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Membrane proteins are essential determinants
of many biological processes in plants. They
function in metabolic processes, signal
transduction, transport of small molecules and
polymers across endo- and plasma membranes,
and intercompartmental trafficking of proteins,
lipids, and cell wall components. During these
integrative processes, dynamic interactions of
membrane proteins with other membrane or
soluble components are thought to provide

a high degree of flexibility that usually
characterizes higher plants. This concept is
supported by the recent release of a first, partial Arabidopsis interactome by the Arabidopsis
Interactome Mapping Consortium (http://www.sciencemag.org/content/333/6042/601.
full.htm). The Arabidopsis interactome reveals a strong enrichment of a few network
communities, including those for transmembrane transport and vesicle trafficking. Strikingly,
the large transmembrane transport community shares a high amount of proteins with

the vesicle trafficking community suggesting a strong physical and functional overlap and
interaction.
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Membrane proteins are essential determinants of many bio-
logical processes in plants. They function in metabolic
processes, signal transduction, transport of small molecules
and polymers across endo- and plasma membranes, and
inter-compartmental trafficking of proteins, lipids, and cell
wall components. During these highly integrative pro-
cesses, dynamic interactions of membrane proteins with
other membrane or soluble components are thought to
provide a high degree of flexibility that usually charac-
terizes higher plants. This concept is supported by the

recent release of a first, partial Arabidopsis interactome
by the Arabidopsis Interactome Mapping Consortium
[http://interactome.dfci.harvard.edu/A_thaliana;  (Arabidopsis
Interactome Mapping Consortium, 2011)]. The Arabidopsis
interactome reveals a strong enrichment of a few network
communities, with the transmembrane transport community
being the largest. Strikingly, the high degree of shared pro-
teins among the transmembrane transport and trafficking
communities suggests both physical interaction and functional
overlap (see Figure 1).

- Enriched in GO annotations
- Not enriched in GO annotations

Protein-protein interaction
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FIGURE 1 | The large transmembrane transport community (brown) shares a high amount of proteins with the vesicle trafficking community (blue)
suggesting a strong physical and functional overlap and interaction. Al-1y;5n communities enriched in gene ontology annotations are colored. Modified
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Evolution of membrane signaling and trafficking in plants

With no surprise, this current research topic co-hosted
by Frontiers in Plant Transport and Traffic and Frontiers in
Plant Physiology reflects well this outcome of the Arabidopsis
Interactome Mapping Consortium. It embraces outstand-
ing current research efforts with a series of reviews and
original papers that highlight conserved and plant-specific
mechanisms of post-Golgi trafficking, exocytosis and endo-
cytosis and the role of the actin cytoskeleton from an evo-
lutionary perspective. This research topic is comprised of
reviews on PILS and AUX/LAX transmembrane auxin car-
riers and reviews, original articles, and hypothesis and the-
ory articles on plant channels, including potassium channels,
slow and quick anion channels, and glutamate receptors.
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for  network  evolution in  Citation: Geisler M (2013) Evolution
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tome map. Science 333, in plants. Front. Plant Sci. 4:40. doi:
601-607. 10.3389/fpls.2013.00040

This research topic concludes with an integrated view on
how membranes shape plant nodulation and Arbuscular
mycorrhizae.

As such, this research topic is a timely update presenting
advances in research in the evolution of membrane signaling and
trafficking in plants, encompassed of outstanding contributions
that address fundamental questions in these essential processes in
plants.
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INTRODUCTION

Eukaryotic cells are distinguished by the presence of internal
membrane-bound organelles, including mitochondria, plastids,
peroxisomes, and other single membrane-bound organelles. Two
different underlying mechanisms have been proposed for the
emergence of these organelles. Mitochondria and plastids, which
have a double-membrane envelope in principle, arose respec-
tively through the symbiotic incorporation of a-proteobacteria
and cyanobacteria by the ancestral eukaryotic cell (Barbrook et al.,
2006; Embley and Martin, 2006). In contrast, organelles bound by
a single membrane layer [e.g., the endoplasmic reticulum (ER),
Golgi apparatus, trans-Golgi network (TGN), plasma membrane
(PM), and a series of endosomal compartments], are thought
to have evolved autogenously from preexisting single membrane
components in ancient proto-eukaryotic cells (Cavalier-Smith,
1987, 2002). These single membrane-bound organelles are con-
nected with each other through a trafficking system mediated by
vesicular and/or tubular membranous transport carriers, known
as membrane trafficking. Membrane trafficking consists of sev-
eral sequential processes: the formation of cargo-bearing vesicles
or tubules from donor membranes, targeted delivery of transport
carriers, and tethering of carriers to target membranes, followed
by membrane fusion (Figure 1). These processes involve specific
sets of regulatory machinery. For example, coat protein complexes
(CPCs) and dynamin-related GTPases (DRPs) participate in the
formation of vesicular or tubular carriers; CPCs facilitate cargo
selection and membrane deformation, and DRPs take part in
the tubulation and/or scission of donor membranes (Figure 1;
Bonifacino and Glick, 2004; Praefcke and McMahon, 2004). Rab
GTPase, a member of the Ras superfamily, tethers, and soluble
N-ethylmaleimide-sensitive factor attachment protein receptors
(SNAREs) are responsible for the targeting and subsequent teth-
ering and fusion of carriers to target membranes (Figure 1; Chen

Membrane traffic plays crucial roles in diverse aspects of cellular and organelle functions in
eukaryotic cells. Molecular machineries regulating each step of membrane traffic including
the formation, tethering, and fusion of membrane carriers are largely conserved among
various organisms, which suggests that the framework of membrane traffic is commonly
shared among eukaryotic lineages. However, in addition to the common components, each
organism has also acquired lineage-specific regulatory molecules that may be associated
with the lineage-specific diversification of membrane trafficking events. In plants, com-
parative genomic analyses also indicate that some key machineries of membrane traffic
are significantly and specifically diversified. In this review, we summarize recent progress
regarding plant-unique regulatory mechanisms for membrane traffic, with a special focus
on vesicle formation and fusion components in the post-Golgi trafficking pathway.

Keywords: coat protein complex, dynamin-related protein, membrane trafficking, Rab GTPase, tether, SNARE

and Scheller, 2001; Seabra and Wasmeier, 2004; Yu and Hughson,
2010). Each subfamily of these machinery components performs a
function similar to that of other paralogs, but at a specific subcellu-
lar location or as part of a distinct transport pathway (Bonifacino
and Glick, 2004).

Modern phylogenetic studies suggest that eukaryotes are com-
prised of five major supergroups: Amoebozoa; Opisthokonta;
Archaeplastida; Excavata; and Stramenopiles, Alveolates and
Rhizaria together with Cryptophyte, Centrohelid, Telonemid,
and Haptophyte (SAR+ CCTH; Burki et al., 2009). Owing to
the recent accumulation of genomic resources among these five
supergroups, molecular evolutionary analyses have been yielding
information about the emergence and establishment of membrane
trafficking components. Comparative genomic and phylogenetic
analyses of CPCs (Schledzewski et al., 1999), DRPs (Elde et al,,
2005; Miyagishima et al., 2008), Rab GTPases (Brighouse et al.,
20105 Elias et al., 2012), tethers (Koumandou et al., 2007), and
SNARESs (Dacks and Doolittle, 2002; Yoshizawa et al., 2006) sam-
pled from a broad range of eukaryotic lineages have revealed
that similar sets of paralogous subgroups of these machinery
components are often shared among these supergroups. This
conservation suggests that the basic framework of membrane traf-
fic was already established before the last common eukaryotic
ancestor, which is commonly shared among extant descendant
eukaryotic lineages (Dacks et al., 2009). However, these analy-
ses also demonstrated that each eukaryotic lineage occasionally
acquired lineage-specific new subgroups and/or expanded spe-
cific subfamilies, probably by lineage-specific gene multiplication
and the accumulation of mutations. Such genes are predicted to
be associated with the lineage-specific differentiation of organelle
functions and membrane trafficking pathways.

The lineage-specific expansion and diversification of machin-
ery components for membrane trafficking are also evident in plant
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FIGURE 1 | Model for a general mechanism of membrane trafficking.
Coat protein complexes (CPCs) and dynamin-related GTPases (DRPs)
participate in the formation of vesicular or tubular carriers. CPCs facilitate
cargo selection and membrane deformation, and DRPs take part in the
tubulation and/or scission of donor membranes. Rab GTPase promotes the
tethering of membrane carriers to the target membrane through effector
molecules (Tethers), which is followed by SNARE-mediated membrane
fusion.

lineages, especially in land plants (Embryophytes). For exam-
ple, some specific Rab GTPase, component of tethering factors,
and SNARE subfamilies are remarkably expanded and function-
ally diversified (Vernoud et al., 2003; Sanderfoot, 2007; Woollard
and Moore, 2008; Saito and Ueda, 2009; Chong et al., 2010).
Moreover, plant-unique molecular machineries, which are struc-
turally distinct from closely related homologs conserved in a wide
range of eukaryotic organisms, take part in fundamental mem-
brane trafficking processes in plant cells (Ebine et al., 2008, 2011;
Fujimoto et al., 2010; Van Damme et al., 2011). This review sum-
marizes recent advances in the study of plant post-Golgi trafficking
pathways, focusing on unique aspects of the plant system.

COAT PROTEIN COMPLEXES
A single round of trafficking between two organelles begin with
the formation of transport vesicles from the donor organelle
(Figure 1). In this process, cytosolic CPCs perform pivotal roles
in membrane deformation and cargo recruitment. Three classes
of CPCs are widely utilized in a range of eukaryotic organisms
(Schledzewski et al., 1999; Singh and Gupta, 2004; Elde et al.,
2005; Dacks and Field, 2007): coat protein complex II (COPII)
mediates ER-to-Golgi trafficking, coat protein complex I (COPI)
mediates intra-Golgi and Golgi-to-ER trafficking (Lee et al., 2004),
and clathrin-based complexes are involved in multiple steps in
post-Golgi trafficking (McMahon and Mills, 2004). These three
CPCs are likely to have a common ancestral origin, which may be
also the origin of the nuclear pore complex (Devos et al., 2004).
Clathrin-based complexes mainly comprise clathrin coats and
adaptor molecules such as cargo- or lipid-binding proteins. The
clathrin coat is made up of a three-legged structure called the
triskelion, each leg of which consists of a heavy chain (CHC)
and a light chain (CLC) (Brodsky et al., 2001). Triskelia assemble
into a lattice surrounding the membrane bud on the TGN, PM,

endosomes, and lysosomes/vacuoles, and concentrate adaptors
bound with cargo, leading to the loading of proteins and lipids into
forming vesicles (Crowther and Pearse, 1981; Hanover etal., 1984).
Although the overall architecture is well conserved among clathrin
coats in eukaryotic lineages, including plants (Coleman et al,
1987), the triskelion structure of the plant clathrin coat exhibits
several distinct characteristics. The plant triskelion has a higher
molecular mass and longer arms than the mammalian triskelion
(Mersey et al., 1985; Depta and Robinson, 1986; Coleman et al.,
1987; Depta et al., 1987), suggesting that unique properties were
added to plant clathrin coats during evolution.

Adaptor protein (AP) complexes AP-1 through AP-5 are cen-
tral organizers that mediate cargo recognition at forming vesicles
in post-Golgi trafficking pathways (Pearse and Robinson, 1984;
Dell’Angelica et al., 1997, 1999; Hirst et al., 1999, 2011; Robinson
and Bonifacino, 2001). Each AP complex consists of four subunits
called adaptins, which are large a/y/8/¢/¢ and f subunits, a medium
)L subunit, and a small ¢ subunit (Boehm and Bonifacino, 2002;
Hirstetal.,2011). During vesicle formation, AP complexes link the
clathrin lattice and select membrane cargos and lipids. AP com-
plexes also bind other accessory proteins, which in turn regulate
the assembly and disassembly of the coat (Bonifacino and Traub,
2003). All of these AP complexes are observed among all eukaryotic
lineages with sporadic secondary loss in some clades, indicating an
ancient origin for all five complexes (Hirst et al., 2011). Currently,
each AP complex is assigned to a distinctive location and func-
tion: bi-directional trafficking between endosomes and the TGN
for AP-1 (Boehm and Bonifacino, 2002; Robinson et al., 2010),
endocytosis from the PM for AP-2 (Bar et al., 2009; Jackson et al.,
2010), traffic from early endosomes/TGN to late endosomes and
lysosomes/vacuoles for AP-3 (Dell’Angelica, 2009; Nithama et al.,
2009; Feraru et al., 2010), TGN-to-endosome trafficking for AP-4
(Burgos et al., 2010), and trafficking around the late endosomes
for AP-5 (Hirst et al., 2011). Among these AP complexes, AP-1
and AP-2 have been demonstrated to interact with clathrin, while
other complexes are thought to be able to act without associating
with clathrin. The ancient origin of the AP complexes suggests
that their functions are also conserved in plants, which should be
verified in future studies.

In addition to the conserved AP complexes, land plants have a
unique adaptor-like protein, TPLATE, which contains a domain
similar to B-adaptin and interacts with clathrin (Van Damme
et al., 2006, 2011). TPLATE is specifically targeted to the expand-
ing cell plate and the particular region of the PM around the
site of fusion between the expanding cell plate and the mother
cell, to which clathrin is also localized (Van Damme et al., 2011).
Thus, TPLATE is expected to act in clathrin-mediated endocyto-
sis during cell plate formation. Restriction of the lateral diffusion
of KNOLLE, a SNARE protein, at the PM of mother cells dur-
ing cytokinesis and its removal from the PM are accomplished by
clathrin-mediated endocytosis (Segui-Simarro et al., 2004; Boutte
et al., 2010). KNOLLE is a possible cargo of TPLATE-mediated
endocytosis.

DYNAMIN-RELATED PROTEINS
Dynamin-related proteins (DRPs) are large GTPases that regulate
membrane fission, fusion, and tubulation during diverse cellular
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activities such as endocytosis, cytokinesis, vacuolar sorting, fission
and fusion of mitochondria, biogenesis of peroxisomes, and the
maintenance of ER morphology (Praefcke and McMahon, 2004;
Hu et al., 2009). In many cases, distinct DRP proteins are assigned
to fulfill different cellular functions. However, in Trypanosoma bru-
cei, a protist belonging to the Excavata supergroup, a single DRP
mediates both mitochondrial division and post-Golgi trafficking,
including endocytosis (Chanez et al., 2006). By contrast, in the
SAR + CCTH supergroup, the DRP protein that acts in endomem-
brane trafficking has not been found thus far, while DRPs acting in
mitochondrial and/or plastid divisions have been identified in this
supergroup (Miyagishima et al., 2008; van Dooren et al., 2009).
These lines of evidence might suggest that an ancient function
of DRPs was the regulation of membrane remodeling associated
with mitochondrial endosymbiosis, although it is also plausible
that DRPs for membrane trafficking were secondarily lost during
evolution of the SAR + CCTH lineage. It has also been reported
that some bacterial species possess DRP-like proteins that are able
to deform lipid bilayers, implying a possible prokaryotic origin of
this protein family (Low and Lowe, 2006; Burmann et al., 2011).

Among DRP family members, dynamin is the best-
characterized member that acts in clathrin-mediated trafficking in
animal cells (Sever, 2002). During clathrin-coated vesicle (CCV)
formation, dynamin assembles into helical or ring-shaped struc-
tures at the neck of clathrin-coated buds (Takei et al., 1995), and
constricts, severing the bud neck membrane in a GTP hydrolysis-
dependent manner (Sweitzer and Hinshaw, 1998; Macia et al,,
2006). Animal dynamin contains five distinct domains: the N-
terminal GTPase domain; a middle domain that mediates inter-
molecular interaction during self-assembly; a GTPase-effector
domain (GED), which stimulates the GTPase activity required
to enact structural change in a dynamin polymer; a pleckstrin
homology (PH) domain, which mediates binding to the mem-
brane phosphoinositide; and a proline-rich domain (PRD), which
is required for the recruitment of dynamin to clathrin-coated pits
(Heymann and Hinshaw, 2009). The former three domains are
conserved among almost all DRP proteins. DRPs with a domain
configuration similar to that of dynamin, which also harbor the
two additional domains, have been observed only in metazoa
and land plants (Chanez et al., 2006; Miyagishima et al., 2008;
Heymann and Hinshaw, 2009).

Most land plants’ genomes contain six types of DRPs: DRP1-
DRP4, DRP5A, and DRP5B (Hong et al., 2003; Miyagishima
etal.,2008). Of these subfamilies, two structurally different DRPs,
DRP1, and DRP2, are involved in clathrin-dependent trafficking
events including endocytosis and cell plate formation (Figure 2;
Hong et al., 2003; Kang et al., 2003; Collings et al., 2008; Fujimoto
etal., 2008, 2010; Konopka et al., 2008; Taylor, 2011). DRP2 shares
overall domain organization with animal dynamin, while DRP1
lacks the PH domain and PRD; a DRP with a similar structure is
only found in green plants (Hong et al., 2003). In spite of the sim-
ilarity in the overall domain structure between plant DRP2 and
animal dynamin, the GTPase domain of animal dynamin exhibits
greater similarity to the GTPase domains of DRP1 members than
to that of DRP2 (e.g., 66% identity to A. thaliana DRP1A, and
27% identity to A. thaliana DRP2B). These lines of evidence raise
the possibility that complementary functions of plant DRP2 and

DRPI are required to fulfill the function in clathrin-mediated
trafficking events, which animal dynamin executes by itself. In
a consistent manner, these two subfamilies of DRPs interact with
each other and assemble together with clathrin at discrete foci at
the PM (Fujimoto et al., 2010). Cooperative action of two struc-
turally distinct DRPs in the same membrane scission event has
not been reported in other organisms; thus, plants appear to have
developed a unique mechanism for endocytic vesicle formation.

Rab GTPases

Rab GTPases, which comprise the largest family in the Ras super-
family, act as molecular switches to regulate the targeting and teth-
ering of transport carriers to target membranes by cycling between
GTP-bound active and GDP-bound inactive states (Figure 1; Saito
and Ueda, 2009). The activation of Rab GTPases occurs with the
exchange of bound GDP for GTP, which is catalyzed by gua-
nine nucleotide exchange factor (GEF). GTP-bound Rab GTPases
interact with specific effector molecules that evoke downstream
reactions including the tethering of transport carriers to target
membranes by tethers (Grosshans et al., 2006). Tethering between
two membranes is mediated by a group of multi-subunit com-
plexes (e.g., HOPS, TRAPP, and Exocyst) and/or long fibrous pro-
teins (e.g., EEAl and p115/Usolp), most of which act as effectors of
Rab GTPases (Cai et al., 2007; Markgraf et al., 2007). Because Rab
GTPases exhibit a much greater degree of phylogenetic diversifica-
tion than other tethering components, they are thought to be vital
players in the diversification of the endomembrane system (Dacks
and Field, 2007; Gurkan et al., 2007; Elias, 2010). Recent com-
prehensive genomic analysis has suggested that the last common
eukaryotic ancestor harbored at least 23 groups of Rab GTPases
(Elias et al., 2012) — substantially more than have been found in
many extant eukaryotic organisms, including plants. Thus, the
secondary loss of Rab GTPases (and the acquisition of new ones)
occurred in a wide range of eukaryotes during evolution.

Plant Rab GTPases also appear to have followed a unique
path of diversification and evolution. The genome of A. thaliana
contains 57 Rab GTPases that are classified into eight groups
(RABA-RABH). Each group exhibits a high degree of similarity to
animal RAB1,RAB2,RAB5,RAB6,RAB7, RAB8,RAB11,0r RAB18
(Rutherford and Moore, 2002; Vernoud et al., 2003). Most land
plants possess these eight groups in theory, with a few additional
members of unknown function in basal land plants (Rensing et al.,
2008; Banksetal.,2011). Compared with other eukaryotic lineages,
one distinct feature of the land plant Rab GTPase is extreme expan-
sion of the RABA/RAB11 group (Rutherford and Moore, 2002).
In A. thaliana, 26 of 57 Rab GTPases belong to this group, which
are further divided into six subgroups, RABA1 through RABA6
(Rutherford and Moore, 2002). In contrast, three of 66 and two
of 11 RAB GTPases in Homo sapiens and Saccharomyces cerevisiae,
respectively, are members of the RAB11 group (Pereira-Leal and
Seabra, 2001; Stenmark and Olkkonen, 2001).

Yeast and animal RAB11 members function at multiple steps
of post-Golgi trafficking pathways (Benli et al., 1996; Ullrich et al.,
1996; Jedd et al., 1997; Chen et al., 1998; Strickland and Burgess,
2004). In addition, in land plants, RABA members have been
shown to localize around the TGN (Ueda et al., 1996; de Graaf
et al., 2005; Chow et al., 2008; Szumlanski and Nielsen, 2009),
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e DRP1
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e DRP2

FIGURE 2 | A schematic illustration of clathrin-coated vesicle formation
in land plants. Light blue represents the cytosol; orange, and red lines

represent the donor membrane and the clathrin coat, respectively; and green
and blue dots represent DRP1 and DRP2 proteins, respectively.

which also acts as the early endosome in plant cells (Dettmer et al.,
20065 Viotti et al., 2010). The diversity of RABA/RAB11 members
in land plants suggests that plant-unique functions are assigned to
members of this group, some of which are demonstrated by recent
studies. For example, RABA2 and A3 are involved in cell plate for-
mation (Chow et al., 2008), and RABA1 and RABA4 are required
for normal tip growth of pollen tubes and root hairs (Preuss et al.,
2004; de Graaf et al., 2005; Szumlanski and Nielsen, 2009). It has
also been proposed that the function of RABA is associated with
the biogenesis and degradation of the cell wall during fruit devel-
opment (Zainal et al., 1996; Lu et al., 2001; Abbal et al., 2008; Lycett,
2008).

The diversification of the RAB5 group is another distinctive
feature of the plant Rab GTPase. RABS5 is a broadly conserved Rab
GTPase, and regulates a wide range of early endocytic trafficking
in animal cells (Somsel Rodman and Wandinger-Ness, 2000; Ben-
merah, 2004). Orthologs of animal RAB5 are also conserved in all
plant species whose genomes have been sequenced thus far, with
the exception of a unicellular rhodophyte, Cyanidioschyzon mero-
lae (Matsuzaki etal.,2004). Land plants also harbor another plant-
unique type of RAB5 molecule, the ARA6/RABF1 group, which is
structurally distinct from conventional RAB5 (Ebine and Ueda,
2009). The A. thaliana genome has three RAB5-related genes: two
conventional type RAB5, RHA1/RABF2a,and ARA7/RABF2b; and
one plant-unique RAB5, ARA6/RABFI1 (Ueda et al., 2001). All of
the three RAB5s in A. thaliana have been detected on multivesic-
ular endosomes (MVEs) using electron microscopy (Haas et al.,
2007), and are activated by the same GEF, VPS9a (Goh et al., 2007).
However, the subcellular localizations of two types of RAB5 did
not overlap completely when their localization was compared in
the same cell (Ueda et al., 2004), and the overexpression of con-
stitutively active ARA6 and ARA7 conferred different effects on
a partial loss-of-function mutant of VPS9a, vps9a-2 (Goh et al,,
2007).

Recently, we have successfully demonstrated the functional
diversification between these conventional and plant-unique types
of RAB5in A. thaliana. Genetic, biochemical, and imaging analyses
indicated that ARAG6 acts in the trafficking pathway from MVEs
to the PM, while conventional RAB5 is involved in the traffick-
ing pathway between MVEs and vacuoles (Ebine et al., 2011).
The ara6 mutation resulted in hypersensitivity to salinity and
osmotic stresses, and overexpression of constitutive active ARA6
conferred salinity stress tolerance to A. thaliana plants (Ebine
et al., 2011, 2012). Possible involvement of ARA6 homologs in
the stress response has also been reported for other land plant
species (Bolte et al., 2000; Zhang et al., 2009). Considering with

that ARA6 homologs are well conserved among land plants and
rather sporadic in algal lineages, it may be adaptive for land plants
to retain the trafficking pathway involving the ARA6-type RAB5
for survival in terrestrial conditions.

Another class of small GTPase, Rho-like GTPases of plants
(ROP), has recently been demonstrated to have regulatory roles
in plant membrane trafficking, which is required for the auxin-
mediated establishment of cell polarity (Chen etal.,2012; Lin et al,,
2012; Nagawa et al., 2012). Directional transport of auxin depends
on a family of auxin efflux carriers known as PIN-FORMED
(PIN) proteins, which undergo constitutive endocytic recycling
(Dhonukshe et al., 2007, 2008; Kleine-Vehn et al., 2011). In the
roots, auxin affects its own transport by inhibiting the clathrin-
mediated endocytosis of PIN1 and PIN2, which is mediated by
Auxin Binding Protein 1 (ABP1; Paciorek et al., 2005; Robert et al.,
2010), as well as the downstream signaling molecules ROP6 and
ROP-interactive CRIB motif containing protein 1 (RIC1; Chen
etal., 2012; Lin et al., 2012). In addition, ROP and RIC have been
shown to act in the morphogenesis of leaf epidermal cells. Auxin
and ABP1 promote interdigitation of epidermal pavement cells by
activating a signaling pathway involving ROP2 and RIC4 (Fu et al.,
2005; Xu et al., 2010), which causes the accumulation of cortical
actin microfilaments, thereby resulting in the local inhibition of
clathrin-dependent endocytosis and asymmetric distribution of
PIN1 (Nagawa et al., 2012). Rho GTPase-mediated inhibition of
endocytosis is also centrally involved in the establishment of cell
polarity in animal systems (Izumi et al., 2004; Harris and Tepass,
2008). Thus, the plant appears to have developed its multicellu-
lar body plan by recruiting the common mechanism of polarity
regulation, as well as by adding plant-specific innovations such as
ABP1 and RICs (Napier et al., 2002; Nagawa et al., 2010).

TETHERS
Some of proteins that mediate the tethering of transport vesicles
to target membranes also appear to be diversified in a unique
way in plants. A comparative genomic analysis suggested that
each tethering complex has an ancient and independent origin;
a set of non-homologous tethering complexes is conserved across
all eukaryotic lineages, with frequent secondary losses (Kouman-
dou et al.,, 2007). Acquisition of the non-homologous tethering
complexes may be the other driving force for the diversification
of membrane trafficking pathways, in addition to the paralogous
expansion observed in the Rab and SNARE families.

While the obvious orthologs of long fibrous tethers have not
been found, the components of tethering complexes are well
conserved in plants (Koumandou et al., 2007). In A. thaliana,
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components of the HOPS/CORVET complexes residing on vac-
uolar membranes and pre-vacuolar compartments are involved in
vacuolar biogenesis and transport to vacuoles (Rojo et al., 2001,
2003; Nithama et al., 2009). The TRAPP complex, which is further
divided into TRAPPI and TRAPPII, is required for cell plate for-
mation (Thellmann et al., 2010). The importance of the exocyst
complex in various secretion-related events, including tip growth
of pollen tubes and root hairs, hypocotyl elongation, deposition
of seed coat pectin, pollen acceptance at the stigma, and pathogen
responses, has also been reported (Cole et al., 2005; Synek et al.,
2006; Hala et al., 2008; Chong et al., 2010; Kulich et al., 2010;
Pecenkova et al., 2011). The GARP complex is also involved in
pollen tube growth (Lobstein et al., 2004; Guermonprez et al.,
2008), as well as resistance to heat and osmotic stresses (Lee et al.,
2006).

Among the tethering complexes in land plants, the exocyst
complex appears to be assigned to uniquely diversified functions
in exocytosis-related events. The exocyst consists of eight evolu-
tionarily conserved subunits, SEC3, SEC5, SEC6, SEC8, SECI10,
SEC15, EXO70, and EXO84, whose assembly mediates the tether-
ing of secretory vesicles to the target PM during the last step of
exocytosis (Munson and Novick, 2006). Among the exocyst sub-
units, the EXO70 family exhibits remarkable expansion in land
plants. In contrast to a single copy of the EXO70 gene in most of
opisthokonta genomes, multiple EXO70 genes have been observed
in a variety of land plant genomes: 13 in Physcomitrella patens; 23
in A. thaliana and Populus trichocarpa; and 41 in Oryza sativa
(Chong et al., 2010), which can be divided into three families
comprising nine subfamilies (Elias et al., 2003; Synek et al., 20065
Chong et al., 2010).

Although the functions of the majority of EXO70 family pro-
teins remain unknown, several A. thaliana EXO70 members are
localized to endosomal compartments including the TGN/early
endosome (Chong et al., 2010). Recently, a unique function of an
A. thaliana EXO70 family member, Exo70E2, has been reported.
EXO70E2 was localized to spherical double-membrane structures
resembling autophagosomes and were named exocyst-positive
organelles (EXPOs; Wang et al., 2010). Intriguingly, standard
markers for conventional organelles (including the Golgi appa-
ratus; TGN and early endosomes; MVE/late endosomes; and
autophagosomes) did not occur on EXPOs (Wang et al., 2010),
and brefeldin A and wortmannin did not affect EXPO distribution.
EXPOs have been suggested to mediate a form of unconventional
protein secretion unique to land plants: the transport of cytosolic
proteins to the cell exterior (Wang et al., 2010). Additional studies
of other EXO70 family members, as well as functional analyses
of other exocyst components, would lead to understanding the
unique and diverse exocytic mechanisms that plants have acquired
during the course of evolution.

SNARE FAMILY PROTEINS

At the final step of a single round of trafficking, SNARE family pro-
teins, which are evolutionarily conserved integral or peripheral
membrane proteins, execute membrane fusion between trans-
port carriers and target membranes (Figure 1; Jahn and Scheller,
2006; Wickner and Schekman, 2008; Saito and Ueda, 2009). The
SNARE family consists of four subgroups, Qa-, Qb-, Qc-, and

R-SNAREs, which are classified according to the presence of a
conserved glutamine (Q) or arginine (R) residue in a particular
helical domain called the SNARE domain. In general, Q- and R-
SNARE: reside on distinct membrane compartments, and three
Q-SNAREs (Qa, Qb, and Qc) and an R-SNARE assemble into
a tight complex in specific combinations, leading to membrane
fusion between two compartments. Most SNARE proteins, except
for SNAP-25-like members, contain one SNARE domain in their
polypeptides (Jahn and Scheller, 2006). Recent comprehensive
genomic analyses have indicated that a significant increase in the
number of SNARE family members occurred with the acquisition
of developmental complexity — for example, from unicellular to
multicellular organisms (there are 17 SNAREs in C. merolae, 24
in S. cerevisiae, 26 in Chlamydomonas reinhardtii, 38 in H. sapi-
ens, and 63 in A. thaliana; Dacks and Doolittle, 2002; Yoshizawa
etal., 2006; Sanderfoot, 2007; Dacks et al., 2008). This increase is in
good agreement with the hypothesis that multiplication followed
by the functional diversification of key components of membrane
trafficking, including SNAREs, is a prerequisite for the diversifi-
cation of membrane trafficking pathways (Dacks and Doolittle,
2002; Yoshizawa et al., 2006; Dacks and Field, 2007; Dacks et al.,
2008), which in turn should be required to support increasingly
complex body plans and life cycles.

One remarkable feature of the post-Golgi SNARE in land plants
is the functional diversification of the PM-localized Qa-SNARE,
the SYP1 group, which consists of nine members in A. thaliana.
Phylogenetic relationships to animal and fungal orthologs sug-
gest that SYP1 group members are involved in membrane fusion
at the PM (Sanderfoot, 2007); some members of SYP1 group
have been reported to perform specialized functions at the PM.
For example, SYP111/KNOLLE is expressed in mitotic cells and
plays an essential role in membrane fusion at forming cell plates
during cytokinesis (Lukowitz et al., 1996; Lauber et al., 1997).
SYP121/PEN1/SYRI1, another SYP1 member, takes part in KT
uptake through the control of K channel gating (Honsbein et al.,
2009; Grefen et al., 2010). This protein also participates in the non-
host defense response against attack by fungal pathogens (Collins
et al., 2003; Assaad et al., 2004). SYP132 appears to be centrally
involved in bacterial infection and symbiosis: the silencing of a
SYP132 ortholog in Nicotiana benthamiana resulted in impaired
multiple responses against bacterial pathogens (Kalde et al., 2007),
and an ortholog of SYP132 in Medicago truncatula localizes to
the PM surrounding infection threads and the infection droplet
membrane (Catalano et al., 2007).

In addition to the functional diversification of SYP1 group
members, another distinct feature of post-Golgi SNAREs in land
plants is the expansion of the VAMP7 R-SNARE group (Sander-
foot, 2007; Ebine and Ueda, 2009). R-SNARE:s are divided into two
groups, longins and brevins; longins contain an N-terminal lon-
gin domain, while brevins lack this domain (Filippini et al., 2001).
Land plants harbor only longin-type R-SNARE members, which
are further classified into three major groups: VAMP7, YKT6, and
SEC22. While vertebrates have only one or a few VAMP7 proteins
that participate in secretory and endocytic trafficking (Chaineau
etal., 2009), the VAMP7 group of A. thaliana consists of 12 mem-
bers, which are further divided into three subgroups: VAMP71,
VAMP72, and VAMP727 (Uemura et al., 2004).
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A phylogenic analysis has suggested that VAMP71 is a prototype
from which VAMP72 and VAMP727 have been derived (Sander-
foot, 2007). VAMP71 members localize to the vacuolar membrane
(Uemura et al., 2004) and are involved in salt and drought stress
responses (Leshem et al., 2006, 2010). VAMP72 members localize
to the TGN and function in the secretory pathway, including cell
plate formation (Zhang et al., 2011). Although VAMP727 exhibits
high sequence similarity to other VAMP72 members, it harbors a
unique structural characteristic: VAMP727 has an insertion com-
prising acidic amino acid clusters in the longin domain (Ebine and
Ueda, 2009; Vedovato et al., 2009). This type of VAMP7 member
is well conserved in seed plants; however, it has not found in lyco-
phytes or moss thus far, indicating relatively recent emergence of
this subfamily.

VAMP?727 localizes on the RAB5-positive MVE/pre-vacuolar
compartment, and mediates membrane fusion between the pre-
vacuolar compartment and vacuolar membranes by forming a
complex with Qa-SYP22/VAM3, Qb-VTI11,and Qc-SYP51 (Ebine
etal., 2008). This complex is essential for the efficient transport of
storage proteins to protein storage vacuoles during the process of
seed maturation. Moreover, VAMP727 also mediates membrane
fusion at the PM by forming a complex with Qa-SYP121/PEN1
(Ebine et al.,2011), which is under the control of the plant-unique
RAB5 ARAG. These lines of evidence may indicate that the plant
explored novel trafficking pathways from the MVE to the vacuole
and PM by acquiring these two plant-unique molecules, leading
to the current complex and unique post-Golgi trafficking network
in angiosperms.

PERSPECTIVES
Plants have elaborated a distinctive post-Golgi trafficking system
through the acquisition of plant-specific machinery components
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To take up proteins and other components required by the cell, cells internalize a por
tion of the plasma membrane (PM), which invaginates to form a closed vesicle within
the cytoplasm in a process known as endocytosis. The major plant endocytic mechanism
is mediated by clathrin, a protein that is necessary to generate a coated vesicle on the
inner side of the PM. These vesicles bud away from the membrane generating a vesicle
whose contents originated from outside of the cell and they can selectively concentrate
or exclude compounds. The process is therefore of key importance to plant growth, devel-
opment, signaling, polarity, and nutrient delivery. Rho family small GTPases are conserved
molecular switches that function in many signaling events. Plants possess only a sin-
gle Rho-like GTPase (ROP) family. ROPs are known to be involved in the control of cell
polarity by regulating endocytosis. To contend with the high levels of regulation required
for such processes, plants have evolved specific regulators, including the Rop-interactive
CRIB motif-containing protein (RIC) effectors. Recent findings have demonstrated that ROP
dynamics and the cytoskeleton (including actin microfilaments and microtubules) are inter
woven. In this review, we summarize the current understanding of endocytosis in plants,
with particular regard to the signaling pathways.

Keywords: auxin, ABP1, ROP RIC actin, endocytosis clathrin, microtubules

INTRODUCTION

The generation of planar cell polarity (PCP) is a process involving
the distribution of cellular structures or molecules asymmetrically.
PCP establishment requires a mechanism for the formation of
both intra-cell polarity and inter-cell polarity.

Rho-like GTPases (ROPs) from plants are the sole signaling
small GTPases in plants and it is therefore expected that they have
a role in numerous signaling events. ROPs are already known to
participate in signaling pathways that regulate cytoskeletal orga-
nization and vesicular trafficking, and as a consequence have an
impact on cell polarization, polar growth, and cell morphogen-
esis. Microtubules (MTs) and actin microfilaments (F-actin) are
the two major cytoskeletal elements that play a key role in many
cellular processes, including cell polarity and endocytosis.

In plants, the phytohormone auxin has a cardinal role in the
coordination of many physiological functions, including growth
and the development of cells and organs (Benkova etal., 2003;
Friml etal., 2003; Blilou etal., 2005; Vieten etal., 2005; Wei-
jers etal., 2005; Scarpella etal., 2006; Wisniewska etal., 2006;
Grieneisen etal., 2007; Gao etal., 2008; Yang, 2008). To function,
auxin must be dynamic both spatially and temporally (Santner and
Estelle, 2009; Vanneste and Friml, 2009). In multicellular plants,
this process is in part mediated by the polar distribution of the
auxin efflux carriers PIN-FORMED (PIN) proteins, which are
required for polar auxin transport and the formation of auxin
gradients.

Asymmetric endocytosis and the recycling of PINs localized
at the plasma membrane (PM) contribute to the polar localiza-
tion of PINs (Geldner etal., 2003; Dhonukshe et al., 2008). More

recently, auxin has been implicated as a self-organizing signal that
causes the polarization of PIN proteins. The auxin signal that
appears to regulate downstream ROPs involved in PCP is medi-
ated through auxin binding protein 1 (ABP1). ABP1 has been
proposed to regulate clathrin-mediated endocytosis in roots, and
the ROP-dependent pavement cell (PC) interdigitation in leaves
(Robert etal., 2010; Xu etal., 2010, 2011).

The signaling mechanisms involved in the formation of
cell polarity, including ROPs, their close relationship with the
cytoskeleton and endocytic trafficking are the focus of this review.
The above-mentioned mechanisms are all conserved in plants and
animals, and consequently advances in knowledge in the plant sys-
tem may synergize advances in understanding similar mechanisms
and processes in mammalian systems.

