the increased ratio of male
nematodes after CN infection, suggesting stress conditions (Hof-
mann et al., 2010). The β-1,3-glucanase enzyme degrades callose
deposited along PD. Decreased syncytial size most likely affected
nutrient availability and nematode development, also affect-
ing sexual differentiation (Betka et al., 1991). A second mutant
line with a T-DNA insertion in the putative callose synthase
gene GLUCAN SYNTHASE-LIKE5 (AtGSL5), although showing
a strong reduction in wound callose and papillary callose forma-
tion after mechanical wounding and infection with Sphaerotheca
fusca (Jacobs et al., 2003), had no negative effect on nematode
development (Hofmann et al., 2010). In fact, reduced callose
deposition might facilitate PD-dependent cellular fusion dur-
ing syncytium expansion, increasing its volume, thus enhancing
nutrient availability for nematode growth (Hofmann et al., 2010).

Thus, the presence and functionality of PD in nematode-
induced TCs may affect their structure, development, maintenance
and morphogenesis through their impact on solute exchange.
Unrestricted PD paths will assist intracellular communication
facilitating solute import needed for the prompt nematode
development and efficient reproduction.

PLASMA MEMBRANE AND TRANSPORT FUNCTION OF
NEMATODE FEEDING SITES
The main functions of TCs are nutrient and water transport. Both
galls and syncytia are terminal sink tissues that require direct
access to the plant vascular tissue (Jones, 1981; Grundler and

Hofmann, 2011). For nematodes, a food source coming from
their feeding-TCs is essential for their development and repro-
duction. The presence in TCs of the typical “wall-membrane
apparatus” provides evidence of an efficient mechanism facili-
tating transmembrane transport of solutes. Cell wall ingrowths
are surrounded by the plasmalemma, amplifying significantly
the symplast–apoplast interface (Pate and Gunning, 1972; Goli-
nowski et al., 1996; Offler et al., 2003). The plasmalemma is tightly
linked to cell wall protusions and microtubules localized along
wall ingrowths (Berg et al., 2008). Therefore, the large wall-
membrane surface encountered in nematode feeding sites will
facilitate great volumes of solute transfer. Sedentary nematodes
need large amount of solutes containing nutrients and water to
develop and reproduce in a short time. Thus, the presence of
wall ingrowths increases short-distance solute transport between
the apoplast (cell wall compartment) and symplast (cytoplasmic
compartment) in plant cells. TCs are not the only cells particu-
larly adapted for fast transport. As well, impressive solute fluxes
can occur via PD symplastically linked as observed in nematode
feeding sites (Hoth et al., 2008; Hofmann et al., 2010). Changes in
cell size, as seen for giant cells, can also increase plasma membrane
area as for cell wall ingrowths (Jones, 1981). As well, in species
where TCs are absent, cells bordering the interface can become
specialized for a transport function. Therefore, cells neighboring
nematode feeding sites might be engaged to perform an analo-
gous function. The occurrence of invaginations in giant cell walls
and the large feeding-cell surface surrounded by NCs with transfer
function would indubitably increase the efficiency of these feeding
cells to import and translocate solutes to the feeding nematode.
Increased plasma membrane surfaces in giant cells also requires
increased proton pump and molecule carriers used for the translo-
cation of nutriens to giant cells to nourish the nematode. As a
consequence, genes encoding constitutive enzymes and structural
proteins may be altered in their expression in order to support
the increased cellular metabolic activity related to nematode feed-
ing (Bleve-Zacheo and Melillo, 1997). Giant cells seem to employ
a proton-coupled transport system located between the plasma
membrane at wall ingrowths and xylem vessels (Dorhout et al.,
1992; Grundler and Böckenhoff, 1997). Amino acid and sugar
transport into plant cells is commonly assumed to be mediated
by a proton force (Rheinhold and Kaplan, 1984) and there is
evidence for a chemiosmotic model of proton-amino acid sym-
port (Bush, 1993; DeWitt and Sussman, 1995). Sucrose/proton
symport has also been observed in protoplasts derived from epi-
dermal TCs of developing broad-bean cotyledons (McDonald
et al., 1996).

Plasma membranes of TCs display large membrane potential
dissimilarities (ranging from –150 to –200 mVat sites of solute
influx; Jones et al., 1975; Robards and Stark, 1988; Bonnemain
et al., 1991). These values are similar to other cell types implicated
in solute influx like root hairs (Miedema et al., 2001). Mem-
brane potential variation results from the activity of H+-ATPases,
and most of these membrane proteins have been identified in
plasma membranes of different TC types (Bouche-Pillon et al.,
1994; McDonald et al., 1996; Harrington et al., 1997; Tegeder et al.,
1999; Bagnall et al., 2000). The H+-ATPase gene has been found
to be upregulated upon nematode infection in tomato roots (Bird
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and Wilson, 1994). So far, two members of the Ca2+-ATPase
(ACA) family were verified to be upregulated in young nema-
tode feeding sites (Hammes et al., 2005), implying a high energy
demand (McClure, 1977; Gheysen and Fenoll, 2002). AtACA4
was localized to small vacuolar structures (Geisler et al., 2000)
and is abundant at early stages of nematode feeding site develop-
ment. Contrastingly, AtACA8 was located at the plasma membrane
(Bonza et al., 2000) and its expression is higher in nematode
feeding sites compared to uninfected root tissues, suggestive of
playing a role during gall development. Thus, AtACA4, AtACA8,
and AtCAX3 (Hirschi, 2001) a member of the Ca2+:cation
antiporter family, were proposed to modulate Ca2+-mediated sig-
naling events in plant cells (Sanders et al., 1999; Manohar et al.,
2011), and most likely in nematode-induced feeding cells. Data
generated by these studies suggests that Ca2+ influx and sig-
naling are involved in nematode-induced giant-TC development
(Hammes et al., 2005).

As mentioned herein, nematode feeding sites have been
described as sink tissues supplied with phloem-derived solutes
such as sugars. Sucrose has been described as the main trans-
ported sugar in the phloem of Arabidopsis from source to sink
tissues (Haritatos et al., 2000; Kühn, 2003) and phloem is loaded
both apoplasmically and symplastically. Sucrose is also the major
source of carbohydrate into nematode feeding sites and metabo-
lite analyses revealed considerably augmented sucrose levels in
nematode-induced syncytia and giant cells (Hofmann et al., 2007;
Baldacci-Cresp et al., 2012). Similarly, Hofmann et al. (2008) pro-
posed that syncytia as induced plant structures make use of starch
as an intermediate carbohydrate storage to compensate for the
fluctuating sugar levels taking place during nematode feeding and
development.

Phloem-specific sucrose transporters seem also to be involved
in solute transport in nematode feeding sites. AtSUC2 is thought to
recover sucrose into the phloem (Truernit and Sauer, 1995; Weise
et al., 2000) whilst AtSUC4 seems to be in charge of phloem loading
and unloading (Weise et al., 2000). In addition, sucrose trans-
porters play a role in the development of sink tissues in various
plant organs (Gottwald et al., 2000; Kühn, 2003). In young syncytia
symplastic pathways are not functional and sucrose transporters
like AtSUC2 and AtSUC4 seem critical for importing sucrose into
syncytia (Juergensen et al., 2003; Hoth et al., 2008). Hofmann et al.
(2007) reported that AtSUC4 silencing affected nematode devel-
opment, suggesting its role during early syncytium development
when no functional PD were present. Thus, it is believed that
transporters are responsible for sucrose supply in young syncytia
whereas at a later stage, connection to the phloem is established via
PD although transporters seem also required for sucrose retrieval
(Hofmann et al., 2007). The need to use different stratagems
for solute retrieval from syncytia is understandable, given that
a mature feeding site expands along the host root and must sup-
ply the nematode with enough solutes to grow and reproduce.
In giant cells, sucrose is a major osmolyte and AtSUC1 induc-
tion is most likely involved in sucrose transport (Hammes et al.,
2005).

Recently, Cabello et al. (2013) investigated the role of sucrose
cleaving enzymes like sucrose synthases (SUS) and invertases
(INV) during the CN, H. schachtii and RKN, Meloidogyne javanica

development, using single and multiple INV and SUS mutants.
Both genes were shown to be transcriptionally regulated in nema-
tode feeding sites (Szakasits et al., 2009; Barcala et al., 2010). Ele-
vated sugar pools in multiple INV and SUS mutant lines promoted
nematode development suggesting that these sugars have impor-
tant nutritional value for the nematodes that may cleave sucrose
with their own INVs (Grundler et al., 1991; Cabello et al., 2013).
Syncytia and the plant shoot apex within these mutants exhibited
changed sugar levels and enzyme activity suggestive of changes in
the source-sink movement (Trouverie et al., 2003; Cabello et al.,
2013). For the RKN, Meloidogyne javanica, development within
INV and SUS mutants presented similar effects as observed for
CN (Cabello et al., 2013). Hofmann et al. (2009) investigated, by
Affymetrix gene chip, the expression of all genes annotated as
sugar transporters in syncytia compared to non-infected roots
using the Arabidopsis Membrane Protein Library. Expression of
three significantly up-regulated (STP12, MEX1, and GTP2) and
three down-regulated (SFP1, STP7, and STP4) genes in syncy-
tia were validated by quantitative RT-PCR. While STP4, STP7, and
STP12 belong to the STP sugar transport protein family, MEX1 and
GTP2 are plastidial transporter genes, and SFP1 is a senescence-
related monosaccharide transporter. A T-DNA insertion line of the
most up-regulated gene (STP12) showed that insufficient sugar in
feeding sites resulted in increased male ratios since females need
higher sugar concentration in order to grow and reproduce (Hof-
mann et al., 2009). In addition, fluorescent-labeled glucose and
membrane potential recordings performed following the applica-
tion of several sugars deciphered sugar transporter activity across
the plasma membrane of syncytia (Hofmann et al., 2009). Analy-
ses of soluble sugar pools demonstrated a typical composition for
syncytia. Besides sucrose, previously reported by Hofmann et al.
(2007), glucose, galactose, raffinose, fructose, and trehalose were
detected. Thus, sugar transporters are expressed and active in syn-
cytia, indicative of their role in inter- and intracellular transport
processes.

Besides sugars, amino acids are important as nutrient sup-
ply for nematode growth and development. Amino acids are the
main form of transported organics, which is reduced nitrogen in
the majority of plant species. Upon RKN infection noteworthy
changes in the expression of genes involved in amino acid trans-
port have been detected (Hammes et al., 2005, 2006; Marella et al.,
2013). More peptide transporters than amino acid transporters
were induced by CN (Puthoff et al., 2003). Most of the investi-
gated amino acid transporters were expressed in galls suggesting
a role for these transporters in the amino acid transport ability of
infected roots (Fischer et al., 1995; Okumoto et al., 2002). Amino
acid transporters of the amino acid permease (AAP) family were
reported to be induced in syncytia (Szakasits et al., 2009; Hof-
mann et al., 2009). Also, amino acid transporters, like AAP3 and
AAP6 were demonstrated to play a role during Arabidopsis-RKN
interaction. RKN infection on AtAAP3 and AtAAP6 knock-out
plants was significantly reduced in comparison with wild-type
(Marella et al., 2013). Two putative auxin transporter genes of the
AAAP (amino acid auxin permeases) superfamily, AtAUX1 and
AtAUX4/LAX3, were shown to be expressed in syncytia (Hammes
et al., 2005). Beside of auxin that is essential for syncytia devel-
opment (Viglierchio and Yu, 1968; Goverse et al., 2000), other
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phytohormones such as cytokinin, ethylene, CLAVATA elements,
CEP (C-terminally encoded peptide), and PSK (phytosulfokines)
are also associated with the RKN or CN feeding cell formation
(e.g., Goverse and Bird, 2011; Rodiuc et al., 2012). As well, the
amino acid transporter, AtCAT6 is induced in giant cells similarly
to other amino acid sink plant tissues, however, it is not essential
for the establishment of RKN feeding sites (Hammes et al., 2006).
This might be due to redundancy in transporter expression or
compensatory expression of other transporters in AtCAT6 knock-
out plants. In addition, nutrient loading into giant cells depends
not only on the apoplastic step but also occurs symplasticallybrea
via PD.

Water import into feeding sites seems to involve genes respon-
sible for water transport (Grundler and Hofmann, 2011). Consid-
ering that the plasma membrane has a restricted ability for water
transport and diffusion, this process can be assisted by aquapor-
ins forming water pores along the plasmalemma (Johansson et al.,
2000). Aquaporins in plants are observed within the plasma mem-
brane and in the tonoplast (vacuolar membrane; Maurel et al.,
1993; Kammerloher et al., 1994). Plasma membrane aquaporins
and homologs are named PIPs (plasma membrane intrinsic pro-
teins) and tonoplast aquaporins and homologs are called tonoplast
intrinsic proteins (TIPs). Elevated expression of the aquapor-
ins TobRB7, AtPIP2.6 AtPIP2.5 has been observed by microarray
of Meloidogyne incognita-infected roots (Opperman et al., 1994;
Hammes et al., 2005). Localization of AtPIP2.5 in galls suggests
that this gene might be a functional ortholog of a giant-cell-
specific aquaporin TobRB7 of tobacco (Opperman et al., 1994;
Puthoff et al., 2003). AtPIP2.5 was also induced upon infection
with the beet CN, H. schachtii (Puthoff et al., 2003). Upregula-
tion of both types of aquaporins (PIPs and TIPs) in galls has
been proposed to be associated with a volume increase of giant
cells (Barcala et al., 2010). The developing nematode is continu-
ally ingesting the giant cell contents in order to rapidly grow and
reproduce.

CONCLUSIONS AND PERSPECTIVES
Plant parasitic nematodes are reliant on water and nutrient
resources from their host plants. Feeding strategies applied by
plant-parasitic nematodes will determine how efficient the supply
of solutes will be. These strategies greatly depend on sophisticated
cell wall modifications of the feeding site in order to transform vas-
cular parenchymatic cells into TCs. These cellular adaptations are
of key relevance in order that sedentary endoparasitic nematodes
capture enough water and nutrient supply for their development
and reproduction.

Nematode-induced syncytia or giant cells constitute a mult-
inucleate model of TCs, and it is generally believed that wall
protuberances arise as a result of nematode demand for nutri-
ents. Although some information on solute supply has been mostly
reported for syncytia induced by H. schachtii in Arabidopsis, many
questions remain open. Currently it is not yet comprehensible
what signals are employed to cause the establishment of these sink
structures (galls and syncytia) and the transport occurring within
these solute transfer sites involving the feeding cell and numerous
phloem and xylem elements along this sink. It remains ambigu-
ous as to what switches ordinary plant cells into transfer-feeding

cells that supply nematodes with solutes for their development and
reproduction. These plant cellular morphological changes might
be caused directly or indirectly by secreted products or feeding
activity employed by the nematode during parasitism. What trig-
gers and regulates the switch from apoplasmic to symplastic solute
supply and the gating of PD is yet to be discovered. Further func-
tional genetic approaches as well as microscopic studies will help
to elucidate genes involved in this process in order to comprehend
how nematode induced TCs operate.
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Phyto-endoparasitic nematodes induce specialized feeding cells (NFCs) in their hosts,
termed syncytia and giant cells (GCs) for cyst and root-knot nematodes (RKNs),
respectively. They differ in their ontogeny and global transcriptional signatures, but
both develop cell wall ingrowths (CIs) to facilitate high rates of apoplastic/symplastic
solute exchange showing transfer cell (TC) characteristics. Regulatory signals for TC
differentiation are not still well-known. The two-component signaling system (2CS) and
reactive oxygen species are proposed as inductors of TC identity, while, 2CSs-related
genes are not major contributors to differential gene expression in early developing
NFCs. Transcriptomic and functional studies have assigned a major role to auxin and
ethylene as regulatory signals on early developing TCs. Genes encoding proteins with
similar functions expressed in both early developing NFCs and typical TCs are putatively
involved in upstream or downstream responses mediated by auxin and ethylene. Yet, no
function directly associated to the TCs identity of NFCs, such as the formation of CIs
is described for most of them. Thus, we reviewed similarities between transcriptional
changes observed during the early stages of NFCs formation and those described during
differentiation of TCs to hypothesize about putative signals leading to TC-like differentiation
of NFCs with particular emphasis on auxin an ethylene.