SIGNALING AND ENDOCYTOSIS IN PAVEMENT CELLS
The formation of the jigsaw puzzle like shape of Arabidopsis leaf
PCs epitomizes along-standing question in cell and developmental
biology. How does a field of cells precisely coordinate uniform
cell polarity? Importantly, the interdigitation of PCs provides an
excellent system for the investigation because interdigitation is a
non-essential process. It is therefore possible to study the signaling
mechanism with the use of overexpressing or knockout plant lines.
In leaf PCs, the auxin cell surface receptor ABP1 mediates auxin
signaling to coordinately activate two mutually exclusive ROP sig-
naling pathways. They are activated in complementary lobe and
indent regions on adjacent sides of the cell (Figure 1). A lobe in a
cell corresponds to an indent in the adjacent cell. ROP2 and ROP4
promote lobe formation and are functionally redundant; ROP2 is
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FIGURE 1 | Rho-like GTPase activation regions and PIN1 localization in
leaf PCs. ROP2 promotes the localization of PIN1 to the lobe tip which
initiates a positive feedback loop in this region. The mutual exclusivity of
ROP2 and ROP6 help restrict PIN1 to the lobe region.

the dominant ROP in lobe promotion and it is common to refer
to ROP2 and ROP4 simply as ROP2. ROP6 is responsible for the
promotion of indentations (Fu et al., 2002, 2005). Both ROP2 and
ROP6 localize to and are activated at the PM (Xu et al.,2010,2011).
The localization of the auxin efflux carrier PIN1 to the lobe tips
requires localized ROP2, indicating the existence of a localized
auxin—-ROP2-PIN1-auxin positive feedback loop that could be
responsible for the generation and maintenance of localized auxin
levels (Xu etal., 2010). However, it remains to be established how
auxin-activated ROP2 regulates PIN1 polarization. ROP2 regu-
lates the formation of multipolarity through its activation of RIC4
(Fu etal.,, 2005), a member of the ROP interacting CRIB motif-
containing (RIC) family of ROP effector proteins (Wu et al., 2001).
RIC4 induces the formation of cortical F-actin in the tips of PCs
(Fu etal., 2005).

In the indenting zone, ROP6 activates RIC1, leading to the
formation of well-ordered M T arrays, which promote indentation
and inhibit ROP2 activation (Fu et al., 2005, 2009).

ROP2 inactivates RIC1, which causes the suppression of well-
ordered cortical MTs, thus preventing outgrowth as MTs are
excluded from outgrowing lobe tips (Fu etal., 2002, 2005). With
the local activation of ROP2—PIN1 in the lobe region, ROP6 is
suppressed at this site, given that the ROP2 and ROP6 pathways
are mutually exclusive (Fu etal., 2009). Within an indent region,
ROPG6 activates RIC1, which leads to the creation of highly ordered
MT arrays, which promote further indentation and inhibit ROP2
activity (Fu etal., 2005, 2009). It is hypothesized that the mutual
inhibition between the ROP2 and ROP6 pathways transforms the
initial uniform pool of auxin into localized extracellular auxin
pools that enable the sustainment of ROP2 and ROP6 activity on
opposing sides of the extracellular pool of auxin. It is thought
that this interdigitated patterning of ROP2 and ROP6 activa-
tion could give rise to the lobe and indentation patterning that
is observed between neighboring cells. It was recently shown that
the rapid activation of the antagonizing ROP2 and ROP6 pathways
require ABP1-dependent auxin perception (Xu etal., 2010). This
work demonstrated that exogenous auxin promotes interdigita-
tion in PCs, whereas a reduction in endogenous auxin suppresses
interdigitation (Xu etal., 2010). Auxin inhibits PIN internaliza-
tion (Paciorek et al., 2005; Dhonukshe et al., 2008), and consistent

with this, the localization of PIN1 to the lobe tips (Fu etal., 2005)
was found to be dependent on ROP2, which is activated in the
same PM region where PIN1 is located (Xu etal., 2010). The evi-
dence is suggestive that PIN1-directed auxin efflux is involved in
the positive feedback regulation of ROP2 (Fu etal., 2002, 2005).
This model is consistent with that of roots and guard cells, where
constitutive activation of ROPs inhibited the internalization of the
endocytosis marker FM-64 (Bloch etal., 2005; Sorek etal., 2010;
Hwang etal., 2011). ROP2 was found to inhibit PIN1 endocyto-
sis in the lobe regions of PCs. A series of elegant studies using
the Dendra2 photo-convertible fluorescent protein revealed that
in wild type, PIN1 endocytosis was found to occur in the inden-
tation regions but not in the lobe regions. In contrast, expression
of dominant negative ROP2 induced PIN1 endocytosis in the lobe
region. Following the transient expression of PIN1-GFP in rop2
mutant PCs, revealed that ROP2 is required for the inhibitory
effect of auxin on PIN1 endocytosis. A final experiment using ric4
mutant knock down and PIN1-GFP demonstrated that RIC4 has a
role in promoting the accumulation of cortical F-actin in the lobe
region and in turn inhibiting PIN1 endocytosis through RIC4-
dependent F-actin. Recent data, summarized in Figure 2, show
that the ROP2/RIC4 pathway inhibits clathrin-dependent PIN1
endocytosis thereby leading to PIN1 polarization. The direction
of auxin movement is dependent on PIN auxin transporters, which
constantly undertake endocytic recycling (Dhonukshe et al., 2007,
2008; Kleine-Vehn etal., 2011), with the polar location of PIN
at the PM determining the direction of auxin flow between cells
(Petrasek et al., 2006).

Although the nature and morphology of the recycling endo-
some remains elusive, plant early endosomes (EEs) and late endo-
somes (LEs) have been shown to correspond to the trans-Golgi
network (TGN) and multivesicular bodies (MVBs), respectively.
Endosomes are cellular organelles that appear to be involved in
both the endocytic and biosynthetic pathways in plants (De Mat-
teis and Luini, 2008; Foresti and Denecke, 2008). In the endocytic
pathway, EEs receive internalized material from the PM and either
recycleitback to the cell surface or target it for degradation, thereby
acting as an important protein sorting station in the endocytic
pathway, which is fundamental to ensure establishment and main-
tenance of cell polarity and homeostasis (Geldner, 2004; Geldner
etal., 2004; Lam etal., 2007b; Otegui and Spitzer, 2008). In addi-
tion, EEs play a role in the biosynthetic pathway as they can receive
newly synthesized material from the TGN and either sort it to the
endosome/lysosome or recycle it back to the PM via the recycling
endosome (De Matteis and Luini, 2008).

Studies using the endocytic tracer FM4-64, indicate that the
VHA1-labeled TGN is an EE given that it displays detectable steady
state levels of FM4-64 prior to the labeling of the PVC (Dettmer
etal., 2006; Lam etal., 2007a). These studies in conjunction with
morphological observations that both the TGN and the EE can
present clathrin budding profiles (Payne and Schekman, 1985;
Hillmer etal., 1988; Pearse and Robinson, 1990) further support
the TGN and EEs being the same compartment (Geldner, 2004;
Lam etal., 2007a).

Proteins within the EEs that are destined for degradation are
sorted into another subdomain, which will form MVB/LEs (Murk
etal., 2002). MVBs/LEs mediate the delivery of vacuolar-destined
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SPACE

FIGURE 2 | A model in PCs for PIN1 polarization to the lobe regions of
PCs via a ROP signaling mechanism. ROP2 is activated by extracellular
auxin in the lobe region. The activated ROP2-RIC4 pathway leads to the
inhibition of PIN1 internalization through RIC4-dependent cortical F-actin,
leading to PIN1 polarization at the lobe. The PIN1-based export of auxin leads
to further ROP2 activation for completion of this feed-forward cycle. Recent
data (Nagawa etal., 2012) indicates that the activated ROP2-RIC4 pathway
has a role in the promotion of endosomal trafficking from early endosomes to
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recycling endosomes (Brefeldin A inhibits ADP ribosylation factor GEF and
prevents endosomal recycling, the accumulation of internalized PIN1 in
aggregates known as BFA bodies in plant cells). Endocytosed material can
then be recycled back to the PM. Material maintained in early endosomes as
they mature becomes internalized in late endosomes. The multivesicular
structure of the late endosomes allows membrane fusion with the vacuole.
Proteins within the late endosomes are delivered to the vacuole for
degradation.

proteins to the vacuole through fusion with the tonoplast. It
was shown that LE/MVBs contain visibly distinct morphologi-
cal regions together with membrane domains enriched in two
GTPases, Rab7, and Rab9, that regulate late endocytic traf-
fic and LE/MVB to EE/TGN recycling, respectively (Gruenberg,
2001; Barbero etal., 2002), inferring that LEs/MVBs derive from
TGN/EEs. Earlier evidence indeed demonstrated that the forma-
tion of LEs/MVBs from EEs/TGN is induced by the ubiquitination
of receptors, as illustrated by the epidermal growth factor (EGF;
Hicke and Riezman, 1996). More recent evidence also points
toward LEs/MVBs being derived through the maturation of
EEs/TGN (Scheuring etal., 2011). Importantly, their experiments
suggest that the inhibition of clathrin-mediated transport does not
halt the transport of soluble cargo bearing vacuolar sorting deter-
minants to the vacuole. Therefore the widely held concept of the
anterograde trafficking of proteins occurring via the recognition
of sorting signals and trafficking through vesicles moving between
stable compartments is not supported by this evidence. Instead
the evidence supports the idea that anterograde trafficking occurs
in the absence of CCVs and the recycling of receptors (Scheuring
etal., 2011).

REGULATION OF ENDOCYTOSIS IN ROOTS

In roots, the mechanisms underlying apical and basal polarization
appear similar to the coordination of polarity in leaves. In roots,
recent findings have shown that a signal module composed of
auxin, ABP1, ROP6/RICI, clathrin, PIN1/PIN2 act as an integral
component of the feedback regulation of auxin transport during
root development.

Recent evidence indicates that ROP6 affects endocytosis and
is involved in PIN internalization (Chen etal., 2012). Subsequent
experiments revealed that the uptake of FM4-64 increased in the
roots of rop6 or ricl mutant plant lines, whereas uptake was
reduced in the presence of constitutive rop6 expression (Chen
etal,, 2012). In addition, visualization of clathrin heavy chain
with the aforementioned plant lines revealed that ROP6 signaling
negatively regulates clathrin-mediated endocytosis (Chen etal,,
2012). rop6 and ricl mutants displayed lower levels of sensitiv-
ity to auxin indicating the ROP6/RIC1 pathway is involved in and
acts downstream of both auxin regulation and ABP1 signaling in
the regulation of clathrin-mediated endocytosis in roots (Chen
etal,, 2012). The role of the ROP6/RICI1 pathway in endocytosis
roots is similar to the regulation of PC interdigitation in leaves
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FIGURE 3 | A model in roots for PIN2 polar distribution via a ROP
signaling mechanism. Data indicate that the auxin-mediated inhibition of
polar PIN2 internalization is regulated by the SPK1-ROP6-RIC1 pathway.
Auxin is proposed to activate the SPK1-ROP6-RIC1 pathway and inhibit
PIN2 internalization. The localized inhibition of PIN2 internalization via ROP6
signaling causes PIN2 to be retained in the PM, which generates a positive
feedback mechanism for maintaining polar PIN2 distribution to the PM.

(Xu etal., 2010; Nagawa etal., 2012). Both pathways possess the
auxin feedback module composed of auxin—ABP1-ROP—clathrin-
mediated endocytosis-PIN1/PIN2 localization, although there are
key differences in how the individual steps are performed. In PCs,
auxin acts via ABP1 to activate the ROP2 pathway and inhibits
clathrin-dependent endocytosis leading to PIN1 polarization at
the lobe (Xu etal.,, 2010; Nagawa etal., 2012). In roots, ABP1
seems to act as a positive regulator of clathrin-mediated endocy-
tosis, whereas auxin acts as the inhibitor (Chen etal., 2012). The
relatively mild phenotype displayed in the analyzed ROP6 geno-
types indicates functional redundancy with other ROPs such as
ROP9 and ROP11 (Bloch etal., 2005). Very recent findings have
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Exocyst is an evolutionarily conserved vesicle tethering complex functioning especially in
the last stage of exocytosis. Homologs of its eight canonical subunits — Sec3, Secbh, Sec6,
Sec8, Sec10, Sec1b, Exo70, and Exo84 — were found also in higher plants and confirmed
to form complexes in vivo, and to participate in cell growth including polarized expansion of
pollen tubes and root hairs. Here we present results of a phylogenetic study of land plant
exocyst subunits encoded by a selection of completely sequenced genomes represent-
ing a variety of plant, mostly angiosperm, lineages. According to their evolution histories,
plant exocyst subunits can be divided into several groups. The core subunits Sec6, Sec8,
and Sec10, together with Sec3 and Secb, underwent few, if any fixed duplications in the
tracheophytes (though they did amplify in the moss Physcomitrella patens), while others
form larger families, with the number of paralogs ranging typically from two to eight per
genome (Sec15, Exo84) to several dozens per genome (Exo70). Most of the diversity,
which can be in some cases traced down to the origins of land plants, can be attributed to
the peripheral subunits Exo84 and, in particular, Exo70. As predicted previously, early land
plants (including possibly also the Rhyniophytes) encoded three ancestral Exo70 paralogs
which further diversified in the course of land plant evolution. Our results imply that plants
do not have a single “Exocyst complex” — instead, they appear to possess a diversity of
exocyst variants unparalleled among other organisms studied so far. This feature might per-
haps be directly related to the demands of building and maintenance of the complicated
and spatially diverse structures of the endomembranes and cell surfaces in multicellular
land plants.

Keywords: exocyst, phylogeny, land plants, co-evolution, gene duplication

INTRODUCTION

Exocyst, or the Sec6/8 complex, is an evolutionarily conserved
heterooligomeric protein complex, generally believed to function
especially in the last stage of exocytosis — i.e., vesicle tethering,
preceding fusion of trans-Golgi network-derived vesicles with the
plasmalemma, although additional, also mostly vesicle trafficking-
related, exocyst roles have been described (reviewed, e.g.,in He and
Guo, 2009; Zhang et al., 2010; Heider and Munson, 2012). The
eight canonical exocyst subunits, Sec3, Sec5, Sec6, Sec8, Secl10,
Sec15, Ex070, and Exo84, were originally identified in yeast (Ter-
Bush et al., 1996; Guo et al., 1999). Subsequently, their homologs
were found also in metazoans (Guo et al., 1997; Kee et al., 1997)
and higher plants (Elias et al., 2003). Angiosperm exocyst sub-
units form complexes in vivo (Hdla et al., 2008), and participate
in exocytosis- or vesicle trafficking-dependent processes, such as
cell growth including both tip growth and diffuse surface expan-
sion (Cole et al., 2005; Wen et al., 2005; Synek et al., 2006; Hala
etal., 2008), cell division (Fendrych et al., 2010), delivery of mate-
rials to the periplasm and cell wall (Wang et al., 2010), biogenesis
of specialized cell wall structures such as the myxosperm seed
coat (Kulich et al., 2010), pathogen response (Pecenkovd et al.,
2011), and mycorrhiza (Genre et al., 2012). The Exo70 subunit has
been also previously implicated in the pollen-stigma interaction

in Brassica and Arabidopsis (Samuel et al., 2009), though its spe-
cific role remains controversial (Kitashiba et al., 2011) and the
observed phenotypes may be rather due to a generalized secretion
defect affecting stigma function (Synek et al., 2006).

Exocyst belongs, together with related COG, GARP, and DSL1
complexes, to the large, evolutionarily ancient family of eukaryotic
quatrefoil vesicle tethering complexes (Whyte and Munro, 2002;
Koumandou et al., 2007). Structural studies (recently reviewed
by Hertzog and Chavrier, 2011) and theoretical sequence-based
modeling revealed common structural elements involving rod-
like helical bundles in all eight subunits, and a model of exocyst
architecture based on aggregation of these bundles has been pro-
posed (Munson and Novick, 2006; Croteau et al., 2009). Electron
microscopy observations consistent with this model have been
made also in the case of the putative plant exocyst (Segui-Simmaro
et al., 2004). Bundled Sec6, Sec8, Sec10 subunits probably form
a core of the complex. At least in the yeast model, Sec6 also
participates in its anchoring to the target membrane, and the
remaining, more peripherally located subunits mediate interac-
tions with membrane vesicles destined for delivery (as in the case
of Secl5, interacting with the vesicle-borne Sec4 GTPase), with
the target membrane and associated small GTPases of the Rho
family (Sec3 and Ex070), and possibly with other structural or
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Exocyst evolution

regulatory proteins (Songer and Munson, 2009). The Exo70 sub-
unit, which can bind to phosphoinositides, is crucial for targeting
the complex to the destination membrane also in metazoans (He
et al., 2007). Exo84 is also required for proper localization of the
exocyst in yeast (Zhang et al., 2005). Surprisingly, the function of
these subunits is not restricted to participation in exocytosis, as
Ex070 and Ex084 subunits also participate in pre-mRNA splicing
(Awashi et al., 2001; Dellago et al., 2011).

While exocyst subunits are encoded by a single gene in yeast
or at most a few paralogs in metazoans, a puzzling number of
plant isoforms has been identified in particular for the Exo70 sub-
unit, which is encoded by 23 distinct loci in Arabidopsis thaliana
(Elias et al., 2003; Synek et al., 2006). Some other subunits are also
encoded by duplicated or triplicated (as in case of A. thaliana
Ex084) loci. However, the only published phylogenetic studies
of the plant exocyst so far are devoted solely to the Exo70 sub-
unit (Elias et al., 2003; Synek et al., 2006) or restricted to a very
limited species selection (Chong et al., 2010). With growing num-
ber of sequenced genomes, and increasing quality of genomic
sequence annotations, a broader coverage of plant lineages can
now be achieved. Here we present the results of a phylogenetic
analysis of the canonical exocyst subunits encoded by 10 land
plant genomes representing dicot and monocot angiosperms, a
lycophyte (Selaginella moellendorffii) and a moss (Physcomitrella
patens), and propose an evolutionary scenario consistent with our
results.

MATERIALS AND METHODS

IDENTIFICATION OF EXOCYST SUBUNIT SEQUENCES

The collection of exocyst subunit sequences has been assembled
by exhaustive mining of multiple data sources. For each subunit,
a “seed” collection was generated as a non-redundant union of
sequences originating from A. thaliana, Arabidopsis lyrata, Popu-
lus trichocarpa, Vitis vinifera, Oryza sativa var. japonica, O. sativa
var. indica (omitted in case of Exo70 to keep the project at a man-
ageable scale), Sorghum bicolor, Brachypodium distachyon and P.
patens, and identified on the basis of their annotation among
(i) components of the exocyst complex as recorded in the COG
section of the STRING protein interaction database! (Sklarczyk
et al.,, 2011) and (ii) reference sequences from GenBank (Benson
et al., 2012). BLAST (McGinnis and Madden, 2004) searches of
species-specific portions of the non-redundant section of Gen-
Bank and several species-specific resources (see below) have been
employed to identify additional sequences from the above listed
species, as well as from S. moellendorffii and selected members of
the genus Solanum (see Results).

The additional databases mined included Uniprot (The Uniprot
Consortium, 2012), Phytozome? (Goodstein et al., 2012), and
JGI? for multiple species, Solgenomics* (Bombarely et al., 2011)
and PGSC® (Potato Genome Sequencing Consortium, 2011) for
Solanaceae, The Arabidopsis Information Resource® (Lamesch

Uhttp://string-db.org/
Zhttp://www.phytozome.net/
Shttp://genome.jgi.doe.gov/
*http://solgenomics.net/
Shttp://potatogenomics.plantbiology.msu.edu/
Ohttp://www.arabidopsis.org

et al., 2012) for Arabidopsis, and COSMOSS’ (Lang et al., 2005)
for Physcomitrella. Final round of searches was performed between
February and May 2012.

Redundancies within the collection were removed on the basis
of pairwise BLAST alignments. In case of multiple protein predic-
tions originating from the same locus, protein sequences closest
to the most frequent splicing variety were chosen. In some cases,
predicted protein sequences were revised based on re-evaluation
of the available gene models, taking into account multiple meth-
ods of splicing prediction, ESTs, and homologous sequences as
described previously (Grunt et al., 2008). The complete collec-
tion of sequences including the revised ones is available in the
Supplement.

Additional BLAST searches of non-redundant GenBank
sequences where performed to identify homologs of outlier
sequences as described in Results.

PROTEIN SEQUENCE ALIGNMENTS

For initial estimation of sequence similarity and detection of pos-
sible problems with gene structure prediction (i.e., missing or
extraneous exons), the interactive MACAW tool (Schuler et al.,
1991; Lawrence et al., 1993), or the automated tools ClustalX
(Thompson et al., 1997) and KALIGN (Lassmann and Sonnham-
mer, 2006) have been employed to generate preliminary versions
of multiple protein sequence alignments. Final alignments for all
subunits except Exo70 have been constructed manually with the
aid of BioEdit (Hall, 1999), taking into account the preliminary
alignments.

In case of the more numerous and more diverse Exo70
sequences, a similar manual approach has been employed first with
a complete collection of A. thaliana, A. lyrata, and P. trichocarpa
sequences, resulting in a “skeleton” alignment into which addi-
tional sequences in batches of up to 10 have been merged using
the “realign selected sequences” feature of ClustalX; the align-
ments were manually adjusted after each batch using BioEdit with
similarity shading for guidance, where considered appropriate.

Because of the admittedly subjective method of alignment con-
struction, we are including the final alignments that have been used
for phylogeny reconstruction in the Supplement. We have also per-
formed parallel phylogeny estimations (as described below) with
a manually constructed alignment and a KALIGN-constructed
one for the Exo84 subunit, producing trees of essentially identical
topology (i.e., sharing all significant branches, though differing
somewhat in branch length and bootstrap support).

To identify conserved motifs in the divergent Exo70 N-termini,
N-terminal sequence portions upstream of the conserved part used
in phylogenetic analysis (see below) have been aligned de novo
using ClustalX. Conserved sequence motifs have been identified
visually after removal of obviously non-aligned sequences, manu-
ally adjusted in BioEdit and colored using the Dayhoff matrix (as
implemented in BioEdit) for presentation.

PHYLOGENETIC ANALYSES
For phylogram construction, alignments except Exo70 were
stripped of all columns containing gaps. For Exo70, which is more

7http://www.cosmoss.org/
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divergent than the remaining subunits (especially in its N-terminal
part) and where several sequences were c- or N-truncated, only
the unreliably aligned N-terminal portion and regions containing
gaps in multiple sequences were removed prior to phylogenetic
tree calculation.

Trees were computed by the maximum likelihood (ML) method
using PHYML v3.0 aLRT (Guindon and Gascuel, 2003; Anisimova
and Gascuel, 2006) at Phylogeny.fr (Dereeper et al., 2008) with
default settings, using the aLRT test to estimate internal branch
reliability. Independently, phylograms were constructed also by the
neighbor-joining (NJ) method using ClustalX with 1000 bootstrap
samples. Trees were visualized with the aid of the MEGA5 software
(Tamura et al., 2011) and manually colored using CorelDraw for
presentation.

Ka/Ks ESTIMATIONS

Nucleotide sequences corresponding to selected Exo70 subunits
(see Results) have been retrieved from GenBank, and portions cor-
responding to reliably aligned protein parts have been realigned
manually using BioEdit in the “toggle nucleotide to protein” mode
to re-create the protein alignment used to calculate the phyloge-
netic trees. Resulting nucleotide sequence alignments have been
analyzed using Selecton (Stern et al., 2007) to obtain codon-
specific values of non-synonymous to synonymous mutation rates,
providing information on residue-specific selection in the history
of the examined sequences.

RESULTS

AN INVENTORY OF EXOCYST SUBUNITS IN 10 PLANT SPECIES

We performed exhaustive searches of sequenced genomes of eight
angiosperm and two non-seed plant species with the aim to iden-
tify all genes encoding putative exocyst subunits. Among the
angiosperms, we included the eudicots A. thaliana, A. lyrata,
poplar (P. trichocarpa), and grapevine (V. vinifera) as represen-
tatives of the rosids. To gain insight also into the asterid lineage,
we attempted to find the exocyst subunits in the publicly avail-
able tomato (Solanum lycopersicon) genome and cDNA sequences,
which, however, did not yet cover the complete genome at the time

of analysis. In particular, we found no sequences corresponding to
Sec5 and Sec8. We therefore located the missing subunits in data
from two potato species (S. phureja and S. tuberosum, respectively);
we shall refer to these asterids collectively as Solanum sp. From the
monocot class, four grass species (rice — O. sativa, represented by
both japonica and indica varieties, sorghum — S. bicolor, and the
model grass B. distachyon) have been included. Finally, we also
analyzed genome data from one “lower” vascular plant — the lyco-
phyte S. moellendorffii, and from the model moss P. patens. In total,
we have collected 392 distinct protein sequences corresponding to
presumed exocyst subunits (Table 1).

In agreement with the expected essential character of the exo-
cyst in plants and with previous reports, all genomes encoded at
least one copy of each subunit, and most of the subunits were
encoded by one or a few loci, except Exo70, which always formed
an extensive family of paralogs. Among the remaining subunits,
we could upon closer inspection distinguish genuine single-copy
or low copy subunits that were never present in more than two
versions in the vascular plants (this was the case for Sec3, Sec5,
Sec6, Sec8, and Secl0), and intermediate size gene families with
more than two and less than eight paralogs in at least one of the
species (Secl5 and Exo84). We shall further discuss these three
groups separately.

LOW COPY SUBUNITS: SEC3, SEC5, SEC6, SEC8, AND SEC10

The first group of subunits includes Sec3 (in A. thaliana encoded
by two genes in tandem — AtSEC3A/Atlg47550/Arathl_Sec3
and AtSEC3B/At1g47560/Arath2_Sec3), Sec5 (again two A.
thaliana genes — AtSEC5A/At1g76850/Arath1_Sec5 and AtSEC5B/
Atl1g21170/Arath2_Sec5), Sec6, Sec8, and Secl0 (all encoded by
single genes in A. thaliana — AtSEC6/At1g71820/Arath_Sec6,
AtSEC8/At3g10380/Arath_Sec8 and AtSEC10/At5g12370/Arath_
Sec10 — but see comments on possible Sec10 duplication below).
Though these subunits are single-copy in some species, each of
them is duplicated in at least one angiosperm genome, and all but
Sec6 are triplicated in P. patens, showing that there is no strict
functional requirement on keeping only a single protein version
in cells. In fact, multiple splicing variants have been proposed

Table 1 | Numbers of exocyst subunit paralogs encoded by the studied plant genomes.

Sec3 Secb Sec6 Sec8 Sec10 Sec15 Exo70 Exo84
A. thaliana 2 2 1 1 1 2 23 3
A. lyrata 2 2 1 1 1 2 23 3
P trichocarpa 2 2 2 2 2 5 29 8
Solanum sp. 22 18 12 14 12 22 222 42
V. vinifera 1 1 2 1 1 2 15 3
O. sativa’ 2(2) (1) (1) (1) (1) 4(4) 47 3(3)
S. bicolor 2 1 1 1 1 3 31 3
B. distachyon 2 1 1 1 1 3 27 3
S. moellendorffi 2 1 2 2 2 1 8 2
P patens 3 3 1 3 3 2 13 7

The complete list of the 392 analyzed genes or proteins including database accession numbers, as well as protein sequences and sequence alignments used in

phylogeny calculations, is provided as Supplementary Material.

'japonica variety, with numbers for indica in brackets; ?S. lycopersicon; °S. phureja; *S. tuberosum.
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for most Arabidopsis subunits in the recent genome annotation
(Lamesch et al., 2012).

Tandem duplications affecting angiosperm exocyst genes are
apparently not restricted to Arabidopsis Sec3. The A. thaliana
genomic assembly might be problematic in the area around Sec10,
since inspection of available GenBank sequences suggests a pos-
sible tandem duplication of the Sec10 locus differing by a couple
of silent mutations and variant non-coding ends. The duplicated
gene appears to be transcribed (see GenBank cDNAs AF479280.1
and AK318699.1 which are in good mutual agreement but differ
from the reference genome sequence, though they encode an iden-
tical protein). Also in tomato, we found a single possibly functional
Secl0 locus and three closely related pseudogenes with multi-
ple stop codons, two of them in tandem (the pseudogenes are
not included in the phylogeny; see Supplementary Material for
accession numbers).

As a rule, protein sequences of the low copy subunits consist of
a single well-defined domain, are well conserved along the whole
length (exceptions will be discussed below) and their phyloge-
netic trees (Figure 1) exhibit striking overall mutual similarity.
Within the angiosperms, all gene duplications except monocot
Sec3 appear to be relatively recent, resulting in within-species
paralogs that share at least 80% of identical amino acids in the
most distant pair of the A. thaliana Sec5 paralogs. Duplicated
paralogs cannot be matched among genomes more distant than
the two rice varieties, or the two Arabidopsis species. The only
exception from this pattern of apparently late gene duplications
is the Sec3 subunit that has obviously split into two paralo-
gous lineages early in the evolution of monocots or at least
grasses.

Rice and Arabidopsis versions of any of the low copy sub-
units share between 59% (Arathl_Sec5 vs. OrysaJ_Sec5) and 81%
(Arath_Sec6 vs. OrysaJ_Sec6) of identical amino acids. The Sec6,
Sec10, and Sec8 subunits, believed to form the central core of the
complex (Munson and Novick, 2006; Croteau et al., 2009), are the
best conserved ones. Notably, one of the ancient Sec3 branches
(the clade “monocot 1” in Figure 1) has considerably diverged
from the cluster of dicot sequences and the remaining monocot
clade, suggesting a possible release of selection pressure followed
by neo- or subfunctionalization. Compared to the degree of con-
servation found in the angiosperms, the Physcomitrella paralogs
exhibit major within-genome differences, with the most distant
paralogs Phypal_Secl0 and Phypa3_Secl0 sharing only 51% of
identical amino acids.

Two sequences deviate from the standard overall conserved
domain structure of the relevant low copy subunits and can be
perhaps viewed as “structural outliers” of their corresponding gene
families. In the case of the A. Iyrata Sec3 paralog Araly2_Sec3,
the N-terminal part of the conserved domain is replaced by a
domain related to a family of RING box/E3 ligases, encoded by
a single-exon and flanked at least from one side by a sequence
related to Copia-like retroelements, suggesting a very recent
retrotransposition-mediated gene fusion. However, this domain
combination appears to be unique in the whole of GenBank,
and there are no ESTs documenting that this gene is expressed
in planta; therefore, its functionality and biological significance
remains problematic.

The second structural outlier is the P. patens Secl0 paralog
Phypa2_Secl0, noticed in our previous study (Grunt et al., 2008)
because of its unique combination of a N-terminally located Sec10
domain with the formin-specific FH2 domain at the c-end of the
protein (see sequence Phypa5 in Grunt et al., 2008). An alter-
native splicing prediction separates these two domains into two
distinct proteins (a short version corresponding to standard Sec10
is included in our phylogeny). The combination of Sec10 and FH2
domains is again unique in GenBank. However, there is a partial
cDNA of the formin end (GenBank BY987890.1) indicating gene
expression in the moss, albeit it is unclear which splice variants are
biologically relevant.

INTERMEDIATE SIZE FAMILIES: SEC15 AND EX084

The second group of subunits consists of two gene families, Sec15
(with two A. thaliana paralogs — AtSEC15A/At3g56640/Arathl_
Sec15 and AtSEC15B/At4g02350/Arath2_Secl5) and Exo84 (with
three paralogs in A. thaliana — AtEXO84a/At5g49830/Arath2_
Ex084, AtEXO84b, Atlgl0385/Arath3_Ex084, and AtEXO84c/
At1g10180/Arathl_Ex084). In other studied genomes, Secl5 is
encoded by two to five subunits (except S. moellendorffii, where
only a single protein was found) and Exo084 by three to eight
(again except S. moellendorffii with only two genes). In both cases
the highest number was found in P. trichocarpa, and the final
poplar subunit count may be even higher, since there is cDNA
evidence of additional transcripts encoding proteins identical to
the Secl5 paralogs included in our analysis but differing in their
non-translated ends, reminiscent of the situation in A. thaliana
Sec10 (see Supplementary Material).

Phylogenetic trees of both families indicate that at least a part
of the observed diversity is ancient, and can be traced back at least
to the origins of angiosperms (Figure 2). Both gene families can
be split into two branches in seed plants, with multiple additional
within-branch amplifications. In Sec15, most of these later ampli-
fication events (generating two clusters of poplar genes in both
branches and a pair of rice genes in the B branch) appear to be
fairly recent, reminiscent of those detected for low copy subunits.
However, a duplication of the A subunit apparently occurred early
in the monocot lineage (no later than at the emergence of grasses),
resulting in two monocot- or grass-specific subfamilies, Al and A2.

In Exo84, the situation is somewhat more complex. Clearly
defined A and B branches (named according to the correspond-
ing A. thaliana subunits) were found only in the dicots, while
related monocot sequences form a rather compact cluster, proba-
bly closer to the A branch than to B. The dicot A and B branches
and the monocot cluster will be further referred to as the A/B
clade (Figure 2). Monocot A/B sequences also bear traces of early
gene duplication preceding the radiation of grasses, but clearly
distinct from the event that produced the A and B branches and fol-
lowed by little actual sequence divergence (the rice A/B sequences
OrysaJ1_Exo084 and OrysaJ2_Ex084 share 78% of identical amino
acids). Besides of the A/B clade, a second ancient branch (the C
clade) is shared by all examined angiosperms and contains, as
a rule, products of single-copy genes with exception of an appar-
ently recent cluster of three poplar sequences. Two mutually related
dicot outliers (the CX sequences) are apparently related to the C
clade, and proteins similar to them have been predicted also in
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FIGURE 1 | Unrooted maximum likelihood (ML) phylograms of the low
copy Exocyst subunits. All SH-like support values above 50% from the aLRT
test are shown. Consistent trees were obtained also using the
neighborjoining (NJ) method with 1000 bootstrap samples; nodes with high
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Ricinus communis (GenBank XM_002526525.1) and Glycine max
(GenBank XM_003541318.1). A genomic DNA sequence frag-
ment from V. vinifera (GenBank AM443616.2) contains patches of
a possible ORF similar to the CX sequences in an area annotated as
non-coding. While the grapevine genome annotation may require

updating, it is also possible that these patches are vestiges of a lost
gene that may have had a wider distribution.

In contrast to the angiosperms, the lycophyte and moss
Secl5 sequences exhibit only minimum diversification, while
Ex084 underwent duplication in S. moellendorffii and extensive
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amplification, producing seven rather diversified paralogs, in P.
patens. While the branching order is not reliable in the non-
angiosperm sequences, the resulting tree does not exclude the
possibility that the two major Exo84 clades might have appeared
already at the base of the vascular plants.

Compared to the low copy subunits, Sec15 and Exo84 sequences
exhibit greater diversity, with Arabidopsis AtSec15A and AtSec15B
sharing 48%, AtExo84A and AtExo84B 59%, and AtEx084B and
AtEx084C only 34% of identical amino acids. Nevertheless, the
angiosperm branches of the phylogram appear to be rather com-
pact, and the only conspicuously diversified poplar Exo84B para-
log, Potri8_Ex084, may not be expressed, as we could not find any
corresponding ESTs.

All sequences from each family can be aligned reliably along
the whole length, with only three exceptions. The predicted rice
Secl15 paralogs OrysaJ3_Secl5and Orysal4_Secl5 are missinga C-
terminal part of the characteristic Sec15 domain and have instead
an unrelated sequence. No homologs with such a gene organiza-
tion have been found in GenBank, and there are no ESTs matching
these genes. Together with the long distance from the rest of B
clade Secl5 sequences, indicating relaxed selection, this suggest
that these O. sativa Secl5 outliers may actually correspond to a
pseudogene that has arisen not long before the separation of the
japonica and indica varieties and that is now in the process of
decay. The third structural outlier, Potril_Ex084, one of the out-
lier CX sequences with a long C-terminal extension, also lacks
cDNA or EST support, and it is thus not clear if it is expressed
at all.

THE ENORMOUS DIVERSITY OF EX070 PARALOGS

The large Exo70 family consists of 23 paralogs in A. thaliana, rep-
resenting eight previously identified clades (Synek et al., 2006):
AtEx070A1/At5g03540/ArathAl_Exo070, AtExo70A2/At5g52340/
ArathA2_Ex070, and AtExo70A3/At5g52350/ArathA3_Exo70 in
clade A, AtExo70B1/At5g58430/ArathB1_Ex070 and AtExo70B2/
At1g07000/ArathB2_FEx070 in clade B, AtExo70C1/At5g13150/
ArathCl_Exo070 and AtExo70C2/At5g13990/ArathC2_Ex070 in
clade C, AtExo70D1/At1g72470/ArathD1_Ex070, AtExo70D2/
At1¢54090/ArathD2_Ex070,and AtExo70D3/At3g14090/ArathD3
_Ex070 in clade D, AtExo70E1/At3g29400/ArathE1_Ex070 and

AtEx070E2/At5g61010/ArathE2_Ex070 in clade E, AtExo70F1/
At5g50380/ArathF1_Exo070 in clade F, AtExo70G1/At4g31540/
ArathG1_Ex070 and AtExo70G2/At1g51640/ArathG2_Exo070 in
clade G, and eight paralogs — AtExo70H1/At3g55150/ArathH1_
Ex070, AtExo70H2/At2g39380/ArathH2_FEx070, AtExo70H3/
At3g09530/ArathH3_Ex070, AtExo70H4/At3g09520/ArathH4_
Ex070, AtExo70H5/At2g28640/ArathH5_Ex070, AtExo70H6/
Atl1g07725/ArathH6_Ex070, AtExo70H7/At5¢59730/ArathH7_
Ex070, and AtExo70H8/At2g28650/ArathH8_Ex070 — in clade H.
In other studied plants, the number ranges from eight in Selaginella
to 47 in rice (Table 2; see Supplementary Material for a full
list of genes), albeit the final count might still change in the
genomes whose annotation is still under development (especially
Solanum sp.).

Unlike the other seven subunits, Exo70 paralogs are rather
diverse and their N-terminal part of up to 300 amino acids could
not be aligned reliably throughout all the 238 studied sequences.
We have used only the well-aligned portion to construct a phylo-
gram (Figure 3) that essentially corroborates the previous reports
but brings some additional new insights. Our analysis confirms
the existence of three major Exo70 lineages Ex070.1, Ex070.2,
and Exo070.3 that contain both angiosperm and “lower plant”
sequences, as well as the nine clades (A-I) with members of
both monocot and dicot origin (Synek et al., 2006). The clade
I, restricted only to some angiosperms (it is, e.g., missing in both
Arabidopsis species), clusters within a branch that includes the
compact angiosperm G clade and a group of moss sequences, but
none from Selaginella, suggesting loss in the lycophyte lineage. We
will refer to this wider branch, corresponding to the previously
proposed Ex070.3 lineage, as the G/I clade.

Remarkable is the major expansion of a monocot- or grass-
specific branch of the F family, the FX clade. Apparently, a single
family of Exo70 subunits underwent major expansion in both
monocots and dicots. Reverse transcription might have con-
tributed to gene amplification in case of the abundant dicot H
clade with a large proportion of single-exon genes (Synek et al.,
2006; Chong et al.,2010), but not in case of the monocot FX with a
large proportion of multi-exon genes (Chong et al., 2010). Some-
what surprisingly, a very distant paralog OrysaFX8_Ex084, which
clusters within the F branch but outside the genuine FX clade,

Table 2 | Numbers of Exo70 paralogs encoded by the studied genomes (in total and in the individual clades).