Keywords: plant-nematode interaction, giant cells, early transcriptomic signatures, syncytia, auxin, ethylene,

transfer cells, cell wall ingrowths

INTRODUCTION
Phyto-endoparasitic nematodes interact with their hosts in a
subtle manner. They induce cells from the vascular cylinder to
differentiate into specialized feeding cells (NFCs), syncytia, and
giant cells (GCs), the nourishing cells for cyst and root-knot
nematodes (RKNs), respectively (Jones and Goto, 2011; Sobczak
and Golinowski, 2011). Although these two cell types clearly differ
in their ontogeny, both develop cell wall ingrowths (CIs) believed
to facilitate high rates of apoplastic/symplastic solute exchange
typical of transfer cells (TCs; Jones and Dropkin, 1976; Siddique
et al., 2012). In GCs the amplification of the plasma membrane
surface area could be up to 20 fold (reviewed in Jones and Goto,
2011). CIs are less abundant in male-induced syncytia, suggest-
ing a control probably associated with lower nutrient demand as
the development of males inside the plant ends at the J3 stage
(reviewed in Sobczak and Golinowski, 2009). Young syncytia are
symplastically isolated, although this is lost at later stages (10–15
days post-infection, dpi; Hofmann et al., 2007) and symplastic
isolation of GCs is under discussion (Hoth et al., 2008; Hofmann
et al., 2010). Thus, amplification of plasma membrane area might
be crucial for efficient apoplastic exchange at certain NFC devel-
oping stages. Polarized deposition of a thickened wall would need
cell signals leading to this specialized differentiation. Those puta-
tive signals are still uncertain. Yet, some of the genes described to
change their expression during TC differentiation participate in

downstream cascades for gene expression driven by ethylene and
auxin in epidermal cells of Vicia faba (Dibley et al., 2009) or in
barley endosperm (Thiel et al., 2008, 2012a). In addition, genes
involved in the biosynthesis of hormones such as auxin, ethylene
jasmonic acid, brassinosteroids, gibberellins, and abscisic acid in
maize basal endosperm (Xiong et al., 2011) are also differentially
expressed in TCs.

Global transcriptomic changes of laser micro-dissected GCs
at early developing stages (3 dpi; Barcala et al., 2010) and of
micro-aspirated young syncytia (5 dpi; Szakasits et al., 2009) in
Arabidopsis indicated that only 529 genes out of 1161 in GCs
and 7225 in syncytia (representing 45.5 and 7.3% of the differ-
entially expressed genes in each transcriptome, respectively) are
shared. This indicates that transcriptomic similarities are not high
between both nematode-induced cell types. However, key changes
in the expression of genes related to several hormones such as
auxin, ethylene, jasmonic acid, or abscisic acid are shared between
both NFCs (Cabrera et al., 2013).

Only some data on TC regulatory signals in NFCs have been
described, i.e., ZmMRP-1 codes for a primary sensor of the
putative signals for TCs and the activity of this TC-specific
promoter ZmMRP-1 (Gomez et al., 2002) was monitored in
Arabidopsis transgenic plants; GUS activity was detected in the
feeding sites induced by Meloidogyne javanica. Those are swollen
parts of the roots (galls) where GCs are embedded surrounded
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by heterogeneous tissues. Although gall microscopy sections were
not examined, the confined GUS activity observed suggests that
the promoter is probably active in GCs (Barrero et al., 2009).
Further research will elucidate whether this TC-specific molecu-
lar signature is also present in syncytia formed by cyst nematodes.
In order to unveil some clues on putative signals leading to
TC-like differentiation of NFCs, we review similarities between
transcriptional changes observed during the early stages of NFCs
formation and those described during differentiation of TCs.
Global gene expression studies comparing syncytia and GCs to
TCs signatures could be a starting point to find some answers.

AUXIN AND ETHYLENE AS PUTATIVE SIGNALS INITIATING
TC-LIKE MORPHOLOGY OF NFCs
During the last few years, several transcriptomic studies on early
developing TCs have assigned a major role to hormone regu-
lation on the processes leading to the differentiation of these
cell types. Auxin (Dibley et al., 2009) and ethylene (Thiel et al.,
2008, 2012a,b; Dibley et al., 2009; Zhou et al., 2010; Xiong
et al., 2011) raised as the two major phytohormones implicated
in the differentiation of TCs from different plants and tissues.
In adaxial epidermal cells of cultured V. faba cotyledons trans-
differentiating to TCs, auxin and ethylene cis-responsive elements
were over-represented in the promoters of induced genes. There
is a clear functional demonstration that both hormones regulate
CI formation in V. faba epidermis, based mainly in pharmacolog-
ical experiments, indicating their participation in the signaling
events leading to TCs differentiation (Dibley et al., 2009; Zhou
et al., 2010). Moreover, an increase in auxin and ethylene lev-
els boosts TC formation in tomato roots (Schikora and Schmidt,
2002). Accordingly, a clear over-representation of auxin-regulated
genes among the 310 up-regulated genes in Arabidopsis 3 dpi
GCs, relative to the total number of hormone responsive genes
described in Nemhauser et al. (2006), was observed (Cabrera
et al., 2013). Among those upstream genes regulated by auxin
are genes in the AUX/IAA group, as IAA8 (Table 1). Genes in
this category were also induced in the transcriptome of V. faba
developing TCs, such as GH1 (Dibley et al., 2009). The develop-
ment of Heterodera shachtii, a syncytia-forming nematode, was
impaired in the axr2 mutant, that also corresponds to the IAA
group member IAA7 (Goverse et al., 2000), and IAA26 is induced
in the transcriptome of 5 dpi microaspirated syncytia (Table 1;
Szakasits et al., 2009). AUX/IAA proteins function by interact-
ing with auxin responsive factors (ARFs) that were also induced
in GCs, like MONOPTEROS (MP; ARF5) or ARF19 (Table 1). In
syncytia, ARF4 and ARF6 are up-regulated, but not co-regulated
with GCs. ARF4 has been defined to be preferentially expressed in
the phloem companion cells of Arabidopsis (Table 1; Brady et al.,
2007), the TCs found in loading and unloading areas of vascular
tissues. Therefore, ARFs are induced in both NFCs triggered by
cyst and RKNs at early infection stages, although different family
members are involved in each NFC type. Strikingly, 20% of the
genes defined by Brady et al. (2007) as preferentially expressed
in the companion cells of Arabidopsis are also up-regulated in
syncytia (44 out of 222 genes; Cabrera et al., 2013).

Other genes in the TCs induced in the epidermis of V. faba
include those that could alter auxin transport through PINs

relocalization or enhanced biosynthesis, as nitrilases (Dibley et al.,
2009), proposed to alter the pattern of auxin redistribution to
drive CI formation. Redistribution of PINs and reduction of
nematode reproduction in PIN-related mutants such as pin2,
pin3, pin4, pin7, and several double mutants, together with
pharmacological treatments with inhibitors of auxin transport,
demonstrated that cyst nematodes are able to hijack the auxin
distribution network (Grunewald et al., 2009). Similarly, the
nematode effectors Hg19C07 and Hs19C07 of H. glycines and
H. schachtii directly interact with the auxin influx transporter
LAX3 and infectivity in aux1/lax3 double mutants was severely
affected (Lee et al., 2011). Interpretations pointed as a process
to facilitate the infection and establishment of nematodes dur-
ing early stages of the plant-nematode interaction. However, the
ability of CIs formation that lead to the TCs nature of NFCs, have
not been ever studied in those mutants. Thus, further research
with loss of function mutants will be needed to characterize
auxin signaling pathways involved in TC character of syncytia
and GCs.

Other downstream auxin responsive genes up-regulated in
GCs are WES1 and GH3 (Table 1). In syncytia, there is also the
GH3-like, DFL1 that regulates lateral root formation through the
auxin signaling pathway (Table 1; Nakazawa et al., 2001). The
synthetic promoter DR5, derived from the GH3 promoter, has
been extensively used to check early increases in local auxin also
in NFCs (Karczmarek et al., 2004). It is interesting to point that
DR5::GUS expression is located in the GCs and vascular sur-
rounding tissues (Cabrera et al., unpublished results). This sug-
gests that auxin concentration is very high at early infection stages
in GCs as compared to the rest of the gall tissues. There are several
hypotheses to explain this local increase in auxin levels, i.e., the
presence of auxins in the nematode secretions (De Meutter et al.,
2005), or the manipulation of auxin homeostasis through the
interaction of nematode effectors as chorismate mutase with the
plant biochemical machinery (Jones et al., 2003). Interestingly,
local production of isoflavonoids could also result in a local
auxin increase as they inhibit polar auxin transport. Promoters
of genes encoding chalcone synthases involved in the first step of
flavonoid biosynthesis are induced in galls of clover (Grunewald
et al., 2009), and genes in the category of flavonoid metabolism
were induced in syncytia (Cabrera et al., 2013). However, sev-
eral Arabidopsis mutants impaired in isoflavonoid biosynthesis
were not affected in either syncytia or GCs formation (Jones et al.,
2007; Wasson et al., 2009). These studies indicate that it is unlikely
that flavonoids mediate changes in auxin transport needed for
nematode feeding site organogenesis, although galls of Medicago
truncatula flavonoid-deficient roots were shorter (Wasson et al.,
2009). These findings suggest that the local flavonoid increase
encountered in galls (Hutangura et al., 1999; Wasson et al., 2009)
might have an alternative role not directly related to the process
of infection and establishment. Perhaps flavonoids are related to
CI formation needed for the acquisition of TCs characteristics,
as suggested by Dibley et al. (2009) in TCs from epidermal cells
of V. faba. This is another open question that deserves further
investigation.

During differentiation of TCs in the endosperm of barley
(Thiel et al., 2012a) or trans-differentiation of epidermal cells in
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Table 1 | Genes induced in the 3 dpi GCs and 5 dpi syncytia transcriptomes (Szakasits et al., 2009; Barcala et al., 2010), that are also described

to be regulated by auxin and/or ethylene in Nemhauser et al. (2006) and in Mapman (Thimm et al., 2004).

Syncytia 5 dpi

CELL

AT1G10740 IAA 1.0 Unknown protein

AT3G10530 IAA 2.3 Transducin family protein/WD-40 repeat family protein

CELL WALL

AT1G53840 IAA 2.1 PME1: encodes a pectin methylesterase

AT2G39700 IAA 4.2 EXPA4: putative expansin. Naming convention from the Expansin Working Group

AT4G25810 IAA 5.1 XTR6: xyloglucan endotransglycosylase-related protein (XTR6)

AT5G06860 IAA 3.4 PGIP1: Encodes a polygalacturonase-inhibiting protein involved in defense response

AT5G57560 IAA 4.4 TCH4: Encodes a cell wall-modifying enzyme

AT5G66460 IAA 3.1 MAN7: (1-4)-beta-mannan endohydrolase

DEVELOPMENT

AT5G57390 ACC 1.1 AIL5: Encodes a member of the AP2 family of transcriptional regulators

AT1G01470 IAA 2.0 LEA14: Encodes late-embryogenesis abundant protein

HORMONE METABOLISM

AT1G48420 ACC 1.4 D-CDES: Encodes an enzyme that decomposes D-cysteine into pyruvate, H2S, and NH3

AT2G42680 ACC 1.1 MBF1A: One of three genes in A. thaliana encoding multiprotein-bridging factor 1

AT3G16050 ACC 2.0 PDX1.2: Encodes a protein with pyridoxal phosphate synthase activity

AT3G58680 ACC 1.6 MBF1B: One of three genes in A. thaliana encoding multiprotein-bridging factor 1

AT4G26200 ACC 1.2 ACS7: Member of a family of proteins in Arabidopsis that encode ACC synthase

AT4G34410 ACC 1.5 RRTF1: encodes a member of the ERF (ethylene response factor) subfamily B-3

AT5G20550 ACC 1.7 Oxidoreductase, 2OG-Fe(II) oxygenase family protein

AT5G43440 ACC 1.3 Encodes a protein whose sequence is similar to ACC oxidase

AT5G43450 ACC,
IAA

1.2 Encodes a protein whose sequence is similar to ACC oxidase

AT1G17350 IAA 3.3 Auxin-induced-related/indole-3-acetic acid induced-related

AT1G50580 IAA 1.5 Glycosyltransferase family protein

AT1G56150 IAA 3.1 Auxin-responsive family protein

AT1G60690 IAA 0.9 Aldo/keto reductase family protein

AT2G02560 IAA 1.4 CAND1: Arabidopsis thaliana homolog of human CAND1

AT3G25290 IAA 1.6 Auxin-responsive family protein

AT3G25780 IAA 1.2 AOC3: Encodes allene oxide cyclase

AT3G30300 IAA 1.2 FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process
unknown

AT3G63440 IAA 3.2 CKX6: encodes a protein whose sequence is similar to cytokinin oxidase/dehydrogenase

AT4G12410 IAA 2.8 Auxin-responsive family protein

AT4G12980 IAA 0.7 Auxin-responsive protein

AT4G27450 IAA 1.1 Unknown protein

AT4G34760 IAA 1.5 Auxin-responsive family protein

AT5G20810 IAA 0.4 Auxin-responsive protein

AT5G54510 IAA 2.7 DFL1: Encodes an IAA-amido synthase that conjugates Ala, Asp, Phe, and Trp to auxin

AT5G55540 IAA 0.8 TRN1: Encodes a large plant-specific protein of unknown function

AT5G64600 IAA 2.3 Unknown protein

METAL HANDLING

AT2G37330 IAA 1.3 ALS3: Encodes an ABC transporter-like protein

MISCELLANEA

AT2G29440 ACC 1.7 GSTU6: Encodes glutathione transferase belonging to the tau class of GSTs

AT3G11210 ACC,
IAA

1.2 GDSL-motif lipase/hydrolase family protein

AT1G30760 IAA 6.2 FAD-binding domain-containing protein

AT2G30140 IAA 2.8 UGT87A2: UDP-glucoronosyl/UDP-glucosyl transferase family protein

AT3G11210 IAA 1.2 GDSL-motif lipase/hydrolase family protein

(Continued)
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Table 1 | Continued

Syncytia 5 dpi

AT3G62720 IAA 1.3 XT1: Encodes a protein with xylosyltransferase activity

AT5G19440 IAA 2.3 Similar to Eucalyptus gunnii alcohol dehydrogenase

N-METABOLISM

AT3G49640 IAA 1.5 FAD binding/catalytic/tRNA dihydrouridine synthase

NOT ASSIGNED

AT3G02490 ACC 1.2 Pentatricopeptide (PPR) repeat-containing protein

AT4G33560 ACC 3.6 Unknown protein

AT5G49410 ACC 0.5 Unknown protein

AT5G02550 ACC,
IAA

1.1 Unknown protein

AT1G03820 IAA 3.0 Unknown protein

AT1G08430 IAA 4.1 ALMT1: Encodes a Al-activated malate efflux transporter

AT1G18850 IAA 1.6 Unknown protein

AT1G28400 IAA 3.0 Unknown protein

AT1G32190 IAA 0.7 INVOLVED IN: N-terminal protein myristoylation; LOCATED IN: plasma membrane

AT1G32920 IAA 1.6 Unknown protein

AT1G55500 IAA 1.1 ECT4

AT2G34260 IAA 2.3 WDR55: transducin family protein/WD-40 repeat family protein

AT2G39725 IAA 2.5 Complex 1 family protein/LVR family protein

AT3G16310 IAA 2.4 Mitotic phosphoprotein N’ end (MPPN) family protein

AT4G20170 IAA 1.5 GALS3

AT5G52910 IAA 0.6 ATIM: homolog of Drosophila timeless

AT5G64780 IAA 1.1 FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process
unknown

AT5G66440 IAA 1.6 Unknown protein

TRANSPORT

AT1G77380 ACC 2.7 AAP3: Amino acid permease which transports basic amino acids

AT2G39350 ACC,
IAA

1.9 ABCG1: ABC transporter family protein

AT2G23150 IAA 3.2 NRAMP3: Encodes a member of the Nramp2 metal transporter family

PROTEIN

AT1G26270 ACC 2.6 Phosphatidylinositol 3- and 4-kinase family protein

AT5G65450 ACC 1.1 UBP17: Encodes a ubiquitin-specific protease

AT5G63650 ACC,
IAA

2.0 SNRK2.5: encodes a member of SNF1-related protein kinases

AT3G04230 IAA 1.8 40S ribosomal protein S16

AT3G17090 IAA 1.1 Protein phosphatase 2C family protein

AT3G60640 IAA 2.0 ATG8G: microtubule binding

AT4G22380 IAA 1.7 Ribosomal protein L7Ae/L30e/S12e/Gadd45 family protein

REDOX

AT2G16060 ACC 1.3 HB1: Encodes a class 1 non-symbiotic hemoglobin

AT4G14965 IAA 1.0 MAPR4: heme binding

RNA

AT1G21910 ACC 1.0 DREB26: member of the DREB subfamily A-5 of ERF/AP2 transcription factor family

AT1G71450 ACC 0.6 Member of the DREB subfamily A-4 of ERF/AP2 transcription factor family

AT1G77200 ACC 0.7 Member of the DREB subfamily A-4 of ERF/AP2 transcription factor family

AT3G16770 ACC 1.8 EBP: member of the ERF subfamily B-2 of the ERF/AP2 transcription factor family

AT5G43170 ACC 0.8 ZF3: Encodes zinc finger protein

AT5G67180 ACC 0.8 TOE3:|AP2 domain-containing transcription factor, putative

AT2G34140 ACC,
IAA

0.7 Dof-type zinc finger domain-containing protein

AT1G16530 IAA 1.1 ASL9: Symbols: LBD3, ASL9 |ASL9 (ASYMMETRIC LEAVES 2 LIKE 9)

AT1G27730 IAA 1.2 STZ: Related to Cys2/His2-type zinc-finger proteins

(Continued)
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Table 1 | Continued

Syncytia 5 dpi

AT1G30330 IAA 0.9 ARF6: Mediates auxin response via expression of auxin-regulated genes

AT2G33860 IAA 1.3 ARF3 (ETT) encodes a protein with homology to DNA-binding proteins which bind to
AuxREs

AT2G47260 IAA 1.9 WRKY23: Encodes a member of WRKY Transcription Factor

AT3G11580 IAA 1.6 DNA-binding protein, putative

AT3G16500 IAA 1.8 IAA26 (PAP1) phytochrome-associated protein 1

AT3G23250 IAA 1.8 MYB15: Member of the R2R3 factor gene family

AT4G02220 IAA 1.2 Programmed cell death 2 C-terminal domain-containing protein

AT4G21550 IAA 1.4 VAL3: Symbols: VAL3 |VAL3 (VP1/ABI3-LIKE 3); transcription factor

AT5G60450 IAA 0.8 ARF4: member of the ARF family of transcription factors which mediate auxin responses

SECONDARY METAB.

AT5G01210 ACC,
IAA

2.1 Transferase family protein

SIGNALING

AT1G35140 IAA 2.8 PHI-1

AT1G76650 IAA 1.3 CML38: calcium-binding EF hand family protein

AT2G25790 IAA 1.3 Leucine-rich repeat transmembrane protein kinase

AT2G30060 IAA 0.9 Ran-binding protein 1b

AT4G08950 IAA 3.8 EXO: EXORDIUM

AT4G28490 IAA 1.9 HAE: member of Receptor kinase-like protein family

AT5G05160 IAA 1.1 RUL1: leucine-rich repeat transmembrane protein kinase

AT5G12940 IAA 1.1 Leucine-rich repeat family protein

AT5G37770 IAA 2.0 TCH2: Encodes a protein with 40% similarity to calmodulin

STRESS

AT2G42530 ACC 1.8 COR15B: COLD REGULATED 15B

AT5G64900 IAA 1.4 PROPEP1: Encodes a putative 92-aa protein that is the precursor of AtPep1

Giant cells 3 dpi

CELL WALL

AT4G25810 IAA 1.1 XTR6: xyloglucan endotransglycosylase-related protein

HORMONE METABOLISM

AT3G23150 ACC 2.1 ETR2: Involved in ethylene perception in Arabidopsis

AT4G20880 ACC 2.4 Ethylene-responsive nuclear protein/ethylene-regulated nuclear protein

AT2G23170 IAA 1.0 GH3.3: IAA-amido synthase that conjugates Asp and other amino acids to auxin in vitro

AT3G50660 IAA 1.0 DWF4: hydroxylase whose reaction is a rate-limiting step in brassinosteroid biosynthetic
pathway

AT4G27260 IAA 0.8 WES1: IAA-amido synthase that conjugates Asp and other amino acids to auxin in vitro

AT4G39400 IAA 1.4 BRI1: plasma membrane localized leucine-rich repeat receptor kinase

AT5G25190 IAA,
ACC

3.2 ESE3: encodes a member of the ERF (ethylene response factor) subfamily B-6 of
ERF/AP2 family

LIPID METABOLISM

AT4G12110 IAA 1.9 SMO1-1: Encodes a member of the SMO1 family of sterol 4alpha-methyl oxidases

METAL HANDLING

AT3G24450 IAA 1.8 Copper-binding family protein

NOT ASSIGNED

AT4G33560 ACC 2.3 Unknown protein

AT2G39370 IAA 2.9 MAKR4: unknown protein

POLYAMINE METABOLISM

AT5G19530 IAA 1.8 ACL5: Encodes a spermine synthase

PROTEIN

AT3G61160 IAA 1.8 Shaggy-related protein kinase beta/ASK-beta (ASK2)

AT3G27580 IAA,
ACC

2.5 ATPK7: a member of a subfamily of Ser/Thr PKs

(Continued)
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Table 1 | Continued

Giant cells 3 dpi

REDOX

AT2G16060 ACC 2.4 HB1: Encodes a class 1 non-symbiotic hemoglobin

RNA

AT1G19220 IAA 1.6 ARF19: auxin response factor

AT1G19850 IAA 4.1 MP: Encodes a transcription factor (IAA24)

AT2G22670 IAA 1.2 IAA8: IAA8 (IAA8) gene is auxin inducible

AT3G02550 IAA 2.5 LBD41: LOB DOMAIN-CONTAINING PROTEIN 41

AT4G17460 IAA 4.3 HAT1: Encodes homeobox protein HAT1

AT4G36540 IAA 1.0 BEE2: BR Enhanced Expression 2

AT5G47370 IAA 2.7 HAT2: homeobox-leucine zipper genes induced by auxin

AT5G65310 IAA 1.1 HB5: class I HDZip (homeodomain-leucine zipper) protein

SIGNALING

AT1G21980 IAA 1.4 PIP5K1: Type I phosphatidylinositol-4-phosphate 5-kinase

AT1G68400 IAA 1.8 Leucine-rich repeat transmembrane protein kinase

AT2G25790 IAA 1.1 Leucine-rich repeat transmembrane protein kinase

Third column shows the Log2 value for each gene in syncytia or GCs.

V. faba (Dibley et al., 2009), ethylene is proposed to participate
in a signaling pathway initiating TCs morphology. Similarly to
the auxin responsive genes induced in the NFC transcriptomes,
some genes involved in ethylene perception, transduction, and
responses are also up-regulated in GCs (Table 1; ETR2, ESE3).
Ethylene responsive genes were over-represented among the 310
up-regulated genes in GCs, relative to the total number of hor-
mone responsive genes in Nemhauser et al. (2006), Cabrera et al.
(2013). ETR2 induction coincides with the presence of other ethy-
lene receptors (as ETR1) in developing TCs from barley and
rice endosperm (Thiel et al., 2012b). The ethylene precursor 1-
aminocyclopropane-1-carboxylic acid (ACC) directly enhanced
TC formation in root epidermal cells of tomato (Schikora and
Schmidt, 2002) and adaxial epidermal cells of V. faba cotyle-
dons (Dibley et al., 2009). Consistently, a pool of genes encoding
proteins related with ethylene synthesis like two ACC oxidases
(Table 1), are induced in the transcriptome of microaspirated
syncytia. Functional analysis of the Arabidopsis ethylene over-
producing mutants eto2 and eto3 resulted in hyper-susceptibility
to cyst nematodes (Goverse et al., 2000; Wubben et al., 2001).
Interestingly, ethylene overproduction in eto2 mutants stimu-
lated the formation of CIs or protuberances in syncytia along
the vascular tissue, at late infection stages (Goverse et al., 2000),
providing a direct evidence for a putative role of ethylene in the
stimulation of syncytia TCs characteristics. Accordingly, func-
tional analysis of Arabidopsis mutants compromised in several
steps of the signaling cascade leading to activation of ethylene
responsive genes, as those altered in ethylene-insensitive mutants
(etr1-1, ein2-1, ein3-1, eir1-1, and axr2), were less susceptible to
H. schachtii (Wubben et al., 2001). Hence, several ACC synthase
coding genes were induced at early infection stages, increasing
and reaching a maximum at 20 dpi in soybean infected with
H. glycines (Tucker et al., 2010). Strikingly, ethylene production
upon nematode infection has been long known in tomato infected
with RKNs (M. Javanica), with a peak at medium infection stages
(4–16 dpi; Glazer et al., 1983), similar to several dicotyledonous

species (Glazer et al., 1985). However, not much is known on
the behavior of ethylene-related mutants infected with RKNs.
Experiments on Lotus japonica expressing ETR-1 were not con-
clusive of its putative role on RKN infection (Lohar and Bird,
2003). Undoubtedly, analysis are still lacking on the morphologic
characteristics of developed syncytia in loss of function mutants
of genes related to ethylene transduction pathways that could
confirm their role on the induction of syncytia TCs character-
istics, such us the presence of CI. Regarding RKNs, virtually no
data on the TCs features of GCs in ethylene mutants are still
available.

TWO-COMPONENT SIGNALING SYSTEMS AND REACTIVE
OXYGEN SPECIES AS INDUCERS OF TC IDENTITY IN NFCs
Recently, Thiel et al. (2012b) suggested a role for a two-
component signaling system (2CS) in cellularization and differ-
entiation of barley endosperm TCs, possibly coupled to hormonal
regulation by abscisic acid and ethylene. In plants, 2CSs require a
hybrid histidine kinase (HK; located in the plasma membrane)
with both histidine kinase and receiver domains, a histidine-
containing phosphotransfer protein (HPt), and a response reg-
ulator that mediates downstream signaling through phosphory-
lation. In Arabidopsis, proteins with significant sequence similar-
ities to all elements of the 2CSs have been identified (reviewed
in Schaller et al., 2008). We have searched for genes encod-
ing those components in the early GCs and syncytia transcrip-
tomes (Szakasits et al., 2009; Barcala et al., 2010; Table S1).
In Arabidopsis, genes encoding 8 HK and 9 HK-like proteins
(HKL) have been identified and 2 of them are up-regulated
in GCs (ETR2) or syncytia (PDK). However, most HKs and
HKLs are down-regulated in NFCs. ETR2, HK2, HK3, ERS1,
and PHYA are down-regulated in syncytia and HK1 and CKI1
in GCs (Cabrera et al., 2013; Table S1). Moreover, the two up-
regulated genes in NFCs are HKLs that lack residues essential
to histidine kinase activity. The Arabidopsis genome encodes
five HPt proteins (AHP1-5) that act as signaling intermediates
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between HKs and response regulators. From them, AHP3 is up-
regulated in syncytia while AHP1 is down-regulated, and the
rest of the genes are not differentially expressed in the tran-
scriptome of micro-dissected GCs and syncytia (Barcala et al.,
2010; Cabrera et al., 2013; Table S1). The last components of
the system are the response regulators, with 33 genes identi-
fied in the Arabidopsis genome (23 response regulators and
10 pseudo-response regulators; Schaller et al., 2008), most of
them down-regulated as well in NFCs (only ARR7 and RR14
are up-regulated in syncytia; Cabrera et al., 2013; Table S1).
Thus, the transcriptomic evidence at early differentiation stages
of syncytia and GCs suggests that genes involved in 2CSs do
not contribute substantially to the differential gene expression
observed in NFCs. Thus, 2CSs are not likely participating in the
first signaling steps involved in the acquisition of TCs identify
in NFCs.

Recently, it has been shown that H2O2 functions downstream
of ethylene to activate cell wall biosynthesis and direct polar-
ized deposition of a uniform wall on which CIs formed in TCs
of V. faba cotyledons (Andriunas et al., 2012). The presence of
a H2O2-generating mechanism dependent upon NADPH oxi-
dase (NOX) activity was suggested (Andriunas et al., 2012).
From the 10 RBOH genes encoding the catalytic subunit of
NOX in Arabidopsis (reviewed in Sagi and Fluhr, 2006), 7 are
down-regulated in syncytia, and none of them are differentially
expressed in GCs (Cabrera et al., 2013). Additionally, defense-
related genes described as related to TCs development, as in
endosperm TCs where the ethylene response is possibly cou-
pled to activated defense mechanisms (Thiel et al., 2008), are
not abundant in NFCs. On the contrary, a general repression
of plant defenses is obvious from the transcriptomes of early
developing syncytia in Arabidopsis, where more than 35 perox-
idases were repressed (Szakasits et al., 2009). Similarly, in early
developing GCs of Arabidopsis and tomato not only peroxidases,
but many genes from the secondary metabolism related to plant
defenses were also down-regulated at 3 dpi (Barcala et al., 2010;
Portillo et al., 2013). All these data suggest that active oxygen
species such as H2O2 very unlikely function as early inducing
signals for TCs identity of NFCs coupled to hormone signaling.
However, it is important to point that we cannot discard the pos-
sibility of the activation of an oxidative burst in medium-late
stages of NFCs development that might be participating in this
process.

FINAL REMARKS
It is interesting to point that many genes induced in early differ-
entiating NFCs correspond to typical categories of downstream
regulated genes that might participate in CIs formation, as those
involved in vesicle trafficking, cell wall biogenesis, cell shape con-
trol and expansion, or nutrient transport, also induced in cells
undergoing differentiation into TCs (Thiel et al., 2008, 2012a;
Dibley et al., 2009; Xiong et al., 2011). Many other downstream
genes are also induced in NFCs contributing to their development
or maintenance (reviewed in Kyndt et al., 2013). Genes associated
to changes in the cytoskeleton include those encoding tubu-
lins, actins, microtubule-binding proteins, as the IAA-induced
ATG8G (Table 1) or AtFH6, a formin encoding gene that regulates

polarized growth by controlling the assembly of actin cables in
Arabidopsis GCs (Favery et al., 2004). However, no functions
directly associated to the TCs characteristics of NFCs have been
yet described for those genes in NFCs (Kyndt et al., 2013). Other
genes possibly related to active nutrient uptake into syncytia and
GCs are also up-regulated by either auxin (NRAMP3), ethylene
(AAP3), or both (ABCG1; Table 1). However, functional studies
of these genes in NFCs are very scarce (reviewed in Kyndt et al.,
2013). In addition, genes encoding cell wall modifying enzymes
as pectin methylesterases, expansins, xyloglucan endotransglyco-
sylases (EXP4, XTR6, PME1, XTR6), all induced by auxin, were
also induced in NFCs (Table 1). Interestingly, the most clarifying
study of a functional implication in TCs characteristic of NFCs, as
the CIs formation, comes from the analysis of UDP-glucose dehy-
drogenase (UGD) coding genes. UGDs act through oxidation of
UDP-glucose producing several cell wall polysaccharides. UGD2
and UGD3 are necessary for the production of CIs in syncytia
and loss of function in double mutants severely affected nematode
development (Siddique et al., 2012).