All A B C D E F (FX) G/l H BNG'
A. thaliana 23 3 2 2 3 2 1(0) 2 8 -
A. lyrata 23 3 2 2 3 2 1(0) 2 8 -
P, trichocarpa 29 4 2 3 2 6 2(0) 5 5 -
S. lycopersicon 22 3 1 3 2 2 1(0) 4 6 -
V. vinifera 15 2 1 1 1 2 1(0) 4 3 -
O. sativa 47 4 3 3 2 1 26 (19) 3 5 -
S. bicolor 31 3 3 2 2 1 16 (12) 3 1 -
B. distachyon 27 5 2 2 2 1 11(6) 3 1 -
S. moellendorffi 8 4 - - - - - - - 4
P patens 13 3 - - - - - 4 - 6

" Basal non-angiosperm group.

www.frontiersin.org

July 2012 | Volume 3 | Article 159 | 27


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

Cvrékova et al. Exocyst evolution

Exo70

Arabidopsis thaliana
Arabidopsis lyrata
Populus trichocarpa

UHBHPSIO

QI0S

o}

JO
026%3 621q10g

=z Solanum lycopersicum @@@Q
a2 3 Oryza sativa «*

ii Sorghum bicolor

Selaginella moellendorffii

0/0X3 z)ed,

=————

Physcomitrella patens

“BNG”

T gedyy, d

01063 {81)3]

v

X ;10 0
X .
°
S ExoT0
OrysaF5 Exo70
yysaFd Exo70
OF
15" Exg i
s
So, 7 Ao O
877270 Orysax.
7 2 Exoy,
[S¥S 5 0

a Lu_qxoS -

(%
5,
24 Q,
o) P00 \\2 2.
s % FX
B 7o WA\
LIRS VACAYY
OS) k) ?A;«%’BA
2187 3 W\eke
AL A
o \O"
28 &
m B %
u %
343
0,
© 100% support ML F o
o
8,
2

(values shown for major branches)
 100% support ML, > 90% NJ

P
0.5 substitutions/site
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with high support by both ML and NJ algorithms are marked by black dots. “BNG" denotes the basal non-angiosperm group of Exo70 paralogs.

Frontiers in Plant Science | Plant Traffic and Transport July 2012 | Volume 3 | Article 159 | 28


http://www.frontiersin.org/Plant_Traffic_and_Transport
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Traffic_and_Transport/archive

Cvrckové et al.

Exocyst evolution

is supported by a full-length cDNA (GenBank AK109785.1) and
there are even two closely related ESTs from Lolium perenne (Gen-
Bank GR511301.1) and L. temulentum (GenBank DT673816.1),
indicating that this outlier is functional and possibly specific for
some grasses.

Duplicated genes tend to be rapidly eliminated by natural
selection if they bring no advantage in terms of fitness. Ques-
tion thus arises why there are so many Exo70 varieties main-
tained across large evolutionary distances. One possibility would
be sub- or neofunctionalization of the conserved Exo70 domain
itself. We have thus examined representative A. thaliana Exo70
sequences for traces of positive (diversifying) selection by estima-
tion of the residue-specific ratio of non-synonymous to synony-
mous mutation rates (K,/Ks). For this analysis, we chose two
sequence collection — eight representatives of the main clades
(AtEx070A1, AtExo70B1, AtExo70C1, AtExo70D1, AtExo70El1,
AtExo070F1, AtExo70G1, and AtExo70H1) to identify markers of
selection generating or enhancing between-clade differences, and
eight representatives of the H clade (AtExo70H1, AtExo70H2,
AtExo70H3, AtExo70H4, AtExo70H5, AtExo70H6, AtExo70H7,
and AtExo70H8) to find traces of selection favoring within-clade
differences. However, in both cases there was only evidence of
purifying selection throughout the length of the sequence, but no
positive selection, and we thus conclude that differences within the
conserved part of the Exo70 subunits are not likely to play a decisive
part in determining the function of the individual paralogs.

Functional diversification, however, may be due to the variable
N-terminal sequences. We thus examined these regions in more
detail and uncovered two sequence motifs conserved in many, but
not all, Exo70 paralogs (Figure 4). Distribution of these motifs
(see Supplementary Material) suggests that they are ancestral, and
that they have been lost or eroded in some of the sequences. Motif

2 is present in most, if not all members of all stable Exo70 clades
with exception of FX, and also in the members of the “basal non-
angiosperm group,” i.e., in the sequences of lower plant origin with
unclear mutual relationships that belong to the Ex070.2 super-
group. The more N-terminally located motif 1 was found in most
members of the basal non-angiosperm group and of the A, E, and
G/1 clades. It is present also in members of the F branch except FX,
and also except the distant F outlier OrysaFX8_Ex070. This sug-
gests that Motif 1 is also ancestral but was lost in some angiosperm
clades within the Ex070.2 supergroup. The presence of the con-
served motifs indicates that the variable Exo70 N-termini have
largely evolved through a process of mutations and selection rather
than domain-shuffling, although this does not have to be the rule
in all cases (especially the origin of the diverse and mutually largely
unrelated N-termini of the FX proteins remains unclear).

DISCUSSION

The present study provides the first attempt to reconstruct evo-
lution of the land plant, especially angiosperm, exocyst complex
in the broader context of higher plant evolution. Our previous
works (Elids et al., 2003; Synek et al., 2006) have focused only on the
most abundant subunit, Exo70, and the only previous phylogenetic
study addressing all the eight canonical exocyst subunits in plants
(Chong et al., 2010) was based on only four species — Arabidop-
sis, rice and poplar as the representatives of angiosperms, and the
moss P. patens, allowing only a limited possibility of generalization.
We have included a broader and more representative collection of
genomes, including a moss (P. patens), a lycophyte, i.e., a non-seed
vascular plant (S. moellendorffii), and eight angiosperms (unfortu-
nately, there is, to date, no sufficiently well-covered gymnosperm
genome for an exhaustive search). The angiosperms are repre-
sented by five dicotyledonous and three grass species covering a

Exo70 — N-terminal motif 1 Exo70 — N-terminal motif 2
ArathAl DNVVSILCSFDSRLSALETA ArathAl PHEDLESYLDAIAQOLRKITIRYFMSNKSFK------ SSDGVLNHANSLLAKA - - - OSKLEEEFKQOLLA
OrysaAl DAVVSILCOSFDSRLSALDAA OrysaAl PHENLQGFLDAVDRLRSIERFFSSNRSYR------ SSDGVLNHVNALLSKA - - - LVKMEDEF QKQLT
ArathBl DDILQIFSNFDGRFSREKLA ArathBl DPADSAAFLDTIDELVAIIREWSPMASEK------ PIGICLTRADDMMOOA - - -MFRIEEEFRSLME
OrysaBl EDILKVFSNYDGRLSLDKLY OrysaBl DSADADAFLEAVDDLIGTVQELDAAGTNR--------- LLDRADELLSRC- - -MARLEDEFRALIE
ArathEl KNAKNVLCNLLLELSRVVIA ArathE1l SDEGNLYLDAVNELRSLIDRLDG----------- SEELSLRKAHDVLOTA - - -MARLEDEFKHLLV
ArathE2 ANLRKLLSDLEMHLSTFGIA ArathE2 LSEADQFFQALYDVQTVLVGFKALPMKT - - - -NQMEKDVYNQATVALDIA - - -MLRLEKELCDVLH
ArathFl1 EDMLLIFSSFDNRLSNIKTA ArathFl1 SPEEATEFLSAVDEIISLLEDLSSENKPD---------- MVDRADSALQOMA - - -MSOLEDEFRRILT
OrysaFl DDMIRILSGFDDRLTFMSDL OrysaFl SAKDAGDYLGAAAVLVGARGA-----------=--=-=--=----- RAEAALOAA- - -MARLEDEFRHLLA
ArathG1l KTGPRFDEIEQRLPLLEAA Bradi4 DPONSFEYLEVLYKIRQLSERLGNLDPGEE- - -AKEHKELTVYADELFEMA - - -MATLEEEFFYLLT
OrysaGl ARAGPRVEEIQLALPALEAA Selmo3 SNDDAVDYLHAVDEVONILESLSLSQ--------- RRAG-VERAQTLLHVS - - -MARLEDEFRCLLE
Selmo3 DDMIEILSKFDNRFHELLSK Phypa4 SEEDSLQFLQOQAVDEIVHQLDFMKIHN--------- RDPGTLERAQNLHHLA - - - LOKLLEEFRYMLD
Phypa4 DDMLHILSKFDHRFSSMNAK ArathGl PKNDLSSYLSVLKRLEEALKFLGENCGL------- AIQWLEDIVEYLDDHH (6) LSNLKKSLRGLSE
Phypal0 NEANKRLOMFODRLSPVRRS OrysaGl VAGDLAGYLAVLGRLEEALRFLSDNSGL------- AAQWLADIVEYLGDHD (6) LADLAVTLEGLKK
OrysaIl DAAGDRLODMYSGLPSSSQL OrysaIl DAGGAAAFVGRVDRLRDAVEEAVARGDE------- AVRRVEEAVGFLGRTK (6) VRRLAEAAAALRA
OrysaX1l ----MMAAELIKOFSNITL Phypal0 PRDDFDGYLAALIQLEEAVDYLKHNSIV------- AINWLQEAVAYLNYTE (6) LRRLNESLATLQS
Bradi4 - ---MMAAELVKOCSNITL ArathCl DETEDSVFIDAVNRISKSVMRLRELKLDS----- TPVSSWLNRASSVQHRA - - -VSLLDEEFRHLLD
OrysaCl ANGEPRALLAAISRIAALAAALAKAPEGK------ HATAGAHRVTAVLHRA - - -MAFLEDEFLALLD
ArathD1 DPQEVNLYLNAVDEIQKYVSSGGE--------------- TIENRANSAIQTIA- - -MARLEDEFRNILV
OrysaDl1l DRVEAERFLRAVDDLRRLAPPSPATVGSPRRTS - -SAS AASNAVOVA - - -MARLEDEFRHVLS
OrysaFX6 NPDKVDKYLVAAKNLTRILNLEHPVLTETG-------- HLRDRARSLHGTT- - - ISSIITEFCYLKV
ArathH1 SRKEAKEFIRCVRDLRRAMHFLVSQDSQS--------- PKLALAQTLMOQTIA - - -MARLEKEFFQILS
OrysaH1l FADAGRFMSAAVELHRGMLVLASSDVEDARGRGDRGDERLVRAQGVLEDA - - -MRRLOLELEILLS
FIGURE 4 | Alignment of representative examples of the N-terminal acids from the N terminus. Residues conserved among 75% or more of the
conserved motifs found within the variable N-terminal part of Exo70 sequences containing the motif are shown on a gray background (residue
sequences. Motif 1 is located no more than 70 amino acids from the N conservation was determined using the Dayhoff matrix). Numbers in brackets
terminus and always upstream of motif 2; motif 2 begins less than 2560 amino indicate the length of variable insertions removed for clarity.
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rather broad range of diversity (see the simplified scheme of plant
evolution in Figure 5). Among dicots, the closest are the two Ara-
bidopsis species (A. thaliana and A. lyrata) that have separated
approximately five millions of years ago (Koch et al., 2000). Poplar
(P. trichocarpa) is included as somewhat more distant representa-
tive of the rosid clade, grapevine (V. vinifera) as a basal rosid, and
several members of the genus Solanum (where, unfortunately, no
genome is annotated well enough to provide data for all subunits)
are representing the asterids. The coverage of the monocot clade
is narrower, as all the available genomes belong to grasses. Thus,
although we propose some possible monocot-specific features of
the exocyst family in this paper on the basis of data from three grass
species (O. sativa, S. bicolor, and B. distachyon), we do not know at
present if such features are present also in non-grass monocots.
In total, we have analyzed nearly 400 exocyst subunit sequences.
Our list, however, may not be complete especially in case of the
Solanum sp. sequences, where genomic annotation is still under
development, and some loci may have been missed. It is not sur-
prising that our inventory yielded novel genes especially in the
Ex070 family in addition to those reported previously for P. tri-
chocarpa and O. sativa (Chong et al., 2010). On the other hand,
in the absence of gene expression data and experimental observa-
tions, distinction between functional genes and pseudogenes may
be somewhat blurry, especially in case of the extensive Exo70 fam-
ily, containing numerous single-exon members that apparently
underwent reverse transcription at some point in the course of
their evolution (Synek et al., 2006). Thus, the determined num-
bers of subunits might still somewhat change in the future, even in
well-characterized models (see the possible undocumented dupli-
cation of the Arabidopsis Secl0 locus). Also allelic diversity in
heterozygous diploids may have resulted in identification of extra-
neous loci in particular in the case of S. moellendorffii, where most

O genome duplication or amplification

A. thaliana
A. lyrata
P. trichocarpa
—@— V. vinifera
‘ Solanum sp.
. sativa

gene duplication
D or amplification

. bicolor

. distachyon

. moelendorffii
. patens

FIGURE 5 | A possible scenario of exocyst evolution in the context of
land plant evolution and the history of genome duplications. Selected
genome duplication and gene amplification events that may have founded
specific subfamilies of exocyst subunits are denoted by letters. (a)
Duplication of Arabidopsis sp. Secb; (b) Duplication of grapevine Secé; (c)
Origin of two Sec3 clades (monocot1 and monocot2), and of the Sec15
clades A1 and A2; (d) Origin of Sec15 clades A and B; (e) Origin of Exo84
clades A/B and C/CX; (f) Separation of the Exo84 clades A and B, as well as
C and CX, the later subsequently lost in some descendants; (g)
Amplification of dicot Exo70 clade H; (h) Amplification of the monocot
Exo70 clade FX.

genes appear to have two closely related paralogs, albeit this species
is believed to be one of the few plants without a recent history of
whole-genome duplications (Jiao et al., 2011).

We have found that a subgroup of exocyst subunits, corre-
sponding to the previously proposed core of the complex (Munson
and Novick, 2006; Croteau et al., 2009), underwent little or no
amplification in the vascular plants, though even these subunits
have amplified to a some extent in non-seed plants. These low copy
subunits, in particular Sec6, Sec8, and Sec10, but to a somewhat
lesser extent also Sec5 and Sec3, exhibit evolutionary trees that
are not only topologically similar but also obviously correlated
in terms of branch length, which is consistent with co-evolution
driven by the requirement of maintaining mutual compatibility
of closely interacting complex subunits (Juan et al., 2008; Lovell
and Robertson, 2010). The remaining subunits Sec15, Exo84, and
in particular Exo070, exhibit greater diversity consistent with their
function on the periphery of the complex, providing an interface
to a variety of interactors that may be specific to particular lineages
or even to particular paralogs.

Whole-genome duplications have played an important part in
the evolution of land plants (Van de Peer et al., 2009; Jiao et al.,
2011). They also provided an obvious source of “raw materials”
for evolution of divergent paralog families of the exocyst subunits.
We were able to pinpoint several of the proposed ancient genome
duplication or polyploidization events in a widely accepted sce-
nario of land plant evolution (Soltis et al., 2008; Van de Peer et al.,
2009; Jiao et al., 2011; Woodhouse et al., 2011) as possible sources
of distinct exocyst subunit clades especially in the Sec15 and Exo84
families (Figure 5). However, it has to be stressed that not every
gene duplication coincident with a genome duplication must be a
result of that duplication. For instance, the tandem duplication of
A. thaliana Sec3 appears to be alocal event, while equally distant A.
thaliana Sec5 paralogs are obviously a product of a whole-genome
duplication (see data from Woodhouse et al., 2011).

The greatest part of the putative exocyst diversity is due to the
extremely amplified Exo70 subunit that apparently existed in at
least three paralogs already in the common ancestor of land plants
including Rhyniophytes, and diversified into seven clades prior to
the separation of the monocot and dicot lineages (Synek et al,,
2006). Reverse transcription may have contributed to early ampli-
fication of some clades, which contain mostly single-exon genes,
among them also the dicot clade H that has expanded into an
extensive family of paralogs. No such expansion, however, took
place in the monocots, which have only a few H-type Exo070s.
Instead, a branch of the multi-exon F family has amplified and
diversified substantially, producing the monocot-specific FX clade.

While there is considerable sequence divergence among the
Ex070 paralogs, we found no evidence of positive selection oper-
ating across their conserved part. An obvious source of functional
diversity, however, would be the variable sequences at both ends of
the Exo70 subunits. A possible participation of C-terminal motifs
in differential binding to membrane phosphoinositides has been
already proposed (Zarsky et al., 2009). Here we have uncovered
two obviously ancestral N-terminal motifs that document that
the N-terminal segments, though highly diversified, have evolved
from a common ancestor at least in most of the sequences, with-
out contribution of major domain-shuffling events. Nevertheless,
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they have possibly built up enough diversity to mediate interac-
tions with a variety of cellular components, ensuring thus the
apparently required functional diversification.

Assuming that the alternative paralogs of exocyst subunits are
co-expressed, and that they can freely combine into complexes
(which is by no means guaranteed), literally hundreds of distinct
exocysts may exist within plant cells. Were the subunit combi-
nations unrestricted (i.e., each Secl5 paralog working with each
Ex084 and each Ex070), Arabidopsis would be capable of produc-
ing 552 distinct exocyst variants, and rice stunning 1128 variants.
Alternative splicing may provide an additional source of exocyst
diversity. Even in metazoans, an array of Exo70 splicing variants
was uncovered, dependent on cell type and age of the tissue (Del-
lago etal.,2011). Itis therefore possible that also in animals hidden
multiplicity of exocysts may exist depending on the splice-isoforms
of Ex070 (and possibly also other subunits). On the other hand, the
actual numbers of plant exocyst varieties are undoubtedly much
lower than the numbers of possible subunit combinations, since
not all paralogs are co-expressed, and some may be expressed
only under special circumstances or not at all. Nevertheless, we
cannot avoid asking what is the biological relevance (or selective
advantage) of such a profusion of exocyst varieties.

One possible reason may be the need to maintain and man-
age a variety of qualitatively distinct membranes — not only of
intracellular compartments, but also within the cell cortex whose
lateral mobility is restricted by the cell wall. Distinct exocyst
variants in the same cell, defined especially by different “land-
marking” Exo70 subunits, may participate in delimiting specific
plasmalemma domains (“activated cortical domains”) engaging in
distinctly regulated membrane turnover. Together with the under-
lying cytoplasm (in particular the connected recycling endosomes
defined by distinct Rab11 paralogs), the activated cortical domains
form larger functional units (recycling domains) that may play a
central part in the control of different cortical or endomembrane
domains of the many-sided plant cells (see detailed discussion in
Zzirsky etal., 2009; Zzirsk)’/ and Potocky, 2010). Another possibility
is functional separation of the diverse complexes in time and/or in
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Progress in live-cell imaging of the cytoskeleton has significantly extended our knowledge
about the organization and dynamics of actin filaments near the plasma membrane of
plant cells. Noticeably, two populations of filamentous structures can be distinguished. On
the one hand, fine actin filaments which exhibit an extremely dynamic behavior basically
characterized by fast polymerization and prolific severing events, a process referred to as
actin stochastic dynamics. On the other hand, thick actin bundles which are composed
of several filaments and which are comparatively more stable although they constantly
remodel as well. There is evidence that the actin cytoskeleton plays critical roles in
trafficking and signaling at both the cell cortex and organelle periphery but the exact
contribution of actin bundles remains unclear. A common view is that actin bundles provide
the long-distance tracks used by myosin motors to deliver their cargo to growing regions
and accordingly play a particularly important role in cell polarization. However, several
studies support that actin bundles are more than simple passive highways and display
multiple and dynamic roles in the regulation of many processes, such as cell elongation,
polar auxin transport, stomatal and chloroplast movement, and defense against pathogens.
The list of identified plant actin-bundling proteins is ever expanding, supporting that plant
cells shape structurally and functionally different actin bundles. Here | review the most
recently characterized actin-bundling proteins, with a particular focus on those potentially

relevant to membrane trafficking and/or signaling.

Keywords: actin bundling, fimbrins, formins, LIM proteins, SCAB1, THRUMIN1, V-ATPases, villins

INTRODUCTION

Actin is one of the most abundant, ubiquitous, and conserved
proteins in eukaryotes. In the cell, globular actin subunits poly-
merize into actin filaments which themselves assemble into
higher order structures, such as orthogonal networks and par-
allel bundles (Figure1). This system, referred to as the actin
cytoskeleton, exhibits an extraordinary high degree of plastic-
ity allowing the formation, destruction, and recycling of diverse
filamentous structures within a short time scale, and offers count-
less possibilities to cells. The primary level of the regulation of
actin cytoskeleton organization and dynamics consists in vari-
ous (>100) actin-binding proteins which control, in time and
space, actin filament nucleation, elongation, stabilization, cap-
ping, severing, and crosslinking (Pollard et al., 2000; Winder and
Ayscough, 2005). In animal and yeast cells, cortical actin fila-
ments and the plasma membrane undergo a dynamic interplay
(Pollard and Cooper, 2009). For instance, the coordinated poly-
merization of actin filaments against the membrane provides the
force necessary to modify cell shape and promote cell locomo-
tion and division. As a consequence, dysfunctions in the actin
polymerization machinery or in its regulation frequently results
in diseases, including cancers (Van Troys et al., 2008a). Although
related mechanisms are not excluded in plant cells, they are
obviously not prevalent. The rigid plant cell wall precludes any

modification of the cell boundary by an actin polymerization-
based process. However, actin filaments are in close proximity
with the cell membrane in plant cells too.

Recent studies combining advanced imaging approaches, such
as variable-angle epifluorescence microscopy (VAEM), spinning
disc confocal microscopy, and reliable fluorescent actin mark-
ers have advanced our understanding of the organization and
dynamics of the actin cytoskeleton near the cell cortex (Staiger
et al., 2009; Khurana et al., 2010; Smertenko et al., 2010; Henty
et al, 2011; Wang et al., 2011; Toth et al, 2012; Figurel).
Cortical filaments arrange into complex networks whose stochas-
tic behavior is largely consistent with the predictions of a
biomimetic system (Michelot et al., 2007; Staiger et al., 2009;
Blanchoin et al., 2010). Single filaments randomly polymerize at
extremely high growth rates (1.7 pm/s in hypocotyl epidermal
cells from Arabidopsis seedlings) and exhibit prominent buck-
ling and straightening behavior. Most filaments are short-lived
(<305s), which was demonstrated to be primarily due to prolific
severing activity rather than to filament end depolymerization.
Beside single filaments, thicker and longer bundles adopt less con-
voluted configurations and tend to align with the long axis of the
cell (Staiger et al., 2009; Smertenko et al., 2010; Henty et al., 2011).
In comparison with finer filaments, thick fibers experience slower
but qualitatively similar dynamics. Indeed, they elongate, buckle,
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FIGURE 1 | Main reactions controlling actin filament dynamics and
organization in plant cells. The G-actin monomer binding protein profilin
inhibits spontaneous actin nucleation in the cytoplasm. Nucleation is
promoted de novo (1) by nucleating proteins such as formins. In addition,
non-processive formins, such as Arabidopsis AtFH1, can also induce
nucleation from the side of pre-existing filaments, a process which likely
contributes to the initiation of actin bundles (not illustrated; Michelot et al.,
2006; Blanchoin et al., 2010). Following nucleation, actin filaments undergo
fast polymerization (2) and (2') before being capped (3). The aging section of
actin filaments (which contains ADP-loaded actin subunits, not shown) is
fragmented by severing proteins such as actin-depolymerizing factors (4).
The resulting fragments can be capped at their barbed end and depolymerize
from their pointed (—) end to replenish the pool of monomers (5).
Alternatively, they can re-elongate through polymerization (5') although this

process rarely occurs immediately following severing, suggesting intense
barbed end capping activity (Staiger et al., 2009). Finally, actin fragments can
serve as building blocks to assemble novel filaments by an end-joining
mechanism (5”). Actin filaments are crosslinked into bundles by bundling
proteins (right part of the cartoon). Both in vitro and live cell TIRFM-based
analyses support that actin bundles form by a “catch and zipper” mechanism
(6) (Khurana et al., 2010). Actin bundles subsequently grow by elongation of
filaments at their ends (7) as well as by end-association of pre-existing
filaments (7’), a process which might be facilitated by bundling proteins. Like
single filaments, actin bundles are severed although at a lower frequency
(Khurana et al., 2010; Smertenko et al., 2010). Current data support that
unipolar bundles (here-exemplified) predominate in plant cells. However, the
existence of bundles containing actin filaments of mixed polarity is not
excluded.

bundle, and are severed (Staiger et al., 2009; Blanchoin et al,,
2010; Smertenko et al., 2010). Although actin filament severing
emerges as the leading driver of actin cytoskeleton remodeling, an
additional mechanism involving filament bundling, unbundling,
and myosin-dependent sliding events was suggested to con-
tribute to the permanent reorganization of the cortical actin
network (Smertenko et al., 2010). Using VAEM and quantitative
approaches, Henty et al. (2011) provided, for the first time, direct
evidence of the contribution of an ABP, namely Arabidopsis actin
depolymerizing factor 4 (AtADF4), to actin stochastic dynamics
in vitro. In agreement with the biochemical actin severing activ-
ity of AtADF4, hypocotyl epidermal cells from adf4 knockout
mutants exhibited a 2.5-3-fold decrease in the rate of severing,
as well as increased filament lengths and lifetimes. The loss of
AtADF4 also led to excessive actin bundling and cell growth in the
apical region of the hypocotyl, where active cell expansion takes
place.

Actin bundles have been repeatedly reported to play a criti-
cal role in cell morphogenesis (Baluska et al., 2001; Smith and
Oppenheimer, 2005; Thomas et al., 2009; Higaki et al., 2010a).
The relationships between the extent of actin bundling and

cell growth are however complex as illustrated by contradictory
observations. For instance, the growing epidermal cells from
petioles of adf4 mutants also exhibit enhanced bundling but,
contrarily to hypocotyl epidermal cells, are shorter than in wild-
type plants (Henty et al., 2011). Some studies have established
that in specific cells, such as rice coleoptiles, increased actin
bundling negatively impacts cell elongation (Nick et al., 2009;
Nick, 2010). As an underlying mechanism, it has been proposed
that actin bundling prevents efficient delivery of auxin-efflux
carriers to their site of action at the plasma membrane, a pro-
cess which would require a more unbundled actin configuration
(Nick, 2010). Actin bundles most likely impact cell growth by dif-
ferent ways. Indeed, actin bundling can alter turgor pressure, the
main physical driver of cell expansion (Szymanski and Cosgrove,
2009), by modifying the thickness of the cell wall and the shape of
the transvacuolar strands and vacuole (e.g., Staiger et al., 1994;
Higaki et al., 2010a,b, 2011). Finally, there is much evidence
that actin bundles serve as main tracks used by myosin motors
to drive endomembrane compartments over long distances to
sites of growth (Smith and Oppenheimer, 2005; Thomas et al.,
2009; Higaki et al.,, 2010a). Interestingly, the organization and
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dynamics of the actin cytoskeleton significantly differ in isotrop-
ically and anisotropically growing cells, and this was confirmed
by recent quantitative analyses using VAEM (Smertenko et al.,
2010). Therefore, the role of actin bundling in cell growth appears
multiple and cell-type dependent.

In animal cells, the assembly of actin bundles is required for the
formation and/or function of various specialized cellular struc-
tures, such as filopodia, lamellipodia, stress fibers, microvilli, and
invadopodia (Stevenson et al., 2012). In most of these structures,
actin bundles are in close connection with the cell membrane and,
in some cases, with the extracellular environment referred to as
the extracellular matrix. For instance, the a-actinin-induced actin
bundles that constitute the ventral stress fibers of non-muscle cells
are anchored to focal adhesions at each of their extremities. Focal
adhesions transmit the force generated by myosin II-dependent
stress fiber contraction to the extracellular matrix, allowing to
pull the cell body during cell migration (Vicente-Manzanares
etal., 2009; Ciobanasu et al., 2012). Key players of focal adhesions
are the cell surface membrane receptors integrins around which
assemble complex networks made of about 160 proteins that con-
tribute to link the extracellular matrix to the actin cytoskeleton
and to create a high-performance environmental sensing system
(Geiger et al., 2009). Plants lack most focal adhesion compo-
nents, including true integrin homologs. However, there is no
doubt that plant cells perceive and transduce many external sig-
nals from their cell wall to their cytoskeleton (Baluska et al., 2003;
Drobak et al., 2004; Humphrey et al., 2007; Fu, 2010; Higaki et al.,
2011). Day et al. (2011) recently comprehensively reviewed the
potential roles played by the actin cytoskeleton in the organiza-
tion and activation of host responses to biotic stress. One of the
earliest and well-documented responses of plant cells to fungal or
oomycete pathogens is a reorganization of the actin cytoskeleton
and endomembrane components which both focus at the site of
infection (e.g., Kobayashi et al., 1994; Leckie et al., 1995; Xu et al.,
1998; Opalski et al., 2005; Takemoto et al., 2006; Day et al., 2011).
Such reorganization is thought to culminate in the formation of
cell wall appositions rich in antimicrobial compounds (Hardham
et al., 2007). During this process actin filaments become more
bundled, suggesting an important role for actin-bundling pro-
teins in the dynamic relocalization of organelles during interac-
tions with pathogens. Interestingly, Hardham et al. (2008) could
mimic pathogen-induced actin remodeling by applying a gen-
tle and local pressure on the surface of Arabidopsis cotyledon
epidermal cells, indicating that the actin cytoskeleton can read-
ily reorganize (3-5min after stimulation) in response to the
physical force exerted by pathogens. Considering the continu-
ous and fast remodeling of the cortical actin array observed in
both growing and non-growing epidermal cells, an emerging and
seducing idea is that cortical actin plays a sentinel role capable
of initiating basal defense against pathogen-induced diseases or
abiotic stress, such as mechanical stress, within short time scales
(Staiger et al., 2009). How actin filaments and bundles com-
municate with the cell membrane and cell wall largely remains
enigmatic.

Since our last review on actin bundling in plants (Thomas
et al., 2009), more than fifteen additional plant actin-bundling
proteins were isolated and characterized. Several of those belong

to the previously known villin, formin, fimbrin, and LIM protein
families, whereas others define novel families. Some of these pro-
teins are likely direct linkers between actin bundles and the cell or
organelle membranes. Here we review the last advances in plant
actin-bundling proteins with a particular interest for those that
further move ahead our comprehension about how actin bundles
physically or functionally interact with membranes.

FORMINS

Over the last years, formins have emerged as a large and major
family of plant actin nucleating factors with critical functions in
cell growth and division (Blanchoin and Staiger, 2008). Beside
their core nucleating activity, plant formins display additional
actin regulatory activities including nucleation, capping, sever-
ing, and bundling (Staiger and Blanchoin, 2006). The Arabidopsis
formin AtFH1 (Banno and Chua, 2000), was the first plant formin
reported to promote the formation of actin bundles both in live
cells and in vitro (Cheung and Wu, 2004; Michelot et al., 2005). Its
overexpression in pollen tubes stimulates the formation of actin
bundles from the cell membrane and locally induces membrane
deformation, suggesting that a proper density and distribution of
actin bundles is critical for membrane assembly and/or mainte-
nance, and that formins play substantial roles in these processes
(Cheung and Wu, 2004). Mechanistic studies, employing total
internal reflection fluorescence microscopy (TIRFM), revealed
that AtFH1 functions as a non-processive formin which moves
from the barbed end to the side of an actin filament after the
nucleation event, and that this property is involved in AtFH1 actin
bundling activity (Michelot et al., 2006). Recently, several other
plant formins were shown to promote the formation of actin
bundles in an autonomous manner, including Arabidopsis AtFH4,
AtFHS, and AtFH14 (Deeks et al., 2010; Li et al., 2010; Xue et al.,
2011), and rice OsFH5 (Yang et al., 2011; Zhang et al., 2011a).
Interaction of class I plant formins with a membrane is pre-
dicted by the characteristic membrane-targeting domain present
in their N-terminal region which consists in a signal peptide fol-
lowed by a transmembrane domain (Deeks et al., 2002; Blanchoin
and Staiger, 2008). Accordingly, most class I formins examined
so far were shown to accumulate at the cell periphery or in
membrane-rich structures such as the cell plate using immunocy-
tochemistry and/or GFP-fusion strategies (Cheung and Wu, 2004;
Favery et al., 2004; Van Damme et al., 2004; Deeks et al., 2005;
Ingouff et al., 2005; Cheung et al., 2010). Interestingly, AtFHS-
GPF localizes primarily to the nuclear envelope in interphase
cells, suggesting functional differences among class I formins
(Xue et al,, 2011). In addition, biochemical analyses indicate that
pollen-specific AtFH3 lacks the ability to generate actin bun-
dles in vitro (Ye et al., 2009). Nevertheless, with or without
intrinsic actin-bundling activities, class I formins were convinc-
ingly demonstrated to promote actin bundling in vivo (Cheung
and Wu, 2004; Ye et al., 2009; Cheung et al., 2010). Indeed,
both gain- and loss-of-function genetic studies pointed out a
central role of AtFH3 in regulating the long and thick actin
bundles running along the pollen tube shank and in control-
ling the direction and velocity of cytoplasmic streaming (Ye
et al., 2009). Therefore, AtFH3 likely cooperates with pollen
actin-bundling proteins to assemble the tracks required for long
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distance actomyosin-dependent movement. Beside AtFH3, the
pollen tube tip-enriched formin AtFH5 was found to play more
specific functions in the formation of the subapical actin structure
often referred to as the cortical actin fringe, and in membrane-
targeted vesicular trafficking (Cheung et al., 2010).

It is noteworthy that class I formins exhibit divergent and
potentially highly glycosylated extracellular domains, and accord-
ingly represent excellent candidates for mediating extracellular
stimuli to the actin cytoskeleton (Cvrckova, 2000; Blanchoin
and Staiger, 2008), e.g., during the guidance of pollen tube
growth in response to female tissue signals (Cheung and Wu,
2004). In this context, Martiniere et al. (2011) recently provided
compelling evidence that the extracellular domain of AtFH1 is
anchored to the cell wall and thereby reduces the lateral mobil-
ity of AtFH1. Domain analyses highlighted the central role in
AtFHI1 immobilization of a short, 15 amino acid-long, domain
which includes a signature peptide of extensins, a class of cell wall-
associated hydroxyproline-rich glycoproteins (Banno and Chua,
2000; Showalter et al., 2010). Although the biochemical nature
of formin-cell wall interactions has not been resolved yet, it is
tempting to propose that cell wall heterogeneity is responsible
for targeting formins to specific plasma membrane subdomains.
For instance, the accumulation of AtFH4 in cell-to-cell contact
areas and of AtFHS5 in the pollen-tube apical dome (Deeks and
Hussey, 2005; Cheung et al., 2010) might reflect specificities in
cell wall composition at these locations. Interestingly, the extra-
cellular domain responsible for anchoring AtFH1 to the cell wall
was required for AtFH1-mediated actin cytoskeleton remodeling
in overexpression experiments (Martiniere et al., 2011). Although
this remains speculative, anchoring of AtFH1 has been suggested
to contribute to the formation and/or stabilization of AtFH1
functional dimers. Together these data support that AFHI, and
most likely other class I formins, provide stable anchor points
for the actin cytoskeleton at the cell membrane and can induce
actin remodeling upon external signal perception. It is notewor-
thy that time lapse imaging analyses suggested that some of the
AtFH5-nucleated and membrane-anchored actin filaments in the
subapical region of pollen tubes are fragmented and released to
the cytoplasm, providing precursors of some long actin bundles in
the core cytoplasm (Cheung et al., 2010). Membrane-associated
formins might therefore also indirectly contribute to the forma-
tion of more internal actin structures.

In addition to their function as interface between cell mem-
brane and actin cytoskeleton, plant formins recently emerged
as central links between actin filaments and microtubules. For
instance, class I AtFH4, class II AtFH14, and the closely related
rice OsFH5 bind to and bundle both actin filaments and micro-
tubules and are accordingly expected to functionally coordinate
the corresponding cytoskeletons (Deeks et al., 2010; Liet al., 2010;
Yang et al., 2011; Zhang et al., 2011a). There is accumulating evi-
dence that such coordination is crucial for many developmental
processes such as intracellular transport, directional cell growth,
and cell division (e.g., Fu et al., 2005; Collings, 2008; Wightman
and Turner, 2008; Crowell et al., 2009; Petrasek and Schwarzerova,
2009). A recent quantitative study using VAEM revealed that
microtubule depolymerization induces faster elongation and
shortening of actin filaments, suggesting that actin dynamics at

the cell cortex are modulated by microtubules (Smertenko et al.,
2010). Although the underlying mechanism remains unknown, it
seems reasonable to speculate that some formin family members
are involved. Interestingly, endogenous OsFH5 localizes to spe-
cific regions at the chloroplast surface (Zhang et al., 2011a). Like
other class II formins, OsFH5 possesses an N-terminal phosphate
tensin (PTEN)-like domain instead of the typical transmembrane
domain of most class I formins. Transient expression experiments
indicate that the PTEN-like domain of FH5 is sufficient to tar-
get a fluorescent protein reporter to the chloroplast outer surface
of tobacco cells, suggesting that it is responsible for the anchor-
ing of OsFH5 to chloroplasts. Therefore OsFH5 emerges as a
potential linker between actin filaments/bundles, microtubules,
and chloroplasts, and might accordingly contribute to chloro-
plast motility, a process that has been proposed to rely on both
cytoskeletons at least in some species (e.g., Chuong et al., 2006).

THRUMIN1

Chloroplasts change their subcellular location in response to light.
They move toward weak light to optimize light capture for photo-
synthesis and away from intense light to minimize photodamage,
the latter process being referred to as the avoidance response
(Kasahara et al., 2002; Suetsugu and Wada, 2007). In plants,
organelle movement primarily relies on class XI myosins which
are predicted to transport their cargos along cytosplasmic actin
bundles (Avisar et al., 2008; Peremyslov et al., 2008; Sparkes et al.,
2008). Although myosin inhibitor studies support that chloro-
plast movement also depends on myosin activity to some extent
(e.g., Paves and Truve, 2007), recent data indicate that chloro-
plasts primarily use another type of actin-based mechanism to
rapidly change their direction in response to light. A population
of so-called chloroplast actin filaments (cp-actin filaments) was
shown to anchor chloroplasts to the plasma membrane suggesting
that they are involved in light-induced chloroplast repositioning
(Kadota et al., 2009; Suetsugu et al., 2010a,b). In this context,
THRUMINI was recently identified as a novel actin-bundling
protein with a potential critical role in linking phototropin pho-
toreceptor activity at the plasma membrane and actin-dependent
chloroplast movements (Whippo et al., 2011).

Compared to wild-type plants, thruminl mutants exhibit
slower and more randomized chloroplast movements in response
to light stimuli. In vitro biochemical analyses indicate that
THRUMINI binds to actin filaments in a direct manner and
promotes the formation of actin bundles. Consistent with these
data and the previously reported association of THRUMIN1
with the plasma membrane (Alexandersson et al., 2004), YFP-
fused THRUMIN1 (THRUMINI1-YFP) extensively decorates the
filamentous actin cytoskeleton along the plasma membrane,
and in association with chloroplasts (Whippo et al., 2011).
Upon stimulation of the chloroplast avoidance response by a
localized blue-light irradiation, THRUMINI-YFP further accu-
mulates along actin filaments and apparently increases actin-
bundling locally. The underlying mechanism was proven to be
dependent on the phototropin blue-light photoreceptors PHOT1
and PHOT?2. Indeed, no elevation of THRUMINI-YFP fluo-
rescence occurred in photlphot2 double mutants upon blue
light stimulation. Together these data support that THRUMIN1
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promotes the formation of actin bundles from the plasma mem-
brane in response to light and in a phototropin-dependent
manner. However, the exact role of such actin bundles in chloro-
plast movement remains to be established. In addition, how
THRUMINI cooperates with CHUP1, a chloroplast outer enve-
lope ABP involved in cp-actin filament formation (Oikawa et al.,
2003, 2008; Schmidt Von Braun and Schleiff, 2008a,b; Kadota
et al., 2009), to remodel the actin cytoskeleton and drive chloro-
plast movement upon light perception by PHOT1 and PHOT2
are central questions that should be addressed in future studies.
As already stated in the previous section, class II formins repre-
sent additional potential linkers between chloroplasts and actin
bundles (Zhang et al., 2011a).