In conclusion, although genes encoding proteins with simi-
lar functions are differentially expressed in differentiating NFCs
and typical TCs, a clear knowledge of their implication, either
upstream or downstream, in the signaling cascades leading to TCs
characteristics of NFCs is still lacking. Further research will prob-
ably elucidate the contribution of signals such as hormones to
those differentiation events in NFCs.
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Tocopherols (vitamin E) are lipid-soluble antioxidants produced by all plants and algae,
and many cyanobacteria, yet their functions in these photosynthetic organisms are still
not fully understood. We have previously reported that the vitamin E deficient 2 (vte2)
mutant of Arabidopsis thaliana is sensitive to low temperature (LT) due to impaired transfer
cell wall (TCW) development and photoassimilate export associated with massive callose
deposition in transfer cells of the phloem. To further understand the roles of tocopherols
in LT induced TCW development we compared the global transcript profiles of vte2 and
wild-type leaves during LT treatment. Tocopherol deficiency had no significant impact on
global gene expression in permissive conditions, but significantly affected expression of
77 genes after 48 h of LT treatment. In vte2 relative to wild type, genes associated with
solute transport were repressed, while those involved in various pathogen responses and
cell wall modifications, including two members of callose synthase gene family, GLUCAN
SYNTHASE LIKE 4 (GSL4) and GSL11, were induced. However, introduction of gsl4 or
gsl11 mutations individually into the vte2 background did not suppress callose deposition
or the overall LT-induced phenotypes of vte2. Intriguingly, introduction of a mutation
disrupting GSL5, the major GSL responsible for pathogen-induced callose deposition,
into vte2 substantially reduced vascular callose deposition at LT, but again had no effect
on the photoassimilate export phenotype of LT-treated vte2. These results suggest that
GSL5 plays a major role in TCW callose deposition in LT-treated vte2 but that this GSL5-
dependent callose deposition is not the primary cause of the impaired photoassimilate
export phenotype.

Keywords: tocopherols, transfer cells, callose synthase, Arabidopsis, sugar export, antioxidants, phloem

parenchyma cells

INTRODUCTION
Tocopherols are essential nutrients in mammals and, together
with tocotrienols, are collectively known as vitamin E (Evans and
Bishop, 1922; Bramley et al., 2000; Schneider, 2005). As lipid-
soluble antioxidants tocopherols quench singlet oxygen and scav-
enge lipid peroxyl radicals and hence terminate the autocatalytic
chain reaction of lipid peroxidation (Tappel, 1972; Fahrenholtz
et al., 1974; Burton and Ingold, 1981; Liebler and Burr, 1992;
Kamal-Eldin and Appelqvist, 1996). Tocopherols are localized
in biological membranes and associated with highly unsaturated
fatty acids, and thus may also affect membrane properties, such as
permeability and stability of membranes (Erin et al., 1984; Kagan,
1989; Stillwell et al., 1996; Wang and Quinn, 2000).

Tocopherols are synthesized only in photosynthetic organ-
isms, including all plants and algae, and some cyanobacte-
ria. However, tocopherol functions in these organisms remain
poorly understood. The tocopherol-deficient vte2 (vitamin e
2) mutant of Arabidopsis thaliana is defective in homogenti-
sate phytyl transferase (HPT), the first committed enzyme of
the pathway, and lacks all tocopherols and pathway interme-
diates (Collakova and DellaPenna, 2001; Savidge et al., 2002;

Sattler et al., 2004; Mene-Saffrane et al., 2010). The vte2 mutants
exhibit reduced seed viability and defective seedling develop-
ment associated with elevated lipid peroxidation (Sattler et al.,
2004; Mene-Saffrane et al., 2010; DellaPenna and Mene-Saffrane,
2011), demonstrating that a primary role of tocopherols is to
limit non-enzymatic lipid oxidation of polyunsaturated fatty
acids (PUFAs), especially during seed desiccation and seedling
germination. Transcript profiling studies further confirmed the
importance of non-enzymatic lipid oxidation in triggering the
oxidative and defense responses in germinating seeds of vte2
(Sattler et al., 2006).

In contrast to the drastic vte2 seedling phenotype, the vte2
mutants that do survive early seedling development become
virtually indistinguishable from wild type under permissive con-
ditions and also under high light stress (Sattler et al., 2004;
Maeda et al., 2006), suggesting that tocopherols are dispensable
in mature plants even under highly photooxidative stress con-
ditions. However, when tocopherol-deficient Arabidopsis plants
are subjected to low temperature (LT) they developed a series of
biochemical and physiological phenotypes (Maeda et al., 2006).
As early as 6 h after LT treatment the vte2 mutants exhibit an

www.frontiersin.org February 2014 | Volume 5 | Article 46 | 104

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/journal/10.3389/fpls.2014.00046/abstract
http://community.frontiersin.org/people/u/31999
http://community.frontiersin.org/people/u/125530
http://community.frontiersin.org/people/u/137058
http://community.frontiersin.org/people/u/27007
mailto:dellapen@msu.edu
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Maeda et al. Role of callose in vte2

impairment of photoassimilate export. This transport phenotype
is accompanied by an unusual deposition of cell wall materials
(i.e., callose) in the vasculature which likely creates a bottleneck
for photoassimilate transport. Reduced photoassimilate export
subsequently leads to carbohydrate and anthocyanin accumu-
lation in source leaves, feedback inhibition of photosynthesis
and ultimately growth inhibition of whole plants at LT (Maeda
et al., 2006). This LT phenotype was independent of light level
and was not associated with typical symptoms of photooxida-
tive stress (i.e., photoinhibition, photobleaching, accumulation of
zeaxanthin, or lipid peroxides) (Maeda et al., 2006).

The carbohydrate accumulation and callose deposition phe-
notypes of LT-treated vte2 resemble the phenotypes of maize
sucrose export defective 1 (sxd1) and potato SXD1-RNAi lines,
which are also tocopherol deficient and accumulate carbohy-
drates without LT treatment (Russin et al., 1996; Provencher
et al., 2001; Sattler et al., 2003; Hofius et al., 2004). Thus, a role
for tocopherols in phloem loading is conserved among differ-
ent plants with the unique, LT-inducibility of Arabidopsis vte2
mutant phenotype providing a useful tool to dissect the under-
lying mechanism. Detailed ultrastructure analysis of the vascu-
lature of the Arabidopsis vte2 mutant during a LT time course
revealed that callose deposition occurred before significant accu-
mulation of carbohydrate and is restricted to the transfer cell
wall (TCW) of phloem parenchyma cells adjacent to the com-
panion cell/sieve element complex (Maeda et al., 2006). While
the TCW is usually characterized by invaginated wall ingrowth
toward the cytoplasm (Haritatos et al., 2000; Talbot et al., 2002;
McCurdy et al., 2008), the phloem parenchyma cells of LT-treated
vte2 developed abnormally thickened TCW with irregular shaped
ingrowths and massive callose deposition (Maeda et al., 2006).
These results demonstrated that TCW-specific callose deposition
is tightly linked with the defective photoassimilate export phe-
notype and is not a secondary effect caused by carbohydrate
accumulation. However, the molecular mechanism underlying
the callose deposition remains to be determined as does whether
impaired phloem loading is due to vascular callose deposition in
TCWs in the tocopherol-deficient mutants.

Analysis of membrane lipid composition in wild-type
Arabidopsis and the vte2 mutant during LT treatment further
revealed that tocopherol deficiency in plastids alters the PUFA
composition of endoplasmic reticulum (ER) derived membrane
lipids prior to LT treatment (Maeda et al., 2008). Subsequently,
mutations in FATTY ACID DESATURASE 2 (FAD2) and
TRIGALACTOSYLDIACYLGLYCEROL 1 (TGD1), encoding the
ER-localized oleate desaturase and the ER-to-plastid lipid ATP-
binding cassette (ABC) transporter, respectively, were identified
as suppressors of the vte2 LT-induced phenotypes (sve loci) (Maeda
et al., 2008; Song et al., 2010). These results provided biochem-
ical and genetic evidence that alterations in extra-plastidic lipid
metabolism are an upstream event in the initiation and develop-
ment of the vte2 LT-induced phenotypes (Maeda et al., 2008; Song
et al., 2010). The unexpected role of plastid-localized tocopherols
in ER lipid metabolism has led to the recent discovery of a novel
mechanism allowing biochemical continuity between the ER and
chloroplast membranes (Mehrshahi et al., 2013). However, fur-
ther investigation is required to understand the molecular links

between tocopherol deficiency, lipid metabolism, and reduced
photoassimilate export in LT-treated vte2.

In this study, microarray analysis of wild-type Arabidopsis
and the vte2 mutant was used to investigate the effects of toco-
pherol deficiency on global gene expression at both permissive
and LT conditions. While multiple studies have investigated tran-
scriptome responses to vitamin E deficiency in animals (Barella
et al., 2004; Rota et al., 2004, 2005; Nell et al., 2007; Oommen
et al., 2007), no global gene expression profile of the effect of
tocopherols in photosynthetic tissues has hitherto been under-
taken in plants. Although almost no changes were observed in
genome wide transcription between wild type and vte2 under
permissive conditions, 77 genes were identified as being differ-
entially expressed in vte2 compared to wild type in response
to LT-treatment. Attempts to genetically suppress transfer cell
callose deposition by introducing mutations for two GLUCAN
SYNTHASE LIKE (GSL) genes, whose expression was strongly
induced in LT treated vte2, or a mutation in GSL5, previously
shown to be the primary GSL responsible for callose deposi-
tion in response to pathogen ingress, demonstrated that GSL5 is
responsible for the majority of the LT-induced vasculature callose
deposition in vte2. However, genetic elimination of this GSL5-
dependent callose deposition showed that it is not the direct cause
of the LT-induced photoassimilate export phenotype of vte2.

MATERIALS AND METHODS
PLANT MATERIALS AND GROWTH CONDITIONS
Arabidopsis plants were grown and treated at LT as described pre-
viously (Maeda et al., 2008). Briefly, seed were stratified for 4–7
days (4◦C), planted in an equal mixture of vermiculite, perlite,
and soil with 1 × Hoagland solution, and grown under permissive
conditions: 12 h, 120 μmol photon m−2 s−1 light at 22◦C/12 h
darkness at 18◦C and 70% relative humidity. Plants were watered
every other day and with a half strength Hoagland solution once
a week. For LT treatments, 4-week-old plants were transferred at
the beginning of the light cycle to 12 h, 120 μmol photon m−2

s−1 light/12 h darkness at 7◦C. For microarray analysis, the 9–
11th oldest rosetta leaves from three independent plants were
harvested together into a tube filled with liquid nitrogen 1 h into
the light cycle after 48 and 120 h of LT-treatment or without
LT-treatment (referred to as 0 h LT treatment).

RNA EXTRACTION, LABELING, AND HYBRIDIZATION FOR MICROARRAY
Total RNA was extracted using the RNAqueous RNA extrac-
tion kit and the Plant RNA Isolation Aid (Ambion) according
to the manufacturer’s instructions. Labeling and hybridization
of RNA were conducted using standard Affymetrix protocols by
the Michigan State University DNA Microarray Facility. ATH1
Arabidopsis GeneChips (Affymetrix, Santa Clara, CA) were used
for measuring changes in gene expression levels. Total RNA was
converted into cDNA, which was in turn used to synthesize
biotinylated cRNA. The cRNA was fragmented into smaller pieces
and then was hybridized to the GeneChips. After hybridization,
the chips were automatically washed and stained with strep-
tavidin phycoerythrin using a fluidics station. The chips were
scanned by the GeneArray scanner at 570 nm emission and
488 nm excitation.
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MICROARRAY DATA EVALUATION AND PREPROCESSING
Raw chip data were analyzed with R software (version 2.9,
http://www.r-project.org/). Because of various problems associ-
ated with mismatch (MM) probes (Bolstad et al., 2003; Irizarry
et al., 2003), only perfect match (PM) probe intensities were
used. To assess data quality, the AffyRNAdeg and QCReport
functions in the simpleaffy package were used to generate the
RNA degradation (Supplemental Figure S1) and quality con-
trol (QC) plots (Supplemental Figure S2) for all 18 chips. The
Boxplot tool included in the affy and simpleaffy packages
were used to investigate the data distribution of the 18 chips
(Supplemental Figure S3). RMA function as implemented in the
affy package was used for background adjustment, normalization
and summarization. A cluster dendrogram (Figure 1) was gener-
ated by applying hclust function using average linkage clustering
of Euclidean distance based on the normalized expression values
from 18 chips.

STATISTICAL ANALYSES FOR DIFFERENTIALLY EXPRESSED GENES
Signal intensity data were analyzed with the use of a linear statisti-
cal model and an empirical Bayes method in the LIMMA package
implemented in Bioconductor of R software (Smyth, 2005) to
identify genes differentially expressed between genotypes at dif-
ferent time points of LT treatment. The p-values were adjusted
for multiple testing with the Benjamini and Hochberg method to
control the false discovery rate (Benjamini and Hochberg, 1995).
Genes with adjusted p-values < 0.05 were considered significant.
A heat map of the 77 significantly different genes in vte2 at 48 h of
LT treatment was generated using the average linkage clustering
of Euclidean distance based on the normalized average expression
values for each genotype and timepoint.

The 49 genes that were significantly induced in 48 h
LT-treated vte2 relative to wild-type (Col) plants (Table 1)

FIGURE 1 | A cluster dendrogram of a correlation matrix for

all-against-all chip comparisons. The scale on the vertical bar “height”
indicates Manhattan distance. The numbers (1) to (3) indicate three
independent biological replications for treatments and genotypes. The
samples cluster by different genotypes (Col and vte2) after LT treatment (48
and 120 h).

were also examined using the Meta-Analyzer feature of
GENEVESTIGATOR (Zimmermann et al., 2004) to assess their
responses to various conditions or treatments. The gene expres-
sion responses were calculated as ratios between a given treatment
and its negative control with the resulting values reflecting up- or
down-regulation of genes by a treatment. Twelve different stress
conditions were chosen: Biotic stress treatments with Botrytis
cinerea (6 treatment chips + 6 control chips), Pseudomonas
syringae (3 + 3), and Myzus persicae (3 + 3). Chemical stress
treatments were hydrogen peroxide (H2O2) (3 + 2) and ozone
(3 + 3). Hormone stress treatments were with abcisic acid (ABA,
2 + 2), ethylene (3 + 3), indole acidic acid (IAA, 3 + 3), and
zeatin (3 + 3). Abiotic stress treatments were cold (3 + 3),
drought (3 + 1), and heat (2 + 2). All experiments selected
from GENEVESTIGATOR utilized mature leaves except for the
hormone treatment data sets (ethylene, IAA, and zeatin) that
were performed on seedlings. In addition, to compare the tran-
scriptional responses to tocopherol deficiency in seedlings and
mature plants (Table 3), microarray data for 0-day and 3-day-
old seedlings of Col and vte2 (three biological replicates for each
treatment and genotype, see Sattler et al., 2006) were subjected
to the same procedure of preprocessing and statistical analysis as
described above for vte2 plants under LT treatment.