VACUOLAR H*-ATPases B SUBUNITS

Vacuolar HT-ATPases (V-ATPases) are evolutionary-conserved
multisubunit complexes that consist in a cytosolic ATP-
hydrolyzing V; subcomplex and a membrane-associated
proton-translocating Vo subcomplex (Nishi and Forgac, 2002;
Nelson, 2003; Ma et al., 2011). They mediate ATP-dependent
transport of protons across plasma and intracellular membranes
and thereby contribute to (1) the acidification of the lumen of
various organelles such as vacuoles, secretory vesicles, endo-
somes, Golgi apparatus, and lysosomes and (2) the production
of the energy required for various coupled transport processes.
Accordingly, V-ATPases are involved in a wide range of critical
processes including membrane trafficking and fusion, and cell
expansion (Schumacher et al., 1999; Padmanaban et al., 2004;
Dettmer et al., 2006; Brux et al., 2008). In mammals and yeast,
both B and C subunits of the V; subcomplex were previously
reported to directly bind to F-actin with high affinity (Lee et al.,
1999; Holliday et al., 2000; Vitavska et al., 2003, 2005; Chen et al.,
2004; Zuo et al., 2008).

Functional studies support that the actin binding activity of
V-ATPase B and C subunits is not involved in the regulation of V-
ATPase assembly or activity. However, under stress conditions, it
provides a significant survival advantage in yeast, supporting that
it is biologically relevant (Xu and Forgac, 2001; Zuo et al., 2008).
In addition, several studies have highlighted that the targeting of
V-ATPases to specific sites relies on their interaction with the actin
cytoskeleton (Lee et al., 1999; Adams et al., 2006; Zuo et al., 2006).
Carnell et al. (2011) recently suggested a novel and elegant model
in which nucleation-promoting factor WASH-dependent actin
polymerization on mature lysosomes from Dictyostelium would
sort V-ATPases to recycling vesicles, leading to subsequent lyso-
some neutralization and exocytosis. In the absence of WASH, no
polymerization would occur and V-ATPases would remain on the
lysosome, which in turn would remain acidic and unable to exo-
cytose. Such a model assumes that the actin-binding activity of
V-ATPases functions as tags for actin-mediated sorting.

A similar mechanism in plant cells is plausible since homologs
of V-ATPases (Zimniak et al., 1988; Krebs et al., 2010), ARP2/3
complex and associated nucleation-promoting factors have been
identified (Deeks and Hussey, 2005; Szymanski, 2005). In addi-
tion, the three Arabidopsis V-ATPase B subunits (AtAVBI,
AtVAB2, and AfVAB3) were recently shown to display direct
actin binding and bundling activities in vitro (Ma et al., 2012).

Therefore, the multiple actin-binding sites responsible for the
in vitro actin bundling activity of AtAVB1-3 may confer these
proteins an increased affinity for actin filaments/bundles and
trigger their clustering and/or recycling upon actin polymeriza-
tion. Such a scenario of an actin-mediated sorting mechanism
in plants remains however highly hypothetical. As an alternative,
plant V-ATPases might serve as more passive points for anchor-
ing organelles to actin bundles. A last possibility is that AfAVB1-3
function in a complex dissociated form in the cytoplasm, and
therefore contribute to increase actin-bundling upon V-ATPase
complex dissociation. Obviously, much work is required to exam-
ine each of these possibilities. Nevertheless, V-ATPases emerge
as potential additional links between the actin cytoskeleton and
membrane trafficking.

SCAB1

Stomatal movement is driven by modifications in turgor pres-
sure of the guard cells. Stomata open when the guard cell volume
increases, and they close when the guard cell volume decreases.
It is well established that stomatal closure and opening involves
reorganization of the actin cytoskeleton at the cell cortex and that
such reorganization plays a key role in stomatal movement (e.g.,
Kim et al., 1995; Eun and Lee, 1997; Liu and Luan, 1998; Hwang
and Lee, 2001; Lemichez et al., 2001; Macrobbie and Kurup, 2007;
Choi et al., 2008; Gao et al., 2008). Recently, Higaki et al. (2010b)
developed a novel quantitative image analysis method allow-
ing a more detailed and reliable characterization of the changes
in actin configurations during the diurnal cycles of Arabidopsis
guard cells. Data confirmed previous observations that actin fil-
aments adopt a well-organized and radial orientation in open
stomata and a more longitudinal orientation in closed stomata.
They also provide clear evidence that actin-bundling transiently
increases during stomatal opening, and drastically reduces once
this process is completed. Interestingly, the abnormally thick and
long-lasting actin bundles induced by the expression of a mouse
talin-derived actin reporter compromised stomatal opening. This
is in good agreement with previous pharmacological and genetic
studies indicating that changes in actin dynamics control stom-
atal movement (Kim et al., 1995; Liu and Luan, 1998; Dong et al.,
2001; Lemichez et al., 2001; Macrobbie and Kurup, 2007).

Higaki et al. (2010a,b) suggest that unbundling of actin bun-
dles (rather than their complete depolymerization; Liu and Luan,
1998) stimulates membrane trafficking and increases the num-
ber of activated potassium channels in the plasma membrane,
which in turn promotes an increase of turgor pressure. In this
context, a novel plant-specific actin-bundling protein, termed
STOMATAL CLOSURE-RELATED ACTIN BINDING PROTEIN
1 (SCABL1), was isolated from a genetic screen aimed at identi-
fying Arabidopsis mutants defective in stomatal movement (Zhao
et al., 2011). In vitro biochemical data revealed that SCABI is a
simple actin bundling protein unable to promote actin nucleation
or capping. Depletion of SCABI reduces actin filament stability,
delays the switch from a radial to a longitudinal actin filament
configuration in guard cells during stomatal closure, and reduces
stomatal closure sensitivity to abscisic acid, H,O;, and CaCl,. In
contrast, the overexpression of SCABI increases actin filament
stability and promotes excessive bundling. Both SCABI knockout
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and overexpressing lines exhibit a retardation of stomatal closure,
suggesting that proper levels of SCABI and actin bundling are
required for normal stomatal movements.

Structural and domain analyses indicate that SCAB1 func-
tions as a single actin-binding domain protein that dimerizes
through its central coiled coils to achieve the bivalent organiza-
tion required for actin filament crosslinking (Zhang et al., 2012).
Contrary to some other ABPs, SCABI1 activities are insensitive
to pH and Ca®* in vitro (Zhao et al., 2011). Nevertheless, the
SCABI1 C-terminal pleckstrin homology domain was shown to
weakly bind to inositol phosphates, suggesting a possible SCAB1
regulation by phosphoinositides at the cell membrane (Zhang
et al., 2012). In addition to its potential impact on potassium
channel density at the membrane of guard cells, actin bundling
might also play a structural role in the control of the vacuolar
shape and volume. Indeed, the radial actin filament configura-
tion in open stomata allows the vacuole to occupy a maximal
volume. In contrast, the long and heavy bundles spanning along
the longitudinal axis of the guard cells of closed stomata might
contribute to reduce the vacuole volume. Although the exact roles
of actin bundles and the newly discovered actin bundling protein
SCABI in stomatal movement remain to be established, there is
accumulating evidence that they are central players.

VILLINS

Plant villins define a class of multifunctional ABPs which can
combine several actin regulatory activities, including actin fila-
ment severing, barbed-end capping, and bundling activities. The
Arabidopsis genome contains five villin genes (AfVLNI-5), each
of which being highly expressed in a wide range of tissues (Klahre
et al., 2000; Huang et al., 2005). Whereas atypical AtVLN1 was
reported to function as a simple and calcium-insensitive bundling
protein (Huang et al., 2005; Khurana et al., 2010), recent bio-
chemical work supports that the rest of the family, including
AtVLN2-5, retains the full set of typical villin activities and is
calcium-responsive (Khurana et al., 2010; Zhang et al., 2010,
2011b; Bao et al., 2012; van der Honing et al., 2012). The anal-
ysis of AtVLN4 and AtVLNS5 loss-of-function mutants (Zhang
et al., 2010, 2011b) confirmed the predicted roles of villins in
the formation and/or stabilization of the long actin bundles run-
ning along the shank of pollen tubes and root hairs (e.g., Yokota
et al., 1998, 2003; Tominaga et al., 2000; Ketelaar et al., 2002).
These studies also further validated the primary role of such actin
bundles in the intracellular transport of organelles and vesicles
in tip-growing cells (e.g., Miller et al., 1999; Sheahan et al., 2004;
Lovy-Wheeler et al., 2005; Ye et al., 2009). Interestingly, the fact
that beside their bundling activity, AtVLN4 and AtVLN5 possess
calcium-dependent actin severing and capping activities suggests
that they also actively contribute to assembling and disassembling
the typical short actin bundle-based structures observed in the
subapical region of pollen tubes and root hairs (Zhang et al., 2010,
2011b). As these structures remain at a constant distance from
the growing cell tip, they inevitably undergo continuous cycles of
disassembly/reassembly, a process which is thought to be primar-
ily regulated by changes in the concentration of ions including
[Ca*t] and [H*], and reactive oxygen species (Holdaway-Clarke
and Hepler, 2003; Knight, 2007; Cheung and Wu, 2008).

The analysis of vin2vIn3 double T-DNA insertion mutants sup-
ports that AtVLN2 and AtVLN3 together play a major role in
the generation of thick actin bundles in tissues other than pollen
and root hairs, and that such bundles are involved in the regula-
tion of directional organ growth (van der Honing et al., 2012).
Indeed, unlike single vin2 and vIn3 mutants, double mutants
exhibit much thinner actin bundles as compared to wild type
plants, and develop twisted leaves, stems, siliques, and roots. Only
full-length AtVLN3, but not a truncated version lacking the head-
piece region which is required for actin bundling in vitro, could
rescue both actin and developmental phenotypes of vIn2vin3 dou-
ble mutants, supporting that villin-induced thick bundles are
required for proper regulation of coordinated cell expansion. It
is noteworthy that cell shape and size and plant growth rates are
similar in control and double mutant plants, indicating that cell
expansion itself is unaffected. Surprisingly, another recent study,
which also focused on vin2vin3 double T-DNA insertion mutants
(Bao et al.,, 2012), reported a morphological phenotype differ-
ing from the one described by van der Honing et al. (2012). In
this study, the inflorescence stem of vIn2vin3 seedlings developed
a pendent phenotype which was correlated to defects in scle-
renchyma development (Bao et al., 2012). Although petioles were
modestly twisted, this malformation was obviously milder than
the prominent twisted phenotype exhibited by various organs of
van der Honing’s double mutants. Both the pendent and faint
twisted phenotypes of Bao’s double mutants could be rescued
by the expression of either VLN2 or VLN3. In addition, quan-
titative analyses indicate that xylem fiber cells of double mutant
inflorescence stems contain abnormally fine actin bundles, sup-
porting van der Honing’s conclusions that VLN2 and VLN3 work
as effective and functionally redundant actin-bundling proteins
in vitro. The morphological differences between the Bao and van
der Honing phenotypes remain intriguing and might reflect the
presence of truncated forms of VLN3 (the same v/n2 mutant is
used as a parental line in both studies) and/or the use of dissimilar
plant growth conditions.

LIM PROTEINS

Plant LIM proteins or LIMs (the acronym LIM derived from the
first letter of the three first identified LIM domain-containing
proteins, namely LIN-11, ISI1, and MEC-3; Way and Chalfie,
1988; Freyd et al., 1990; Karlsson et al., 1990) define a ubiqui-
tous family of actin-bundling proteins. Since our first report on
tobacco NtWLIM1 describing the promotion of actin-bundle for-
mation both in vitro and in live cells (Thomas et al., 2006, 2007),
several additional LIMs, including the six Arabidopsis AtLIMs
(Papuga et al., 2010; Ye and Xu, 2012), lilium LILIM1 (Wang et al.,
2008), and tobacco NtWLIM2 (Moes et al., 2012), were biochem-
ically characterized and recognized as actin-bundling proteins.
Contrary to formins and villins, no other actin-regulatory activity
has been attributed to any plant LIM protein so far, support-
ing that they function as simple actin bundlers. In Papuga et al.
(2010), we showed that the actin bundling activity of the three
pollen-enriched Arabidopsis LIMs (AtPLIM2a—c) is regulated by
pH and calcium (AtPLIM2c), whereas that of the three widely-
expressed LIMs (AtWLIM1, AtWLIM2a, and AtWLIM?2b) is not.
These data are particularly relevant considering the central roles
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previously proposed for pH and calcium gradients/oscillations
in the regulation of ABPs activities and cytoskeletal organiza-
tion during pollen tube elongation (Staiger et al., 2010). Using an
Arabidopsis cell suspension-based system, we could demonstrate
that the interaction of PLIMs with the actin cytoskeleton can be
specifically and reversibly inhibited by a controlled increase of the
intracellular pH (Papuga et al., 2010). Overexpression of LILIM1
modifies the actin cytoskeleton architecture in growing pollen
tubes of lily, disturbs endomembrane trafficking, including the
Golgi apparatus and endo/exocytic vesicles, and impairs normal
targeting of signaling molecules, including phosphatidylinositol-
4,5-bisphosphate, phospholipase C, and diacyl glycerol (Wang
et al., 2008). As an additional proof of the biological functions of
LIMs in pollen, the partial co-suppression of the three AtPLIMs
by an RNAi approach was recently shown to provoke important
defects in pollen development and tube growth (Ye and Xu, 2012).

Beside their cytosplasmic functions, plant LIMs were repeat-
edly reported to enter the nucleus, although their roles in this
compartment have been comparatively less studied (Mundel
et al., 2000; Kawaoka and Ebinuma, 2001; Briere et al., 2003;
Thomas et al., 2006; Papuga et al, 2010). One of the first
hints of the nuclear roles of plant LIMs was the identification
of tobacco NtWLIMI as a trans factor binding to a PAL-box
motif of the horseradish C2 peroxidase (prxC2) gene whose
product is involved in phenylpropanoid biosynthesis (Kawaoka
et al., 1992, 2000). Supporting the biological relevance of this
finding, transgenic tobacco plants with an antisense NtWLIM]
exhibited abnormally low levels of transcripts of several key
phenylpropanoid pathway genes as well as a 27% reduction in
lignin content (Kawaoka et al., 2000; Kaothien et al., 2002). We
recently evaluated the nuclear functions of the tobacco NtWLIM2
and found that NtWLIM2 can specifically and directly bind
to the conserved octamer cis-element of the histone AtH4A748
promoter and activate the corresponding promoter in live cell
reporter-based experiments (Moes et al., 2012). Similar activi-
ties were also shown for the Arabidopsis homolog of NtWLIM2,
namely AtWLIM?2a, whereas the more distant NtWLIM1 and
AtWLIM1 proteins were unable to bind to and to activate the
AtH4A748 promoter, suggesting a specialization of LIM protein
subfamilies in their nuclear targets.

Like all the other plant LIMs previously characterized,
NtWLIM2 decorates the actin cytoskeleton in live cells, and
binds to and bundles actin filaments in vitro (Moes et al., 2012).
Interestingly, we observed that the NtWLIM2 nuclear fraction
readily increases after cell treatment with the F-actin disrupting
drug latrunculin B, suggesting that the compartmentalization of
NtWLIM2 is modulated by the cytoskeletal status of the cell. It
is noteworthy that the mammalian counterparts of plant LIMs,
namely the cysteine-rich proteins (CRP1-3) were also reported
to shuttle between the cytoplasm and the nucleus where they
function as co-activators of genes involved in muscle differenti-
ation (Arber et al., 1994; Arber and Caroni, 1996; Kong et al,,
1997; Chang et al., 2003, 2007). In addition, some data support
that CRP3 translocates to the nucleus in response to mechani-
cal cues (Boateng et al., 2007, 2009) and that both CRP2 and
CRP3 are involved in the stretch response and the regulation of
the cell contractile force through their interaction with actin stress

fibers (Knoll et al., 2002; Kim-Kaneyama et al., 2005). It is there-
fore tempting to propose that plant LIMs function as sensors
able to perceive mechanical signals and to regulate in turn the
mechanical properties of the cell by regulating gene expression
(Kawaoka et al., 2000; Kaothien et al., 2002) and remodeling the
actin cytoskeleton. In addition, recent expression analyses have
highlighted that a subset of poplar LIMs is up-regulated in ten-
sion wood (Arnaud et al., 2012), further indicating a connection
between plant LIMs and mechanical stress. Such a hypothesis is
currently tested in our lab.

FIMBRINS

Fimbrins (also known as plastins in humans) define an
evolutionary-conserved family of actin bundling proteins whose
activities, biological functions, and roles in diseases have been
extensively analyzed in animals/humans and yeast (e.g., Bretscher,
1981; Samstag and Klemke, 2007; Al Tanoury et al., 2010; Skau
et al., 2011; Morley, 2012; Shinomiya, 2012). The Arabidopsis
genome encodes five fimbrins (AtFIM1-5; Staiger and Hussey,
2004). Although the structural bases underlying the actin binding
and crosslinking activities of AtFIM1 were characterized in detail,
only few studies have directly addressed the biological functions
of plant fimbrins (Kovar et al., 2000, 2001; Klein et al., 2004;
Wang et al., 2004). Wu et al. (2010) recently provided evidence
that pollen-enriched AtFIMS5 is required for the proper organiza-
tion of the actin cytoskeleton in pollen grains and growing pollen
tubes. The loss of AtFIM5 disorganizes the typical longitudinal
configuration of actin bundles in the shank of the pollen tube
and causes some bundles to invade the extreme tip. Such aberrant
cytoskeletal organization in turn alters the pattern and velocity of
cytoplasmic streaming. Biochemical data revealed that AtFIMS5 is
a calcium-insensitive actin bundling factor. Although the mecha-
nism by which the loss-of-function of an actin-bundling protein
leads to an increase in actin bundles a the tip of pollen tubes
remains obscure, together these data highlight an important role
for FIM5 in maintaining the normal actin organization and/or
dynamics in pollen tubes.

SB401

SB401 is a pollen-specific protein from Solanum berthaultii (Liu
et al., 1997) which was previously reported to bind to and bundle
both microtubules and actin filaments and proposed to func-
tion as a linker between microtubule and actin cytoskeletons
(Huang et al., 2007). In agreement with its higher in vitro affinity
for microtubules, SB401 was observed to preferentially inter-
act with the microtubule cytoskeleton in immunolabeled pollen
tubes. However, recent in vitro biochemical analyses support that
phosphorylation of SB401 by casein kinase II specifically inhibits
SB401 microtubule regulatory activities, suggesting that phos-
phorylation can switch the protein toward its actin regulatory
function(s) (Liu et al., 2009). Future work should validate SB401
cytoskeleton regulatory activities in a live cell context and provide
an insight into its biological function(s) in potato pollen tubes.

AtADF9
Members of the ADF/cofilin family are well-established ABPs able
to bind both actin monomers and filaments and whose main
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Table 1| List of the actin bundling promoting proteins cited in this article.

Name Remarkable features Reported subcellular Identified or suggested Key references
locations biological functions
FORMINS
AtFH1 Non-processive formin; Cell membrane Pollen tube growth, cell Cheung and Wu, 2004,
anchors in the cell wall expansion Michelot et al., 2005, 2006;
Martiniere et al., 2011
AtFH3 Lacks in vitro actin bundling Nuclear envelope; cell plate Pollen tube growth polarity Ye et al., 2009
activity
AtFH4 Bundles both AFs and MTs; Cell membrane at cell-to-cell Cell expansion Deeks et al., 2005, 2010
AtFH4-GFP co-aligns the ER contacts; ER membrane
and MTs
AtFH5 In vitro actin bundling Growing cell plate; cell Cell cytokinesis; pollen tube Ingouff et al., 2005; Cheung
activity not reported so far membrane in the pollen growth etal., 2010
tube tip
AtFH8 AtFH8(FH1FH2) induces Cell membrane at cell-to-cell Primary root growth; lateral Deeks et al., 2005; Yi et al.,
stellar structures in vitro contacts; nuclear envelope root initiation; cell expansion 2005; Xue et al., 2011
and division
AtFH14 Bundles both AFs and MTs; Preprophase band; Cell division Lietal, 2010
crosslinks AFs and MTs phragmoplast
together
OsFH5 Bundles both AFs and MTs Chloroplast surface Cell expansion Yang et al., 2011; Zhang et al.,
201a
AtTHRUMIN1 Light-dependent actin Cell membrane Chloroplast movement Whippo et al., 2011
bundling activity
AtAVB1-3 Part of the V-ATPase Endomembrane system - Ma et al., 2012
multimeric complex
AtSCAB1 Dimerizes; likely regulated Cytoplasm Stomatal movement Zhao et al., 2011; Zhang et al.,
by phosphoinositides 2012
VILLINS
LIP-135-ABP and Ca?* sensitive; bundle AFs Cytoplasm Direction of cytoplasmic Yokota et al., 1998, 2000,
LIP-115-ABP with uniform polarity streaming in pollen tubes 2003, 2005; Yokota and
and root hair cells Shimmen, 1999; Tominaga
et al., 2000
AtVLN1 Ca?* insensitive; lacks - - Huang et al., 2005; Khurana
severing and capping etal., 2010
activities
AtVLN2 Ca?t sensitive; has severing Cytoplasm Directional organ growth; Bao et al., 2012; van der
and capping activities Sclerenchyma development Honing et al., 2012
AtVLN3 Ca?t sensitive; has severing Cytoplasm Directional organ growth; Khurana et al., 2010; Bao
and capping activities; can Sclerenchyma development et al., 2012; van der Honing
sever AtVLN1-induced etal., 2012
bundles in vitro
AtVLN4 Ca?t sensitive; has severing Cytoplasm Root hair growth and Zhang et al., 2011b
and capping activities cytoplasmic streaming
AtVLNS Ca?t sensitive; has severing Cytoplasm Pollen tube growth Zhang et al., 2010
and capping activities
LIM PROTEINS
NtWLIM1 Interacts directly with DNA Cytoplasm; nucleus Gene expression (lignin Kawaoka et al., 2000;
biosynthesis) Kaothien et al., 2002; Thomas
et al., 2006, 2007
NtWLIM2 Interacts directly with DNA; Cytoplasm; nucleus Gene expression (Histones) Moes et al., 2012

dimerizes

(Continued)
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Table 1| Continued

Name Remarkable features

locations

Reported subcellular

Identified or suggested
biological functions

Key references

AtWLIM1, 2a and b
AtPLIM2a and b

Ca?* and pH insensitive Cytoplasm; nucleus

Only pH sensitive Cytoplasm; nucleus

AtPLIM2c Ca?* and pH sensitive Cytoplasm; nucleus
LILIM1 Ca?*and pH sensitive Cytoplasm; nucleus
FIMBRINS

AtFIM1 Ca?t insensitive Cytoplasm

AtFIM5 Ca?* insensitive Cytoplasm

OTHER ABP FAMILIES

Sb401 Bundles both AFs and MTs;
activity possibly switched
toward actin bundling by
phosphorylation;
genus-specific protein

AtADF9 Expression induced by
hormones; lacks
conventional ADF AF

severing activity

Cytoplasm; nucleus

Cytoplasm; cell cortex -

- Papuga et al., 2010
Papuga et al., 2010; Ye and Xu,
2012

Pollen tube growth

Pollen tube growth Papuga et al., 2010; Ye and Xu,

2012

Pollen tube growth Wang et al., 2008

Kovar et al., 2000, 2001
Wu et al., 2010

Cytoplasmic streaming
Pollen tube germination and
growth

Huang et al., 2007; Liu et al.,
2009

Gene expression (repression
of flowering); development

Burgos-Rivera et al., 2008;
Tholl et al., 2011

In the column "Reported subcellular locations," the term "cytoplasm" means no association with any specific organelle. Note that, in some cases, the 'ldentified

or suggested biological functions" is not directly related to the actin bundling activity of the protein, e.g., nuclear functions. AFs, actin filaments, ER, endoplasmic

reticulum,; MT, microtubules.

function is to increase actin dynamics (Staiger and Blanchoin,
2006; Ono, 2007; Van Troys et al., 2008b; Bernstein and Bamburg,
2010). Whereas vertebrates typically possess three ADFs/cofilins,
plant ADF families are particularly large. Indeed, Arabidopsis
expresses 11 functional ADFs (AtADF1-11) which can be divided
into 5 subclasses according to their tissular expression and phy-
logeny (Ruzicka et al., 2007). Recently, time-lapse TIREM analyses
provided direct evidence that subclass I AtADF1 and AtADF4
sever actin filaments in vitro (Khurana et al., 2010; Henty et al,,
2011), an activity displayed by most animal, protozoa, and yeast
ADFs/cofilins (e.g., Andrianantoandro and Pollard, 2006; Chan
et al., 2009). In agreement with these data and the role predicted
for actin severing in the stochastic dynamics of plant actin fila-
ments (Michelot et al., 2007; Blanchoin et al., 2010; Staiger et al.,
2010), Henty et al. (2011) established that Arabidopsis adf4 knock-
out mutants exhibit a 2.5-fold reduced severing frequency as well
as other characteristics of reduced actin dynamics in the cortical
region of hypocotyl epidermal cells.

We recently compared the biochemical activities of Arabidopsis
ADFs from different subclasses (unpublished data). We found
that, contrary to other ADFs, subclass III AtADF9 is unable
to enhance actin depolymerization in vitro (Tholl et al., 2011).
Instead, AtADF9 stabilizes and crosslinks actin filaments into
large bundles. By transiently expressing GFP-tagged and untagged
AtADF9 recombinant proteins in tobacco BY2 cells, we con-
firmed the actin-bundling activity of AtADF9 in a live cell context.
Indeed, contrary to AtADF1 which induced many breaks in the
actin cytoskeleton, AtADF9 reduced the density and increased

the thickness of actin fibers. Interestingly, similar data were
obtained with AtADF5 (unpublished data), the other member
of Arabidopsis ADF subclass III. Future work should identify
the structural features responsible for the unconventional activ-
ities of subclass IIT ADFs, and compare the developmental and
actin cytoskeleton phenotypes of adf5 and adf9 mutants to those
recently reported for the knockout mutant of the conventional
ADF AtADF4 (Henty et al.,, 2011).

Table 1 lists the actin bundling proteins cited in the present
article and emphasizes some of their important features.

CONCLUSIONS

The growing number and diversity of actin-bundling proteins
identified in plants indicate that, like animals, plants elaborate
various types of actin-bundles with specific structural features
and distinct functions (Table 1). This implies that the functions
of actin bundles extend beyond the traditional definition of stable
tracks for long distance intracellular transport. The characteriza-
tion of novel types of actin-bundling proteins points out potential
functions for actin bundles in stomatal movement, ion chan-
nel trafficking and/or activities, and chloroplast movement. In
addition, actin bundles most likely play an important role in the
regulation of hormone carriers cycling between plasma mem-
brane and intracellular compartments (Nick, 2010). The specific
actin bundling proteins involved in this process as well as their
mode of regulation however remain to be identified.

Precise actin filament dynamics and organization near the
plant cell cortex have been resolved only recently, and the
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elucidation of the roles of actin filaments and bundles at this loca-
tion will keep researchers busy during the years to come. Future
work should establish why epidermal plant cells keep their cortical
actin network so dynamic and whether the other cell types do the
same. A number of actin-bundling proteins reviewed in this arti-
cle support the existence of a physical linkage between actin bun-
dles and membranes. Among those, formins emerge as key mul-
tifunctional ABPs able to initiate polymerization and bundling
of filaments from diverse types of subcellular locations includ-
ing the cell membrane. Noticeably, the recent work by Martiniere
et al. (2011) provides compelling evidence that the Arabidopsis
formin AtAFHI is anchored by its predicted extracellular domain
within the cell wall and bridges the latter to the actin cytoskeleton.
A next important step consists in identifying the external sig-
nals that target the extracellular domain of class I formins and in
characterizing how such signals modulate the intracellular activ-
ities of formins. In addition, one can expect that, following the
pioneering work on AtADF4 by Henty et al. (2011), the exact

contribution of formins to actin nucleation and bundling near
the cell cortex, and more generally to the actin stochastic dynam-
ics, will be soon characterized. During the reviewing process of
the present article, a publication by Deeks et al. (2012) report-
ing the identification of a novel and plant-specific superfamily of
ABPs termed Networked (NET) was released. Localization analy-
ses strongly suggest that the Arabidopsis NET proteins function as
linkers between the actin cytoskeleton and diverse types of mem-
branes, including specific subdomains of the plasma membrane,
the tonoplast and the nuclear membrane. There is no doubt that
such an exciting discovery will boost the field and contribute to a
better understanding of how AFs and actin bundles are coupled
to membranes in plant cells.
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Gravitropism is a process that allows plant organs to guide their growth relative to the
gravity vector. It requires them to sense changes in their orientation and generate a bio-
chemical signal that they transmit to the tissues that drive organ curvature. Trafficking
between the plasma membrane and endosomal compartments is important for all of these
phases of the gravitropic response. The sedimentation of starch-filled organelles called
amyloplasts plays a key role in sensing reorientation, and vacuolar integrity is required for
amyloplast sedimentation in shoots. Other proteins associated with the vesicle trafficking
pathway contribute to early gravity signal transduction independently of amyloplast sedi-
mentation in both roots and hypocotyls. Phosphatidylinositol signaling, which starts at the
plasma membrane and later affects the localization of auxin efflux facilitators, is a likely
second messenger in the signal transduction phase of gravitropism. Finally, membrane-
localized auxin influx and efflux facilitators contribute to a differential auxin gradient across
the gravistimulated organs, which directs root curvature.

Keywords: gravitropism, Arabidopsis, endomembrane, vacuole, trafficking, PIN, phosphatidylinositol, auxin

transport

INTRODUCTION TO GRAVITROPISM

Gravitropism is a dynamic process that involves the perception
of an organ’s abnormal orientation within the gravity field, a
transduction of the corresponding information into a biochemi-
cal signal, the transmission of this signal to a site of response, and
organ curvature. Proper curvature therefore requires the coordi-
nation of multiple cellular activities including signal transduction,
phytohormone transport, and cell expansion. Published work dis-
cussed in this review, mostly on Arabidopsis, indicates that protein
trafficking through the endomembrane system plays a critical role
in all of these processes.

Gravitropism begins with signal perception. In Arabidopsis
roots, the specialized cells that sense gravity, or statocytes, are
located in the root tips within the columella region of the cap
(Blancaflor etal., 1998; Tsugeki and Fedoroft, 1999; Kiss, 2000);
in shoots, the endodermis contains the statocytes (Fukaki etal.,
1998). Both root columella and shoot endodermal cells contain
dense, starch-filled amyloplasts that sediment to the lower sides of
the statocytes upon gravistimulation (Caspar and Pickard, 1989;
Kiss et al., 1989; Leitz et al., 2009). After amyloplast sedimentation,
an auxin gradient is generated (part of the biochemical signal dis-
cussed above) and transmitted so that the auxin concentration on
the lower side of the organ is higher than the concentration along
its upper side (Ottenschlager et al., 2003). This typically promotes
downward curvature of roots and upward curvature of shoots
(Salisbury et al., 1988; Young etal., 1990).

The steps connecting amyloplast sedimentation and auxin
redistribution in the signal transduction phase of gravitropism
are still unclear, although several genes have been implicated in
this phase. The molecular and functional analysis of some of these
genes has suggested roles for endomembrane trafficking in this

process. One possible model for signal perception involves the acti-
vation of stretch-activated mechanosensitive ion channels within
membranes pressed upon by sedimenting amyloplasts (Leitz et al.,
2009). Alternatively, in the ligand-receptor model, the activation
of a transduction pathway occurs through productive interac-
tions between sedimenting plastid-borne molecules and receptors
associated with lower membranes (Braun, 2002). Lastly, in the
hydrostatic pressure model, cellular machinery detects a pressure
differential between the upper and lower sides of the statocytes
caused by the weight of the entire protoplast on the cell wall
(Staves, 1997). There is also substantial evidence for root grav-
ity sensing outside of the columella cells that could involve an
amyloplast-independent mechanism (Wolverton etal., 2002).

Researchers have proposed that several secondary messengers
contribute to the signal transduction phase of gravitropism. For
example, Ca’* changes occur in response to gravistimulation,
although studies have not found them in the columella cells (Pli-
eth and Trewavas, 2002; Toyota et al., 2008). Cytosolic pH changes,
however, do occur in the columella cells upon gravistimulation,
and changing the pH alters the gravitropic response (Scott and
Allen, 1999; Monshausen etal., 2011). Inositol 1,4,5-triphosphate
(InsP3) also appears to contribute to the formation of the auxin
gradient possibly through a role in vesicle trafficking (Perera et al.,
1999; Wang et al., 2009).

In contrast to the signal perception phase of gravitropism, how
a plant generates, maintains, and transmits the auxin gradient, as
well as how this gradient dictates differential cell expansion, are
better understood. The auxin efflux facilitators PIN-FORMED
3 (PIN3) and PIN7 show a distinct relocalization to the lower
side of the root cap columella cells in response to gravistimula-
tion that initiates the differential flow of auxin toward the lower
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flank of the root (Friml etal., 2002b; Kleine-Vehn etal., 2010).
Other auxin transporters help to generate and propagate this gra-
dient along the root, and protein trafficking is critical in this
step. Auxin then may bind to one of two proposed auxin recep-
tor classes, the AUXIN-BINDING PROTEIN 1 (ABP1) receptor
or the TRANSPORT-INHIBITOR-RESISTANT 1 (TIR1)/AUXIN
SIGNALING F-BOX (AFB) proteins. TIR1/AFB receptors bind
auxin in a complex with an Aux/indole-3-acetic acid (IAA) regu-
latory protein, which is degraded upon auxin binding (Dharmasiri
etal., 2005; Kepinski and Leyser, 2005). This de-represses auxin-
response factors, which can then activate or suppress target genes
to cause differential cell expansion on the upper and lower sides
of roots and shoots. Although its mechanism of action is less clear,
ABP1 is required for auxin responses at the plasma membrane and
auxin-responsive gene expression changes, and it has been pro-
posed to coordinate cell division and cell expansion (Shi and Yang,
2011). For more information on the overall gravitropic response,
please see a recent review (Morita, 2010; Strohm etal., 2012).

ENDOMEMBRANE SYSTEM COMPONENTS ARE IMPORTANT
FOR GRAVITY PERCEPTION AND EARLY GRAVITY SIGNAL
TRANSDUCTION

Endomembrane system components are required for normal
shoot and root gravitropism in Arabidopsis. Endocytotic pathways
mediate the transport of proteins from the plasma membrane in
order to control their recycling via the endosome or their degra-
dation. Many proteins targeted to vacuoles are transported from
the ER, to the Golgi, and then to the vacuole, although a Golgi-
independent pathway also exists. Furthermore, some endocytosed
plasma membrane proteins are also targeted to the vacuole. Pre-
vacuolar compartments (PVCs), also called multivesicular bodies
(MVBs), mediate Golgi or plasma membrane to vacuole transport.
For more information, see a recent review on this process (Reyes
etal, 2011). Genetic screens for shoot gravitropism mutants
revealed a contribution of vesicular trafficking to vacuoles in grav-
itropism. Similarly, a screen designed to find compounds that
reduced hypocotyl gravitropic responses identified several small
molecules that link gravitropism and endomembrane traffick-
ing. Although characterization of the proteins that interact with
these molecules is still underway, two of the compounds reduce
gravitropic responses and disrupt the endomembrane system
despite having no apparent effect on auxin, suggesting an auxin-
independent role for endomembrane trafficking in gravitropism
(Surpin etal., 2005).

VACUOLAR INTEGRITY IS ESSENTIAL FOR AMYLOPLAST
SEDIMENTATION IN SHOOTS

Four shoot gravitropism (sgr) mutants have been identified that
share similar phenotypes and suggest a connection between
vacuole integrity, amyloplast sedimentation, and shoot gravit-
ropic responses. SGR3/VAM3 and SGR4/VTI11/Z1G are SNARES,
which are named for SNAP (soluble NSF attachment protein)
receptors and are small proteins that mediate vesicle fusion.
They are divided into vesicle-SNAREs (v-SNAREs), which are
located on vesicle membranes, and target-SNARES (t-SNAREs),
which are located on target membranes. SGR3 is a t-SNARE
(Sato etal., 1997), and SGR4 is a v-SNARE (Zheng etal., 1999).

SGR8/GRV2/KAM?2 is a DnaJ domain-containing peripheral
membrane protein that localizes to late endosomes (Silady etal.,
2004, 2008). Lastly, SGR2 encodes a vacuole-localized protein
homologous to the bovine testis phosphatidic acid-preferring
phospholipase A1 (PA-PLA1; Kato etal., 2002).

sgr2, sgr3, sgrd, and sgr8 share reduced shoot gravitropic responses,
abnormal amyloplast localization, and altered vacuole structures
sgr2, sgr3, sgr4, and sgr8 mutants all exhibit strongly reduced shoot
gravitropic responses but normal or slightly enhanced phototropic
and root gravitropic responses; sgr2 and s¢r4 mutants also display
very slow hypocotyl gravitropism (Fukaki et al., 1996b; Yamauchi
etal., 1997; Kato etal., 2002; Yano etal., 2003; Silady etal., 2004).
All of these mutants show a generally intact tissue structure con-
sisting of a single layer of epidermis, three to four layers of cortex,
and one layer of endodermis, although the sgr2, sgr4, and sgr8
mutants show some pleiotropic phenotypes including altered cell
size and shape (Kato etal., 2002; Yano etal., 2003; Silady etal.,
2004). This suggests that these genes are likely to function directly
in gravitropism and do not simply have missing or disorganized
statocytes.

In wild-type plants, amyloplasts in shoot endodermal cells are
found sedimented on the lower sides of the cells (Morita etal.,
2002). They are wrapped in thin, tunnel-like cytoplasmic layers
surrounded by vacuolar membranes that are called transvacuo-
lar strands, which pass through the vacuole and are connected
to the peripheral cytoplasm. Amyloplasts can pass through these
transvacuolar strands (Saito etal., 2005). However, in sgr2, sgr3,
sgr4, and sgr8 mutants, the endodermal amyloplasts are found
throughout both the upper and lower sides of the cells where they
localize outside of the vacuole (instead of within the transvacuo-
lar strands), often pressed against the cell periphery (Morita etal.,
2002; Yano etal., 2003; Silady etal., 2004). At least sgr2 and sgr4
amyloplasts can be stained with potassium iodide, suggesting that
they do accumulate starch, although a few amyloplasts appeared
to contain slightly less starch than wild-type (Morita et al., 2002).
Together, these data suggest that altered amyloplast localization,
rather than reduced starch accumulation, results in the abnormal
gravitropic responses of these mutants.

sgr2, sgr3, sgr4, and sgr8 also all show altered vacuolar pheno-
types. sgr2and sgr4 both have aberrant vacuolar components in the
cytoplasm, although these compartments differ between mutants
(Morita etal., 2002). sgr3 vacuolar membranes form irregular
curves and do not properly surround the amyloplasts (Yano et al.,
2003). sgr8 mutants have irregularly shaped vacuoles and aggre-
gates of endosomes, which suggests that they might not properly
fuse the tonoplast and vesicular membranes (Silady et al., 2008).