GENERATION OF MUTANT GENOTYPES
The following gsl mutant lines were obtained from the
Arabidopsis Biological Resource Center at Ohio State University:
SALK_000507 for GSL4 (with a T-DNA insert in exon 34 of
At3g14570), gsl5-1/pmr4-1 for GSL5 (with a non-sense muta-
tion in exon 2 of At4g03550), and SALK_019534 for GSL11
(with a T-DNA insert in exon 15 of At3g59100). Homozygous
mutant lines for gsl5-1 were identified by PCR using CAPs geno-
typing primers (Nishimura et al., 2003). Homozygous mutants
for gsl4 and gsl11 were identified by PCR using gene spe-
cific primers; 5′ - TTGCCTGAGAGGATTAGCAAG −3′ (for-
ward) and 5′ -TTGAAGGATACAAGGACGTGG −3′ (reverse)
for gsl4 and 5′ -TCACACCTTCATTCCCTGTTC −3′ (forward)
and 5′-GTTCCTGTGTAAGGCCTCATG −3′ (reverse) for gsl11.
The double homozygous mutant genotypes vte2 gsl4, vte2 gsl5,
and vte2 gsl11 were obtained by HPLC analysis for tocopherol
deficiency (Collakova and DellaPenna, 2001) and the above
mentioned PCR-based genotyping for gsl homozygosity. vte2
homozygosity was also confirmed by a CAPs marker devel-
oped for the vte2-1 point mutation (Maeda et al., 2006). Plants
of Col, vte2, the single mutants of gsl4, gsl5, gsl11, and the
three double mutants were grown for 4 weeks at permissive
conditions and then transferred to LT conditions for the time
periods, indicated in each figure legend for evaluation of differ-
ent LT-induced phenotypes. Optimal time points were chosen
based on our previous time-course analysis of the appearance
of different LT-induced vte2 phenotypes (Maeda et al., 2006,
2008).

14C PHOTOASSIMILATE LABELING AND ANALYSIS OF SUGARS
Analyses for leaf glucose, fructose, and sucrose levels were
performed as previously described (Maeda et al., 2006).
14CO2 labeling of photoassimilate and measurement of phloem
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Table 1 | The 49 genes significantly upregulated in vte2 relative to Col at 48 h of LT treatment.

AGI number Ma adj-P.valueb Bc Annotated gene functiond

At1g26450 2.62 0.00 11.64 Beta-1,3-glucanase-related

At4g23410 1.53 0.00 10.08 Senescence-associated family protein

At1g68290 2.39 0.00 7.97 Bifunctional nuclease, putative

At5g22860 1.38 0.00 7.04 Serine carboxypeptidase S28 family protein

At3g14570 1.85 0.00 6.88 Glycosyl transferase family 48 protein (glucan synthase like 4, GSL4)

At1g59500 1.58 0.00 6.79 Auxin-responsive GH3 family protein

At3g17690 1.80 0.00 6.74 Cyclic nucleotide-binding transporter 2/CNBT2

At1g74590 1.50 0.00 6.31 Glutathione S-transferase, putative

At4g20320 1.08 0.00 5.80 CTP synthase, putative/UTP-ammonia ligase, putative

At3g22910 1.82 0.00 5.65 Ca-transporting ATPase, plasma membrane-type, putative (ACA13)

At5g13080 1.88 0.00 5.51 WRKY family transcription factor (WRKY75)

At5g47920 1.06 0.00 5.13 Expressed protein

At1g68620 2.08 0.00 4.95 Expressed protein

At1g65500 2.13 0.00 4.84 Expressed protein

At1g76640 2.52 0.00 4.54 Calmodulin-related protein, putative

At2g26020 2.01 0.00 4.40 Plant defensin-fusion protein, putative (PDF1.2b)

At1g74055 1.00 0.00 4.18 Expressed protein

At1g30370 1.60 0.01 3.80 Lipase class 3 family protein

At5g13880 1.45 0.01 3.60 Expressed protein

At3g49130 0.94 0.01 3.16 Hypothetical protein

At5g46590 1.31 0.01 3.09 No apical meristem (NAM) family protein

At3g21780 0.91 0.01 3.09 UDP-glucosyl transferase family protein

At1g17180 1.21 0.02 2.82 Glutathione S-transferase, putative

At1g65610 1.33 0.02 2.70 Endo−1,4-beta-glucanase, putative/cellulase, putative

At3g53600 0.70 0.02 2.39 Zinc finger (C2H2 type) family protein

At5g13170 1.01 0.02 2.37 Nodulin MtN3 family protein

At5g46350 1.02 0.02 2.34 WRKY family transcription factor (WRKY8)

At5g09470 0.93 0.02 2.26 Mitochondrial substrate carrier family protein

At4g35730 1.24 0.02 2.23 Expressed protein

At2g29090 1.07 0.03 2.15 Cytochrome P450 family protein

At2g30550 0.70 0.03 2.08 Lipase class 3 family protein

At4g38420 1.58 0.03 2.02 Multi-copper oxidase type I family protein

At4g27260 0.76 0.03 1.98 Auxin-responsive GH3 family protein

At3g59100 1.04 0.03 1.81 Glycosyl transferase family 48 protein (glucan synthase like 11, GSL11)

At4g19460 0.80 0.03 1.80 Glycosyl transferase family 1 protein

At3g09270 2.07 0.03 1.73 Glutathione S-transferase, putative

At5g22570 1.18 0.03 1.72 WRKY family transcription factor (WRKY38)

At1g32350 1.45 0.04 1.64 Alternative oxidase, putative

At5g17330 0.74 0.04 1.54 Glutamate decarboxylase 1 (GAD 1)

At4g28550 1.05 0.04 1.43 RabGAP/TBC domain-containing protein

At5g65600 1.27 0.04 1.38 Legume lectin family protein/protein kinase family protein

At4g36430 0.79 0.04 1.37 Peroxidase, putative

At5g04080 0.63 0.04 1.32 Expressed protein

At5g64905 1.78 0.04 1.25 Expressed protein

At5g66920 1.09 0.04 1.24 Multi-copper oxidase type I family protein

At5g63970 0.97 0.05 1.20 Copine-related

At2g23270 0.95 0.05 1.20 Expressed protein

At1g19250 0.86 0.05 1.10 Flavin-containing monooxygenase family protein

At5g67080 1.69 0.05 1.08 Protein kinase family protein

aM-value (M) is the value of the contrast and represents a log2 fold change between 48 h-LT-treated vte2 and Col.
badj-P.value is the p-value adjusted for multiple testing with Benjamini and Hochberg’s method to control the false discovery rate.
cB-statistic (B) is the log-odds that the gene is differentially expressed.
d Annotation was obtained from the Gene Ontology of The Arabidopsis Information Resources.
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exudation were also carried out as described (Maeda et al.,
2006) except that 10 mM EDTA was used for exudation
buffer and 0.05 mCi of NaH14CO3 was used per label-
ing experiment. Phloem exudates were collected after 5 h of
exudation.

FLUORESCENCE AND TRANSMISSION ELECTRON MICROSCOPY
Leaves were prepared for aniline blue fluorescence microscopy
and staining and visualization were performed as described
(Maeda et al., 2006) except that the gain adjustment of the camera
was set to 2.0 for images in Figures 4B, 5A. Leaves were prepared
for transmission electron microscopy and immunolocalization of
β-1,3-glucan as described (Maeda et al., 2006).

RESULTS
TOCOPHEROL DEFICIENCY HAS LITTLE IMPACT ON GLOBAL GENE
EXPRESSION AT PERMISSIVE CONDITIONS
To identify changes in gene expression that might be specifically
related to the absence of tocopherols, global transcript profiles
were compared between vte2 and Col plants grown under per-
missive conditions for 4 weeks, when they are physiologically and
biochemically indistinguishable, and at two time points of LT
treatment (48 and 120 h) selected based on our previous time-
course study of the physiological and biochemical changes of vte2
and Col during LT treatment (Maeda et al., 2006). After 48 h of
LT, vascular callose deposition is strongly induced and photoas-
similate export capacity is significantly lower in vte2 compared to
Col, though the visible whole plant phenotypes and soluble sugar
accumulation between the two genotypes do not differ (Maeda
et al., 2006). The 120 h LT timepoint represents a relatively late
response time point when soluble sugars are significantly higher
and callose deposition is even more extensive and wide spread
in vte2 (Maeda et al., 2006). Thus the 48 h time point should
allow identification of early responses to tocopherol deficiency
that are distinct from later, pleiotropic responses resulting from
the strongly elevated sugar levels in vte2 after 120 h of LT. The 0 h
time point represents the absence of LT treatment (see Materials
and Methods) and serves as a critical treatment control.

The vte2 LT experiment comprised 18 chips in a factorial
design. Three independent biological replicates were conducted
for Col and vte2 at each of the three time points, allowing rigor-
ous statistical analysis of the data obtained. When the relationship
of chips was examined by a cluster dendrogram, three clusters
consistent with the three time points of LT treatment were appar-
ent (Figure 1). The 48 and 120 h LT-treated samples were more
closely related to each other than to the 0 h data, suggesting that
the effect of LT treatment was greater than effects due to genotypic
differences.

To investigate if tocopherol deficiency leads to any tran-
scriptional changes before LT treatment, the linear models for
microarray data (limma) analysis (Smyth, 2005) was performed
to detect differently expressed genes between vte2 and Col at 0 h
(see Materials and Methods). With the exception of At2g18950,
which encodes the mutated gene in the background (VTE2/HPT,
Collakova and DellaPenna, 2003), no other statistically significant
differences (at adjusted p-values of < 0.05) were observed. These
data indicate that the lack of tocopherols per se has little impact

on global gene expression in mature vte2 plants under permissive
conditions.

IDENTIFICATION OF DIFFERENTIALLY EXPRESSED GENES IN
48 h-LT-TREATED vte2 AND Col
After 48 h at LT, 77 probe sets were found to be significantly dif-
ferent between vte2 and Col: 49 genes were significantly induced
(Table 1) and 28 were significantly repressed (Table 2) in vte2 rel-
ative to Col. The expression patterns of these 77 genes across all
time points are visualized in the gene tree in Figure 2. As dis-
cussed above, before LT treatment (0 h) expression levels of all
genes are very similar between Col and vte2 and changed dif-
ferently between genotypes after LT treatment. Group I contains
43 genes whose expression is generally low at 0 h and induced
in both Col and vte2 after LT treatment, with induction in vte2
being stronger and more persistent. Group II contains 17 genes
whose expression is somewhat high at 0 h and then more strongly
induced or repressed in vte2 after LT treatment compared to Col.
Group III (12 genes) and IV (5 genes) are expressed at moderately
and very high levels at 0 h, respectively, and both repressed at LT
more strongly and persistently in vte2 than Col. Several genes in
groups I, II, and III show opposite expression patterns in vte2 and
Col from 0 to 48 h of LT treatment (highlighted in red for induced
or blue for repressed in vte2 relative to Col, respectively) and are
particularly interesting as they represent potential “marker genes”
that are specifically impacted by tocopherol deficiency at LT.

Among the 49 induced genes at 48 h (Table 1), 6 are
annotated as glycosyl transferases (At3g14570, At3g59100,
At4g19460), UDP-glucosyl transferase (At3g21780), or glu-
canases (At1g26450, At1g65610). These genes are likely involved
in aspects of cell wall modification, consistent with the major
modifications to cell wall structure in phloem parenchyma cells of
LT-treated vte2 (Maeda et al., 2006, 2008). Notably, LT treatment
induced significant, albeit low, expression of two putative cal-
lose synthase genes, GSL4 (At3g14570) and GSL11 (At3g59100)
in vte2 (Table 1). These genes are two members of the 12 member
GSL callose synthase gene family in Arabidopsis and may con-
tribute to the substantial callose deposition in transfer cells of
LT-treated vte2. Other notable upregulated genes in LT-treated
vte2 are involved in stress and senescence responses, various
signaling pathways, and transcriptional regulation, including
WRKY (At5g13080, At5g46350, At5g22570), NAM (At5g46590),
and zinc finger (C2H2 type, At3g53600) transcription factors
(Table 1).

The most significantly repressed gene in vte2 at 48 h LT
(Table 2) was VTE2/HPT (At2g18950, Collakova and DellaPenna,
2003), the locus mutated in the vte2 background. Other downreg-
ulated genes of interest include a methionine sulfoxide reductase
(At4g04830, EC 1.8.4.6), one member of a small gene family
encoding enzymes that reduce oxidized methionine residues of
proteins, and four genes encoding nodulin drug/metabolite trans-
porters (Table 2). Nodulins are involved in nodulation of legume
roots during symbiosis with Rhizobia, a process where extensive
metabolite transport across peribacteroid membranes is required
(Vandewiel et al., 1990; Hohnjec et al., 2009). Repression of these
nodulins might be related to altered carbohydrate transport in
LT-treated vte2.
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Table 2 | The 28 genes significantly downregulated in vte2 relative to Col at 48 h of LT treatment.

AGI number Ma adj-P.valueb Bc Annotated gene functiond

At2g18950 −2.36 0.00 7.93 HPT: tocopherol phytyltransferase

At5g14740 −0.77 0.00 6.32 Carbonate dehydratase 2 (CA2) (CA18)

At3g11930 −1.47 0.00 6.10 Universal stress protein (USP) family protein

At2g36830 −1.01 0.00 5.94 Major intrinsic family protein/MIP family protein

At1g04680 −0.74 0.00 5.41 Pectate lyase family protein

At1g76800 −1.43 0.00 5.36 Nodulin, putative

At4g08300 −2.98 0.00 4.58 Nodulin MtN21 family protein

At2g22330 −1.67 0.00 4.44 Cytochrome P450, putative

At3g10080 −0.72 0.01 3.86 Germin-like protein, putative

At5g44720 −1.05 0.02 2.89 Molybdenum cofactor sulfurase family protein

At5g23020 −3.81 0.02 2.88 2-isopropylmalate synthase 2 (IMS2)

At3g47470 −0.84 0.02 2.77 Chlorophyll A-B binding protein 4, chloroplast/LHCI type III CAB-4 (CAB4)

At1g51400 −0.88 0.02 2.61 Photosystem II 5 kD protein

At4g08290 −1.22 0.02 2.56 Nodulin MtN21 family protein

At1g21440 −1.17 0.03 2.18 Mutase family protein

At1g01620 −0.83 0.03 2.02 Plasma membrane intrinsic protein 1C (PIP1C)/aquaporin PIP1.3
(PIP1.3)/transmembrane protein B (TMPB)

At3g08940 −0.82 0.03 1.95 Chlorophyll A-B binding protein (LHCB4.2)

At5g24490 −1.22 0.03 1.91 30S ribosomal protein, putative

At4g04830 −1.57 0.04 1.58 Methionine sulfoxide reductase domain-containing protein

At2g37460 −1.93 0.04 1.54 Nodulin MtN21 family protein

At4g04040 −0.69 0.04 1.44 Pyrophosphate–fructose-6-phosphate 1-phosphotransferase beta sub-
unit, putative

At1g31180 −0.85 0.04 1.41 3-isopropylmalate dehydrogenase, chloroplast, putative

At1g78370 −1.07 0.04 1.40 Glutathione S-transferase, putative

At5g02260 −1.23 0.04 1.38 Expansin, putative (EXP9)

At5g67070 −0.51 0.04 1.28 Rapid alkalinization factor (RALF) family protein

At1g13280 −0.94 0.04 1.26 Allene oxide cyclase family protein

At3g09580 −0.73 0.05 1.08 Amine oxidase family protein

At1g03600 −0.48 0.05 1.08 Photosystem II family protein

aM-value (M) is the value of the contrast and represents a log2 fold change between 48 h-LT-treated vte2 and Col.
badj-P.value is the p-value adjusted for multiple testing with Benjamini and Hochberg’s method to control the false discovery rate.
cB-statistic (B) is the log-odds that the gene is differentially expressed.
d Annotation was obtained from the Gene Ontology of The Arabidopsis Information Resources.

THE 49 GENES INDUCED IN vte2 ARE NOT UPREGULATED BY ABIOTIC
STRESS per se
To investigate whether the 49 genes induced in LT-treated vte2
are part of a general stress response their expression patterns
under diverse abiotic and biotic stress conditions were examined
using publically available Arabidopsis microarray data (Figure 3).
Approximately half of the 49 genes induced in LT-treated vte2
were also strongly and specifically upregulated by biotic treat-
ments including the necrotrophic fungus Botrytis cinerea and
pathogenic leaf bacterium Pseudomonas syringae but not the
phloem-feeding aphid Myzus persicae. Interestingly, many of the
genes that were upregulated by pathogen treatments were also
induced by ozone treatment (Figure 3). These include most of
the transcription factors (WRKY, NAM, and zinc finger fam-
ily proteins) and some of the stress- and signaling-related genes
(Glutathione S-transferases: At1g74590, At1g17180, At3g09270;
auxin-responsive GH3 family proteins: At1g59500, At4g27260)
induced in LT-treated vte2. In contrast, very few genes induced

in LT-treated vte2 overlapped with genes responsive to abi-
otic stress conditions including heat, drought, and cold treat-
ments or hormone treatments such as zeatin, IAA, ethylene, or
ABA (Figure 3). These results suggest that the 49 genes with
induced expression in LT-treated vte2 are due to tocopherol defi-
ciency rather than a general response to cold or other abiotic
stresses.

A prior study showed that the transcriptome of germinat-
ing vte2 seedlings (at permissive conditions) is substantially
influenced by elevated non-enzymatic lipid peroxidation occur-
ring in the mutant at this developmental stage (Sattler
et al., 2006). To compare transcriptional responses of LT-
treated vte2 with those of 3-day-old vte2 seedlings, our
preprocessing and statistical analysis approach was applied to
germinating Col and vte2 seedling microarray datasets. Out
of 744 genes identified as significantly different (adjusted p <

0.05) in 3-day-old vte2 seedlings relative to 3-day-old Col,
only 12 were in common with the 77 significant altered
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FIGURE 2 | A gene tree of the 77 genes significantly altered in 48

h-LT-treated vte2 relative to Col (adjusted p-value < 0.05). The color bar
represents expression levels (log2), with green to red being low to high
expression. The groups (labeled as I, II, III, and IV) were based on general

expression patterns across Col and vte2 at three time points of LT treatment.
Genes showing opposite directions of expression from 0 to 48 h of LT
treatment in Col and vte2 are highlighted in red (induced in vte2) or blue
(repressed in vte2). See text for additional details.
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FIGURE 3 | A heat map of expression patterns for the 49 upregulated

genes in 48 h LT-treated vte2 under other stress conditions. Genes (AGI
number) significantly induced in 48 h LT-treated vte2 relative to Col plants
were examined using the Meta-Analyzer feature of GENEVESTIGATOR to
assess their responses to various stress conditions or treatments. The
conditions and treatments shown were selected from GENEVESTIGATOR
to represent a range of biotic, abiotic, and major hormone treatments and
are sorted by increasing ratios from the left to the right. The color bar
represents expression levels (log2) relative to each corresponding negative
control in GENEVESTIGATOR.

genes in 48 h-LT-treated vte2 (Table 3). These results sug-
gest that the majority of the transcriptional response of
LT-treated vte2 plants is largely distinct from that of vte2
seedlings.

gsl4 AND gsl11 HAVE LITTLE IMPACT ON LT-INDUCED vte2 CALLOSE
DEPOSITION
Vascular-specific callose deposition is a phenotype shared by
tocopherol-deficient mutants in several plant species (Russin
et al., 1996; Hofius et al., 2004; Maeda et al., 2006). It has been
suggested that vascular-specific callose deposition may directly
block photoassimilate translocation and lead to the subsequent
carbohydrate accumulation and growth inhibition phenotypes
in tocopherol-deficient plants (Russin et al., 1996; Hofius et al.,
2004; Maeda et al., 2006). To test this hypothesis we attempted
to genetically eliminate induced callose deposition in vte2 by
introducing mutations affecting specific callose synthase genes.
Among the 12 GSL genes encoding putative callose synthases
in the Arabidopsis genome (Richmond and Somerville, 2000;
Hong et al., 2001), GSL4 (At3g14570) and GSL11 (At3g59100)
were the only two family members whose expression was signifi-
cantly altered in both 48 and 120 h LT-treated vte2 relative to Col
(adjusted p-value < 0.01) (Table 1, Supplemental Figure S5).
Homozygous mutants of GSL4 and GSL11 were therefore selected
and introduced into the vte2 background (see Materials and
Methods) and the single gsl and vte2 mutants and gsl4 vte2 and
gsl11 vte2 double mutants were subjected to LT treatment to assess
their phenotypes. Before LT treatment, the visible phenotypes of
all the single and double mutants were similar to Col (Figure 4A).
After prolonged LT treatment (28 days), which allows for full
development of visible vte2 LT phenotypes (Maeda et al., 2006),
the gsl4 and gsl11 mutants appeared similar to Col while both
of the double mutants were smaller, purple and similar to vte2
(Figure 4A), indicating that neither the gsl4 nor gsl11 mutations
have a substantial impact on the vte2 LT phenotype. The levels
of LT-induced vascular callose deposition (an early phenotype, as
described in Maeda et al., 2006) detectable by aniline-blue flu-
orescence after 3 days LT treatment was also indistinguishable
between the vte2 single mutant and the gsl4 vte2 or gsl11 vte2
double mutants (Figure 4B). Thus, although GSL4 and GSL11
transcript levels are the only GSL family members induced higher
in vte2 than Col in response to LT treatment, loss of either gene
activity does not have a major impact on callose deposition in
LT-treated vte2.

gsl5 ATTENUATES THE MAJORITY OF CALLOSE DEPOSITION IN vte2
WITHOUT SUPPRESSING THE PHOTOASSIMILATE EXPORT
PHENOTYPE
Given that callose synthases are often post-transcriptionally regu-
lated (Zavaliev et al., 2011), it is possible that enzymes responsible
for the vascular-specific callose deposition of LT-treated vte2 may
be post-transcriptionally induced and not identified as differen-
tially expressed between vte2 and Col. GSL5 is the best charac-
terized of the 12 GSLs in Arabidopsis and has been shown to
be required for callose formation in response to wounding and
fungal pathogens (Jacobs et al., 2003; Nishimura et al., 2003).
Although GSL5 expression is modestly induced in response to LT-
treatment and not differentially expressed in LT-treated vte2 rela-
tive to wild type (Table 1, Supplemental Figure S5), it might still
play a role in the vascular callose deposition of vte2. To test this
possibility we introduced the gsl5 mutation into the vte2 back-
ground and examined its effect on LT-induced vte2 phenotypes,
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Table 3 | The 12 genes that are common between the 77 significantly different genes in 48 h-LT-treated vte2 plant and 744 significantly

different genes in 3-d-old vte2 seedling.

AGI 48 h-LT-treated 3-day-old vte2 Gene titlec GO molecular functionc GO cellular componentc

number vte2 plant seedling

Ma adj-P.valueb Ma adj-P.valueb

At1g68290 2.39 0.00 2.01 0.00 Bifunctional nuclease,
putative

Nucleic acid
binding/endonuclease
activity

Endomembrane system

At1g65500 2.13 0.00 4.33 0.00 Expressed protein – Endomembrane system

At1g74590 1.50 0.00 2.19 0.00 Glutathione S-transferase Glutathione transferase
activity

Cytoplasm

At5g46590 1.31 0.01 1.93 0.00 No apical meristem
(NAM) family protein

Transcription factor
activity/DNA binding

–

At1g17180 1.21 0.02 1.93 0.03 Glutathione S-transferase Glutathione transferase
activity

Cytoplasm

At5g46350 1.02 0.02 1.69 0.00 WRKY family
transcription factor
(WRKY8)

Transcription factor
activity/DNA binding

Nucleus

At3g09270 2.07 0.03 1.29 0.02 Glutathione S-transferase Glutathione transferase
activity

Cytoplasm

At2g30550 0.07 0.03 1.02 0.05 Lipase class 3 family
protein

Triacylglycerol lipase
activity

Chloroplast

At4g36430 0.79 0.04 3.20 0.00 Peroxidase, putative Peroxidase
activity/calcium ion
binding/oxidoreductase
activity

Endomembrane system

At5g64905 1.78 0.04 1.10 0.01 Expressed protein – –

At1g76800 −1.43 0.00 −0.74 0.02 Nodulin, putative – –

At3g09580 −0.73 0.05 −0.90 0.02 Amine oxidase family
protein

Oxidoreductase activity Chloroplast

aM-value (M) is the value of the contrast and represents a log2 fold change.
badj-P.value, the p-value adjusted for multiple testing with Benjamini and Hochberg’s method to control the false discovery rate, were shown for 48 h-LT-treated vte2

plant and 3-d-old vte2 seedling, respectively.
cDescriptions of gene function and cellular component were obtained from the Gene Ontology section of The Arabidopsis Information Resources.

Expression profiles of 0-day and 3-day-old seedling of Col and vte2 were subjected to the same process of limma analysis for analysis of significant genes in 48

h-LT-treated vte2 plants (see Materials and Methods). The list of 744 differentially expressed genes in 3-day-old vte2 seedlings was compared with the list of 77

differentially expressed genes in 48 h-LT-treated vte2 plants and overlapping 12 genes were listed.

including vascular callose deposition. Under permissive condi-
tions, the gsl5 vte2 double mutant had a visible phenotype similar
to Col, gsl5 and vte2 (Supplemental Figure S4). When 4 week-old
plants were subjected to 7 days of LT treatment (which induces
a stronger callose deposition phenotype than 3 days of LT treat-
ment), vte2 exhibited the expected strong vascular-specific callose
deposition, while no fluorescence signal was detectable in the
vasculature of Col and gsl5 (Figure 5A). Although the gsl5 vte2
double mutant showed a substantial reduction in fluorescence
intensity, weakly fluorescent spots were still present in the gsl5 vte2
vasculature (Figure 5A). However, despite the strong reduction in
callose deposition at LT, photoassimilate export capacity, elevated
soluble sugar content, and the visible phenotype of gsl5 vte2 were
indistinguishable from that of vte2 (Figures 5B–D).

To further address the role of the remaining GSL5-
independent callose deposition in gsl5 vte2, transmission elec-
tron microscopy was used to examine the ultrastructure and

localization of callose in TCWs of Col, gsl5, vte2, and gsl5 vte2. The
spatial organization and types of cells constituting the phloem
and xylem of all genotypes were similar to prior reports (Haritatos
et al., 2000; Maeda et al., 2006) and notable differences were
observed only in the phloem parenchyma TCWs following 3
days of LT treatment. In all instances, cell wall differentiation
ensued in phloem transfer cells of LT-treated plants. Both Col
and gsl5 developed uniform TCWs adjacent to the companion
cell/sieve element complex (Figures 6A,B,E,F), whereas those in
vte2 and gsl5 vte2 were not uniform and were abnormally thick-
ened to varying degrees (Figures 6C,D,G–I). The extensive local-
ized globular outgrowths of wall commonly found in transfer cells
of vte2 (Maeda et al., 2006) also developed in gsl5 vte2 but were
less frequent. Positive immunolocalization with monoclonal anti-
bodies to callose (β-1,3-glucan) showed it was present in TCWs at
the companion cell/sieve element boundary in vte2 (Maeda et al.,
2006), and also in gsl5 vte2 (Figures 6H,I). Immunolabeling of
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FIGURE 4 | Whole plant and vascular callose phenotypes of Col, vte2,

gsl4, gsl4 vte2, gsl11, and gsl11 vte2. All genotypes were grown under
permissive conditions for 4 weeks and then transferred to LT conditions
for the specified periods previously shown to maximize each phenotype
(Maeda et al., 2006). (A) Whole plant phenotype of the indicated

genotypes before (top) and after (bottom) 28 days of LT treatment. Bar =
2 cm. (B) Aniline-blue positive fluorescence in the lower portions of leaves
after 3 days of LT treatment. Samples for callose staining were fixed in
the middle of the light cycle. Representative images are shown (n = 3).
Bar = 1 mm.

callose was sometimes present but mostly rare to absent in all
cell types of Col and gsl5 (Figures 6E,F). These results indicate
that although GSL5 is responsible for the bulk of detectable cal-
lose deposition in LT treated vte2 (Figure 5A), callose synthase(s)
other than GSL5 initiate the LT-induced callose deposition in
transfer cells of vte2 that may associate with the inhibition of
photoassimilate export capacity in vte2.

DISCUSSION
Genome wide transcriptional responses to tocopherol deficiency
have been extensively studied in animals using α-tocopherol
transfer protein knock-out mice (Ttpa−/−) (Gohil et al., 2003;
Vasu et al., 2007, 2009) or animals fed with tocopherol-deficient
diets (Barella et al., 2004; Rota et al., 2004, 2005; Nell et al., 2007;
Oommen et al., 2007). In addition to oxidative stress related tran-
scripts (Gohil et al., 2003; Jervis and Robaire, 2004; Hyland et al.,
2006), tocopherols were found to modulate the expression of
genes involved in hormone metabolism and apoptosis in the brain
(Rota et al., 2005), lipid metabolism, inflammation, and immune
system in the heart (Vasu et al., 2007), cytoskeleton modulation
in lungs (Oommen et al., 2007), synaptic vesicular trafficking
in liver (Nell et al., 2007), and muscle contractility and protein
degradation in muscle (Vasu et al., 2009). In contrast to the broad
effects of tocopherol deficiency on the animal transcriptome, we
found that the absence of tocopherols in Arabidopsis leads to

no significant changes in the global transcript profile of mature
plants under permissive conditions. This finding extends a pre-
vious observation that Arabidopsis tocopherol-deficient mutants
and wild type are virtually indistinguishable once they pass the
oxidative stress bottlenecks of seed development and seedling
germination (Maeda et al., 2006).

We previously showed that germinating seedlings of
tocopherol-deficient Arabidopsis vte2 mutants exhibit mas-
sive levels of non-enzymatic lipid peroxidation (Sattler et al.,
2004) resulting in differential expression of more than 700 genes
when compared to wild type (Sattler et al., 2006). In contrast
to these drastic biochemical and transcriptional changes in vte2
seedlings, lipid peroxidation was not detectable in mature vte2
leaves subject to LT treatment (Maeda et al., 2006, 2008) with
only 77 genes having significantly altered expression (Tables 1, 2).
Just 12 of these 77 genes are in common with the > 700 altered
genes in vte2 seedlings, demonstrating that tocopherols play
fundamentally distinct roles in seedlings and fully-expanded
mature leaves. Moreover, of the 49 genes significantly upregulated
in LT vte2 (Table 1), very few were also induced in response to
other abiotic stresses (see Results). Instead approximately half
of the 49 induced genes in LT vte2 were strongly and specifically
upregulated by biotic and ozone treatments (Figure 3) with the
latter significantly overlapping with transcriptional responses
of plants to diseases (Eckeykaltenbach et al., 1994; Kangasjarvi

Frontiers in Plant Science | Plant Physiology February 2014 | Volume 5 | Article 46 | 113

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


Maeda et al. Role of callose in vte2

FIGURE 5 | Characterization of the gsl5 vte2 mutant at LT. Col, gsl5, vte2,
and gsl5 vte2 were grown under permissive conditions for 4 weeks and
transferred to LT conditions for the indicated times previously shown to
maximize each phenotype (Maeda et al., 2006). (A) Aniline-blue positive
fluorescence in the lower portions of leaves after 7 days of LT treatment.
Samples for callose staining were fixed in the middle of the light cycle.
Representative images are shown (n = 3). The bottom panels are higher

magnification pictures of vasculature. Bars = 1 mm (top) and 100 μm
(bottom). (B) Whole plant phenotypes after 2 weeks of LT treatment. Bar =
2 cm. (C) Total soluble sugar content of mature leaves after 2 weeks of LT
treatment. Data are means ± SD (n = 5). Non-significant groups are indicated
by a and b (P < 0.05). (D) 14C-labeled photoassimilate export capacity of
mature leaves after one additional week of LT treatment. Data are means ±
SD (n = 5). Non-significant groups are indicated by a and b (P < 0.05).

et al., 1994; Ludwikow et al., 2004). Thus, in contrast to the
strong oxidative response of the vte2 seedling transcriptome to
germination, the transcriptome of mature vte2 Arabidopsis leaves
subjected to LT show a very limited oxidative stress response.