Golgi-to-vacuole targeting is critical for proper amyloplast
localization in shoots

SGR2, SGR3, SGR4, and SGR8 are all expressed in all tissues exam-
ined, and at least for SGR2, SGR3, and SGR4, expression in the
endodermis is sufficient to rescue the gravitropic defects of the
mutants (Zheng etal., 1999; Morita etal., 2002; Yano etal., 2003;
Silady etal., 2004). This indicates that these proteins’ contribution
to gravitropism occurs within the statocytes. In root cells, SGR4
colocalizes with ELP, a vacuolar cargo receptor located on the
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trans-Golgi network, as well as with PEP12, a t-SNARE located
at the PVC (Zheng etal.,, 1999). Experiments have shown that
SGR4 can substitute for yeast Vtilp in vesicle transport from the
Golgi to the PVC (Zheng etal., 1999). SGR3 localizes to the vac-
uole or the PVC, and coimmunoprecipitation experiments suggest
that it forms a complex with SGR4 (Yano etal., 2003). Similarly,
SGR8 plays a role in trafficking from the PVC to the tonoplast
(Silady etal., 2008). Together, these data suggest that traffick-
ing from the Golgi to the vacuole plays an important role in
shoot and hypocotyl gravitropism, possibly by providing a cel-
lular environment that is favorable to amyloplast sedimentation
upon gravistimulation.

The putative phospholipase SGR2 also localizes to vacuolar
membranes (Morita et al., 2002). It is therefore possible that SGR3,
SGR4, or SGR8 directly mediates the localization of SGR2 or that
another cargo protein transported by SGR3, SGR4, or SGR8 is
important for the localization or activity of SGR2. Alternatively,
SGR2 may contribute to gravitropism independently of SGR3,
SGR4, and SGR8. While the exact function of SGR2 is still unclear,
it is possible that it mediates the degradation of phospholipids
that dictate the composition of membranes in order to modify
their properties. This could consequently result in altered amy-
loplast sedimentation and slow gravitropic curvature. Another
possibility is that cleavage of phospholipids by SGR2 creates signal-
ing molecules required for gravitropism (Kato etal., 2002; Morita
etal., 2002).

Unlike amyloplasts in shoots, those in root columella cells are
not enveloped in vacuolar membranes and move through the
cytoplasm instead of within transvacuolar strands (Zheng and
Staehelin, 20015 Leitz etal., 2009). There is also no large central
vacuole in columella cells like there is in shoot endodermal cells.
Consistent with these observations, none of the mutations iden-
tified thus far as affecting root gravitropism have been associated
with defects in vacuolar biogenesis or function.

SOME ENDOMEMBRANE SYSTEM-ASSOCIATED PROTEINS MEDIATE
EARLY GRAVITY SIGNAL TRANSDUCTION INDEPENDENTLY OF
AMYLOPLAST SEDIMENTATION

ALTERED RESPONSE TO GRAVITY 1 (ARG1/RHG) and its para-
log ARGI-LIKE 2 (ARL2/ GPS4) encode DnaJ-domain-containing
peripheral membrane proteins that are necessary for full root
and hypocotyl gravitropism (Fukaki etal., 1997; Sedbrook etal.,
1999; Boonsirichai etal., 2003; Guan etal., 2003; Luesse etal.,
2010). GFP-ARG] fusions localize to components of the vesi-
cle trafficking pathway including the ER, the Golgi, and vesicles
near the plasma membrane, as well as the cell plate. Addition-
ally, upon treatment with brefeldin A (BFA), which disrupts
vesicle trafficking, cMyc-ARG1 accumulates in BFA-induced com-
partments as do many proteins known to be associated with
vesicle trafficking (Boonsirichai etal., 2003). ARG1 and ARL2
are required for the relocalization of PIN3 to the new lower
sides of the columella cells upon gravistimulation, and at least
ARGI is required for the gravity-induced cytoplasmic alka-
linization of the columella cells. Both of these processes are
important in generating an auxin gradient (Boonsirichai etal.,
2003; Harrison and Masson, 2008). These genes are espe-
cially interesting because argl and arl2 mutants display normal

phototropism, amyloplast starch accumulation, amyloplast sedi-
mentation, responses to phytohormones, and responses to auxin
transport inhibitors (Fukaki etal., 1997; Sedbrook etal., 1999;
Guan etal., 2003; Stanga et al., 2009). Although the specific molec-
ular function of ARGl and ARL2 remains unclear, these data
suggest that they play a role in the early gravity signal trans-
duction steps that connect amyloplast sedimentation and auxin
redistribution.

PHOSPHATIDYLINOSITOL SIGNALING MEDIATES VESICLE
TRAFFICKING, AUXIN GRADIENT FORMATION, AND THE
GRAVITROPIC RESPONSE

Phosphatidylinositol monophosphate 5-kinase (PIP5K) catalyzes
the synthesis of phosphatidylinositol 4,5-bisphosphate (PIP;), a
plasma membrane-localized phospholipid. PIP; is then cleaved
by phospholipase C (PLC) to produce the second messenger
InsP3, which diffuses throughout the cell, and diacylglycerol
(DAG), which stays in the membrane. Inositol polyphosphate 5-
phosphatases (InsP 5-ptases) dephosphorylate InsP; to stop its
activity. In animals, InsP3 can trigger Ca’™ release from the ER
and the vacuole, and Ca? 7 itselfis another possible second messen-
ger in gravity signal transduction in plants (Plieth and Trewavas,
2002; Monshausen etal., 2011). Additional research in both ani-
mals and plants has shown that PIP, can bind actin-interacting
enzymes, endocytic and exocytic-related proteins, ion channels,
and regulators of vesicle trafficking. Please see the following
reviews for additional information (Wasteneys and Galway, 2003;
Haucke, 2005).

InsP3 MAY ACT AS A SECOND MESSENGER IN GRAVITROPISM
SIGNALING

Multiple lines of evidence point to a role for phosphatidylinosi-
tol signaling in gravity signal transduction. InsP3 levels increase
threefold on both the upper and lower sides of gravistimulated oat
pulvini after only 15 s. Over the next 30 min, InsP3 fluxes con-
tinue, resulting in a threefold increase in the levels on the upper
compared to the lower side. After about an hour, InsP3 returns
to its basal level (Perera etal., 2001). Several other observations
also support a role for InsP3 in gravitropism. Phosphatidylinositol
4-phosphate 5-kinase levels increase in the lower halves of grav-
istimulated pulvini, suggesting that PIP, biosynthesis increases
in this region (Perera etal., 1999). Additionally, inhibiting PLC
also blocks the long-term InsP3 increase and reduces gravitropic
bending (Perera etal., 2001). Some genes show InsP3-dependent
changes in expression in response to gravitropic and/or pho-
totropic stimuli, suggesting that this second messenger may play a
key role in coordinating these two responses (Salinas-Mondragon
etal., 2010).

Arabidopsis inflorescence stems can perceive a change in ori-
entation while at 4°C but cannot respond until after they are
returned to room temperature (Fukaki et al., 1996a). InsP3 changes
are similar in plants gravistimulated at 4°C and at room temper-
ature, and plants expressing a constitutively active InsP 5-ptase
show decreased bending after gravistimulation at 4°C and a subse-
quent return to room temperature (Pereraetal.,2001,2006). These
results support the hypothesis that phosphatidylinositol signaling
functions early in gravity signal transduction.
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PLANTS CARRYING MUTATIONS IN GENES ASSOCIATED WITH
PHOSPHATIDYLINOSITOL SIGNALING SHOW ALTERED

GRAVITROPIC AND AUXIN-RELATED PHENOTYPES

PIP5K and InsP 5-ptases are each encoded by 15 genes in Ara-
bidopsis. pip5k2 seedlings have decreased PIP; levels, and 5-ptasel3
mutants are likely to have a decreased ability to dephospho-
rylate InsP3 (Wang etal., 2009; Mei etal., 2012). Therefore,
it is not surprising that these mutants share many opposite
phenotypes. pip5k2 seedlings respond slowly to gravity, while
5-ptase]3 mutants show an enhanced response (Wang etal,
2009; Mei etal., 2012). In agreement with this finding, plants
expressing a constitutively active InsP 5-ptase do not exhibit
the characteristic InsP3 increase in response to gravistimulation
and show decreased gravitropic bending (Perera etal., 2006).
pip5k2 mutants are more sensitive to the polar auxin transport
inhibitor 1-N-naphthylphthalamic acid (NPA) than are wild-
type plants, which suggests impaired polar auxin transport in
this mutant (Mei etal.,, 2012). In contrast, 5-ptasel3 mutants
show a reduced response to NPA, which indicates increased
polar auxin transport (Wang etal., 2009). Plants carrying the
constitutively active InsP 5-ptase also show decreased basipetal
auxin transport (Perera etal., 2006). Indeed, a greater percent-
age of 5-ptasel3 mutants and a smaller percentage of pip5k2
mutants generate an asymmetric auxin gradient in roots in
response to gravistimulation compared to wild-type seedlings,
resulting in altered gravitropic phenotypes (Wang et al., 2009; Mei
etal., 2012).

PHOSPHATIDYLINOSITOL SIGNALING AFFECTS VESICLE TRAFFICKING
AND PIN PROTEIN TURNOVER

Phosphatidylinositol signaling is required for proper vesicle traf-
ficking that leads to the establishment of an auxin gradient. PIN
auxin efflux facilitators play important roles in controlling the
direction and rate of auxin fluxes that allow for differential cell
expansion upon gravistimulation (see The PIN Family of Auxin
Efflux Facilitators). Normally PIN proteins cycle between the
plasma membrane and endosomal compartments. This process
is sensitive to BFA and requires clathrin-mediated endocytosis
(Steinmann etal., 1999; Friml etal., 2002b; Geldner etal., 2003;
Dhonukshe etal., 2007; Kleine-Vehn etal., 2010). Compared to
wild-type, 5-ptasel3 mutants have an increased ability to inter-
nalize the endocytosis marker FM4-64, are less sensitive to BFA,
and show faster resumption of PIN1 and PIN2 polar localiza-
tion at the plasma membrane after BFA removal (Wang etal,,
2009). In contrast, pip5k2 mutants show a decreased ability to
internalize FM4-64, increased sensitivity to BFA, slower recovery
after BFA removal, and decreased cycling of PIN2 and PIN3 (Mei
etal., 2012). The phosphatidylinositol-3-kinase (PI3K) inhibitor
wortmannin also results in altered PIN protein localization and
gravitropic defects (Jaillais etal., 2006; Kleine-Vehn etal., 2008).
Together, these data indicate a role for phosphatidylinositol signal-
ing in vesicle trafficking that affects PIN protein turnover and the
generation of the auxin gradient that is required for differential
cell elongation in response to a gravity stimulus. It remains possi-
ble, however, that the 5-ptasel3 and pip5k2 mutants have altered
membrane lipid composition, which is known to affect PIN cycling
(Men etal., 2008).

AUXIN TRANSPORT ACROSS CELL MEMBRANES RESULTS
IN AN AUXIN GRADIENT THAT DIRECTS DIFFERENTIAL

CELL EXPANSION

The major natural auxin, IAA, is a weak acid that can diffuse
through membranes only when protonated (Rubery and Shel-
drake, 1974; Raven, 1975). The pH in the apoplast remains low,
and so a proportion of IAA molecules are protonated, which
allows them to diffuse across the membrane into the cytoplasm
(Rubery and Sheldrake, 1974; Raven, 1975). Additional apoplas-
tic IAA can be actively imported by the AUX1 and LIKE-AUX1
(LAX) permeases and at least one ATP-binding cassette (ABC)
transporter/P-glycoprotein (PGP) (Marchant etal., 1999; Santelia
etal., 2005; Yang etal., 2006; Yang and Murphy, 2009; Péret et al.,
2012). Once in the cytoplasm, far fewer IAA molecules are proto-
nated, being exposed to more neutral pH, and active auxin efflux
mediated by PIN proteins and some ABC transporters is required
(Figure 1F). The polar localization of these proteins at the plasma
membrane can dictate directional auxin transport within cell files
(Wisniewska etal., 2006). In vertically growing roots, this results
in the flow of auxin down the vasculature to the columella cells
where it is redirected along the outer layers of the root in what is
termed the reverse fountain model of auxin transport (Swarup and
Bennett, 2003). Upon gravistimulation, the PIN3 and PIN7 auxin
efflux carriers switch from a non-polar localization to a preferen-
tial distribution at the lower side of the plasma membrane (Friml
etal., 2002b; Kleine-Vehn etal., 2010). This causes auxin to accu-
mulate in the lower sides of shoots and roots where it alters cell
expansion rates to cause organ curvature (Salisbury etal., 1988;
Young etal., 1990). Vesicle trafficking therefore plays a critical role
in mediating this auxin gradient through its effects on the abun-
dance, activity, and subcellular localization of auxin efflux and
influx carriers. Membrane composition and differences in the sen-
sitivity of certain cells to auxin over time also influence curvature
kinetics (Willemsen et al., 2003; Benjamins and Scheres, 2008).

THE PIN FAMILY OF AUXIN EFFLUX FACILITATORS

There are eight PIN proteins in Arabidopsis, and at least five of them
function directly or indirectly in gravitropism. This is achieved
through their asymmetric localization at the plasma membrane,
which can determine the direction of auxin flow (Wisniewska et al.,
2006). These proteins often have overlapping functions; when one
protein is non-functional, auxin-dependent ectopic expression of
other PIN proteins can sometimes compensate for the loss (Blilou
etal., 2005; Vieten etal., 2005).

PIN proteins are required for the generation and propagation of the
gravity-induced auxin gradient

PINT localizes to the rootward sides of the cells that form the
vasculature whereas PIN4 localizes to the rootward sides of the
proximal meristem cells; the latter also shows non-polar local-
ization in the columella cells (Friml etal., 2002a). These patterns
suggest that PIN1 and PIN4 play indirect roles in gravitropism
by contributing to auxin efflux through the vasculature to the
columella cells (Gilweiler etal., 1998; Geldner etal., 2001; Friml
etal., 2002a). This is important for auxin to be transported to
the root tip so that it can later be distributed laterally across
the cap and up to the elongation zones upon gravistimulation.
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FIGURE 1 | Cellular control of auxin carriers. (A) Phosphorylation by
PINOID kinase and dephosphorylation by PP2A regulate PIN protein
localization. (B) PIN proteins are removed from the plasma membrane
through clathrin-mediated endocytosis into endocytic compartments. (C) PIN
proteins may also be ubiquitylated and targeted to the vacuole via PVCs for
degradation. (D) Alternatively, following endocytosis PIN proteins may be
exocytosed in a selective, polar manner that requires the activity of an
unidentified ARF GTPase. The activity of the GTPase is controlled by a GEF
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called GNOM, which removes the used GDP and allows fresh GTP to reload.
(E) Treating plants with BFA inhibits GNOM, which likely inactivates the ARF
GTPase. As a result, PIN proteins accumulate in intracellular aggregates
termed BFA bodies. (F) Auxin can be actively transported across the plasma
membrane. PIN proteins are gradient-powered auxin efflux carriers. Members
of the ABC transporter family are ATP-driven and act as either auxin influx or
efflux facilitators. AUX1 and its relative LAX are auxin influx carriers that use
an existing ion gradient to allow auxin into cells.

While mutations in PIN4 cause root meristem disorganization
that makes it difficult to analyze their gravitropic responses, pinl
mutants have normal roots with no gravitropic defects, suggesting
that other PINs are able to compensate for the loss of this gene
(Friml et al., 2002a).

In contrast, PIN3 and PIN7 may function immediately upon
gravistimulation to generate the initial auxin gradient across the
cap. PIN3 is normally expressed in the upper S1 and S2 layers of
the columella cells, while PIN7 localizes to the S2 and S3 tiers.
However, PIN7 expands its expression into the S1 layer in pin3
mutants, suggesting its ability to compensate for the loss of PIN3
(Kleine-Vehn etal., 2010). In roots growing vertically, these pro-
teins show a generally non-polar localization in the columella cells,
but upon gravistimulation they are internalized and resorted into
vesicles that direct them to the lower plasma membrane. This
gravity-induced relocalization of the PIN3 and PIN7 proteins
within the statocytes may be responsible for the development of
a lateral auxin gradient across the cap, with accumulation on the
new lower side of the root (Friml et al., 2002b; Kleine-Vehn et al.,
2010). Consistent with this conclusion, the pin3 and pin7 mutants

show gravitropism defects, and the pin3 pin7 double mutant shows
stronger defects than either single mutant (Friml etal., 2002b;
Kleine-Vehn etal., 2010).

PIN2/EIR1/AGR1/WAV6 localizes to the shootward sides of lat-
eral root cap and epidermal cells where it plays a critical role in
transporting auxin from the cap to the elongation zone both in ver-
tically growing roots and upon gravistimulation. It also localizes
to the rootward sides of the cortical cells in the meristem, where it
may play a negative regulatory role that allows for optimal auxin
fluxes in this region (Miiller etal., 1998; Blilou etal., 2005; Abas
etal,, 2006; Rahman etal., 2010). Here it may also contribute to
an auxin reflux loop through the root epidermal and cortical cells
in which the auxin maximum that forms on the lower side of the
root is reinforced. pin2 mutants do not establish an auxin gradient
upon gravistimulation and therefore exhibit gravitropic defects
(Luschnig et al., 1998; Miiller et al., 1998; Abas etal., 2006).

PIN protein regulation affects gravitropic responses
PIN proteins can be regulated at the levels of transcription, protein
stability, subcellular localization, and transport activity (Petrdsek
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and Friml, 2009). Because auxin efflux requires a membrane H*
gradient and because PIN proteins do not have recognizable ATP-
binding motifs, PIN proteins are thought to be gradient-driven
secondary transporters (Krecek etal., 2009). However, they can
act together with ATP-dependent ABC transporters when needed
(Blakeslee et al., 2007).

Guanine nucleotide exchange factors regulate PIN protein
localization. Intracellular trafficking is required for the polar
localization of PIN proteins, which cycle between the plasma
membrane and endosomal compartments (Steinmann et al., 1999;
Figure 1B). GNOM is a GTP-GDP exchange factor (GEF) for ADP
ribosylation factor (ARF) small G-proteins, which are important
for cargo selection and vesicle budding (Figure 1D). BFA binds
to ARF-GEF/ARF-GDP complexes and prevents ARF activation
(Peyroche etal., 1999; Robineau etal., 2000). When this hap-
pens, PINT and PIN3 endocytosis continues, but these proteins
are no longer secreted, causing them to accumulate in intra-
cellular compartments (Geldner etal., 2001; Kleine-Vehn etal.,
2010; Figure 1E). Therefore, BFA treatment blocks the relocaliza-
tion of PIN3 to the lower membrane upon reorientation, alters
auxin transport, and reduces gravitropism (Geldner etal., 2001;
Kleine-Vehn etal., 2010; Rahman etal., 2010). Plants expressing a
BFA-resistant version of GNOM, however, show proper PIN1 and
PINS3 localization, robust auxin gradients after gravistimulation,
and normal gravitropism even in the presence of BFA (Geldner
etal., 2003; Kleine-Vehn etal., 2010). This confirms that GNOM
regulates PIN1 and PIN3 localization and demonstrates that ARF-
GEFs can modulate certain endosomal trafficking routes. BFA also
partially affects PIN2 localization, suggesting that the gravitropic
defects associated with BFA treatment might not be due entirely
to its effects on PIN1 and PIN3 (Geldner et al., 2003).

SPIKE1 (SPK1) acts as a GEF for Rho-like GTPase from Plants
6 (ROP6; Basu etal, 2008). In spkl mutants, PIN2 levels at
the plasma membrane are decreased. Consistent with this, spkl
mutants show a less robust auxin gradient upon reorientation and
aslow gravitropicresponse (Lin etal.,2012). Plants carrying muta-
tions in ROP6 or its effector ROP-INTERACTIVE CRIB MOTIF
I (RICI) share some of these phenotypes, whereas ROP6 over-
expression causes an increased gravitropic response (Chen etal,,
2012; Lin etal., 2012). Normally auxin increases active ROP6 lev-
els, but this does not happen in spkl mutants. Additionally, while
exogenous application of the synthetic auxin 1-naphthalene acetic
acid (1-NAA) normally prevents BFA-induced PIN2 accumula-
tion in internal BFA compartments, spkl, rop6, and ricI mutants
do not show this effect (Lin etal., 2012). These data suggest that
SPK1, ROP6, and RIC1 inhibit PIN2 internalization through their
effects on auxin signaling.

Protein degradation, protein phosphorylation, and small pep-
tides also regulate PIN2 localization. PIN2 is also clearly
regulated at the protein stability level. Upon gravistimulation,
PIN2 is internalized and degraded preferentially on the upper
side of the root, which is required for the generation of the
auxin gradient. When BFA or the proteasome inhibitor MG132
is applied, this asymmetry is disrupted and PIN2 levels increase;
this correlates with gravitropism defects (Abas etal., 2006). PIN2

endocytosis and targeting to the vacuole are normally triggered by
ubiquitylation (Figure 1C). However, in pin2 mutants in which
six or more potential ubiquitylation sites are mutated, PIN2 is not
internalized and targeted to the vacuole upon gravistimulation.
Therefore, PIN2 levels stay constant at the plasma membrane in
these mutants, and these seedlings do not form a robust auxin gra-
dient upon reorientation (Leitner etal., 2012). Short-term auxin
treatment also interferes with intracellular PIN2 accumulation,
but long-term treatment causes PIN2 internalization and degra-
dation (Abas etal., 2006). This may reflect a feedback mechanism
in which PIN2 is degraded after the auxin level reaches a threshold,
preventing additional auxin transport and excessive root curva-
ture. Ubiquitylation could control the rate of PIN2 degradation in
this process.

BFA inhibits the targeting of PIN2 to the vacuole, which sug-
gests the involvement of an ARF-GEF. However, plants expressing
the BFA-resistant GNOM showed BFA-sensitive PIN2 vacuolar
targeting, indicating that the ARF-GEF of interest is not GNOM.
Like GNOM, SORTING NEXIN 1 (SNXI1) localizes to endoso-
mal compartments and is BFA-sensitive; however only SNXI is
sensitive to the PI3K inhibitor wortmannin (Jaillais etal., 2006;
Kleine-Vehn etal., 2008). snx] mutants resemble weak allele gnom
mutants, and snxI gnom double mutants show enhanced abnormal
phenotypes compared to the single mutants (Jaillais etal., 2006).
This suggests that these genes function in different pathways but
contribute to some of the same developmental processes. Upon
wortmannin-treatment, PIN2 and SNX1 colocalize in compart-
ments, and PIN2 levels at the plasma membrane are reduced in
snx] mutants (Jaillais et al., 2006; Kleine-Vehn et al., 2008). How-
ever, SNX1 does not appear to directly mediate the localization or
recycling of PIN2 (Kleine-Vehn etal., 2008). Instead, wortmannin
likely causes PIN protein mislocalization through its interference
with sorting between the PVC and the Golgi (Matsuoka etal.,
1995). Proper PIN2 localization depends on its targeting to the
vacuole where it is degraded, and wortmannin blocks this (Jaillais
etal.,2006; Kleine-Vehn et al., 2008). Accordingly, long-term wort-
mannin treatment results in phenotypes reminiscent of altered
auxin transport, including defective root and hypocotyl gravit-
ropism (Jaillais etal., 2006). SNX1 may therefore contribute to
a feedback mechanism involved in PIN2 retrieval for recycling
through its ability to mediate PIN2 translocation from the PVC to
the vacuole.

PIN protein localization also depends on its phosphorylation
state, which is mediated in part by the serine-threonine kinase
PINOID (PID) and type 2A protein phosphatase (PP2A), which
act antagonistically (Michniewicz etal., 2007 Figure 1A). PP2A
subunits are encoded by multiple genes including ROOTS CURL
IN NPA 1 (RCNI). Plants that overexpress PID, rcnl mutants,
and wild-type plants treated with the phosphatase inhibitor can-
tharidin all show increased shootward auxin transport, delayed
auxin gradient formation upon gravistimulation, and randomized
root growth; these phenotypes are rescued by blocking polar auxin
transport (Christensen et al.,2000; Benjamins et al.,2001; Rashotte
etal., 2001). The elevated auxin transport in these plants probably
leads to auxin depletion in the root meristem, which prevents
auxin gradient formation (Benjamins etal., 2001; Rashotte etal.,
2001). This increased auxin transport is attributed to a rootward
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to shootward shift in the localization of some PIN proteins (Friml
etal., 2004). PINOID and RCNI1 partially colocalize with PIN
proteins and mediate the phosphorylation states of their cen-
tral hydrophilic loops (Michniewicz et al., 2007). This means that
they can affect PIN2-mediated auxin fluxes upon gravistimula-
tion (Shin etal., 2005). More specifically, PP2A and a PINOID
kinase family member are known to mediate the polar target-
ing of PIN2 in meristematic cortical cells, which is necessary for
a full gravitropic response (Rahman etal., 2010). These exper-
iments show that the phosphorylation status of PIN proteins
affects their localizations and in turn their abilities to regulate
gravitropism.

In addition to intracellular trafficking, protein degradation,
and phosphorylation, a recent study suggests that small secre-
tory peptides can also regulate PIN protein localization and affect
gravitropism. GOLVEN (GLV) genes encode these peptides, and
overexpression or knockdown of these genes generally results in
reduced root and hypocotyl gravitropism. Treatment with some of
these peptides, which actlocally, also correlates with reduced auxin
gradient formation upon reorientation and results in gravitropic
defects. pin2 mutants are resistant to GLV peptide treatment, and
PIN2 levels increase in the membrane fractions of wild-type plants
treated with GLV peptides (Whitford etal., 2012). Therefore, it is
thought that the GLV peptides, along with auxin, mediate PIN2
trafficking in order to generate the auxin gradient necessary for
root curvature.

PIN proteins may promote growth in the organ curvature phase of
gravitropism

Auxin can inhibit the internalization of many PIN proteins and
prevent their constitutive cycling. This results in increased levels
of PIN proteins at the plasma membrane, and so auxin stimulates
its own efflux from cells. After gravistimulation, the inhibition of
endocytosis corresponds with the formation of the auxin gradient
(Paciorek etal., 2005). Therefore, the increased level of plasma
membrane-associated PIN2 on the lower flank of gravistimulated
roots may further enhance the auxin gradient.

Auxin also triggers cell wall loosening that is necessary for cell
elongation during root curvature. In Arabidopsis, PIN1 mediates
local auxin accumulation, and its polar localization corresponds
to the direction of mechanical stress in shoot apices (Heisler etal.,
2010). Work done in tomatoes shows that as tissue becomes more
strained during growth, PIN1 shows an increase in overall abun-
dance and a preferential localization at the plasma membrane.
This contributes to auxin accumulation, which then promotes
growth in a feed-forward loop. One possible mechanism for this
is that local cell wall strain increases plasma membrane ten-
sion, which promotes exocytosis and blocks endocytosis. This
could increase the amount of membrane-localized PINT1 relative
to cytoplasmically-localized PIN1, although more complex models
are also possible (Nakayama et al.,2012). Itis possible that a similar
process takes place upon gravistimulation, although this has not
yet been addressed experimentally. For example, tissue strain
during curvature could increase plasma membrane-localized PIN2
levels on the lower side of the root. This would increase the auxin
concentration in this region and further inhibit curvature in a
feed-forward manner.

THE ABC TRANSPORTER FAMILY OF AUXIN EFFLUX AND INFLUX
FACILITATORS

Members of the family of ATP-binding cassette (ABC) transporters
couple ATP hydrolysis with the import and export of molecules
such as xenobiotics, ions, sugars, lipids, peptides, and hormones
including auxin across cell membranes. There are several lines of
evidence that these proteins play critical roles in maintaining the
auxin gradient that results in gravitropism.

ABC transporters regulate auxin fluxes

Multiple pieces of evidence support a role for several ABC-
type transporters in auxin transport. First, the Arabidopsis
PGP19/MDR1/ABCB19 protein and its closest relative ABCB1
directly act as auxin transporters when expressed in mammalian
and yeast cells as well as in protoplast assays (Geisler etal., 2005;
Yang and Murphy, 2009). Furthermore, abcb19 single mutants and
to a greater extent abcbl9 abcbl double mutants show decreased
rootward auxin transport (Noh etal., 2001; Lewis etal., 2007).
Similarly, plants carrying mutations in ABCB4/PGP4/MDR4,
another ABC-type transporter with sequence similarity to ABCBI
and ABCBI9, show decreased shootward auxin transport (Santelia
etal., 2005; Terasaka et al., 2005; Lewis et al., 2007).

Interestingly, ABCB1 shows a distinct polar localization in dif-
ferent cell types at the upper edge of the distal elongation zone. In
the endodermal cells its localization is always shootward, and in
the cortical cells it is most often shootward (Geisler et al., 2005).
A similar result was found for ABCB19 (Blakeslee et al., 2007). On
the other hand, ABCB4 shows rootward localization in the epi-
dermal cells at the upper edge of the distal elongation zone while
displaying apolar localization in S3 columella and adjacent root
cap cells (Terasaka etal., 2005). These distinct localization pat-
terns may help generate differential levels of auxin accumulation
in different cells.

A phenotypic analysis of these mutants is also compatible
with a role for these proteins in auxin transport. Indeed, abcb19
and abcb19 abcbl mutants show epinastic, or downward-folding,
cotyledons and first true leaves as do wild-type plants when treated
with exogenous auxin (Noh etal., 2001). This is likely due to the
improper accumulation of auxin in the cotyledons. These mutants
also show increased sensitivity to 1-NAA, decreased sensitivity
to NPA, and decreased auxin-responsive DR5::GUS expression
(Geisler etal., 2005; Lin and Wang, 2005).

Together, these studies strongly suggest that these transporters
help maintain proper auxin flow patterns, and additional work has
shown that interactions between ABC transporters and other pro-
teins play important roles in this process. Genetic interactions have
been observed between ABCBs and PINs, and coimmunoprecip-
itation and yeast two-hybrid experiments have shown that both
ABCBI1 and ABCBI19 interact with PIN1 (Blakeslee etal., 2007).
Additionally, abcb19 and especially abcb19 abcbl mutants show
diffuse, punctate, and discontinuous PIN1 localization, which
is likely to result in randomized directions of auxin efflux (Noh
etal., 2003). Heterologous coexpression studies have also shown
that the rate of auxin transport is increased when these proteins
colocalize compared to when only one of them is present. In con-
trast, when PIN2 and either ABCB1, ABCB4, or ABCB19 are
coexpressed in HelLa cells, IAA efflux decreases when compared
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to when only one protein is expressed (Blakeslee etal., 2007).
AGC kinases also mediate both PIN protein polarity and the auxin
efflux activity of ABCB1 and ABCB19, suggesting that they reg-
ulate crosstalk between these auxin transporters (Christie etal.,
2011; Henrichs etal., 2012). From these experiments, it appears
that the ABC transporters and PIN proteins function separately
but synergistically to provide both the specificity and the high rate
of long-distance auxin transport.

Additionally, the immunophilin-like integral membrane
protein required for brassinosteroid perception or signaling,
TWISTED DWAREF 1, interacts with both ABCB1 and ABCBI19
(Geisler etal., 2003). twdl mutants exhibit epinastic cotyledons
and a strong reduction in polar auxin transport like abcb1 abcb19
double mutants, suggesting that ABCB1 and ABCB19 form a com-
plex with TWD1 (Geisler etal., 2003). It is possible that TWD1
regulates the transport activity of ABCB1 and ABCB19 or that it
mediates ABCB-PIN interactions.

ABC transporters are required for normal gravitropic responses
Several experiments show that ABC transporters function in
the auxin transport phase of gravitropism. Interestingly, abcb19
hypocotyls respond to gravistimulation twice as quickly as wild-
type plants, and they also exhibit an enhanced phototropic
response (Noh etal., 2003). Similarly, the abcb4 mutant shows
a faster root gravitropic response than wild-type plants (Lewis
etal., 2007). Experiments using the auxin-responsive DR5::GUS
construct showed that these mutants form a more robust asym-
metric auxin gradient across the root tip than wild-type plants
(Lin and Wang, 2005; Lewis etal., 2007). The altered auxin efflux
may therefore result in a steeper, although transient, auxin gra-
dient upon gravistimulation. One possible explanation for this
comes from studies showing that PIN2 mRNA levels decrease with
distance from the root tip, while ABCB4 mRNA levels increase
(Birnbaum etal., 2003). If this correlates with their contribu-
tions to auxin transport, the reduced shootward auxin transport
as a result of the loss of ABCBI9 or ABCB4 may cause auxin
buildup in the elongation zone where it leads to an enhanced
curvature response (Lewis etal., 2007). Surprisingly, despite the
large reduction in rootward auxin transport, root gravitropic
responses of abcb19 mutants are normal (Lewis etal., 2007). This
could be due to compensation by other ABC transporters or PIN
proteins.

A screen for compounds that reduce hypocotyl gravitropic
responses identified a molecule called Gravacin that also causes
decreased auxin sensitivity, decreased auxin transport, and
endomembrane system defects (Surpin etal., 2005; Rojas-Pierce
etal., 2007). Subsequent work showed that abcb19 and twdl, but
not abcbl, are resistant to Gravacin (Rojas-Pierce etal., 2007).
Gravacin targets ABCBI19 and disrupts the ABCB19-PIN1 com-
plexes, thereby interfering with their auxin transport activity
(Rojas-Pierce etal., 2007). Using Gravacin to perturb ABCB19
but not PIN proteins may be useful in further characterizing the
role of ABC transporters in auxin fluxes and gravitropism.

THE AUX AND LAX FAMILY OF AUXIN IMPORT CARRIER PROTEINS
In addition to auxin efflux, auxin flow into cells also contributes
to the auxin gradient. While auxin influx can occur by diffusion,

the auxin influx carriers AUX1 and LAX can also actively import
IAA (Marchant etal., 1999; Yang etal., 2006; Yang and Mur-
phy, 2009; Péret etal., 2012). Active auxin influx into particular
cells might maintain proper auxin fluxes by counteracting auxin
diffusion into other cells. auxI, but not lax, mutants are agravit-
ropic, suggesting functional specialization within this gene family
(Bennett etal., 1996; Péret etal., 2012). Because auxI mutants
are defective in active auxin uptake, they are therefore resis-
tant to exogenous IAA and the auxin 2,4-dichlorophenoxyacetic
acid (2,4-D), but not 1-NAA, which can diffuse easily through
membranes (Maher and Martindale, 1980; Bennett etal., 1996).
Similarly, 1-NAA, but not 2,4-D, rescues the auxl agravitropic
root phenotype (Marchant etal., 1999). It is likely that 1-NAA
is taken up by the root and redirected by an auxin efflux facil-
itator such as PIN2, which is expressed in the cortical and
epidermal root tip cells like AUXI (Miiller etal., 1998; Marchant
etal., 1999).

AUXI functions in the signal transmission and curvature
response phases, not the perception phase, of gravitropism. This is
suggested by its expression in the regions of the root that respond
to gravity (Marchant etal., 1999). Consistent with this result,
AUXI1 expression in only the lateral root cap and epidermal cells
is sufficient to rescue the auxI agravitropic phenotype (Swarup
etal., 2005). This suggests that AUX1 contributes to gravitropism
by facilitating shootward auxin transport from the root cap to the
elongation zone (Swarup etal., 2005).

AUX1 also affects pH changes upon gravistimulation, suggest-
ing a relationship between pH and auxin in gravitropism. Shortly
after reorientation, wild-type roots show a decrease in pH on
the upper side of the extracellular root surface and an increase
on the lower side; this gradient occurs in the root cap as well
as throughout the elongation zone (Monshausen etal., 2011). It
might contribute to cell wall loosening to allow for cell expan-
sion or even to signal transmission itself. auxI mutants, however,
do not show this pH change. In fact, even when growing verti-
cally, auxI mutant extracellular root surfaces are uniformly acidic
instead of showing dynamic pH fluctuations like wild-type roots.
Both the pH gradient and the pH dynamics are rescued by intro-
ducing AUX1 into only the lateral root cap and epidermal cells
(Monshausen etal., 2011). It is possible that the pH gradient con-
tributes to feedback mechanisms that regulate the gravity response
by affecting AUX1-mediated auxin uptake.

CONCLUSION
Upon gravistimulation, amyloplasts sediment to the lower sides
of the statocytes. In endodermal cells, SGR proteins play a key
role in this process by maintaining vacuolar membrane integrity.
The amyloplasts then trigger a signal transduction cascade that
may involve protons, calcium, and phosphatidylinositol signaling,
which begins at the plasma membrane. Phosphatidylinositol sig-
naling affects the cycling of auxin transporters, and changes in
their localization at the plasma membrane cause auxin to accu-
mulate in the lower side of the root and shoot. Here it affects cell
elongation and causes the plant to realign itself with the gravity
vector (Figure 2).

Therefore, through their roles in amyloplast sedimentation,
phosphatidylinositol signaling, and auxin carrier localization,
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FIGURE 2 | Gravitropism overview. The steps of gravitropism are shown
down the center core of the diagram. During plant reorientation, a plant

is rotated relative to the gravity vector. This results in the sedimentation

of dense amyloplasts within the statocytes. In roots the statocytes are

the columella cells, whereas in stems they are the endodermal cells.