Prior studies have highlighted the involvement of tocopherols
in extra-plastidic lipid metabolism under LT conditions (Maeda
et al., 2006, 2008; Song et al., 2010). Based on these results, it
might be expected that some genes related to lipid metabolism
would be differentially expressed in vte2 under LT. Surprisingly,
however, only 2 of the 77 genes differentially expressed in LT-
treated vte2 are involved in lipid metabolism. Both are lipase
class 3 family proteins and proposed to have triacylglycerol
lipase activities, with one (At2g30550) localized in the chloro-
plast and the other (At1g30370) to mitochondria. The majority
of fatty acid desaturase genes in Arabidopsis, with the exception
of FAD8 (Gibson et al., 1994), are not transcriptionally regu-
lated in response to LT (Iba et al., 1993; Okuley et al., 1994;

Heppard et al., 1996) or alterations in the membrane fatty acid
composition (Falcone et al., 1994). Thus, it seems that changes
in extra-plastidic lipid metabolism in LT-treated vte2 plants are
not transcriptionally-regulated but rather are regulated at the
post-transcriptional level.

As with biochemical analysis of LT treated plants, experimen-
tal materials for the current microarray analysis were of necessity
taken from whole leaves (see Materials and Methods) and it is
possible that vte2 LT transcriptional “signatures” related to altered
lipid metabolism or TCW synthesis are present but are restricted
to such a small portion of specialized cell types (e.g., transfer cells)
that their signals are diluted and difficult to identify in bulk leaf
samples. Consistent with this idea, most of the genes identified as
differentially expressed in LT-treated vte2 have low expression lev-
els and attempts to verify their expression by traditional RNA gel
blot analysis often failed (data not shown). It is possible that dif-
ferential transcriptional responses may only be present in transfer
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FIGURE 6 | Cellular structure and immunodetection of callose after 3

days of LT treatment. Col, gsl5, vte2, and gsl5 vte2 were grown under
permissive conditions for 4 weeks and transferred to LT conditions for 3
additional days. Col (A,E), gsl5 (B,F), vte2 (C,G), and gsl5 vte2 (D,H,I). Black

arrows highlight wall ingrowths of phloem parenchyma transfer cells
immunolabeled with anti-β-1,3-glucan. White arrows mark transfer cell walls.
c, companion cell; s, sieve element; v, vascular parenchyma transfer cell.
Bars = 1 μm (A–H), 0.5 μm (I).

cells of vte2, where endomembrane biogenesis is strongly induced
(Maeda et al., 2006) and the deposition of callose and abnor-
mal cell wall ingrowths occur (Figure 6). Future experiments
utilizing in situ hybridization or laser-microdissection of vascu-
lar parenchyma cells would be necessary to directly test whether
more than the 77 genes identified in this study show such cell
specific expression at LT and whether additional genes are reg-
ulated by tocopherols and also may contribute to the LT-induced
phenotype of vte2.

The biochemical phenotype of 48 h-LT-treated vte2 plants
includes phloem transfer cell-specific callose deposition that

spreads from the petiole to the upper part of the mature leaves
and potentially impacts the capacity of source to sink photoas-
similate transportation (Maeda et al., 2006). Consistent with
these phenotypes, the expression of several genes (e.g., glyco-
syl transferases, glucanases) that are potentially involved in cell
wall polymer modification in transfer cells (Dibley et al., 2009)
were significantly upregulated in vte2 (Table 1). We also assessed
the molecular nature of vasculature specific callose deposition
observed in LT-treated vte2 and its impact on the photoassimi-
late export phenotype. Based on our microarray analysis GSL4
and GSL11 were more strongly upregulated in LT-treated vte2
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than in Col (Supplemental Figure S5) and therefore considered
likely candidates for enzymes mediating the massive callose depo-
sition observed in LT-treated vte2. However, introduction of gsl4
and gsl11 mutations into the vte2 background did not visibly alter
the callose deposition or overall phenotypes in LT-induced gsl4
vte2 or gsl11 vte2 double mutants (Figure 4). Somewhat surpris-
ingly, though GSL5 was not differentially expressed in LT-treated
vte2 and Col (Supplemental Figure S5), knocking out GSL5 in
the vte2 background eliminated the majority, but not all, of cal-
lose deposition in LT-treated vte2 (Figures 5A and 7), indicating
that the bulk of vte2 callose deposition at LT is GSL5-dependent
(Figure 7). Because GSL5 is also responsible for callose deposition
in response to wounding (Jacobs et al., 2003), tocopherol defi-
ciency may improperly stimulate the wound response pathway
in transfer cells and lead to post-transcriptional activation of the
GSL5 enzyme in transfer cells. However, Col and vte2 showed sim-
ilar levels of wound-induced callose deposition (data not shown).
Taken together, these data suggest that tocopherols are required
for post-transcriptional activation of GSL5 in transfer cells by
a mechanism that is likely independent of the wound-signaling
pathway.

Unexpectedly, elimination of the majority of LT-inducible cal-
lose deposition by introduction of the gsl5 mutation into the
vte2 background did not impact any of the other vte2 LT pheno-
types (Figure 5). The vte2 mutant develops an abnormally thick-
ened TCW structure with fewer to no reticulate wall ingrowths
(Figure 6; Maeda et al., 2006, 2008). These structural anomalies
are still retained in vte2 gsl5 (Figure 6). Thus, although it can

FIGURE 7 | A proposed model of the timing of biochemical changes in

LT-induced phenotypes of tocopherol-deficient mutants. Tocopherol
deficiency, e.g., by the vte2 mutation, leads to constitutive alterations in
the fatty acid composition of endoplasmic reticulum (ER) membrane lipids
[i.e., reduced linolenic acid (18:3) and increased linoleic acid (18:2)]. These
alterations are suppressed by the mutation of the ER FATTY ACID
DESATURASE 2 gene (fad2), which also suppresses all of the LT-induced
vte2 phenotypes (Maeda et al., 2008; Song et al., 2010). Subsequent
vasculature-specific callose deposition is primarily mediated by the GSL5
enzyme and tocopherol-deficiency affects its activity post-transcriptionally.
Although low levels of GSL5-independent callose deposition still occurs,
loss of the massive GSL5-dependent callose deposition in transfer cells
does not affected the subsequent defect in photoassimilate export in
LT-treated vte2.

be argued that the weaker, GSL5-independent fluorescent sig-
nals observed in the vasculature of vte2 gsl5 may still impact
photosynthate transport and development of the full suite of
vte2 LT phenotypes (Figures 6A,C,E,G, 7), these results indi-
cate that the absolute level of callose deposition in transfer cells
does not correlate with the photoassimilate export phenotype of
vte2. This suggests that GSL5-dependent callose deposition is an
event independent or downstream of the impaired photoassimi-
late export in LT-treated vte2 (Figure 7). Future studies will focus
on whether GSL5-independent callose deposition is involved in
the impaired photoassimilate transportation phenotype by intro-
ducing additional gsl mutations into the vte2 gsl5 background
(e.g., by constructing vte2 gsl5 gsl4 gsl11 quadruple mutant) to
attempt elimination of all callose deposition in LT-treated vte2.
Additional candidates to assess for this function include GSL8
and GSL12, which contribute to the control of symplastic traffick-
ing through plasmodesmata (Guseman et al., 2010; Vaten et al.,
2011).

Previous and current studies have demonstrated that toco-
pherols are required for normal development of TCW ingrowths
in Arabidopsis leaves in response to LT (Figure 6; Maeda et al.,
2006, 2008). Although the precise underlying mechanism remains
elusive, suppressor mutant analyses (Maeda et al., 2008; Song
et al., 2010) and our recent transorganellar complementation
study (Mehrshahi et al., 2013) suggest that deficiency in plastid-
localized tocopherols directly impacts ER membrane lipid bio-
genesis. Although speculative at this point, these alterations
in ER membrane lipid metabolism may in turn impact other
endomembrane-related processes, such as the massive increase in
vesicular trafficking required for deposition of cell wall material
in transfer cells at LT (Talbot et al., 2002; McCurdy et al., 2008).
Further investigation of the molecular links between altered ER
lipid metabolism and the impairment of TCW development in
LT-treated vte2 (Figure 7) will illuminate the fundamental mech-
anisms underlying TCW development and function at LT.
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Supplemental Figure S1 | RNA degradation plot for the 18 microarrays.

Supplemental Figure S2 | QC plot of 3’: 5’ ratios for control genes,

percentage of present gene calls, and background levels of 18 microarrays.

Supplemental Figure S3 | Box plots of all perfect match (PM) intensities of

non-normalized (upper) and quantile normalized (bottom) 18 array data

set.

Supplemental Figure S4 | Whole plant phenotypes of the gsl5 vte2
mutant grown under permissive conditions for 4 weeks.

Supplemental Figure S5 | Gene expression profiles for the 12 GSL family

members in 4-week old Col and vte2 treated at LT for 0, 48, and 120 h.
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The companion cells (CCs) and/or phloem parenchyma cells (PCs) in foliar minor veins of
some species exhibit invaginations that are amplified when plants develop in high light
(HL) compared to low light (LL). Leaves of plants that develop under HL also exhibit greater
maximal rates of photosynthesis compared to those that develop under LL, suggesting
that the increased membrane area of CCs and PCs of HL-acclimated leaves may provide
for greater levels of transport proteins facilitating enhanced sugar export. Furthermore, the
degree of wall invagination in PCs (Arabidopsis thaliana) or CCs (pea) of fully expanded LL-
acclimated leaves increased to the same level as that present in HL-acclimated leaves 7 days
following transfer to HL, and maximal photosynthesis rates of transferred leaves of both
species likewise increased to the same level as in HL-acclimated leaves. In contrast, transfer
of Senecio vulgaris from LL to HL resulted in increased wall invagination in CCs, but not PCs,
and such leaves furthermore exhibited only partial upregulation of photosynthetic capacity
following LL to HL transfer. Moreover, a significant linear relationship existed between
the level of cell wall ingrowths and maximal photosynthesis rates across all three species
and growth light regimes. A positive linear relationship between these two parameters
was also present for two ecotypes (Sweden, Italy) of the winter annual A. thaliana in
response to growth at different temperatures, with significantly greater levels of PC wall
ingrowths and higher rates of photosynthesis in leaves that developed at cooler versus
warmer temperatures. Treatment of LL-acclimated plants with the stress hormone methyl
jasmonate also resulted in increased levels of wall ingrowths in PCs of A. thaliana and S.
vulgaris but not in CCs of pea and S. vulgaris. The possible role of PC wall ingrowths in
sugar export versus as physical barriers to the movement of pathogens warrants further
attention.

Keywords: biotic defense, companion cells, light acclimation, leaf vasculature, phloem, photosynthesis,

temperature acclimation, transfer cells

INTRODUCTION
Transfer cells, specialized for facilitating movement of molecules
or ions into or out of cells as a result of enhanced cell-membrane
area into which transport proteins are embedded, can be found at
key junctures within and between plant tissues (Offler et al., 2003).
The increased cell membrane area is achieved through invagina-
tion of the cell wall, leading to a labyrinth of wall and plasma
membrane. In seeds of cotton, greater cell-wall ingrowths have
been associated with a higher yield of fiber and seed biomass
(Pugh et al., 2010), presumably due to greater fluxes of reduced
carbon and nutrients from the mother plant to the developing
seed. On the other hand, seed development was inhibited in
a pea line with a mutation that blocked development of trans-
fer cells between mother plant and seed (Borisjuk et al., 2002).
There is thus clear evidence for a role of transfer cells in increas-
ing the flux of nutrients into sinks resulting in enhanced sink
development.

Transfer cells also occur in source tissues, e.g., in the
phloem of minor leaf veins (Gunning et al., 1968; Offler et al.,
2003). Such cells show enhanced levels of invagination in

response to various environmental conditions, including growth
at higher levels of light (Henry and Steer, 1980; Wimmers
and Turgeon, 1991) and, for the winter annual Arabidop-
sis thaliana, growth at lower temperatures (Edwards et al.,
2010). Leaves of most plants grown in high compared to low
light (Amiard et al., 2005), as well as those of winter annu-
als grown at low compared to warm temperature (Adams
et al., 2013; Cohu et al., 2013b, 2014), exhibit higher rates of
light- and CO2-saturated photosynthesis, and may therefore
have a higher capacity for foliar sugar export. The extent to
which transfer-cell enhancements in minor veins may enable
increased levels of source activity has received little atten-
tion, although greater levels of sucrose export were associated
with higher levels of wall ingrowth in pea (Wimmers and
Turgeon, 1991). In addition, it was noted that pea leaves
grown under high versus low light had both higher maxi-
mal rates of photosynthesis and higher levels of companion
cell wall ingrowths (Amiard et al., 2005). Furthermore, sev-
eral species exhibited greater levels of wall ingrowth in either
phloem parenchyma or companion cells (or both cell types)
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in leaves grown under high versus low light (Amiard et al.,
2007).

In the present study, a comprehensive examination of associ-
ations between the extent of foliar minor-vein transfer-cell wall
ingrowth and photosynthetic capacity was undertaken for leaves
of three species grown under three different growth light regimes
and for the leaves of two ecotypes of A. thaliana grown under three
different temperature regimes. In addition, the impact of the stress
hormone methyl jasmonate on foliar phloem-cell wall ingrowths
is also reviewed, calling for a resolution (by future research)
of the question of an involvement of phloem-parenchyma cell-
wall ingrowth in either sugar export (as suggested by correla-
tions between ingrowth level and maximal photosynthesis rate)
and/or potential physical barriers to the passage of pathogens (as
suggested by the responsiveness to methyl jasmonate).

MATERIALS AND METHODS
PLANTS, GROWTH CONDITIONS, AND EXPERIMENTAL TREATMENTS
Three species with transfer cells in their foliar minor veins (Pate
and Gunning, 1969; Henry and Steer, 1980; Haritatos et al., 2000),
A. thaliana (L.) Heynhold (ecotype Columbia, i.e., Col-0), Pisum
sativum L. cv. Alaska (pea), and Senecio vulgaris L., were grown
as described in Amiard et al. (2007) under either 100 μmol pho-
tons m−2s−1 (low light = LL) or 1000 μmol photons m−2s−1

(high light = HL) at 25◦C during the day and 20◦C during the

night. A third group of plants were grown under LL-conditions
and then abruptly transferred to HL-conditions for a period of
seven days. A fourth and fifth group of plants were grown under
LL-conditions and sprayed daily with a solution of either 10 μM
methyl jasmonate (MeJA) in water and 0.05% Tween or only
water and 0.05% Tween (control group for the MeJA-treated
group) for 7 days. To evaluate the impact of growth temper-
ature on transfer-cell wall ingrowths and photosynthesis, two
ecotypes of A. thaliana (from Sweden and Italy; see Ågren and
Schemske, 2012) were grown as described in Cohu et al. (2013a)
under 400 μmol photons m−2s−1 with day/night leaf temper-
atures of approximately 14/12.5◦C, 18/15◦C, or 36/25◦C. Only
mature leaves that had expanded fully under the respective light
and temperature growth conditions were characterized, with the
exception that leaves transferred from LL to HL, or sprayed with a
solution, had expanded fully prior to the 1-week treatment in each
case.