Each endodermal cell contains a large vacuole, and the amyloplasts

must traverse it by tunneling through transvacuolar strands in order to
reach the new lower side of the cell. This requires proper vacuole structure,
which the SGR proteins mediate. Amyloplast sedimentation is then thought

Plant Reorientation <«

SGR ———— Amyloplast
Sedimentation
] Y :
Signal Transduction<
Second Messengers

DAG
PIP5K2—>PJP,; :
InsP V
5PTASE13

Auxin Transporter < O ! O !
Relocalization w

A 4
= Differential Auxin
Transport
A\ 4

Organ Curvature <

» @
-Ca 0?%

-Protons (H")

Oooo

cdi
"‘?‘2"

Root Columella Cell

Gravity

to activate signal transduction through second messengers, possibly
calcium ions or protons. Another second messenger is InsP3, which is
produced by cleavage of the phospholipid, PIP;. In a process that is not
completely understood, the second messengers activate the

relocalization of auxin transporters, such as PIN3 and PIN7 in the

columella cells. The new polarized distribution of these auxin efflux carriers
changes the flow of auxin throughout the plant. This differential auxin
transport affects cell elongation rates, thereby resulting in organ curvature as
the plant grows.

membranes contribute in multiple ways to all phases of gravit-
ropism. The evolution of these complex processes allows plants to
adapt to changing environments and to integrate their responses
to gravity with those to a wide variety of other stimuli includ-
ing touch and moisture gradients. Future work in this area will
continue to clarify how membrane-associated signaling and traf-
ficking contribute to gravitropism and other areas of plant growth
and development.
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The phytohormone auxin contributes to virtually every aspect of the plant development.
The spatiotemporal distribution of auxin depends on a complex interplay between auxin
metabolism and intercellular auxin transport. Intracellular auxin compartmentalization pro-
vides another link between auxin transport processes and auxin metabolism.The PIN-LIKES
(PILS) putative auxin carriers localize to the endoplasmic reticulum (ER) and contribute to
cellular auxin homeostasis. PILS proteins regulate intracellular auxin accumulation, the rate
of auxin conjugation and, subsequently, affect nuclear auxin signaling. Here, we investigate
sequence diversification of the PILS family in Arabidopsis thaliana and provide insights into
the evolution of these novel putative auxin carriers in plants. Our data suggest that PILS
proteins are conserved throughout the plant lineage and expanded during higher plant
evolution. PILS proteins diversified early during plant evolution into three clades. Besides
the ancient Clade | encompassing non-land plant species, PILS proteins evolved into two
clades. The diversification of Clade Il and Clade Ill occurred already at the level of non-
vascular plant evolution and, hence, both clades contain vascular and non-vascular plant
species. Nevertheless, Clade Il contains fewer non- and increased numbers of vascular
plants, indicating higher importance of Clade Il for vascular plant evolution. Notably, PILS
proteins are distinct and appear evolutionarily older than the prominent PIN-FORMED auxin
carriers. Moreover, we revealed particular PILS sequence divergence in Arabidopsis and
assume that these alterations could contribute to distinct gene regulations and protein

functions.
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INTRODUCTION

Plant development is particularly flexible due to its postembry-
onic growth behavior, allowing individual adjustment of the body
plan according to the environment (Finet and Jaillais, 2012).
The phytohormone auxin is crucial for these adaptive responses
and, hence, has drawn enormous research attention (Teale et al.,
2008). The importance of auxin for plant development seems
to be also reflected in the complex regulation of auxin percep-
tion and its spatiotemporal distribution (Vanneste and Friml,
2009). Up to date three auxin receptor classes have been sug-
gested to jointly regulate auxin-signaling output. Most auxin
responses have been assigned to the F-box proteins TRANS-
PORT INHIBITOR RESPONSE1/AUXIN SIGNALING F-BOX
(TIR1/AFB). Auxin binding to the co-receptors TIR1/AFB and
the AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) will initiate the
proteasome-dependent degradation of the transcriptional repres-
sors Aux/IAAs. The subsequent release of AUXIN RESPONSE
FACTOR (ARF) transcription factors eventually leads to the tran-
scriptional reprogramming of the respective cell (Leyser, 20065
Chapman and Estelle, 2009). Another F-box protein S-PHASE
KINASE-ASSOCIATED PROTEIN 2A (SKP2A) also binds to
auxin and might contribute to auxin-dependent modulation of

the cell cycle (Jurado et al., 2010). Rapid and non-genomic auxin
effects appear to be mainly perceived by the AUXIN BINDING
PROTEIN1 (ABPI; Jones and Venis, 1989; Robert et al., 2010
Xu et al., 2010). However, ABP1 action might also affect auxin-
dependent gene transcription and cell cycle regulation (Braun
et al., 2008; Tromas et al., 2009).

Beside the complex cell type-dependent regulation of auxin sig-
naling, also auxin metabolism is multifaceted. Several redundant
auxin biosynthesis pathways determine auxin levels in various tis-
sues and the decay/inactivation of auxin is regulated via oxidation
or mostly reversible conjugation (Woodward and Bartel, 2005;
Ruiz Rosquete etal.,2012; Zhao, 2012). Auxin metabolism is highly
dynamic and has pronounced importance for the spatiotemporal
regulation of auxin.

Intercellular (polar) auxin transport also determines cellular
auxin levels (Zazimalova et al., 2010). The most prominent auxin
carriers are AUXIN-RESISTANT1/LIKE AUX1 (AUX/LAX) influx
carriers, ATP BINDING CASSETTE (ABC) auxin transporters of
a MULTIDRUG RESISTANCE (MDR) subfamily, and the PIN-
FORMED (PIN) auxin carriers (Bennett et al., 1996; Chen et al.,
1998; Gilweiler et al., 1998; Luschnig et al., 1998; Miiller et al,,
1998; Utsuno et al., 1998; Geisler et al., 2005). PIN proteins have a
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particular developmental importance as their polar localization
at a given cell side determines the direction of the intercellu-
lar auxin flow (Wisniewska et al., 2006). PIN proteins can be
grouped into two subclasses according to the length of the central
hydrophilic loop. Canonical PIN1-type auxin efflux carriers have
a long loop, localize to the plasma membrane (PM) and perform
a rate-limiting function in cellular auxin efflux (Petrdsek et al.,
2006). In contrast, PIN5 and PIN8 have a dramatically reduced
central hydrophilic loop, localize to the endoplasmic reticulum
(ER) and regulate intracellular auxin compartmentalization and
homeostasis (Mravec et al., 2009; Bosco et al., 2012; Ding et al.,
2012).

We have recently discovered a novel putative auxin carrier fam-
ily of seven members in Arabidopsis thaliana (Barbez et al., 2012)
and designated them as PIN-LIKES (PILS), because their predicted
protein topology is highly similar to the topology of the PIN pro-
teins. Similar to PIN proteins, PILS contain the so-called Interpro
auxin carrier domain, an in silico defined domain to predict auxin
transport function. Functional PILS5-GFP fusion proteins local-
ize to the ER and stimulate intracellular auxin accumulation in
plant and yeast cells (Barbez et al., 2012). PILS2 and PILS5 activ-
ity increases amide auxin conjugates, thereby reducing the free
auxin levels, and negatively affecting nuclear auxin signaling (Bar-
bez et al., 2012). Our current working model proposes that PILS2
and PILS5 proteins regulate auxin compartmentalization into the
ER lumen, where auxin might be the substrate for compartmen-
talized auxin metabolism (Figure 1). It needs to be experimentally
tested whether PILS proteins affect nuclear auxin signaling mainly
by limiting the excess of auxin to diffuse into the nucleus or by the
effect on presumably compartmentalized auxin conjugation. This
mode of action is reminiscent to auxin carrier PIN5 that has been
shown to regulate intracellular auxin homeostasis by modulating
auxin compartmentalization and metabolism at the ER (Mravec
et al., 2009). Further research will address whether the distinct
protein families have redundant and interchangeable function at
the ER.

PILS overexpression strongly distorts plant patterning and
development, while pils2 and pils5 loss of function mutants show
comparably weaker defects in plant growth regulation. Moderate
PILS5 gain and pils2pils5 loss of function phenotypes can be largely
explained by low and high auxin content, respectively. For exam-
ple, PILS5 overexpressors have reduced free auxin levels/signaling,
shorter hypocotyls and fewer lateral roots, while pils2pils5 dou-
ble mutants display higher free auxin levels, enhanced hypocotyl
growth and lateral rooting. In contrast, PILS5 gain andpils2pils5
loss of function leads to reduced and enhanced root growth,
which might be not related to the overall changes in auxin con-
tent, but could indicate a more specific PILS2 and PILS5 func-
tion in the cellular regulation of root growth (Barbez et al,
2012).

The identification of PILS proteins and their role in auxin
homeostasis at the ER reveal the molecular complexity of intra-
cellular auxin compartmentalization and its eminent impor-
tance for the plant development. Here we present in silico
analysis to further reveal insight into the organization and
regulation of this novel family of putative auxin transport
facilitators.

MATERIAL AND METHODS

SEQUENCE INFORMATION

Sequences were downloaded from PLAZA!, NCBI? by using
tblastx program (Altschul et al., 1997; nr/nt database, PILS and PIN
sequences from A. thaliana as queries) or Phytozome? servers. The
information and the ID of the presented sequences can be found
in the Supplementary Data.

ONLINE SERVERS

The online available servers used to perform in silico analyses
of PILSes are found at: http://www.arabidopsis.org (chromosome
localization; alternative splicing), http://bioinformatics.psb.ugent.
be/plaza/ (intron/exon organization; sequence information),
www.genevestigator.com (expression), http://bar.utoronto.ca/efp/
cgi-bin/efpWeb.cgi (expression), http://www.enzim.hu/hmmtop/
index.php (prediction of protein topology), http://biophysics.
biol.uoa.gr/TMRPres2D (visual representation of transmembrane
protein models), http://weblogo.berkeley.edu/logo.cgi (sequence
logo), http://www.cbs.dtu.dk/services/NetPhos/ (prediction of
phosphorylation sites), http://www.cbs.dtu.dk/services/NetPhosK
(prediction of phosphorylation sites), http://www.ebi.ac.uk/Tools/
msa/clustalw2/ (multiple amino acid sequences alignment), http:
//blast.ncbinlm.nih.gov/ (sequence information), http://www.
phytozome.net/ (sequence information), http://www.r-project.
org/ (analysis of collinearity).

ANALYSIS OF COLLINEARITY

We investigated possible collinearity among A. thaliana PILS
genes by comparing 200 surrounding translated genes for each
PILS. The comparison was performed for pairs of PILS genes by
using blastp program (Altschul et al., 1997). The homology was

Uhttp://bioinformatics.psb.ugent.be/plaza/
Zhttp://www.ncbi.nlm.nih.gov/
Shttp://www.phytozome.net/

PILS2/

PILS5
IAA IAA

sequestration?
conjugation?
storage?
signalling?

ER | cytosol

FIGURE 1 | Model of PILS protein function in Arabidopsis thaliana.
PILS2 and PILS5 proteins localize to the ER and mediate intracellular
auxin accumulation. We hypothesize that PILS proteins are putative
auxin carriers that regulate the auxin transport from the cytosol into
the lumen of the ER (black arrow). PILS activity affects auxin
metabolism and might control the cytoplasmic availability of auxin
(adapted from Barbez et al., 2012).
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determined according to E-value from blast results. The analysis
was performed in R environment®,

PHYLOGENETIC ANALYSIS

A multiple alignment was built by using Muscle in MEGA5 soft-
ware (Tamura et al., 2011). Only the conserved domains were
used and all positions with less than 80% site coverage were
eliminated. The evolutionary history was inferred by using the
Maximum Likelihood method based on the Whelan and Gold-
man (2001) + Freq. model with discrete Gamma distribution (five
categories, G parameter = 3.0640) for analysis of PILS amino acid
sequences or on the Whelan and Goldman model with discrete
Gamma distribution (five categories, G parameter = 2.9920) for
analysis of PIN-PILS dataset. The trees are drawn to scale, with
branch lengths measured in the number of substitutions per site.
The PILS analysis involved 42 amino acid sequences and 322
positions in the final dataset. The PIN-PILS analysis involved 67
amino acid sequences and 354 positions. Evolutionary analyses
were conducted in MEGAS5 (Tamura et al., 2011). For the sequence
alignments see Figures S2 and S3 in Supplementary Material.

RESULTS

PHYLOGENY OF PILS PROTEINS

Using available online tools, we previously showed that PILS pro-
teins are highly conserved among plant species (Barbez et al,
2012). To further investigate the evolution of PILS protein diver-
sification, we analyzed PILS protein sequences from all sequenced
taxa of Viridiplantae. The PILS family is present in all the 26 avail-
able sequenced genomes and is represented by 202 genes (Table 1;
Van Bel et al., 2012; confirmed by reciprocal blast, Altschul et al.,
1997). PILS family obviously diversified in the different plant lin-
eages (Table 1). Ancient species, such as algae (1-2), mosses (5),
and spike mosses (8), have 1-8 PILS genes, while seed plants, such
as Oryza (6), Zea (10), Medicago (13), or Populus (18), have 6 to
18 PILS genes (Table 1). The steadily increasing number in seed
plants suggests that PILS genes have duplicated independently in
several plant lineages and indicate a more diversified function of
PILS proteins in higher plants.

To assess the evolutionary relationship among PILS proteins, we
constructed phylogenetic trees with PILS sequences from selected
model organisms such as available green algae, Physcomitrella,
Selaginella, Picea, Brachypodium, Oryza, Medicago, Arabidopsis,
and Populus sequences (Figure 2; Figure S1 in Supplementary
Material; for sequence alignment see Figure S2 in Supplementary
Material). The phylogenetic tree presented in Figure 2 shows that
PILSes from Viridiplantae can be grouped into three evolutionary
clades: Clade I, Clade II, and Clade III.

The available green algae genomes from the lineage Chlorophyta
have a relatively low number of only one or two PILS genes per
species. All these PILS algae orthologs cluster together and define
the Clade I that contains the so far oldest known PILS genes of
the Viridiplantae (Figure 2). We could also identify putative PILS
genes in the genomes of sequenced algae from lineage Strepto-
phyta from which the land plants evolved. However, we did not

4http://www.r-project.org/

Table 1| Size of PILS gene families in different plant species.

Lineage Species Number of genes*

Eukaryota
Viridiplantae
Chlorophyta Micromonas sp.
Micromonas pusilla
Ostreococcus lucimarinus
Ostreococcus tauri
Chlamydomonas reinhardltii
Volvox carteri
Bryophyta
Lycopodiophyta
Euphyllophyta
Monocots

Physcomitrella patens

0NN s

Selaginella moellendorffii
Oryza sativa japonica

6
Oryza sativa indica 6
Sorghum bicolor 7
Brachypodium distachyon 8
Zea mays 10
Dicots Carica papaya

Arabidopsis lyrata

4
6
Arabidopsis thaliana 7
Ricinus communis 7
Fragaria vesca 8
Manihot esculenta 9
Lotus japonicus 12
Medicago truncatula 13
Vitis vinifera 13
Malus domestica 14
Theobroma cacao 16
Glycine max 17
Populus trichocarpa 18

*Gene information and sequences were retrieved from PLAZA platform (Van Bel
et al., 2012) and candidates were evaluated by reciprocal blasts (Altschul et al.,
1997).

include these sequences in the phylogenetic analysis because they
were incomplete (only EST fragments are currently available).

The evolutionary Clade II and III already emerged early dur-
ing non-vascular plant evolution and both contain PILS sequences
from Embryophytes (land plants; Figure 2). The main lineages of
land plants are mosses, liverworts, hornworts, lycophytes, ferns,
gymnosperms, and angiosperms. Clade II includes the well-
conserved PILS2- and PILS6-like subclades, including orthologs of
PILS2 and PILS6 from Physcomitrella, Selaginella, Brachypodium,
or Oryza (Figure 2).

Clade IIl encompasses the PILS1/PILS3/PILS4- and PILS5/PILS7-
like subclades and displays particular expansion in higher seed
plants (Figure 2; Figure S1 in Supplementary Material). Accord-
ingly, this clade encompasses also most Brachypodium and Oryza
orthologs (Figure 2; Figure S1 in Supplementary Material). Inter-
estingly, one Physcomitrella and two Selaginella PILS sequences
are present at the root of the Clade III (Figure 2). The relatively
low number of moss and the relative over amount of higher plant
sequences in Clade IIT may suggest particular importance of this
clade in vascular plant evolution.
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FIGURE 2 | Phylogeny of PILS proteins. The phylogenetic tree of PILS Likelihood molecular phylogenetic analysis was performed in MEGAS (Tamura
proteins can be divided into three clades: Clade | (blue), Clade Il (green), and et al.,, 2011) by using 42 amino acid PILS sequences from algae,
Clade Ill (red). The Arabidopsis PILSes are found in the Clade Il and Clade I, Physcomitrella, Selaginella, Brachypodium, Oryza, and Arabidopsis as

while Clade | is represented only by PILS proteins from algae. The Maximum explained in the Materials and Methods.
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FIGURE 3 | Phylogeny of PILS and PIN proteins. PILS proteins are
evolutionarily distinct of PIN proteins. Note the two separated
subtrees. The Maximum Likelihood phylogenetic analysis was
performed in MEGAb (Tamura et al., 2011) by using PILS and PIN
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Brachypodium, and Arabidopsis. For a better visualization the algae

and sometimes the Physcomitrella and Selaginella branches were
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Our analysis reveals that PILS proteins are evolutionarily
conserved throughout plant evolution and might uncover the
versatile importance of compartmentalized auxin homeostasis
throughout the plant kingdom.

PILS PROTEINS ARE EVOLUTIONARILY DISTINCT OF PIN PROTEINS
The canonical PIN proteins act in the cellular efflux of auxin at the
plasma membrane, but the most ancient members of PIN proteins
(PIN5-type) localize to the ER and regulate the subcellular com-
partmentalization of auxin and auxin metabolism (Mravec et al.,
2009). Hence, both PILS and PIN5-like proteins localize to the ER
and regulate auxin homeostasis, presumably by mediating auxin
transport at the ER (Mravec et al., 2009; Barbez et al., 2012; Bosco
et al.,, 2012; Ding et al., 2012).

Next, we investigated the evolutionary relationship between
PILS and PIN proteins (Figure 3; for sequence alignment see
Figure S3 in Supplementary Material). The phylogenetic analysis
of PILS and PIN sequences from algae, moss, spikemoss, and sev-
eral Angiosperms revealed that PILSes and PINs form two distinct
phylogenetic clades (Figure 3). Although having a similar pre-
dicted protein structure and possibly similar function at the ER,
PIN and PILS proteins are evolutionarily distinct in plants. In con-
trast to PILSes, we could not find any PIN sequence in the genomes
of Chlorophyta algae, such as Chlamydomonas, Micromonas, Ostre-
ococcus, or Volvox. Notably, a truncated PIN sequence has been
found in the genome of Spirogyra (De Smet et al., 2011). These
findings indicate that PILS proteins are more conserved during
plant evolution and seem evolutionarily older than PIN pro-
teins. Therefore, we assume that the PILS proteins are central to
the evolution of intracellular auxin transport, which presumably
has preceded the evolution of PIN-dependent intercellular and
intracellular auxin transport.

PILS DIVERSIFICATION IN ARABIDOPSIS THALIANA

The seven Arabidopsis PILS genes are placed on chromosome 1,
2, and 5 (Figure 4). PILSI to PILS4 are found on chromosome
1, PILS5 on chromosome 2, while PILS6 and PILS7 are both
placed at the ends of the chromosome 5 (Figure 4). PILS3 and
PILS4 are neighboring genes at the bottom arm of the chromo-
some 1 (Figure 4), indicating that PILS3 and PILS4 may resulted
from a gene duplication event. To investigate PILS paralogs in A.
thaliana we performed comparative sequence analysis of genes
that surround the seven PILS genes (Figure 5). Rows of 200
translated genes surrounding each of the seven PILS genes were
analyzed in pairs by blastp program (Altschul et al., 1997) and
homology between all genes in all unique pairs of gene rows were
determined according to E-value from blast results. Pairs of gene
rows with high diagonal homology were assigned as collinearity.
In the PILSI/PILS3/PILS4 group we found very high collinearity
between PILS3 and PILS4 (Figure 5A). These genes appear to be
products of very recent gene duplication. Between PILSI and the
PILS3/PILS4 pair we also found high collinearity (Figures 5B,C)
and assume that these genes arose during full-genome duplication
at Brassicaceae family level (20 million years ago; Mya). Only very
weak or no collinearity was detectable between PILS5 and PILS7
(Figure 5D).

1 2 3 4 5 ILS6
154 ILS5
ILS7
ILS2
ILS3
PILS4
FIGURE 4 | Chromosomal distribution of Arabidopsis thaliana PILS
genes. A. thaliana PILS genes are found on chromosome 1, 2, and 5.

To further elaborate on the recent duplication of PILS3 and
PILS4, we analyzed the microevolutionary relationship between
PILS sequences of A. thaliana and A. lyrata (Figure S1 in Sup-
plementary Material). A. lyrata is the closest known relative of A.
thaliana and has a genome of eight chromosomes and six PILS
proteins (Van Bel et al., 2012). In contrast, A. thaliana has five
chromosomes and seven PILS proteins (Barbez et al., 2012; Van Bel
etal.,2012). It has been shown that the reduction of genome size in
A. thaliana is the result of chromosomes fusion that presumably
occurred about 5 Mya (Yogeeswaran et al., 2005). The phyloge-
netic analysis revealed that all six A. lyrata PILSes have highly
similar orthologs in A. thaliana, while AtPILS4 is a lineage-specific
gene (Figure S1 in Supplementary Material). This indicates that
AtPILS4 is a duplicated gene that has arisen after the separation of
A. thaliana from A. lyrata 5 Mya.

Next we addressed the sequence diversifications among the
A. thaliana PILS proteins and performed a ClustalW Multiple
sequence alignment (Larkin et al., 2007; Table 2; for sequence
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FIGURE 5 | Origin of PILS paralogs in Arabidopsis thaliana. (A-D) PILS genes show high collinearity between gene pairs PILS3/PILS4 (A), PILS1/PILS3 (B),
and PILS1/PILS4 (C). No or only very weak collinearity could be detected between PILS5 and PILS7 (D).

alignment see Figure S4 in Supplementary Material). PILS3/PILS4
showed the highest identity (82%), followed by PILS1/PILS3
(69%), PILS5/PILS7 (64%), and PILS1/PILS4 (61%; Table 2).
Interestingly, PILS2 and PILS6 showed sequence identity of
only 39% (Table 2). Taking together, the amino acid iden-
tity proposes that A. thaliana PILS proteins belong to three
subgroups: (i) PILS1/PILS3/PILS4, (ii) PILS5/PILS7, and (iii)
PILS2/PIL6.

PILS GENE REGULATION AND ORGANIZATION IN ARABIDOPSIS
THALIANA

To get further insight into the regulation of PILS activity, we ana-
lyzed in silico PILS gene organization and expression. A. thaliana
PILS gene transcripts organization is pretty well-conserved regard-
ing the number and size of the exons (Figure 6). PILS3 to PILS6
genes contain nine exons with more or less conserved size and
placements (Figure 6). In contrast, PILSI, PILS2, and PILS7 have
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Table 2 | Percentages* of Arabidopsis thaliana PILS amino acid
sequence identity calculated by ClustalW multiple sequence
alignment (Larkin et al., 2007).

PILS7
31 PILS6
31 64 PILS5
39 28 43 PILS4
82 41 31 43 PILS3
32 28 29 39 30 PILS2
28 69 61 40 29 42 PILS1
PILS1 PILS2  PILS3  PILS4  PILS5  PILS6  PILS7

*The identity percentages were calculated as the identities between two PILS
sequences, divided by the length of the alignment.

Y SR ITTRIRIY T

PILS1
PILS2
PILS3

PILS4

*

SEs B BB R EER P

PILS5

* % %
‘aull-i-8-8—-- -

PILS6

* * * *
FIGURE 6 | Organization of Arabidopsis thaliana PILS genes. Schematic
intron/exon representation of A. thaliana PILS genes (Van Bel et al., 2012).
Exons and introns are depicted in blue and gray, respectively. 3 UTR and &'

UTR are in green. Stars are showing exons of similar sizes (nucleotides):
red (80), green (125), blue (122), yellow (93), gray (101), and black (125).

a divergent exon/intron structure. PILST has 12 exons, PILS7 bares
eight exons and PILS2 is even intron less. The size of exon number
2 (80 nucleotides), 3 (125 nucleotides), and 4 (122 nucleotides)
is largely kept in AtPILS genes and encode for a highly conserved
region of the predicted transmembrane helices 2—4 (109 aa in
total). Also a C-terminal transmembrane domain seems to be
encoded by the last exon (125 nucleotides) in almost all AtPILS
genes (Figure 6).

Next, we analyzed the intron/exon organization of PILS genes
from algae, Physcomitrella, Selaginella, and several Angiosperms.

Our results show that PILS intron/exon organization is largely
conserved among PILS orthologous (Figure 7). The variations of
1-2 more or less exons may be the result of insertions, deletions, or
both processes along the lineage evolution. The subfamily of PILS2
genes is most particular, because they display single-exon genes in
Angiosperms and Selaginella and 3-exons genes in Physcomitrella
(Figure 7). Thus, PILS genes belong to two structural groups with
1-3 exons (PILS2 orthologs and PILS genes from Ostreococcus and
Micromonas) and 7-12 exons (all the other PILSes; Figure 7).

PILS gene activity can be detected in all tissues of A. thaliana
as shown by RT-PCR (Barbez et al., 2012) or by micro array-
based online tools such as Genevestigator®. PILS genes display
either relatively low (PILS1, PILS4, PILS7), medium (PILS6) or
high (PILS2, PILS3, and PILS5) expression levels (see text foot-
note 5). PILS2-to-AtPILS6 are expressed in seedlings, leaves, and
flowers (Figure 8; Barbez et al., 2012; see text footnote 5). PILS4
displays the strongest expression in the rosette leaves (Barbez et al.,
2012). PILS6 transcripts are particularly abundant in the stem and
together with PILS5 in the cauline leaves and flowers, while PILS2
is highest in siliques (Barbez et al., 2012). Interestingly, some PILS
gene products were excluded from certain tissues. PILSI was found
to be expressed only in flowers, PILS2 and PILS3 are not expressed
in the stem, PILS5 is absent in the rosette leaves, stem, and siliques,
while PILS6 and PILS7 were present in all plant organs but not
in siliques (Barbez et al., 2012). Except PILSI, all the other PILSes
were expressed in seedlings, with PILS5 and PILS2 having the
highest expression (Barbez et al., 2012). PILS2-to-PILS6 showed
expression in pollen with PILS5 being the most abundant (see text
footnote 5). Based on these evidences it seems that PILS genes
show specific and partially overlapping expression patterns in all
plant tissues.

Alternative splicing might furthermore contribute to the regu-
latory complexity and diversity for PILS gene activity. PILS3 and
PILS5 appear to bear two and four alternative transcripts, respec-
tively®. In both cases the alternative gene splicing seems to occur
in the 5" region and may modulate PILS3 and PILS5 function.
However, the importance of PILS transcript splicing remains to be
demonstrated.

The pronounced differences in the expression levels and tis-
sue distributions might indicate that PILS-mediated regulation of
plant growth and development may be largely determined by gene
regulation.

PILS PROTEIN ORGANIZATION IN ARABIDOPSIS THALIANA

The temporal and spatial regulation of PILS genes will give rise
to tissue specific distribution of distinct PILS proteins. Next we
analyzed predicted PILS protein organization and searched for
domains to speculate on PILS function. PILS proteins range in
size from 390 (43 kDa; PILS3) to 472 (52 kDa; PILS1) amino acids.
However, the predicted protein topology is highly similar for all
PILS proteins. PILS proteins are presumably characterized by two
hydrophobic transmembrane regions found at N- and C-termini
(Figure 9A; Tusnady and Simon, 1998, 2001; Spyropoulos et al.,
2004). The two transmembrane regions flank a short hydrophilic

Swww.genevestigator.com

®http://www.arabidopsis.org
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FIGURE 7 | Organization of PILS orthologs. Schematic intron/exon
representation of PILS genes from Arabidopsis lyrata (AL), Arabidopsis
thaliana (AT), Brachypodium distachyon (BD), Chlamydomonas
reinhardtii (CR), Micromonas (MRCC299), Oryza sativa (OS),

Ostreococcus lucimarinus (OL), Ostreococcus tauri (OT),
Physcomitrella patens (PP), Selaginella moellendorffii (SM), and Volvox
carteri (VC; Van Bel et al., 2012). Exons are depicted in blue boxes,
introns in gray lines.

region (loop) with a presumable cytosolic orientation (Figure 9A).
Each hydrophobic region appears to be organized in five trans-
membrane helices that are very similar and highly conserved

among the PILS proteins (Figure 9). In contrast, the loop is less
conserved and is the most divergent part of the PILS sequences.
We assume that the transmembrane domains have central roles in
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-~ PILS4,6,7

PILS2-4,6, 7

FIGURE 8 | Transcription pattern of Arabidopsis thaliana PILS
genes. (A,B) Transcription of PILS genes in A. thaliana plant (A)
and root (B). Based on the RT-PCR data from individual organs

published in Barbez et al. (2012). (A) As predicted by online server
Arabidopsis eFP Browser (http://bar.utoronto.ca/efp/cgi-bin/
efpWeb.cgi); (B).

the putative carrier function, while the presumably cytosolic loop
might have rather regulatory functions.

PILS and PIN proteins share only 10-18% sequence identity
and belong to distinct protein families (Figure 3; Barbez et al.,
2012). However, the predicted topology of PILS proteins is rem-
iniscent to the predicted topology of PIN proteins (Krecek et al.,
2009) and allowed the identification of this novel putative auxin
carrier family (Barbez et al., 2012). Based on the hydrophilic loop
size, PIN proteins are sub-grouped into two subfamilies. The sub-
family of PIN1-type encompasses the PIN members with a long
hydrophilic loop and PM localization (PIN1-PIN4, PIN7), while
the subfamily of PIN5-type encompasses PIN5 and PIN8 that have
very short hydrophilic loops and ER localization. Although PIN6
shows a reduction of the loop size, PIN6 is often included in
the PIN1-type subfamily due to high sequence similarity in the
transmembrane regions (Krecek et al., 2009). However, it is also
localized to the ER in transient localization studies (Mravec et al.,
2009).

Similarly to PIN proteins, PILS family members are character-
ized by the presence of the Interpro auxin carrier domain. This
Interpro domain is relatively long and spans almost the whole
length of the PILS protein and, hence, it is difficult to ascertain
functional residues within the “domain”.

Nothing is yet known about the post-translational modification
of PILS proteins but generic phosphorylation sites (non-kinase-
specific, such as serine, threonine, and tyrosine), kinase-specific
phosphorylation sites and isoform variations could be predicted

for PILS proteins by available online servers such as NetPhos
(Blom et al., 1999) and NetPhosK (Blom et al., 2004). Interest-
ingly, according with the number of the predicted serine, thre-
onine, and tyrosine phosphorylation sites, PILS proteins can be
grouped into three classes: (i) less than 10 (PILS5 and PILS7), (ii)
between 10 and 15 (PILS2 and PILS6), and (iii) more than 15
(PILS1, PILS3, and PILS4). This finding may indicate the func-
tional diversification among the PILS members and may suggest
that different phosphorylation-based mechanisms are required for
the regulation of PILS activity.

DISCUSSION
Auxin has pronounced importance for the plant development.
Recent research shed light on a particular link between intracel-
lular auxin transport processes and auxin metabolism (Mravec
et al., 2009; Barbez et al., 2012; Bosco et al., 2012; Ding et al,,
2012). Here, we report in silico analyses of PILS putative auxin
flux facilitator sequences from A. thaliana and revealed certain
features that might be functionally important for PILS activity.
The phylogenetic analysis of PILS sequences revealed that four
Physcomitrella PILSes are found in Clade I, while only one is found
in Clade I1I (Figure 2). Moreover, two Selaginella PILSes are found
in each, Clade Il and Clade II-PILS2 subclade, while four paralogs
are found in the Clade II-PILS6 subclade (Figure 2). This, together
with the distribution of the Brachypodium, Oryza, and Arabidopsis
PILS sequences, indicates that the initial PILS divergence occurred
in two separate clades already at the level of Bryophytes. We do not
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FIGURE 9 | Structure of Arabidopsis thaliana PILS proteins. (A)
Predicted topology of A. thaliana PILS5 protein. The prediction was
done by HMMTOP 2.0 (Tusnady and Simon, 1998, 2001) and visualized
by TMRPres2D (Spyropoulos et al., 2004). Conserved amino acids in all
seven PILS proteins are marked in red. (B) Sequence logos generated
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by WebLogo (Schneider and Stephens, 1990) representing a ClustalW
multiple sequence alignment (Larkin et al., 2007) of 109 amino acids
from N-terminal region of A. thaliana PILS proteins (exons 2-4). Note
the PILS sequence conservation at the highest, single symbol
positions.

know if PILSes are present in the genome of Rhodophytes, but we
can speculate that Clade II- and Clade III-PILSes may have origi-
nated before land plant evolution at the level of Streptophytes, as
these algae are direct ancestors of land plants. Moreover, Clade II
presumably diverged before or during the origin of Embryophytes,
because this clade is already diversified in PILS2- and PILS6-like
subclades in mosses (Figure 2). Clade III particularly expanded
during higher plant evolution (Figure 2; Figure S1 in Supple-
mentary Material). This clade is divided in PILS1/PILS3/PILS4
and PILS5/PILS7 subclades (Figure 2; Figure S1 in Supplementary
Material). We could not estimate when these subclades emerged
because PILS sequences from conifers and ferns are either incom-
plete (only ESTs available) or not available. More than 30000 ESTs

derived from gametophyte of fern Adiantum can be found on
NCBI but we could not identify any PILS sequence which indicates
that PILSes might be not transcribed in gametophyte.
Combining the gene and protein analyses, AtPILS4 is likely to
be a recent duplication of AtPILS3, because they show very high
amino acid identity (Table 2), strong gene collinearity (Figure 5A),
and no particular PILS4 orthologs could be identified in the
genomes of the other sequenced species. PILS3/PILS4 seem to be
originally derived from PILSI (69% amino acid identity; Table 2).
Accordingly, by analyzing the amino acid sequence similarities and
the PILS phylogeny, we can conclude that from seven PILSes in A.
thaliana genome, six in Oryza sativa ssp japonica and eight in
Brachypodium distachyon genome only four are true orthologs.
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The other PILS members presumably represent lineage-specific
duplications that occurred after the separation of the dicots and
monocots about 200-250 Mya.

The existence of PILS2 as a single-exon gene in most species is
intriguing since single-exon genes are rather typical for prokary-
otes. However, single-exon or intronless genes are present in
eukaryotic genomes (Sakharkar et al., 2004) and can have many
origins, but could pinpoint the relatedness to a prokaryotic
gene (Zou et al., 2011). However, moss PILS2 orthologs display
intronexon structure (Figure 7) and might suggest that PILS2
genes lost the intron structure during evolution.

Our findings might highlight certain functional diversifications
among PILS proteins. Notably, PILS2 and PILS5 have only 29%
amino acid sequence identities (Table 2), display very diverged
gene organization (Figure 6), and belong to diverse evolutionary
sub clades (Figure 2). However, their gene regulation and function
seem to be highly similar in Arabidopsis, because PILS2 and PILS5
have overlapping expression pattern in the root transition zone
and redundantly control seedling growth and development (Bar-
bez et al., 2012). Therefore, defined research is needed to evaluate
the functional importance of the distinct features of the respective
PILS genes and PILS proteins.
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The Supplementary Material for this article can be found online at
http://www.frontiersin.org/Plant_Traffic_and_Transport/10.3389/
fpls.2012.00227/abstract

Figure S1 | Molecular phylogenetic analysis of PILS proteins. The diagram
shows an extended phylogentic tree of PILS proteins with collapsed branches
for algae, Physcomitrella, and Selaginella. Note the high diversification of PILSes
in Medicago and Populus. Because of incomplete sequences some of the
PILSes were eliminated. The evolutionary history was inferred by using the
Maximum Likelihood method based on the Data specific model (Nei and Kumar,
2000). The tree with the highest log likelihood (—55875.7936) is shown. The
percentage of trees in which the associated taxa clustered together is shown
above the branches. Initial tree(s) for the heuristic search were obtained
automatically as follows. When the number of common sites was <100 or less
than one fourth of the total number of sites, the maximum parsimony method
was used; otherwise BIONJ method with MCL distance matrix was used. A
discrete Gamma distribution was used to model evolutionary rate differences
among sites [five categories (+G, parameter = 2.6899)]. The rate variation model
allowed for some sites to be evolutionarily invariable ([+], 3.7299% sites). The
tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. The analysis involved 75 nucleotide sequences. All
positions with less than 0% site coverage were eliminated. That is, fewer than
100% alignment gaps, missing data, and ambiguous bases were allowed at any
position. There were a total of 1113 positions in the final dataset. Evolutionary
analyses were conducted in MEGASG (Tamura et al., 2011).

Figure S2 | Alignment of PILS amino acid sequences. The multiple amino
acid alignment of PILSes was generated by using Muscle in MEGAS software
(Tamura et al., 2011). This alignment was generated for the phylogenetic analysis
presented in the Supplementary Figure 1. The alignment for the smaller tree
presented in the Figure 2 is similar but with less sequences.

Figure S3 | Alignment of PILS and PIN amino acid sequences. The multiple
alignment was generated by using Muscle in MEGAb software (Tamura et al.,
2011).

Figure S4 | Alignment of Arabidopsis thaliana PILS amino acid sequences.
A multiple sequence alignment generated by Clustal\W server (Larkin et al.,
2007) of the seven PILSes is shown. Amino acids are color coded: red (small,
hydrophobic, aromatic, notY), blue (acidic); magenta (basic), green (hydroxyl,

amine, amide, basic), gray (others). “x,” Identical amino acids; “:," conserved
substitutions (same color group); *," semi-conserved substitution (similar
shapes).

Table S1 | Sequence information.
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Auxin regulates several aspects of plant growth and development. Auxin is unique among
plant hormones for exhibiting polar transport. Indole-3-acetic acid (IAA), the major form of
auxin in higher plants, is a weak acid and its intercellular movement is facilitated by auxin
influx and efflux carriers. Polarity of auxin movement is provided by asymmetric localization
of auxin carriers (mainly PIN efflux carriers). PIN-FORMED (PIN) and P-GLYCOPROTEIN
(PGP) family of proteins are major auxin efflux carriers whereas AUXIN1/LIKE-AUX1
(AUX/LAX) are major auxin influx carriers. Genetic and biochemical evidence show that
each member of the AUX/LAX family is a functional auxin influx carrier and mediate auxin
related developmental programmes in different organs and tissues. Of the four AUX/LAX
genes, AUX1 regulates root gravitropism, root hair development and leaf phyllotaxy
whereas LAX2 regulates vascular development in cotyledons. Both AUX1 and LAX3
have been implicated in lateral root (LR) development as well as apical hook formation
whereas both AUX1 and LAX1 and possibly LAX2 are required for leaf phyllotactic

Campus, Loughborough, patterning.

LE12 5RD, UK.
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INTRODUCTION

Genetic, molecular and pharmacological approaches have ele-
gantly demonstrated that auxin regulates several aspects of plant
growth and development including embryo (Steinmann et al.,
1999; Wolters et al., 2011), root (Swarup et al., 2001, 2004, 2005),
lateral root (LR) (Swarup et al., 2008; Péret et al., 2009a,b), leaf
(Bainbridge et al., 2008; Guenot et al., 2012) and flower devel-
opment. Auxin also plays a key role in plant tropic responses
(Swarup et al., 2001, 2004, 2005), vascular development (Sieburth
and Deyholos, 2006; Péret et al., 2012) and regulation of apical
dominance (Aloni et al., 2006; Prusinkiewicz et al., 2009). At cel-
lular level, auxin regulates cell division, cell elongation and cell
differentiation (Petrdsek and Friml, 2009; Vanneste and Friml,
2009).

Indole-3-acetic acid (IAA) is the major form of auxin in higher
plants and was the first plant hormone to be discovered (Went,
1926). Besides, there are a few other naturally occurring auxins.
Auxins are organic compounds composed of an indole ring cova-
lently linked to a carboxylic acid group (or a benzene ring in the
case of phenylacetic acid—PAA). In addition, several synthetic
compounds with auxin like activities have also been identified. Of
them 2,4-dichlorophenoxyacetic acid (2,4-D) is one of the most
widely used in auxin research.