MINOR-VEIN TRANSFER CELL CHARACTERIZATION
Leaf tissue was fixed, sectioned, and stained, and electron micro-
graphs of minor veins imaged, as described in Amiard et al.
(2005). The percentage increase in cross-sectional cell membrane
perimeter, relative to such cells possessing no cell wall ingrowths,
was determined according to Wimmers and Turgeon (1991) as
described in Amiard et al. (2005) using EEB Viewer software or

FIGURE 1 | (A,C,E) Foliar light- and CO2-saturated rate of photosynthetic
oxygen evolution ascertained at 25◦C and (B,D,F) percent increase in
plasma membrane length due to cell wall ingrowths estimated from
cross-sections of phloem transfer cells (parenchyma = PC, companion =
CC) relative to the hypothetical membrane area in the absence of wall
ingrowths in foliar minor veins of A. thaliana (A,B), pea (C,D), and
S. vulgaris (E,F) that developed in low light (LL), high light (HL), or LL
and then transferred to HL for seven days. Light-gray columns indicate

PCs and black-filled columns indicate CCs. Significant differences
between means (P < 0.05) within each species are denoted by
different lower-case letters, with the exception that upper-case letters
are used to designate significant differences among the level of cell
wall ingrowths for CCs, i.e., means sharing a common letter are not
statistically different from each other. Photosynthetic capacities for pea
from Amiard et al. (2005) and for A. thaliana and S. vulgaris grown in
HL from Amiard et al. (2007).
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Image-J (Rasband W. S., ImageJ, U.S. National Institute of Health,
Bethesda, MD, USA, http://imagej.nih.gove/ij/, 1997-2012).

PHOTOSYNTHETIC CAPACITY (MAXIMAL RATE OF PHOTOSYNTHESIS)
The rate of light- and CO2-saturated photosynthetic oxygen evo-
lution at 25◦C in a water-saturated atmosphere was determined
from leaf disks (Delieu and Walker, 1981) as described in Ami-
ard et al. (2005). Saturating levels of CO2 (5%) were provided
to overcome all resistances (stomatal, cuticular, and mesophyll-
related) to CO2 diffusion to the chloroplasts. Saturating light
of 1,475 or 2,425 μmol photons m−2s−1 was used for leaves
grown under 100 versus 400 and 1000 μmol photons m−2 s−1,
respectively.

STATISTICAL ANALYSES
For the Columbia ecotype of A. thaliana (Col-0), pea, and S. vul-
garis, mean values of light- and CO2-saturated photosynthetic
oxygen evolution (±standard deviation) were determined from
three leaves from three different plants, and mean values for per-
cent increase in plasma membrane length (±standard error) were
determined from 26 to 87 cells from three to six leaves each. In
the case of the Swedish and Italian ecotypes of A. thaliana, mean
values of light- and CO2-saturated photosynthetic oxygen evolu-
tion (±standard deviation) were determined from three to four
leaves from three to four different plants, and mean values for
percent increase in plasma membrane length (±standard error)
were determined from 27 to 48 cells from three to four leaves each.
Comparison of means (ANOVA or t-test) and correlation coef-
ficients and significance level of linear relationships (ANOVA)
were determined using JMP software (SAS Institute, Cary, NC,
USA).

RESULTS
Growth of A. thaliana, pea, and S. vulgaris under HL resulted in
leaves with significantly higher photosynthetic capacities (maxi-
mal rates of photosynthesis; Figures 1A,C,D) and foliar minor
veins with phloem transfer cells possessing a significantly higher
level of cell-wall ingrowths (Figures 1B,D,F) compared to leaves
from plants grown under LL. Photosynthetic capacity of fully
expanded leaves of A. thaliana and pea was not statistically differ-
ent from (i.e., was equivalent to) the high rates of HL-acclimated
leaves one week following transfer of LL-acclimated plants to
HL (Figures 1A,C), and the extent of transfer-cell wall invagi-
nation of minor vein phloem was also not statistically different
between HL-acclimated leaves and those transferred from LL to
HL (Figures 1B,D). On the other hand, fully expanded leaves of
S. vulgaris plants transferred from LL to HL exhibited only par-
tial upregulation of photosynthesis that was not only significantly
higher than that of LL-acclimated leaves, but also significantly
lower than that of HL-acclimated leaves (Figure 1E). The extent
of minor-vein companion cell (CC) wall ingrowths of LL-to-HL
transferred S. vulgaris leaves was significantly greater than that
of LL-acclimated leaves and equivalent to that of HL-acclimated
leaves (Figure 1F). On the other hand, minor-vein parenchyma
cell (PC) wall ingrowths of LL-to-HL transferred S. vulgaris leaves
were the same as that of LL-acclimated leaves and therefore sig-
nificantly lower than that of HL-acclimated leaves (Figure 1F).

Plotting of the data from Figure 1 revealed a positive linear rela-
tionship between the level of minor-vein phloem transfer-cell wall
ingrowth and photosynthetic capacity among all three species and
all three growth-light conditions (Figure 2).

Development of leaves at low temperature (Figures 3B,D)
resulted in enhanced levels of minor-vein phloem-PC wall
ingrowths and photosynthetic capacities in both Italian
(Figures 3A,B) and Swedish (Figures 3C,D) ecotypes of A.
thaliana compared to development at warmer temperature
(Figures 3A,C), such that both parameters were significantly
higher in leaves of both ecotypes that developed at a leaf tem-
perature of 14◦C compared to leaves that developed at 36◦C
(Figure 4). Moreover, there were linear relationships between
the level of such foliar minor-vein PC wall ingrowths and
photosynthetic capacity of the leaves for each ecotype across
three growth temperatures, with both metrics increasing sig-
nificantly between growth at warm versus low temperature
(Figure 5).

Treatment of LL-acclimated leaves with methyl jasmonate for
one week resulted in a significantly greater level of cell wall
ingrowths in the foliar minor vein phloem PCs of both A. thaliana
(Figure 6A) and S. vulgaris (Figure 6C), but had no impact on the
level of cell wall ingrowths in minor-vein phloem CCs of either
pea (Figure 6B) or S. vulgaris (Figure 6C).

DISCUSSION
The regulatory factors modulating deposition of cellulose and
lignin to form wall ingrowths are a subject of active research (e.g.,
Edwards et al., 2010; Arun Chinnappa et al., 2013). It has recently

FIGURE 2 | Relationship between the percent increase of transfer-cell

plasma membrane length in foliar minor veins and photosynthetic

capacity from leaves of A. thaliana (light gray), pea (black), and S.
vulgaris (dark gray) developed under LL or HL, or seven days after

transfer of leaves developed under LL to HL. For S. vulgaris, the values
for percent increase in transfer-cell plasma membrane length are averages
of the mean values obtained from PCs and CCs. For additional information,
see Figure 1.
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FIGURE 3 | Representative transmission electron-micrographic

cross-sectional images of sieve elements (SE) surrounded by

parenchyma (PC) and companion (CC) cells in foliar minor veins of Italian

(A,B) or Swedish (C,D) ecotypes of A. thaliana that developed under

400 μmol photons m–2s–1 at a daytime leaf temperature of 36◦C (A,C) or

14◦C (B,D). Cell-wall ingrowths (WI) in the PCs are adjacent to the area
abutting a neighboring SE, sometimes extend over the area of adjacent CCs
(particularly apparent at lower temperature), and are more pronounced
(greater level of invagination) in both ecotypes that developed at lower
temperature. Black bar = 500 nm in length.

been demonstrated that reactive-oxygen species play a central role
in stimulating such ingrowth formation (Andriunas et al., 2012),
as we had postulated previously (Amiard et al., 2007). Any abiotic
stress, such as the high growth light or low growth temperatures
employed in this study, might be expected to generate higher levels
of reactive oxygen species (Suzuki et al., 2012). Wounding through
attack by pests or infection by pathogens also leads to elevated lev-
els of reactive oxygen (Bell et al., 1995; Torres, 2010). Increased
levels of reactive oxygen can, in turn, be expected to result in
increased formation of oxylipin hormones (e.g., jasmonic acid and
methyl jasmonate) through peroxidation of polyunsaturated fatty
acids (Demmig-Adams et al., 2013). An increase in the synthesis of
jasmonate hormones, that stimulate jasmonate responsive genes
important to the defense of plants, is one of the major responses
of plants to abiotic and biotic (e.g., pathogen and insect attack)
stress (Avanci et al., 2010; Ballare, 2011; Kazan and Manners, 2011;
Hu et al., 2013; Santino et al., 2013).

The synthesis of jasmonates has, moreover, been localized to
the vasculature of plants (Hause et al., 2003; Stenzel et al., 2003;

Howe, 2004). This is perhaps not surprising, given that the PCs
are typically the primary cells of the phloem subject to invasion
by pathogenic viruses and fungi (Ding et al., 1995, 1998; Heller
and Gierth, 2001; Zhou et al., 2002) as a means to gain access
to sieve elements for distribution throughout the plant (Gilbert-
son and Lucas, 1996; Lucas and Wolf, 1999; Waigman et al., 2004;
Scholthof, 2005; Vuorinen et al., 2011). The specific localization
of PC-cell wall ingrowths to the region adjacent to sieve ele-
ments, coupled with the fact that PC wall ingrowth development
was stimulated by MeJA, are both consistent with the hypothe-
sis that such augmentation of cell wall material could serve as
an increased physical barrier to the transmission of pathogens
into the plant vascular system (for further discussion, see Amiard
et al., 2007 and Demmig-Adams et al., 2013). Furthermore, the
greater level of cell-wall ingrowth in the Italian compared to the
Swedish A. thaliana ecotype when grown at higher temperature
(36◦C) may be related to the higher temperatures naturally expe-
rienced by the Italian ecotype (Ågren and Schemske, 2012) as well
as the greater susceptibility to pathogenic infection that plants may
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FIGURE 4 | (A,C) Foliar light- and CO2-saturated rate of photosynthetic
oxygen evolution ascertained at 25◦C and (B,D) percent increase in
plasma-membrane length due to cell-wall ingrowths estimated from
cross-sections of phloem-parenchyma transfer cells relative to the
hypothetical membrane area in the absence of wall ingrowths in
foliar minor veins of Italian (A,B) and Swedish (C,D) ecotypes of

A. thaliana that developed under 400 μmol photons m−2s−1 at
daytime leaf temperatures of 36 or 14◦C. Significant differences
between the means within each ecotype are denoted by asterisks
(*P < 0.05, **P < 0.01, and ***P < 0.001). Photosynthetic
capacities from leaves that developed at 14◦C from Cohu et al.
(2013b).

experience at elevated temperature (Celebi-Toprak et al., 2003;
Qu et al., 2005).

While higher light and lower temperature both represent con-
ditions of potentially greater levels of excess light and therefore
the potential for higher levels of reactive oxygen formation, they
also represent the opportunity for higher rates of photosynthe-
sis. The greater energy content of a higher flux of photons can be
beneficial for any species capable of upregulating photosynthesis in
the absence of environmental and/or genetic constraints (Amiard
et al., 2005), and winter annual species likewise respond to lower
temperature with strong upregulation of photosynthesis (Cohu
et al., 2013b, 2014). The significant correlation between the level of
minor-vein phloem cell wall ingrowths and photosynthetic capac-
ity in the leaves of multiple species/ecotypes grown under different
conditions of light and temperature documented here would be
consistent with a role of these transfer cells in supporting foliar
export of the products of photosynthesis. The increase in plasma
membrane resulting from such ingrowths may thus serve to facil-
itate greater levels of assimilate export through (1) an increased
area for sugar efflux from PCs into the apoplast adjacent to the
sieve elements and CCs or from the apoplast to the cytosol of
the CC transfer cells, (2) increased levels of ATPases for actively
transporting protons from the cytosol of the transfer cells to the
apoplast, and (3) increased levels of H+-sucrose symporters for
moving sucrose from the apoplast into CC transfer cells as a critical

step in the active loading of the phloem (Pate and Gunning, 1972;
Gunning and Pate, 1974; Kühn, 2003; Offler et al., 2003; Sonder-
gaard et al., 2004; Amiard et al., 2007). Cell-wall ingrowths provide
a scaffold on which to lay down a significantly higher plasma-
membrane area in which greater numbers of membrane-spanning
transport proteins can be embedded. It should be kept in mind,
however, that the metric assessed in the present study, as a two-
dimensional measure of cell membrane length from cross-sections
of transfer cells, can only serve as a proxy for the actual magnified
membrane area arising from the labyrinth of cell-wall ingrowths.

It has been firmly established that the level of demand for prod-
ucts of photosynthesis by distant sinks in the plant can influence
the rate of photosynthesis in source leaves, e.g., higher levels of
utilization of sugars through metabolism, growth, and/or storage
by heterotrophic, non-photosynthetic tissues result in higher rates
of photosynthesis (Paul and Foyer, 2001; Körner, 2013). How-
ever, recent evidence indicates that features influencing the flux
of reduced carbohydrates between photosynthetic mesophyll cells
of the leaf and the plant’s sinks may also play a role in setting the
upper ceiling for photosynthesis (Amiard et al., 2005; Adams et al.,
2007, 2013; Cohu et al., 2013b, 2014; Muller et al., 2014; see also
Ainsworth and Bush, 2011). Thus, despite the association between
the degree of foliar minor-vein phloem cell-wall ingrowth and
photosynthesis demonstrated in the present study, this relation-
ship is only correlative in nature and should be considered as one
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FIGURE 5 | Relationship between the percent increase of

parenchyma-cell plasma-membrane length in foliar minor veins and

photosynthetic capacity from leaves of Italian (circles) or Swedish

(triangles) ecotypes of A. thaliana that developed under 400 μmol

photons m–2s–1 at a daytime leaf temperature of 36◦C (lowest

values), 18◦C (intermediate values), or 14◦C (highest values). The linear
relationship among all six values (not shown) was significant at P < 0.05,
whereas the linear relationships shown for each ecotype were not.
Photosynthetic capacities from leaves that developed at 14◦C from Cohu
et al. (2013b).

of a suite of features that may be co-regulated and contribute to
facilitating a given maximal rate of photosynthesis. For instance, in
the case of A. thaliana (three ecotypes grown under four different
sets of environmental conditions), we recently showed (Cohu et al.,
2013b) that photosynthetic capacity is significantly correlated with
number and cross-sectional area of minor-vein phloem cells (sieve
elements, as well as CCs + PCs). In fact, the higher rate of pho-
tosynthesis for a given level of foliar minor-vein PC wall ingrowth
in the Swedish compared to the Italian ecotype of A. thaliana
shown in the present study may be related to higher numbers and
a greater cross-sectional area of minor vein phloem cells in leaves
of the Swedish ecotype relative to the Italian ecotype (Cohu et al.,
2013a,b). Furthermore, across multiple species that load foliar
veins apoplastically, photosynthetic capacity was significantly cor-
related with the product of foliar vein density and the number of
phloem cells (Adams et al., 2013; Cohu et al., 2014; Muller et al.,
2014). In addition, symplastic loaders do not have minor-vein
phloem transfer cells, nor are transfer cells even present in all
apoplastic loaders. Thus the degree to which minor-vein trans-
fer cell walls are invaginated is an attractive candidate for being a
contributor to the maximal photosynthesis that a leaf can exhibit,
but is only one factor among many including, e.g., the number
of palisade cell layers, vein density, characteristics of the xylem
supplying water to the leaves, and other features of the phloem
(Amiard et al., 2005; Dumlao et al., 2012; Cohu et al., 2013b, Cohu
et al., 2014; Muller et al., 2014). The correlations between photo-
synthesis rate and phloem-cell wall invagination presented here
clearly warrant further inquiry into a role of both CC and PC wall

FIGURE 6 | Percent increase in plasma-membrane length due to

cell-wall ingrowths estimated from cross-sections of phloem

transfer cells (parenchyma = PC, companion = CC) relative to the

hypothetical membrane area in the absence of wall ingrowths in

foliar minor veins of A. thaliana (A), pea (B), and S. vulgaris
(C) that developed in low light and were sprayed with a 0.05%

solution of Tween (LL) or a 0.05% solution of Tween with 10 μM

methyl jasmonate (LL+MeJA) for seven days. Gray columns indicate

PCs and black columns indicate CCs. Significant differences between
the means (P < 0.05) of A. thaliana (A) and S. vulgaris (C) are
denoted by different lower case letters. Percent increase of plasma
membrane length was not significantly different (n.s.) between control
and MeJA-treated companion cells of either pea (B) or S. vulgaris (C).
Data from Amiard et al. (2007).
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invagination in sugar export. Especially for the case of PC wall
invaginations, the contrasting possible roles in sugar export versus
obstruction of pathogen spread should be elucidated.
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