Auxin is unique among all plant hormones for exhibiting polar
transport. It is primarily synthesized in the shoot apex and devel-
oping leaf primordia and is then transported either through the
bulk flow in the phloem in a non-polar fashion or actively in
a polar manner to distal target tissues (Swarup and Bennett,
2003).

Keywords: AUXLAX, auxin transport, auxin, AUX1, LAX1, LAX2, LAX3, influx carriers

AUXIN DISTRIBUTION: SIMPLY COMPLEX

Use of auxin response reporters for example DR5 (Ulmasov et al.,
1997) and TAA2 (Abel et al., 1994) and auxin sensors DII 28
(Brunoud et al., 2012) have provided great insight into auxin
accumulation and distribution in plant tissues. These studies
show that auxin gradients are crucial for several aspects of plant
development including tropic responses, organ development and
meristem size. For example, several studies show that differen-
tial accumulation of auxin between lower and upper side of a
gravistimulated root regulate root bending (Ottenschliger et al.,
2003; Swarup et al., 2005); auxin maxima are known to reg-
ulate organ development (Sabatini et al., 1999; Benkovd et al.,
2003; Blilou et al., 2005; Grieneisen et al., 2007) and even auxin
minimum has been implicated in regulating seed dispersal in
Arabidopsis (Sorefan et al., 2009). Genetic and pharmacological
studies show that auxin transport is crucial for establishment of
auxin gradients and disruption of these gradients result in sev-
eral auxin related developmental defects. Besides auxin transport,
local auxin biosynthesis, metabolism, conjugation/deconjugation
of active auxins to/from their inactive conjugated forms and
intracellular auxin movement can also control and fine tune auxin
accumulation in specific cell or tissues types (Chandler, 2009;
Ikeda et al., 2009; Petrasek and Friml, 2009; Vanneste and Friml,
2009).

AUXIN TRANSPORTERS: PROVIDING DIRECTION

As per chemiosmotic polar diffusion hypothesis, the term first
coined by Goldsmith (1977) based on the famous work of Rubery
and Sheldrake (1974) and Raven (1975) cellular JAA movement is
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facilitated by combined activities of auxin influx and efflux carri-
ers. IAA is a weak acid (pKa 4.75) and at mildly acidic apoplastic
pH, only a small portion of IAA (IAAH ~15%) is able to passively
diffuse inside the cell but the majority (85%) of IAA remains in
its dissociated form (IAA™) and would require a carrier for its
active uptake across the cell (Figure 1A). Inside the cell, at pH 7.0,
all IAA remains in its polar IAA™ form and would require auxin
efflux carriers (Zazimalova et al., 2010). Chemiosmotic hypothe-
sis also predicted that the polarity of auxin movement is provided
by asymmetric localization of auxin carriers.

A Apoplast

5.0-5.5
15-36%

Cytosol
7.0-7.5
0,2-0,6%

Compartment
pH range
Percentage of IAAH
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FIGURE 1 | Auxin chemical properties and chemioosmotic hypothesis
of auxin transport. The percentages of the anionic and protonated forms
of IAA (indole acetic acid) are given as a funtion of pH with an emphasis on
the apoplastic and cytosolic pH ranges (A). Chemiosmotic auxin transport
model showing the different families of transporters: AUX/LAX, PIN,

and PGP The artificial form of auxin 1-NAA (1-Naphthalene acetic acid) is
lipophilic and diffuses freely inside the cell (B).

In Arabidopsis, evidence has been provided that
AUXIN1/LIKE-AUX1 (AUX/LAX) family of auxin transporters
are major influx carriers whereas PIN-FORMED (PIN) and
P-GLYCOPROTEIN (PGP) family members are major auxin
efflux carriers (Figure 1B). Among the efflux carriers, PIN family
is most well studied and PIN homologs are found throughout
the plant kingdom (Paponov et al., 2005; Pattison and Catala,
2011; Wang et al., 2011; Carraro et al., 2012). In Arabidopsis,
PINs are encoded by a small gene family comprising of eight
members (Grunewald and Friml, 2010; Bosco et al., 2012).
They have been shown to play crucial roles in several aspects
of plant growth and development including root meristem
patterning, LR development, vascular development and embryo
development (Friml et al.,, 2002; Benkova et al., 2003; Friml
et al., 2003; Reinhardt, 2003; Blilou et al., 2005; Sieburth and
Deyholos, 2006). PIN proteins are localized either on the plasma
membrane (PINI, 2, 3, 4, and 7) or in the ER (PIN5 and 8)
and thus play a key part in both intercellular and intracellular
auxin movement and regulation of auxin homeostasis (Mravec
et al., 2009; Bosco et al., 2012). It is now well established that
directionality of auxin movement is provided by asymmetric
localization of PIN proteins. For example, PIN1 is localized on
the basal rootward face of vascular cells (Gilweiler et al., 1998)
facilitating rootward movement of auxin. In contrast, PIN2 is
asymmetrically localized at the apical shootward face of LRC
and epidermal cells and basal rootward face of cortical cells of
the meristem thus creating an auxin reflux loop (Blilou et al,
2005; Wisniewska et al., 2006; Rahman et al., 2010). In response
to gravity PIN3 is asymmetrically localized on the lateral face
of the root to facilitate differential movement of auxin between
upper and lower faces of a gravi-stimulated root (Friml et al,
2002).

In addition to PINs, a novel PIN like family of auxin trans-
port facilitators termed PILS (PIN-LIKES) has recently been
discovered by in silico studies and appears to be involved in the
regulation of auxin homeostasis in Arabidopsis (Barbez et al.,
2012).

Three members of the PGP class of ABC transporters PGP1,
PGP4, and PGP19 have also been implicated in regulating auxin
transport. Both PGP1 and PGP19 are involved in auxin efflux
(Noh et al., 2003; Blakeslee et al., 2007), PGP4 has been demon-
strated to participate in the shootward (basipetal) redirection of
auxin from the root apex and there is some evidence to suggest
that PGP4 functions as an auxin influx carrier (Terasaka et al.,
2005; Kubes et al., 2012). However, Cho et al. (2007) showed that
PGP4 functions as an auxin efflux carrier. Direct auxin measure-
ment experiment in heterologous expression system suggests that
PGP4 can indeed function both as an efflux and influx carrier
(Yang and Murphy, 2009).

Recently, a role for the nitrate transporter NRT1.1 in auxin
influx has been demonstrated in heterologous system, providing
an explanation for its ability to alter LR formation depend-
ing on the nitrogen status of the plant (Krouk et al., 2010).
Interestingly, NRT1.1 acts as a transceptor as it is also involved
in the perception/transduction of the nitrate signal (Ho et al,
2009). Further understanding of the auxin transport function of
NRT1.1 is of great interest as this provides a direct mechanism for
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developmental effects of auxin in response to nutrient status of
the soil.

THE AUX/LAX FAMILY OF AUXIN INFLUX CARRIERS:
HISTORICAL PERSPECTIVE

The existence of auxin influx carriers was first suggested by
(Rubery and Sheldrake, 1974) when they showed a saturable
component for auxin uptake in Parthenocissus tricuspidata crown
gall suspension cells. Using sealed zucchini membrane vesicles,
Lomax et al. (1985) provided further evidence that IAA uptake
is an active process and is driven by proton motive force. They
also proposed that auxin influx carrier acts as a proton sym-
porter that was later confirmed by Sabater and Rubery (1987).
In 1996, Delbarre et al. showed that the synthetic auxin 2, 4-D
was a substrate for auxin influx carrier but not the lipophilic
auxin 1-naphthalene acetic acid (1-NAA) that is able to diffuse
freely into the cells (Figure 1B). They also showed that almost
75% of 2,4-D uptake was carrier mediated thus underlining the
importance of auxin influx carriers in auxin uptake.

In the same year Bennett et al. (1996) cloned the AUXI
gene. aux] mutants are agravitropic and were first identified in
an screen for auxin (2,4-D) resistance (Maher and Martindale,
1980). AUX1 gene showed similarity to amino acid transporters
and the fact that TAA is structurally similar to tryptophan
led Bennett et al. to propose that AUXI encodes a putative
auxin influx permease. Detailed characterization of auxI mutants
revealed that they show selective resistance to various auxins
and root agravitropic defect of auxI can be rescued by applica-
tion of lipophilic auxin 1-NAA (Yamamoto and Yamamoto, 1998;
Marchant et al., 1999). Swarup et al. (2001) later showed that in
Arabidopsis roots, besides in protophloem, AUXI is expressed in
tissues that are involved in gravity perception (columella), sig-
nal transmission (LRC) and response (epidermis). They also were
able to provide a molecular basis of auxI root gravitropic phe-
notype when they showed that auxI mutants were defective in
basipetal auxin transport. The first direct evidence to show that
AUXI is an auxin permease came from Erik Nielsen’s group when
they expressed AUX1 in Xenopus laevis oocytes and showed a sat-
urable, pH dependent increase in TIAA uptake (Yang et al., 2006).
Their experiments provided the first direct evidence that AUX1 is
a high affinity auxin transporter. Later Carrier et al. (2008) pro-
vided first direct evidence of the affinity of an auxin influx carrier
for its cognate ligand. They provided evidence that IAA binds to
AUXI1 in a pH dependent fashion with maximal binding taking
place between pH5 and 6.

THE AUX/LAX FAMILY: A CASE FOR
SUBFUNCTIONALIZATION

AUX/LAX homologs have been reported to be present through-
out the plant kingdom (Hochholdinger et al., 2000; de Billy et al.,
2001; Kamada et al., 2003; Schrader et al., 2003; Schnabel and
Frugoli, 2004; Péret et al., 2007; Hoyerova et al., 2008; Oliveros-
Valenzuela et al., 2008; Shen et al., 2010; Pattison and Catald,
2011; Carraro et al., 2012) and may have evolved before the
evolution of land plants as AUX/LAX like sequences have been
reported to be present in several single-celled and colony-forming
Chlorophyta species (De Smet et al., 2011).

In Arabidopsis, AUX1 belongs to a small gene family compris-
ing of four highly conserved genes, AUX1 and LIKE-AUXI (LAX)
genes, LAX1, LAX2, and LAX3 and form a plant- specific sub-
class within the amino acid/auxin permease (AAAP) super family
(Young et al., 1999; Péret et al., 2012) (Figure 2). These genes
encode multi membrane spanning transmembrane proteins. In a
very elegant study, Swarup et al. (2004) using a pH sensitive YFP
as a probe to determine the topology of AUX1 showed that AUX1
has 11 transmembrane segments with N terminal residing inside
the cell and C-terminal outside. AUX/LAX genes share extensive
sequence similarity (Péret et al., 2012). There is ample evidence to
suggest that these genes have originated from a common ances-
tor through gene duplication. For example, AUX1 shares 82,
78, and 76% identity with LAX1, LAX2, and LAX3, respectively,
and they also show well conserved gene structure (Péret et al,,
2012) (Figure 2), At functional level evidence has been provided
that these genes encode functional auxin influx carriers (Yang
et al., 2006; Swarup et al., 2008; Péret et al., 2012) and muta-
tions in these genes result in auxin related developmental defects
(Figure 3; Bennett et al., 1996; Swarup et al., 2001, 2004, 2005,
2007, 2008; Bainbridge et al., 2008; Péret et al., 2012). Despite the
conservation of biochemical function, these genes show mostly
non-redundant expression and during the course of evolution
have subfunctionalized to facilitate auxin related developmen-
tal programmes in different plant organs and tissues as reviewed
below.

ROOT GRAVITROPISM: AUX1 AT THE HELM

The founder member of the AUX/LAX family, AUX1 is well doc-
umented to play a key role in root gravitropic response. AUXI
is expressed in tissues that are involved in gravity perception,

A

AUX1

I Y s I N o o N o | i | i -
LAX1

0= M Fm | [ ]
LAX2
LAX3

B (]

| ava | x| e

I: AtLAXR2

AtLAX3 m 76.4%  77.2%  81.3%
— AtAUX T m 75.4%  74.3%
— AtLAXT m 80.8%

FIGURE 2 | The AUX/LAX family of auxin influx transporters. Genetic
organization of the AUX/LAX genes sequences showing exons (gray boxes)
and introns (bars) (Péret et al., 2012) (A). Phylogenetic tree of the AUX/LAX
protein sequences generated from a ClustalWW alignment (B). Percentage of
identity between the members of the AUX/LAX family (identity is given a
the score returned upon the ClustalW alignment) (C).
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FIGURE 3 | Mutations in AUX/LAX genes result in auxin related
developmental defects. AUX1 regulates root gravitropism (Swarup et al.,
2001, 2004, 2005). AUXT1 is expressed in tissues that are involved in
gravity perception, signal transmission, and response and mutation in

auxT cause agravitropic roots (A). Both AUX1 and LAX3 regulate lateral root
development (Swarup et al.,, 2008). AUXT is expressed in lateral root

primordia whereas LAX3 in the cortical and epidermal cells in contact with
the primordia and aux7 lax3 double mutants have severely delayed lateral
root emergence (B). LAX2 regulates vascular patterning in cotyloedons
(Péret et al., 2012). LAXZ2 is expressed in the vascular tissues during
embryo development and /ax2 mutants show vascular breaks in the
cotyledons (C). (Scale bars 20 wm).

signal transmission and response (Figure 3A). Mutation in AUX1
results in severely agravitropic roots. Using an auxin respon-
sive TAA2:GUS reporter, Swarup et al. (2001) showed that auxI
mutants had defects in auxin movement from the root apex to
the distal elongation zone. Later using a transactivation based
approach, Swarup et al. (2005) mapped the auxin transport route
during a gravitropic response and provided evidence that AUX1
was important for facilitating movement of auxin from the site
of gravi-perception to gravi-response. Computer simulations of
auxin fluxes through elongation zone tissues suggest that expres-
sion of auxin influx carrier AUXI and efflux carrier PIN2 in the
epidermis minimize the effect of radial diffusion while facilitat-
ing basipetal auxin transport (Swarup et al., 2005). Thus while
PIN2 provides directionality of auxin movement, AUX1 appears
essential for the efficient auxin uptake by expanding epidermal
cells. More recently, Monshausen et al. (2011) have provided fur-
ther insight into the importance of AUX1 in root gravitropism.
Using confocal microscopy and fluorescent pH sensors, they show
that there is an increase in the surface pH on the lower side of
a gravistimulated wildtype but not auxI roots. One important
implication of this finding is that increase in the root apoplas-
tic pH will result in more IAA in its ionic IAA™ form. [AA™ is not
membrane permeable and will require a carrier (AUX1) mediated
uptake. This work helps to clarify a common misconception that

because protonated IAA is membrane permeable, influx carriers
play only a supplemental role and backs up computer simula-
tion studies that estimate that carrier mediated IAA uptake is 15
times greater than the diffusion when AUXI is expressed in the
root epidermal cells (Swarup et al., 2005; Kramer and Bennett,
2006).

Except AUX1, no other member of the AUX/LAX family plays
a role in root gravitropic response (Péret et al., 2012). Apart from
some expression of LAX2 and LAX3 in the columella cells, none of
them are expressed in the tissues that are involved in gravity signal
transmission (LRC) or response (epidermis). Also both lax2 and
lax3 single mutants do not show any root gravitropic defect and
lax2 aux] double mutants are no more severe than auxl (Péret
etal., 2012).

LATERAL ROOT DEVELOPMENT: THE EMERGING STORY

LRs originate from the pericycle cells that divide and self organize
to create a new primordium (Dubrovsky et al., 2000, 2001). As the
LR formation process occurs deep inside the primary root tissues
(Figure 4A), the newly formed organ has to penetrate through
several layers of cells ranging from 3 in Arabidopsis (Swarup et al.,
2008; Péret et al., 2009a,b) to as many as 15 in rice (Rebouillat
et al.,, 2008). Several lines of evidences implicate auxin in LR
initiation and development (Péret et al., 2009a,b).
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Lateral root
primordium

Cortical cell

FIGURE 4 | Lateral root are formed within the pericycle deep inside the
primary root and have to emerge through the outer tissue, passing
through the endodermal, cortical (blue), and epidermal cells (A).
Mechanism proposed by Swarup et al. (2008) describing how auxin (IAA)
entering the cortical cell induces the expression of LAX3. This generates
the establishment of a positive feedback loop that triggers high auxin levels
and subsequent induction of cell wall remodeling (CWR) genes, such as the
polygalacturonase (PG) (B).

The initiation phase starts when two adjacent pericycle cells
start to divide asymmetrically and create a LR primordium (Péret
et al., 2009a,b). This process is associated with the creation of an
auxin maximum in the pericycle founder cells (Benkovd et al.,
2003; De Smet et al., 2007). Auxin influx carriers have been impli-
cated in regulating LR development (Marchant et al., 2002; De
Smet et al., 2007; Swarup et al., 2008) Marchant et al. (2002)
demonstrated that AUXI is expressed in the pericycle cells before
the first periclinal division and the auxI mutant displays a 50%
reduction in the number of LRs (Hobbie and Estelle, 1995).
Analysis of the auxin response reporter IJAA2:GUS revealed that
auxin content and distribution is altered in the aux] mutant that
led Marchant et al. (2002) to conclude that AUX1 facilitates IAA
loading into the vascular transport system.

Working on LAX3, Swarup et al. (2008) provided evidence that
auxin influx carriers also regulate LR emergence (Swarup et al.,
2008). They discovered that mutations in auxin influx carrier
LAX3 resulted in reduced number of emerged LR. Interestingly
they found that the total number of initiation events was
increased in lax3 and this led them to suggest that initiation and
emergence compete for the same source of auxin (Lucas et al,,
2008a,b).

Molecular characterization of LAX3 by Swarup et al. (2008)
revealed that LAX3 is expressed in the cortical and epidermal cells
specifically situated in front of the LR primordia (Figure 3B).
From Benkova et al. (2003) work, they knew that auxin maxima
is localized in the LR primordia and this led them to test the tan-
talising possibility that auxin itself could be the signal for LAX3

expression in front of the primordia. Indeed, LAX3 turned out
to be auxin inducible. But how does LAX3 facilitate emergence?
To find answer, Swarup et al. (2008) used a substractive transcrip-
tomics approach to identify genes that are co expressed with LAX3
in outer tissues and discovered that several cell wall remodeling
genes were expressed in these cells in LAX3 dependent fashion.
Progression of the primordium inside the root tissues has long
been associated with production of cell wall remodeling enzymes
(Cosgrove, 2000, 2005) and this led Swarup et al. (2008) to pro-
pose that auxin from the LR primordia enters the cortical cells
and induces LAX3 expression (Figure 4). The activity of LAX3 at
the plasma membrane is then proposed to facilitate auxin uptake
in the same cell and would reinforce LAX3 expression. As a result
more and more auxin would accumulate in the cortical cells that
will result in the induction of cell wall remodeling enzymes that
is then proposed to facilitat smooth passage of the primordium
through the cortex. The similar mechanism can then allow pri-
mordia passage through the epidermis. Therefore, as per this
hypothesis, LAX3 participates in the creation of an auxin sink in a
few cells and its expression in the outer tissues is dependent on its
position compared to the source of auxin (the LR primordium)
resulting in a typical “all or nothing” response.

ROOT HAIR DEVELOPMENT: BACK SEAT DRIVING

As the roots grow, old cells are continuously being pushed
upwards and they pass through zones of elongation and differ-
entiation. Root hairs are produced from a subset of epidermal
cells in the differentiation zone. Auxin plays a key role in several
aspects of root development including maintenance of the root
apical meristem (Blilou et al., 2005); epidermal cell development
(Sabatini et al., 1999; Grieneisen et al., 2007) and initiation and
continued growth of root hairs (Pitts et al., 1998; Grebe et al.,
2002; Rahman et al., 2002; Knox et al., 2003; Fischer et al., 2006).
Interestingly, despite the importance of auxin in root hair devel-
opment, no auxin influx carrier is expressed in the root hair cells.
Jones et al. (2009) discovered that AUXI is expressed in the neigh-
boring non-hair cells. In contrast to AUXI, auxin efflux carrier
PIN2 is expressed in both hair and non-root hair cells. Despite
no AUXI being expressed in the hair cells, root hair length in the
aux] mutant was shorter but can be restored to wildtype levels
by treatment with exogenous auxin clearly implicating AUX1 in
root hair growth. Furthermore, epidermal expression of AUXI
was not detected in werewolf/myb23 mutants that lack non-hair
cells. These mutants have shorter root hairs but can be restored to
wildtype levels by auxin treatment. This led Jones et al. (2009)
to conclude that non-hair cells affect auxin abundance in hair
cells. Computer simulation studies indicate that expression of
AUXI in the non-hair cells result in over 10 fold accumulation
of auxin in these cells compared to the adjacent hair cells. Due
to the PIN2 activity, auxin can be effluxed out of the non-hair
cells and into the apoplast and despite the lack of AUX1 in the
hair cells, high auxin concentration can still be maintained in the
hair cells in the differentiation zone up to 500 pm from the root
apex. In contrast, in the auxI mutants, there will be significantly
less accumulation of auxin in the root hair cells as due to the
slow rate of diffusion, most of the auxin will either be recycled
to the vascular tissues or will be lost through the epidermis before
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it reaches the differentiation zone (Jones et al., 2009). Thus their
work suggests that AUX1 helps to maintain high auxin levels in
the differentiation zone and facilitates root hair growth.

AUX1 has also been implicated in maintenance of hair cell
polarity (Grebe et al., 2002). Root hairs are formed on the basal
side of the hair cells but they initiate from a more basal position
in presence of auxin. Mutation in auxI results in apical shifting of
the root hairs. auxI mutants also had 30 times higher frequency of
double hair formation compared to wildtype. These results pro-
vided a clear link between auxin transport and the establishment
of apical-basal epidermal polarity in Arabidopsis.

EMBRYONIC ROOT CELL ORGANIZATION: SIZE MATTERS

Arabidopsis root meristem is highly organized and a combination
of apical basal and radial patterning inputs establish the position-
ing of the stem cell niche (Scheres, 2007). Both genetic and phar-
macological approaches show that auxin transport plays a key
role in this process. Working in Arabidopsis embryo, Ugartechea-
Chirino et al. (2010) provided first evidence for the role of auxin
influx carriers in patterning of the embryonic root. They showed
that the quadruple aux/lax mutants had severely disorganized
radicle apex and had significant increase in the root-cap cell
number, average cell size, or both.

VASCULAR DEVELOPMENT: A ROLE FOR LAX2

Genetic and pharmacological studies have clearly shown that
auxin regulates vascular development (Reinhardt, 2003; Petrdsek
and Friml, 2009). Recently, Péret et al. (2012) provided evidence
that LAX2 is important for vascular development in cotyledons
(Figure 3C). Using a promoter:GUS approach they show that
LAX2 is expressed in procambial and vascular tissues during
embryogenesis. Examination of the lax2 mutants revealed that
they had higher propensity of discontinuity in vascular strands
in the cotyledons. Though LAX2 expression is also detected very
early in developing leaves at the sites of initiating veins surpris-
ingly, Péret et al. (2012) did not find any apparent defect in
vascular patterning in lax2 leaves. AUX1 is also expressed in devel-
oping leaves and it will be interesting to see if lax2 auxI and
quadruple aux/lax mutants show any defect in vascular patterning
in leaves.

APICAL HOOK DEVELOPMENT: CROSS TALK AT ITS BEST

In dicotyledonous seedlings, apical hook protects the meris-
tem when seedlings emerge from the soil. In the light, apical
hooks opens, cotyledons expand and the photosynthesis begins
(Chen and Chory, 2011). Besides light, plant hormones auxin,
ethylene, gibberellins, and brassinosteroids are crucial for the
maintenance and development of apical hook. Using a very ele-
gant transactivation based approach Vandenbussche et al. (2010)
showed that the auxin response maximum on the concave side
is essential for correct hook development. The first evidence to
implicate auxin influx carriers in apical hook development was
provided by Roman et al. (1995) when they showed that auxI
mutants are defective in hook development, a finding later con-
firmed by Stepanova et al. (2007). More recently, Vandenbussche
et al. (2010) have provided evidence that LAX3 is also involved
in apical hook development. Using single and multiple aux/lax

mutant combinations, they showed that lax3 mutants had par-
tial hookless phenotype. They also showed that upon treatment
with ethylene, both auxI and lax3 had less exaggerated api-
cal hook and auxl lax3 double mutants apical hook defect
was as severe as seen when treated with auxin influx inhibitor
1-NOA (1-naphthoxyacetic acid). More detailed characterization
including kinetics of hook development led Vandenbussche et al.
(2010) to conclude that LAX3 is the major auxin influx carrier in
hook development assisted by AUX1 and AUX1 appears to play a
major role in ethylene-mediated hook exaggeration.

PHYLLOTACTIC PATTERNING: TEAM WORK

Phyllotaxy is the arrangement of organ primordia on a plant
stem. Spiral phyllotaxy is the most common phyllotactic pat-
terns in nature where new organ primorida initiates roughly at
an angle of 137.5° and has intrigued biologists for generations
(Fleming, 2005). Auxin transport appears to be crucial for the
development of phyllotactic patterns. Auxin response reporter
DRS5 based studies in Arabidopsis show that auxin maxima is
localized at the site where new primordia originate (Benkovd
et al., 2003; Heisler et al., 2005; Smith et al., 2006). Reinhardt
et al. (2003) showed that asymmetric localization of auxin efflux
carrier PINI is important for the establishment of this auxin
maxima that provides instructive signal for the formation of pri-
mordia. Stieger et al. (2002) provided evidence for a role for
auxin influx carriers in phylltactic patterning. Using inhibitors of
auxin influx carrier (Parry et al., 2001; Lankova et al., 2010), they
revealed that auxin influx carriers were required for proper local-
ization of leaf primordia. Further proof for the involvement of
auxin influx carriers in phyllotactic patterning was provided by
Reinhardt et al. (2003) and Bainbridge et al. (2008). Working on
pinl mutants, Reinhardt et al. (2003) showed that localized auxin
application on pinl meristem can restore primordia formation
but such localized auxin application on auxI pinl double mutants
resulted in wider primordia formation. Using single and multiple
aux lax mutants and their combinations Bainbridge et al. (2008)
then showed that AUX/LAX genes act redundantly to regulate
phyllotactic patterning in Arabidopsis. They revealed that in the
aux/lax quadruple mutant, primordia formed at irregular angles
(as compared to 137.5° in controls) and unusually often showed
primordia clusters. Study of the multiple aux/lax mutant com-
binations revealed that besides quadruple, aux! laxl lax2, auxI
lax1 lax3, and auxI lax] combinations had defect in phyllotac-
tic patterning. They also reported that patterning in inflorescence
meristem was also defective in the same mutant combinations.
This led them to conclude that AUX1 and LAX1 act redundantly
to regulate phyllotactic patterning in Arabidopsis. They also dis-
covered that the phyllotactic defect in quadruple and auxI laxI
lax2 mutants was more severe compared to auxI lax] lax3 and
auxl lax] mutants combination. On this basis they conclude that
LAX2 may have a redundant function in regulating phyllotactic
patterning. Interestingly LAX2 is expressed in the vasculature but
not expressed in the shoot apical meristem itself and to account
for its involvement in phyllotactic patterning, Bainbridge et al.
(2008) propose that LAX2 may increase the sink strength by
pulling auxin out of the L1 layer and thus inhibiting primordium
formation in this region.
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ROLE OF AUX-LAX GENES IN BIOTIC INTERACTIONS

Many plant-associated bacteria are known to synthesize auxins,
including TAA, which leads to diverse outcomes for the plant
ranging from simple growth stimulation to promoting symbi-
otic interactions and even pathogenesis (Spaepen et al., 2007).
Sequencing of several bacterial genomes has revealed the existence
of different auxin synthesis pathways with a high degree of sim-
ilarity with plant pathways (Spaepen et al., 2007). For example,
in actinobacterium Frankia, at least two auxin synthesis path-
ways have been identified correlating with the production of
two naturally occurring auxins: IAA and PAA. Interestingly, pro-
duction of both these auxins is increased in nitrogen-deprived
medium (Perrine-Walker et al., 2010). Furthermore, nitrogen
deprivation promotes nitrogen-fixing symbiosis demonstrating
that the establishment of this symbiotic interaction can be modu-
lated by environmental (and genetic) factors. On the other hand,
manipulation of auxin perception in the plant hosts appears to
be a common mechanism during plant-microbe interactions.
For instance, a plant miRNA induced by Pseudomonas syringae
flagellin-derived peptide reduces the expression of the auxin
receptor TIRI and its homologs AFB2 and AFB3 (Navarro et al.,
2006). In recent years evidence is emerging that auxin transport

may also play a key role in both symbiotic and pathogenic plant
microbe interactions affecting penetration of auxin in the host
plant cell.

In actinorhizal plant Casuarina glauca, a symbiotic interaction
with soil actinobacteria from the Frankia species leads to infection
of the host plant cell and subsequent development of a new organ
“the actinorhizal nodule” the site of bacterial nitrogen fixation.
Nodule formation in Casuarina glauca, can be severely impaired
by treatment with auxin influx inhibitor 2-NOA suggesting that
auxin influx activity is associated with nodule formation (Péret
et al., 2007). This is further supported by molecular studies that
show that a homolog of Arabidopsis AUX1 “CgAUX1” is expressed
in all the infected cells, underlining its importance in the infection
process (Figure 5A).

Auxin transport has also been implicated in plant pathogen
interactions. The cyst nematode is a sedentary endoparasite of
plant roots that penetrate the root and migrate toward a cell
located near the vasculature to initiate feeding. The nematode
then secretes effector proteins in the host cell, leading to genetic
reprogramming into a feeding site called a syncytium (Davis
et al., 2008). One of these effector proteins (19C07) identified in
Heterodera schachtii was found to interact with Arabidopsis LAX3

A
Frankia
/ Frankia infection
-IAA and PAA production
-Infection
-Auxin uptake
-Actinorhizal symbiosis
Plant cell
.
B

Effector proteins

Feeding site

-LAX3 induction
-Auxin u?take

-Cell wall remodelling
-Syncytium formation

FIGURE 5 | Auxin influx transporters are involved in biotic
interactions. During the actinorhizal symbiosis, Frankia infects the plant
cell and triggers the expression of CgAUXT, resulting in auxin (IAA)
uptake by the plant. Auxin is presumably synthesized by the
actinobacteria (Péret et al., 2007) (A). During cyst nematode infection,

effector proteins are released in the plant cell. The 19C07 protein has
been shown to directly interact with LAX3. High expression levels of
LAX3 in the feeding site and adjacent cells participates in the
incorporation of these cells in the feeding sites by promoting cell wall
remodeling (CWR) (Lee et al., 2011) (B).
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auxin transporter in a yeast two-hybrid assay (Lee et al., 2011).
The auxin transporter is strongly expressed in the syncytium,
together with the auxin inducible cell wall related gene polygalac-
turonase that is likely to be involved in cell wall loosening. Auxin
accumulation in the cells near the syncytium and subsequent
cell wall modification would prime the cells for incorporation
into the syncytium (Figure5B). This suggests that the nema-
tode manipulates auxin flow to promote formation of its own
feeding site. This is supported by the fact that nematode infec-
tivity is reduced in the auxI lax3 double mutant (Lee et al.,
2011).

Among the myriad of biotic interactions—both pathogenic
and symbiotic, it can be expected that auxin import is involved
in a vast number of mechanisms underlying plant interactions
with other organisms. A comprehensive study of AUX-LAX genes
expression during these interactions associated with their func-
tional role both in the model plant Arabidopsis and other non-
model organisms would greatly improve our understanding of
these mechanisms.

MODELING AUXIN TRANSPORT

Modeling studies have provided greater insight into the role
of auxin transport in auxin related developmental programmes
(Swarup et al., 2005; Kramer and Bennett, 2006; Kramer, 2008;
Laskowski et al., 2008; Jones et al., 2009; Prusinkiewicz et al., 2009;
Mironova et al., 2010; Szymanowska-Pulka and Nakielski, 2010;
Vernoux et al., 2011; Bridge et al., 2012). Modeling auxin fluxes
help us to understand how these fluxes are established and main-
tained, as well as their effect on growth and development. For
example, recently, a computational approach studied the dynam-
ics of auxin transport by taking into account pH modifications
(Steinacher et al., 2012). The model predicts that auxin-induced
acidification of cell wall compartments increases the rate of both
auxin influx and efflux. This study also emphasizes the role of
proton fluxes, an aspect of the auxin transport machinery that
has been poorly studied. Modeling studies have already provided
unparalleled insight into the role of AUXI in establishing and
maintaining auxin gradients during root gravitropism (Swarup
et al., 2005) and root hair development (Jones et al., 2009).
Modeling studies also suggest that AUX1-dependent transport
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The permeation pore of KT channels is formed by four copies of the pore domain. AtKCO3
is the only putative voltage-independent KT channel subunit of Arabidopsis thaliana with a
single pore domain. KCO3-like proteins recently emerged in evolution and, to date, have
been found only in the genus Arabidopsis (A. thaliana and A. lyrata). We show that the
absence of KCO3 does not cause marked changes in growth under various conditions.
Only under osmotic stress we observed reduced root growth of the kco3-7 null-allele
line. This phenotype was complemented by expressing a KCO3 mutant with an inactive
pore, indicating that the function of KCO3 under osmotic stress does not depend on its
direct ability to transport ions. Constitutively overexpressed AtKCO3 or AtKCO3::GFP are
efficiently sorted to the tonoplast indicating that the protein is approved by the endoplasmic
reticulum quality control. However, vacuoles isolated from transgenic plants do not have
significant alterations in current density. Consistently, both AtKCO3 and AtKCO3::GFP are
detected as homodimers upon velocity gradient centrifugation, an assembly state that
would not allow for activity. We conclude that if AtKCO3 ever functions as a K* channel,
active tetramers are held by particularly weak interactions, are formed only in unknown

specific conditions and may require partner proteins.

Keywords: Arabidopsis, membrane proteins, potassium channels, protein assembly, tonoplast

INTRODUCTION

Homeostasis of potassium, the most abundant cation of plants,
is maintained by the activity of transporters and channels of
the plasma membrane and the tonoplast (Dreyer and Uozumi,
2011). Arabidopsis thaliana contains 15 genes encoding K*
channel subunits. Among these are the five members (AfTPK1-
5) of the voltage-independent, tandem-pore family (Voelker
etal, 2010). The key signature of KT channels is the pore
(P) domain which must be present in four copies in an
active channel complex. Tandem-pore channels are therefore
expected to be dimers. Consistently, fluorescence resonance
energy transfer (FRET) and bimolecular fluorescence comple-
mentation (BiFC) experiments conducted on AfTPK1 or AtTPK5
in transiently transformed plant cells strongly support the exis-
tence of homodimers (Voelker etal., 2006). Stable heteromeric
interactions between different AfTPK members were instead
not detected (Voelker etal., 2006). The assembly of AtTPK1
into stable dimers has been directly confirmed in transgenic
Arabidopsis constitutively expressing an AtTPKI1:GFP fusion
(Maitrejean etal., 2011). An additional polypeptide with one
pore domain only, AtKCO3 (locus AT5G46360), is most closely
related to AfTPK2 and believed to have originated from gene
duplication followed by a partial deletion event (Marcel etal,
2010; Voelker etal., 2010). KCO3-like proteins have only been

identified in the genus Arabidopsis (A. thaliana and A. lyrata),
so far. They were not found in other known plant genomes
(Gomez-Porras etal., 2012). Upon transient expression in pro-
toplasts from Arabidopsis cell cultures, AtKCO3::GFP localizes
at the tonoplast, like similar fusions of AtTPK1, 2, 3, and 5
(Voelker etal., 2006). Homomeric AtKCO3 interactions have
been detected by FRET and BiFC (Voelker etal., 2006) but it
is not known whether the polypeptide forms tetramers, a pre-
requisite for activity in the case of this one-pore subunit. Here
we have applied a number of experimental approaches in order
to get insights on the assembly state and possible function of
AtKCO3.

MATERIALS AND METHODS

PLANT GENOTYPING AND ANALYSIS

The A. thaliana knock-out mutant kco3-1 (Salk_096038) was
ordered from the Salk Institute. Genomic DNA was extracted from
frozen leaves with 1 ml of CTAB extraction buffer (0.8% CTAB,
0.14 M sorbitol, 0.22 mM Tris—-HCI, pH 6, 0.022 mM EDTA,
0.8 M NaCl, 1% N-Lauroylsarcosine). Confirmation of the T-
DNA insertion in kco3-1 was done using the following primers:
5'GCGTGGACCGCTTGCTGCAACT3' (T-DNA-LB), 5’ CACGA-
TTTCTATGCCAATGACTCCATCGG3’ (KCO3-fwd), 5AAAAA-
GAGCTCTTAAACTGGTTCAACTATATCC3' (KCO3-rev).
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For phenotypic analysis, seeds were plated on MS media sup-
plemented with 3% sucrose in axenic condition. One-week-old
seedlings were transferred to media containing the appropriate
solute for the growth test in different abiotic stress conditions and
were vertically grown in 16 h day/8 h night conditions. Differ-
ent potassium concentration: seedlings were transferred on K+
deficient medium [2.5 mM NaNOs, 2.5 mM Ca(NO3),, 2 mM
NH4(H2PO4), 2 mM MgSOy, 0.1 mM FeNaEDTA, 25 uM CaCl,,
25 wM H3BOs3, 2 WM ZnSOy4, 2 pM MnSOy, 0.5 pM CuSOy,
0.2 oM Na;MoOy, 0.01 uM CoCl,, 1% sucrose, pH 5.7; jelli-
fied with 0.8% Phytagel (Sigma Aldrich)] supplemented with low
(100 wM) or high (2.5 mM) K3 salt stress: 75 mM NaCl; osmotic
stress: 100 mM mannitol. Oxidative stress: 15 days after sowing
the seedlings were moved to liquid MS media with 10 mM H,O5.
For mock treatment, plants were transferred to liquid MS media.
Plants were grown on a shaker for 5 days, with daily change of
media.

GENERATION OF TRANSGENIC PLANTS
Plasmid DNA required for sequencing purposes was prepared
using Qiagen columns (Qiagen, Hilden, Germany). Sequence
determinations were performed by MWG-Biotech (Ebersberg,
Germany) and Replicon (Berlin, Germany). For sequence analysis
the BLAST server at the National Center of Biological Information
(NCBI, Bethesda, USA), or the University of Wisconsin GCG soft-
ware package, version 8 (Devereux etal., 1984) were used. Either
Pfu polymerase (Stratagene, Heidelberg, Germany) or Taq poly-
merase (Gibco BRL, Eggenstein, Germany) was employed for PCR.
All PCR-derived fragments were sequenced to ensure the absence
of amplification errors.

To produce dnKCO3 transgenic plants, site directed mutagene-
sis was performed on the KCO3 gene to insert dominant negative

mutation F141R. PCR product was digested with Sall-Sacl and
inserted in Sall-Sacl digested pBS generating pBS-dnKCO3. To
generate pBIBhygro-dnKCO3, amplification was done on pBS-
dnKCO3 with pKCO3-fwd (5’ ATTTAGTCGACACACATCACAA-
CATGATTGAAGATGACAATG3’) and KCO3-rev  primers
(Figure 1B). Amplification product was double digested with
Sall-Sacl and cloned in Sall-Sacl digested pBibHygro. Positive
clones were further confirmed by sequencing and transformed in
Agrobacterium tumefaciens strain GV1301. The positive Agrobac-
terium clones were detected through PCR with gene-specific
primers on mini preparation of DNA from Agrobacterium. Over-
night grown culture of Agrobacterium was infiltrated in Col-0
wild-type plants through floral dip method. Seeds from infiltrated
plants were screened on hygromycin-containing medium to select
transgenic plants. Seedlings surviving on hygromycin-containing
medium were used for genotyping to detect the presence of
transformed transgene.

To generate kco3-1 x dnKCO3 transgenic plants, homozygous
lines of dnKCO3 were crossed with kco3-1 null-allele (Salk_96038)
mutant. The seeds obtained from the crossed plants were then
screened to procure dominant-negative knockout mutant plants
of KCO3. These kco3-1 x dnKCO3 were grown again in the next
generation under self-fertilization condition. Seeds thus inher-
ited after self-cross were screened by performing PCR reactions to
obtain homozygous kco3-1 x dnKCO3.

AtKCO3 c¢DNA clones were isolated from c¢DNA prepa-
rations of A. thaliana seedlings (C24 ecotype) using
primers 5 CAACAACAAGGACCCATTACACC3' (KCO3.seq) and
5'CCACTGCCATCTTCAATCATG3' (KCO3.rev). Fragments cor-
responding to the AtKCO3 ¢cDNA were subcloned into pPCRII
(Stratagene, Heidelberg, Germany) giving rise to the plasmid
PCRII-KCO3. Sequence determination was done for three clones
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Stop 3'UTR
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dnKCO3 nKCO3 dnKCO3

FIGURE 1 | Genotyping of kco3-7 null-allele, dnKCO3 and

kco3-1 x dnKCO3 mutant plants. (A) Schematic representation of the
Salk_96038 T-DNA insertion line that contains two head to head TDNA
insertions at position 420 in the first exon of the KCO3 gene. (B) Schematic
representation of dnKCO3 mutant, where, in the first exon of the KCO3
gene, a dominant negative mutation has been created by mutating the GFGD
motif to GRGD. Additionally, a recognition site of the restriction enzyme Sacll
has been inserted. (C,D) PCR was performed on genomic DNA with the
indicated primer sets specific for FDNA amplification. Amplification was
attained in case of kco3-7 and kco3-1 x dnKCO3 while the wild-type and
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dnKCO3 does not show any amplification product with the -DNA primer
sets. (E) PCR was performed with the indicated gene specific primer

pair. Amplification can be observed in Col-0 wild-type, dnKCO3 and

kco3-1 x dnKCO3. No amplification product is detectable in the homozygous
T-DNA insertion line (kco3-7). (F) Sacll restriction digestion of the PCR
products obtained by amplification with the gene specific primer pair. PCR
product from Col-0 wild-type was not digested. The amplification product
from the dnKCO3 mutant was digested but some undigested product can
also be seen. The PCR product from kco3-7 x dnKCO3 shows complete
digestion.
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as described above. Plasmid p35S-KCO3 was generated by insert-
ing the AtKCO3 ¢cDNA (Kpnl/blunt/EcoRV pCRII-KCO3) into
Smal site of pBinAR-Kan (Hofgen and Willmitzer, 1988). A
C-terminal GFP-fusion construct was created using pBI-35S-10H-
GFP-JFH1 (Hong etal., 1999). The AtKCO3 cDNA was amplified
using the primers 5CGCGTCGACATGCCAATGACTCCATC-
GG3’ (KCO3-FSLseq) and 5 ATCACTAGTACAGAAGTTGCGG-
TGGTTAAATCCAA3' (KCO3-FSILrev) and fused to GFP coding
sequence via Sall/Xhol/Spel sites to generate p35S-KCO3::GFP.
Transgenic Arabidopsis plants expressing KCO3 or KCO3::GFP
were generated by vacuum infiltration with Agrobacterium tume-
faciens strain GV3101 transformed with the constructs p35S-
KCO3 or 355-KCO3::GFP. Kanamycin-resistant plants (T0) were
identified. Experiments were conducted using T3 or T4 plants.

ANTIBODIES

The following antibodies were used in this study: rabbit polyclonal
anti-GFP (1:1000 dilution, Invitrogen), rabbit polyclonal anti-
endoplasmin/GRP94 (1:1,000 dilution; Klein etal., 2006), rabbit
polyclonal anti-PiP2 (1:10,000 dilution; Santoni etal., 2003), or
chicken polyclonal anti-yTIP raised against a synthetic peptide
corresponding to the C-terminal nine amino acids of Arabidopsis
yTIP (1:1,000 dilution, a gift from N. V. Raikhel).

An anti-KCO3 antiserum was raised against a synthetic peptide
(NH,-SEFKNRLLFGSLPRC-COOH) located at the N-terminus
of AtKCO3 and provided by Covalab (Villeurbanne, France).
The total IgG fraction from immunized rabbit was then purified
using protein A bead column. The affinity-purified antibod-
ies were then subjected to immuno-affinity purification, passing
through a resin-column containing the antigenic peptide. This
affinity-purified rabbit polyclonal anti-KCO3 was used at 1:2,000
dilution.

VACUOLE ISOLATION, PATCH-CLAMP RECORDINGS,

AND DATA ANALYSIS

Mesophyll tissue of Arabidopsis plants was enzymatically digested
for 30 min at 30°C. The enzyme solution contained 0.3% (w/v) cel-
lulase R-10, 0.03% (w/v) pectolyase Y-23, 1 mM CaCl,, 500 mM
sorbitol, 10 mM 2-(N-morpholino)ethanesulfonic acid (MES),
pH 5.3. Protoplasts were washed twice and maintained in W5
solution (125 mM CaCl,, 154 mM NaCl, 5 mM KCl, 2 mM MES-
KOH, pH 5.6; Yoo etal., 2007). Vacuoles were released by the
addition of 10 volumes of a solution containing 100 mM malic
acid, 160 mM 1,3-bis(tris(hydroxymethyl)methylamino)propane
(BTP), 5 mM ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-
tetraacetic acid (EGTA), 3 mM MgCl,, pH 7.5, adjusted to
450 mOsm with D-sorbitol. After settling of the vacuoles, the
recording chamber was carefully perfused with fresh bath solu-
tion. Membrane currents of isolated vacuoles were recorded using
the patch-clamp technique, as described elsewhere (Scholz-Starke
etal,, 2006; Gradogna etal., 2009). Trans-membrane voltages and
ionic currents were controlled and monitored with an Axon 200-A
current-voltage amplifier interfaced with a 16 bit AD/DA board
(ITC-16 Instrutech, Elmont, NY, USA). A Macintosh personal
computer running the Pulse program (Heka Electronic, Lam-
brecht, Germany) was used to generate the stimulation protocol
and to acquire the current records. Current records were low-pass

filtered at 200 Hz with a 4-pole Bessel filter Kemo VBF8 (Kemo,
Beckenham, UK) and sampled at a frequency of 1 kHz. All patches
with seal resistance lower than 3 GOhm were systematically dis-
carded. Membrane capacitance (Cp,) and access resistance (R,)
were estimated by using the compensation circuit of the ampli-
fier; R, varied from 6 to 10 MOhm and was not corrected, since
the resulting voltage error did not exceed 5 mV. Cp, and R, were
monitored throughout the experiment. No leak current subtrac-
tion procedure was applied. Patch pipettes had resistance values
of 3.5-4 MOhm, when filled with pipette solution (vacuolar side)
containing 200 mM KCl, 2 mM CacCl,, 2 mM MgCl,, 10 mM MES-
KOH, pH 5.5. All bath solutions contained 100 mM KCI, 1 mM
dithiothreitol (DTT), 5 mM Tris and additionally 1 mM EGTA for
low-calcium conditions or 100 M CaCl; for high-calcium condi-
tions. The pH value of the bath solutions was set either to pH 7.5
(by addition of HEPES) or to pH 6.5 (by addition of MES). The
osmolarity of the pipette and bath solutions was adjusted to 500
and 540 mOsm, respectively, by the addition of D-sorbitol. Lig-
uid junction voltages in our experimental conditions were smaller
than 1 mV.

Immediately after the establishment of the whole-vacuole con-
figuration, current recordings reproducibly displayed background
currents with negative reversal potentials (Figure A1A). These cur-
rents gradually decreased at all membrane potentials and finally
stabilized at a slightly positive reversal potential after 15-30 min in
the whole-vacuole configuration (Figure A1B), depending on the
vacuole size. Only vacuoles which reached this point were con-
sidered for data analysis and successively exposed to other bath
solutions by means of a gravity-driven perfusion system coupled to
a peristaltic pump. Steady-state current amplitudes were normal-
ized to the vacuolar membrane capacitance, which was on average
30 &£ 3 pS (n = 22). Data are represented as mean values & SEM
(for the number # of vacuoles).

TOTAL PROTEIN ANALYSIS

Arabidopsis wild-type or transgenic plants were grown in sterile
conditions on half-concentrated MS media (Duchefa Biochemie)
supplemented with 10 g/l sucrose and 0.8% (w/v) phyto agar
(Duchefa Biochemie) at 23°C under a 16/8 h light/dark cycle.
3—-6 weeks old leaves were homogenized in ice-cold homog-
enization buffer [200 mM NaCl, 1 mM EDTA, 0.2% Triton
X-100, 2% 2-mercaptoethanol, 100 mM Tris—Cl pH 7.8, sup-
plemented with Complete protease inhibitor cocktail (Roche)].
After centrifugation at 5,000 x g for 10 min at 4°C, the result-
ing supernatant was considered as the total protein extract and
analyzed by SDS-PAGE followed by western blot, as follows. Sam-
ples were adjusted to 1% SDS, 0.3% 2-mercaptoethanol, 8.3%
glycerol, 20 mM Tris—Cl, pH 8.6 and denatured by heating at
95°C for 4 min. SDS-PAGE was performed in 15% acrylamide
gels using a Tris-glycine running buffer. After electrophoresis,
proteins were transferred to nitrocellulose membrane (Protran,
Whatman) using a Tris/glycine/methanol (25 mM/192 mM/ 20%,
respectively) buffer in a wet electroblotting system (Trans-Blot®
Cell, Bio-Rad). We verified that even protein polymers larger than
600 kDa are efficiently transferred using this protocol. Molec-
ular weight markers (Fermentas) were used as molecular mass
markers.
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SUBCELLULAR FRACTIONATION

Total microsomes were prepared as follows: leaf tissues were
homogenized in a medium containing 50 mM Tris-acetate (pH
7.5), 250 mM sorbitol, 2 mM EGTA, 2 mM MgCl,, 2 mM DTT
supplemented with Complete. The homogenate was filtered and
centrifuged at 10,000 x g for 10 min at 4°C. The supernatant was
further centrifuged at 100,000 X g (ray) in a Beckman SW55Ti
rotor (Beckman Instruments) for 30 min at 4°C. The resulting
pellet, containing total microsomes, was resuspended in 10 mM
Tricine-KOH (pH 7.5), 1 mM EGTA, 2 mM MgCl,, 5% (w/w)
sucrose, and was loaded on a sucrose-density gradient (10.4 ml,
15-45% w/w sucrose in 10 mM Tricine-KOH (pH 7.5), 1 mM
EGTA and 2 mM MgCl,), centrifuged at 77,000 x g (ray) for 19h
in a Beckman SW40 rotor and collected in 0.6-ml fractions. Equal
volumes of each fraction were analyzed by SDS-PAGE followed by
western blot with the appropriate antibody.

VELOCITY SUCROSE GRADIENT CENTRIFUGATION

Arabidopsis leaves (3—6 weeks old) were homogenized in ice-cold
buffer containing 40 mM KCI or 200 mM NaCl, 0.2% Triton X-
100, 50 mM Tris—Cl pH 7.8 (2 ml/g of leaf tissue), supplemented
with Complete. Lysate was cleared by centrifugation at 700 x g for
10 min, loaded on a linear 5-25% (w/v) sucrose gradient (20 mM
KCl or 150 mM NacCl, 0.1% Triton X-100, 25 mM Tris—Cl, pH 7.5)
and centrifuged at 200,000 x g (r,y) for 25 h at 4°C in a Beckman
SW40 rotor. An additional gradient was loaded with a mixture of
molecular mass markers containing 200 g each of cytochrome ¢
(12.4 kDa), ovalbumin (43 kDa), bovine serum albumin (67 kDa),
aldolase (161 kDa), and catalase (232 kDa). Equal volumes of each
fraction were analyzed by SDS-PAGE followed by western blot with
the appropriate antibody.

MICROSCOPY

Epifluorescence microscopy on plant tissues was performed using
a Zeiss Axiovert 200 microscope (Carl Zeiss) equipped for epifluo-
rescence, followed by the collection of optical sections using Zeiss
Apotome and Axiovision 4.1 software. Figures were assembled
with Adobe Photoshop 10.0.

RESULTS

THE ABSENCE OF KCO3 CAUSES SLIGHT GROWTH DEFECTS

UNDER OSMOTIC STRESS

Inactivation of the KCO3 gene could provide insights on the func-
tion of the protein. The Salk_96038 T-DNA insertion mutant was
analyzed using T-DNA left border primer and KCO3-specific for-
ward and reverse primers. Amplification was obtained with both
primer sets and showed two head-to-head T-DNA insertions at
position 420 bp within KCO3 exon 1, as shown schematically in
Figure 1. End-point PCR, with a couple of KCO3-specific primers,
performed on genomic DNA from Arabidopsis T-DNA insertion
line did not give rise to any product (Figure 1E, kco3-1), while
a fragment of the correct length was obtained from wild-type
plant DNA (Figure 1E, wt). The insertion line is therefore a
full loss of function mutant and was termed kco3-1. Col-0 and
kco3-1 seeds were sown on MS medium with 3% sucrose. Seven
days after sowing, the seedlings were grown for 15 days on MS

medium under long day conditions. No significant (Student’s t-
test) differences were observed in root development, leaf number,
and leaf size (Figure 2A). The response to osmotic stress or salt
stress was tested by supplementing the MS medium with 100 mM
mannitol or 75 mM NaCl. Mannitol caused a small but signif-
icant decrease of root growth in kco3-1 plantlets with respect
to Col-0 (Figure 2B). This phenotype could be complemented
by expressing a dominant-negative KCO3-mutant under control
of the AtKCO3 promoter in the kco3-1 background (Figure 2B;
dnKCO3 x kco3-1). Expressing the dominant-negative mutant in
the wild-type background had no beneficial effect for the plant
(Figure 2B; dnKCO3). Upon NaCl treatment no difference was
observed (Figure 2C). The effect of oxidative stress was tested by
growing plantlets for 5 days in the presence of 10 mM H,O,. Both
Col-0 and kco3-1 showed similar symptoms of bleaching and plant
decay (Figure 2D). Finally, growth in medium supplemented with
100 M K+ (K deficient) or 2.5 mM KT (KT sufficient) was
analyzed (Figure 2E). No significant differences were observed in
the mean values for increase in root length.

Altogether, these analyses indicate that the absence of KCO3
causes small defects in the early stages of plant growth under
osmotic stress. These defects could be complemented by a
dominant-negative mutant of KCO3.

KCO3 AND KCO03::GFP CONSTITUTIVELY EXPRESSED IN ARABIDOPSIS
TRANSGENIC PLANTS LOCALIZE AT THE TONOPLAST

Endogenous expression levels of KCO3 are very low (Schonknecht
etal,, 2002, and see eFP developmental map: http://bbc.botany.
utoronto.ca/efp/cgi-bin/efpWeb.cgi), hampering biochemical and
cell biology studies. Arabidopsis transgenic plants expressing
KCO3::GFP under the constitutive CaMV 35S promoter were
therefore produced. Transgenic lines, selected on the basis of their
kanamycin resistance, were tested for KCO3::GFP accumulation
by western blot analysis of leaf extracts using anti-GFP anti-
serum (Figure 3A). Extracts from wild-type plants (Figure 3A,
Co) did not react with the antiserum. A polypeptide with appar-
ent molecular mass around 60 kDa was specifically detected in
the kanamycin-resistant plants. This is in good agreement with
the predicted mass of the fusion between KCO3 (29 kDa) and
GFP (27 kDa), indicating that the 60 kDa polypeptide is intact
or nearly intact KCO3::GFP (Figure 3A, KCO3::GFP). An addi-
tional polypeptide around 25 kDa was also detected in some of
the transgenic plants, often when accumulation of KCO3::GFP
was higher. Its molecular mass suggests that it corresponds to
the entire or nearly entire GFP sequence, released from fusion
protein (Figure 3A, plants 1, 2, 4, 11 — free GFP). Accu-
mulation of KCO3::GFP in T1 and T2 generations was highly
variable but it became stable in a number of T3 plants and
generations. These plants did not show evident morphological
and developmental differences compared to the wild-type. We
reasoned that the detection of KCO3::GFP using the anti-GFP
antiserum could limit our studies, because this does not allow
to follow the destiny of KCO3 once GFP has been released.
We therefore produced a specific antiserum against KCO3 (anti-
KCO3), using as antigen 15 amino acids near the N-terminal end
(residues 6-20). To test the specificity of this antiserum, equal
amounts of total leaf homogenate from KCO3::GFP transgenic
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FIGURE 2 | Phenotypic analysis of kco3-1. (A) Growth on MS medium
supplemented with 3% sucrose. The wild-type and the kco3-7 knock-out
mutant do not show significant differences in shoot development and root
length. Figure is representative of three independent experiments.

(B) Osmotic stress. The figure is representative of three independent
experiments. Lower panel: increase in root length after 15 days. The values
shown are mean of six repeats + SD (indicated by error bars). Data were
analyzed using Student’s t-test. The values obtained for kco3-7 are
significantly different from those of the WT control, dnKCO3 and

kco3-1 x dnKCO3 plants (P < 0.001). (C) Salt stress. Growth of Col-0 and
kco3-1 plants was severely hampered by the presence of NaCl. The figure
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is representative for three independent experiments. Right panel: increase
in root length after 15 days. The values shown are mean of six repeats

+ SD (indicated by error bars). Student's t-test revealed that Col-0 and
kco3-1 are not significantly different (P > 0.1). (D) Oxidative stress.

After five days of Hy O, stress, Col-0 and kco3-7 plants showed symptoms
such as bleaching of leaves and plant decay. The figure is representative
for two independent experiments. (E) K+ deficient and KT sufficient
medium. Lower panel: increase in root length after 15 days was plotted

as means + SD (indicated by error bars) of six repeats. Student's t-test

did not reveal any significant difference between Col-0 and kco3-1

(P> 0.1).
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FIGURE 3 | Selection of Arabidopsis plants overexpressing KCO3::GFP
and KCO3. (A) Equal amounts of leaf extracts (50 ug of total protein) from
wild-type plants (Co) and independent transgenic Arabidopsis plants
expressing KCO3::GFP (plants 1-11) were subjected to SDS-PAGE and
western blot analysis with anti-GFP antiserum. The positions of the entire
fusion protein and of free GFP are indicated. (B) Leaf extracts from one
wild-type plant (lane 1) and transgenic plant n° 6 of panel A (lane 2) were
analyzed by western blot using anti-KCO3 antibodies. The positions of
monomers (arrowhead) and putative dimers (circle) are indicated. (C) Equal
amounts (50 ng of total protein) of leaf extracts from wild-type (Co) or
independent transgenic Arabidopsis plants overexpressing KCO3 (plants
2-7) were analyzed by western blot with anti-KCO3 antiserum. The
positions of KCO3 (arrow) and an unspecific, cross-reacting polypeptide
(asterisk) are indicated. In each panel, numbers on the left indicate the
position and size (in kDa) of molecular mass markers.

or control plants were subjected to SDS-PAGE and western blot
with anti-GFP or the immuno-affinity purified anti-KCO3 anti-
serum (Figure 3B). No bands were visible in the control sample,
consistent with the known very low endogenous expression level
of KCO3. In the transgenic extract the anti-KCO3 antiserum
specifically recognized two polypeptides around 60 and 120 kDa
(Figure 3B, lane 4, arrowhead and empty circle, respectively)
and, as expected, did not recognize the 25 kDa fragment. The
60 kDa polypeptide corresponds to the entire KCO3::GFP fusion
also detected by anti-GFP. At this stage of investigation the 120 kDa
polypeptide was tentatively identified as a minor proportion of
KCO3 polypeptides not completely denatured and still assem-
bled into dimers. The ratio between these putative dimers and
monomers was variable in different experiments. We tested differ-
ent extraction and denaturation procedures, but we were unable
to determine conditions in which such a variability could be
avoided.

Having confirmed the ability of the antiserum to detect KCO3,
transgenic Arabidopsis overexpressing KCO3 under the CaMV 35S
promoter were prepared. Leaf homogenates were analyzed by
SDS-PAGE and western blot with the anti-KCO3 antiserum. A
polypeptide with apparent molecular mass around 30 kDa, con-
sistent with the 29 kDa calculated mass of KCO3, was detected in
the transgenic lines but not in control plants (Figure 3C, plants
2-7 and Co, respectively). A polypeptide around 20 kDa was also

detected in both control and KCO3 plants (Figure 3C, asterisk);
however, this was not related to KCO3, because it was also recog-
nized by the pre-immune serum (not shown). We propagated line
6 from T3 generation, but also in T4 the accumulation levels of
KCO3 were variable. We were unable to obtain a line giving con-
stant KCO3 levels in the progeny, possibly because of transgene
silencing.

The subcellular localization of KCO3::GFP was analyzed by epi-
fluorescence microscopy in leaf and hypocotyl tissues (Figure 4).
In leaf epidermal cells, GFP fluorescence was clearly detected on
the tonoplast (Figures 4A-C). In different cells, the GFP fluo-
rescence appeared either continuous or irregularly distributed on
the tonoplast, with several highly fluorescent “spots.” No colocal-
ization with the plasma membrane was observed when the GFP
and the brightfield images were superimposed (Figures 4G-I).
The tonoplast localization was also observed in hypocotyl cells
(Figures 4D-F). The results were confirmed by subcellular
fractionation followed by western blot. Total microsomes were
prepared from KCO3::GFP or KCO3 leaf homogenates, loaded
onto a continuous sucrose gradient and subjected to isopycnic
ultracentrifugation (Figure 5). The distributions of KCO3::GFP,
KCO3, and the tonoplast aquaporin yTIP were similar and
they markedly differed from those of the plasma membrane
aquaporin PIP2 or the endoplasmic reticulum marker endo-
plasmin/GRP94. yTIP monomers have a calculated molecular
mass around 20 kDa, but a relevant proportion of the pro-
tein is detected as oligomers, most probably corresponding to
dimers; incomplete denaturation, resulting in the detection of
dimers and tetramers upon SDS-PAGE is a common characteris-
tic of aquaporins (Kammerloher et al., 1994; Karlsson et al., 2000).
It can be concluded that both KCO3::GFP and KCO3 localize
at the tonoplast when overexpressed in Arabidopsis transgenic
plants.

VACUOLES FROM WILD-TYPE AND KCO3-OVEREXPRESSING PLANTS
DO NOT SHOW SIGNIFICANTLY DIFFERENT CURRENT DENSITIES

In order to investigate the functional properties of KCO3, we
performed patch-clamp recordings on whole-vacuoles isolated
from leaves of KCO3-overexpressing plants. Experiments were
designed in a way to minimize background currents. The activ-
ity of the major cationic ion channels at resting and elevated
cytosolic [Ca2t] — the Fast Vacuolar (FV) and the Slow Vacuo-
lar (SV) channel, respectively (Hedrich and Neher, 1987; Allen
and Sanders, 1996) — was greatly reduced by divalent cations, i.e.,
calcium (Tikhonova etal., 1997; Dadacz-Narloch etal., 2011) and
magnesium (Pei etal,, 1999; Pottosin etal., 2004), which were
present in the pipette solution at 2 mM concentration. Prelim-
inary experiments had revealed normal FV- and SV-type currents
in vacuoles from kco3-1 mutant plants (data not shown). These
data, together with the presence of a K* channel signature within
the KCO3 protein sequence, argue against a possible participa-
tion of KCO3 in the pore formation of these non-selective cation
channels.

The K* channel signature in the pore loop and two calcium-
binding EF hand motifs present in the KCO3 sequence are
features shared by TPK1, which has been previously shown to
encode a Ca?t-activated K*-selective conductance in the vacuolar
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FIGURE 4 | KCO3::GFP is located at the tonoplast. Leaf epidermis (A-C, G-l) or hypocotyl (D-F) from KCO3::GFP transgenic plant were analyzed by
epifluorescence microscopy. (A,D,G): GFP fluorescence; (C,El): brightfield; (B,E,H): Merge of fluorescence and brightfield. The arrow indicates the cell surface.

membrane (VK channel; Gobert etal., 2007; Latz etal., 2007).
Furthermore, the activity of VK channels is stimulated by acidic
cytosolic pH (Allen etal., 1998; Gobert et al., 2007). Consequently,
we probed KCO3 activity by recording membrane currents from
isolated vacuoles successively exposed to four different experi-
mental conditions, varying the cytosolic Ca?* concentration (low
versus high Ca’?™) at two cytosolic pH values (pHeyt 7.5 and
pHeyt 6.5). As summarized in Figure 6, the current densities
of KCO3-overexpressing vacuoles were almost identical to those
determined for wild-type vacuoles at either pHeyr. Increases of
cytosolic [Ca?T] generally caused only minor changes in the cur-
rent amplitudes: the slight decrease at pHcyt 7.5 (Figure 6C) was
possibly due to a further reduction of residual FV channel activity,
while the small increase at pHcyt 6.5 (Figure 6F) may correspond
to the activation of a small population of VK channels.

In summary, these data strongly suggest that KCO3, present in
the vacuolar membrane of overexpressing plants, does not consti-
tute a functional ion channel in our experimental conditions.

KCO3 AND KCO03::GFP ARE DETECTED AS DIMERS

The formation of a tetrameric complex is a prerequisite for ion
channel activity in the case of the one-P subunit KCO3. We
therefore investigated on the oligomerization state of KCO3 and
KCO3::GFP. Total leaf homogenate from KCO3::GFP plants was
fractionated by velocity sucrose gradient centrifugations in the
presence of non-ionic detergent. Using this assay, we have previ-
ously confirmed that TPK1::GFP is a dimer, as expected (Maitre-
jean etal., 2011). Equal volumes of fractions were analyzed by

western blot with anti-GFP (Figure 7A) or anti-KCO3 (Figure 7B)
antisera. KCO3::GFP sedimented slightly slower than the 150 kDa
marker, indicating a dimer of the 60 kDa polypeptide. Each
gradient fraction contains a similar ratio between polypeptides
that are fully denatured upon SDS-PAGE and polypeptides that
remain assembled into putative dimers (Figures 7A,B, fractions
9-12). The co-migration of the two forms along the gradient
strongly suggests that the component around 120 kDa really
represents dimers. No polypeptides recognized by anti-GFP or
anti-KCO3 antisera peaked in the expected position of puta-
tive tetramers (their migration should be slightly faster than the
232 kDa marker). Free GFP released from the fusion protein
migrated as a monomer and was recognized by the anti-GFP
antiserum (Figure 7, compare Figure 7A and Figure 7B, frac-
tions 4-5). This strongly suggests that the GFP moiety does not
have a role in the dimerization of KCO3::GFP. The same behav-
ior had been observed for free GFP released from TPK1::GFP
(Maitrejean etal., 2011). Partial proteolysis also seems to occur,
as indicated by the additional bands detected below the major
66 kDa band.

To exclude that GFP appended at the C-terminal end of
KCO3 impaired tetramerization, velocity gradient centrifugation
analysis was performed on leaf extracts from KCO3 transgenic
plants. Fractions were analyzed by western blot with anti-KCO3
antiserum. KCO3 sedimented slightly slower than the 67 kDa
marker (Figure 7C, fractions 7-9), indicating that also the
wild-type protein is a dimer in the conditions used in our anal-
ysis. We then tested whether the assembly grade of another
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FIGURE 5 | KCO3::GFP and KCO3 co-fractionate with a tonoplast analyzed by SDS-PAGE and western blot with antibodies against KCO3
marker in isopycnic gradients. Young leaves from transgenic Arabidopsis (to detect KCO3::GFP or KCO3), yTIP (tonoplast marker), PIP2 (plasma
plants expressing KCO3::GFP (A-D) or KCO3 (E-G) were homogenized membrane marker) or endoplasmin (GRP94, endoplasmic reticulum
in the presence of sucrose and the absence of detergent. Microsomes marker), as indicated at the right of each panel. Top of each gradient
were pelleted and further separated by centrifugation on isopycnic is at left; numbers on top or bottom of the figure indicate fraction
sucrose gradient. Proteins in each fraction (1/10 of fraction volume) were density (g/ml).

multispanning tonoplast protein was preserved in our assay.
Western blots of gradient fractions were therefore visualized
with anti-yTIP antiserum: yTIP, which is a tetramer, peaked
as expected between the 67 and 150 kDa markers (Figure 7D,
fractions 9-10). We conclude that our experimental conditions

preserve the correct assembly of another multispanning tonoplast
protein.

It has been previously reported that tetramerization of the
viral KT channel Kcv was perturbed in the presence of a high
concentration of sodium ions, but was maintained if 40 mM
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wild-type and KCO3-overexpressing plants. (A-C) Current density—voltage
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contained either low calcium (A) or high calcium (B). The current density
difference (Ddif) between high and low calcium conditions was calculated
for individual vacuoles and averaged (C). (D,F) As in (A-C), but in bath
solutions of pH 6.5, in low calcium (D), in high calcium (E), difference

(F; Ddif). In each panel, the number of WT or KCO3 vacuoles analyzed is

given in brackets.
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FIGURE 7 | KCO3::GFP and KCO3 are dimers. Leaves from KCO3::GFP
(A,B,D-FH) or KCO3 (C,G) transgenic Arabidopsis plants were homogenized
in the presence of non-ionic detergent and either 200 mM NaCl (A-D) or
40 mM KCI (E-H). The homogenates were then subjected to sedimentation
velocity centrifugation on a continuous 5-25% (w/v) sucrose gradient.
One-tenth of the total volume of each gradient fraction were analyzed by
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SDS-PAGE and western blot using anti-GFP antiserum to detect KCO3::GFP
(A,E), anti-KCO3 antiserum to detect KCO3::GFP (B,F) or KCO3 (C,G),
anti-yTIP (D,H). Top of each gradient is at left. Numbers on top indicate the
position along the gradient and the molecular mass (in kDa) of sedimentation
markers. Numbers at left indicate the positions of SDS-PAGE molecular mass
markers.

KCl was used instead of 200 mM NaCl (Pagliuca etal., 2007).
We therefore analyzed the assembly state substituting NaCl
with KCI in the homogenization and gradient buffers. Neither
tetramers or monomers of KCO3:GFP and KCO3 could be
detected, and the assembly state of yTIP was not altered as well
(Figures 7E-H).

Therefore, stable KCO3 or KCO3:GFP homodimers are
detected in experimental conditions in which the related TPK1
protein and the other multispanning tonoplast protein yTIP main-
tain their correct assembly properties. This indicates that KCO3
tetramers are either held together by weaker or very transient
interactions, or are never formed.
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DISCUSSION

In this study, we applied different experimental approaches with
the aim to shed light on the functional properties and physio-
logical roles of AtKCO3, a putative potassium channel subunit in
A. thaliana, which has remained enigmatic until now.

The features of the kco3-1 null-allele mutant observed in the
presence of mannitol indicate that under certain conditions KCO3
exhibits a small effect on root elongation. The absence of KCO3
could be compensated by a dominant-negative version of this
subunit. This indicates that, whatever the function of KCO3, it
does not depend on putative direct ability to transport ions. It is
however clear that in most conditions no significant alteration in
growth was detected.

Using transgenic plants expressing the KCO3 gene or a
KCO3::GFP fusion construct under the control of the constitu-
tive CaMV 35S promoter, we confirmed and extended to stable
transgenic Arabidopsis previous results from transient expression
experiments (Voelker etal., 2006) on the tonoplast localization
of KCO3. Patch-clamp recordings were therefore performed on
vacuoles isolated from KCO3-overexpressing plants, in order
to provide evidence of ion channel activity. In the design of
these experiments, we started from the idea that KCO3 activ-
ity may be regulated, either positively or negatively, by cytosolic
calcium via the canonical EF-hand motifs in the protein’s C-
terminal domain. Previous studies have unequivocally established
that AtTPK1, a well-characterized member of the tandem-pore
family in Arabidopsis, encodes a Ca® T -activated K+ -selective con-
ductance in the vacuolar membrane, the so-called VK channel
(Gobert etal., 2007; Latz etal., 2007). Conversely, our data set
on KCO3-containing vacuoles did not reveal significant differ-
ences compared to background currents recorded from wild-type
vacuoles. In similar working conditions, TPKI1 activity was
detected both in transformed yeast cells (Latz etal., 2007) and
overexpressing Arabidopsis plants (Gobert etal., 2007).

The failure to obtain evidence for changes in current in the
overexpressing plants prompted us to investigate on the KCO3
assembly status. To be active as a cation channel, KCO3 must
either form homotetramers or contribute to the formation of a
hetero-oligomer with four P-domains in total. However, we have
only been able to detect homodimers of KCO3 or KCO3::GFP, in
line with its evolutionary origin from dimeric TPK channels. The
fact that both recombinant proteins, which have quite different
molecular masses, migrate along velocity gradients at the positions
expected for the corresponding homodimers rules out the possi-
bility that the forms we detect are hetero-oligomers containing
other unknown polypeptides. We have previously used this veloc-
ity centrifugation assay to study the assembly state of wild-type or
different mutated forms of TPK1 fused to GFP (Maitrejean etal.,
2011). Constructs unable to traffic along the secretory pathway,
and therefore with incorrect subunit interactions, could be distin-
guished by the assay from correctly assembled dimeric TPK1::GFP
(Maitrejean etal., 2011). This indicated that wrongly assembled
forms of a tandem-pore channel are unable to traffic and that the
incorrect interactions can be detected by the velocity centrifuga-
tion assay. The tonoplast localization of KCO3 and KCO3::GFP in
transgenic Arabidopsis instead indicates that these proteins traf-
fic along the secretory pathway and therefore are not recognized

as defective proteins by the endoplasmic reticulum quality
control.

The stable assembly of a dimeric form of a cation channel sub-
unit with one P-domain is thus compatible with traffic, but it
is clearly incompatible with activity. KCO3 is not the only Ara-
bidopsis KT channel that does not show activity. AtKC1, which
belongs to the Shaker-like family is also inactive, but, unlike
KCO3, remains located in the endoplasmic reticulum when over-
expressed alone (Dreyer et al., 1997; Duby et al., 2008). Interaction
of AtKC1 with other Shaker-like subunits allows the formation
of traffic-competent, active heterotetramers with differences in
activity compared to the respective homotetramers. AtKC1 thus
acts as a modulator of channel activity. Furthermore, it has
been shown that these heteromers can be further regulated by
interaction with the SNARE protein SYP121 at the plasma mem-
brane (Honsbein etal., 2009). KCO3 could in theory have a
regulatory function by interacting with TPK subunits. Such an
interaction could escape our assembly assay because of its tran-
sient or weak nature. Possibly, the formation of heteromers with
KCO3 would prevent these TPK subunits from proper assembly
into functional channels and expression of KCO3 would then
have a modulatory function on certain tandem-pore channels.
Although such a regulation does not appear to be very efficient,
it might nevertheless be useful in fine-tuning the permeability
of the tonoplast for K™ ions and would be consistent with the
minor but detectable growth phenotype of the null allele that was
complemented by a dominant-negative version of KCO3. How-
ever, it should be taken into consideration that, unlike AtKC1,
overexpressed KCO3 traffics along the secretory pathway also in
the absence of co-expressed putative partner subunits. Its tissue
expression overlaps mostly with that of TPK5, but fluorescence
transfer and bimolecular fluorescence complementation experi-
ments failed to detect heteromeric interactions between KCO3
and TPK1 or TPK5 (Voelker et al., 2006). Heteromeric interactions
seem therefore very unlikely, even if our results do not exclude that
KCO3 actually forms a homotetramer by interactions that are not
preserved in our conditions. Indeed, tetramers of Kcv, a viral K*
channel with one pore domain per subunit, are disrupted when
K™ is substituted by Na™ or Li* in the assay buffer. This disruption
results in full Kev disassembly into monomers, without the pro-
duction of detectable dimers (Pagliuca etal., 2007). This supports
the hypothesis that KCO3 dimers detected in the present study are
stable, natural forms of this one P-subunit.

Recent fluorescence fluctuation analysis in transfected CHO
cells suggested that human vanilloid receptor 1 (TRPV1), which
belongs to the superfamily of cation channels with six transmem-
brane segments and one P-region, exists in two oligomerization
states: dimeric in basal conditions and tetrameric upon activa-
tion (Storti etal., 2012). Similarly, it is possible that KCO3 dimers
further assemble very transiently and reversibly or only upon cer-
tain physiological conditions: if only a very minor proportion
of polypeptides were involved in this process at a given time,
this could be below our detection limit. The process of further
assembly could also require the presence of an additional factor.
14-3-3 proteins are among the candidates, since physical inter-
action and activity stimulation has also been shown for TPK1
(Latz etal., 2007).
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In any case, our results indicate that KCO3 homodimers are as
stable as TPK1 homodimers in the extraction and analysis con-
ditions used here. If further assembly ever produces tetrameric
KCO3 channels, at least part of the interactions involved must
be different from those that hold together dimers. The search
for such putative interactions would need further experimental

approaches.

ACKNOWLEDGMENTS

We thank Christophe Maurel and Natasha Raikhel for the gift
of anti-PIP and anti-yTIP antisera. We are grateful to Marie

REFERENCES

Allen, G. J., Amtmann, A., and Sanders,
D. (1998). Calcium-dependent and
calcium-independent K™ mobiliza-
tion channels in Vicia faba guard cell
vacuoles. J. Exp. Bot. 49, 305-318.

Allen, G. J., and Sanders, D. (1996).
Control of ionic currents in guard
cell vacuoles by cytosolic and luminal
calcium. Plant J. 10, 1055—-1069.

Dadacz-Narloch, B., Beyhl, D., Larisch,
C., Lopez-Sanjurjo, E. J., Reski, R,
Kuchitsu, K., etal. (2011). A novel
calcium binding site in the slow vac-
uolar cation channel TPC1 senses
luminal calcium levels. Plant Cell 23,
2696-2707.

Devereux, J., Haeberli, P., and Smithies,
O. (1984). A comprehensive set of
sequence analysis programs for the
VAX. Nucleic Acids Res.12, 387-395.

Dreyer, 1., Antunes, S., Hoshi, T,
Miiller-Réber, B., Palme, K., Pongs,
0., etal. (1997). Plant K* channel a-
subunits assemble indiscriminately.
Biophys. J. 72, 2143-2150.

Dreyer, 1., and Uozumi, N. (2011).
Potassium channels in plant cells.
FEBS J. 278, 4293-4303.

Duby, G., Hosy, E., Fizames, C., Alcon,
C., Costa, A., Sentenac, H., etal.
(2008). AtKCl1, a conditiona