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In higher plants, the plant vascular system has evolved as an inter-organ communication
network essential to deliver a wide range of signaling factors among distantly separated
organs. To become conductive elements, phloem and xylem cells undergo a drastic
differentiation program that involves the degradation of the majority of their organelles.
While the molecular mechanisms regulating such complex process remain poorly
understood, it is nowadays clear that phosphoglycerolipids display a pivotal role in the
regulation of vascular tissue formation. In animal cells, this class of lipids is known to
mediate acute responses as signal transducers and also act as constitutive signals
that help defining organelle identity. Their rapid turnover, asymmetrical distribution
across subcellular compartments as well as their ability to rearrange cytoskeleton fibers
make phosphoglycerolipids excellent candidates to regulate complex morphogenetic
processes such as vascular differentiation. Therefore, in this review we aim to
summarize, emphasize and connect our current understanding about the involvement
of phosphoglycerolipids in phloem and xylem differentiation.

Keywords: phosphoinositides, vascular development, phloem, xylem, phosphatidylcholine, signal transduction,
membrane

INTRODUCTION

As sessile organisms, plants have evolved signal transduction mechanisms to respond to a wide
range of environmental and physiological signals to fine-tune their growth and development. In
higher plants, such signals are mainly delivered by the vascular system, a long-distance transport
network that connects distantly separated organs. In Arabidopsis thaliana (Arabidopsis), the
vascular system comprises two functionally specialized conducting elements: the xylem, required
for the root-to-shoot transport of water and minerals, and the phloem, responsible for the
reallocation of photosynthetic compounds from source-to-sink organs (Figure 1A). To become
conductive elements, vascular cells undergo two drastic, albeit very different morphogenetic
differentiation programs, which involve the degradation of nearly all their organelles. While
protophloem cell clearance starts with nucleus degradation concomitant with cell wall thickening,
the final maturation of xylem cells is initiated by the vacuolar rupture once the secondary cell
wall is built (Figures 1B,C; Lucas et al., 2013; Schuetz et al., 2013; Furuta et al., 2014; Rodriguez-
Villalon et al., 2014). At the end of the differentiation process, strands of lignified dead xylem
cells will be formed, resulting in a continuous system of adjoining hollow cells transporting water
and nutrients to the above-ground organs. On the contrary, enucleated protophloem cells will
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FIGURE 1 | Vascular differentiation in Arabidopisis roots. (A) Arabidopsis thaliana seedling which root tip is shown in detail in (B). (B) A propidium-iodide
stained root tip imaged using confocal microscopy which differentiating protophloem (highlighted in yellow) and protoxylem (highlighted in blue) strands are magnified
on the right panels. (C) Schematic representation of subcellular events associated to protophloem and xylem differentiation. (D) Radial organization of root stele. N:
Nucleus; P: Plastids; M: Mitochondria; V: Vacuole.

remain alive as metabolic needs will be provided by neighboring
cells, the so-called companion cells (CC; Figure 1D). The
latter will facilitate the loading of molecular cargo into the
phloem stream, ensuring the long-distance transport of essential
growth regulators (Oparka and Turgeon, 1999; Stadler et al.,
2005). In addition to photoassimilates, phloem tissue delivers
small RNAs, defense-related factors, peptides, and hormones
throughout the whole plant body to regulate many aspects of
plant development (Ruiz-Medrano et al., 2001). For example,
recent studies have demonstrated that the phloem-mediated
shoot-to-root transport of auxin is crucial in sculpting the
architecture of root tissues (Rodriguez-Villalon et al., 2015).
Moreover, phloem transport plays a pivotal role in the initiation
of flowering events, as demonstrated by the translocation
of FLOWERING LOCUS T (FLT) from CC to the phloem
stream to reach the shoot apical meristem (Yoo et al., 2013).
Surprisingly, beyond these well-characterized factors, recent
studies have reported the presence of phosphoglycerolipids and
lipid-transport proteins in vascular exudates, raising the question
whether these compounds might act not only as membrane
components but also as long-distance signaling factors (Guelette
et al., 2012). Furthermore, phosphoinositides (PIs) are known
to act as constitutive signals defining organelle identity and
regulating subcellular trafficking (Janda et al., 2013). The ability
of these lipids to be rapidly synthesized, modified and hydrolyzed
implicates them as suitable candidates to signal complex cellular

processes such as vascular differentiation. Therefore, in this
review we will summarize our current understanding about the
diverse roles of these metabolites as subcellular organizers during
phloem and xylem development, with a particular focus on
vascular cell differentiation.

PHOSPHOGLYCEROLIPIDS STRUCTURE
AND BIOSYNTHESIS

The common structural feature of phosphoglycerolipids
is a glycerol backbone that is acylated on hydroxyls at
positions sn-1 and sn-2. The hydroxyl group at the third
position can be esterified by a wide variety of alcohol-
derived compounds ranging from myo-inositol or choline
to ethanolamine or serine (Figure 2A). Interestingly,
phosphoglycerolipids are structural compounds that exhibit
dual functions in cell membranes: while their fatty acid tail
is embedded in the membrane, their polar headgroup is
exposed to the cytosol and display cell signaling functions
(Di Paolo and De Camilli, 2006). Of particular interest are
the signaling activities of PIs, which soluble myo-inositol-
containing headgroup can be phosphorylated at different
positions, giving rise to a broad spectrum of regulatory
compounds (Munnik and Nielsen, 2011; Heilmann and
Heilmann, 2015). In particular, the biologically active
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FIGURE 2 | Phosphoglycerolipid structure and biosynthetic pathway. (A) Phosphoglycerolipid structure containing glycerol backbone, polar headgroup and
fatty acids (represented by R1 and R2). Polar headgroup refers to choline, serine, ethanolamine or inositol. (B) Simplified view of the phosphoglycerolipid biosynthetic
pathway. PtdIns, phosphatidylinositol; PtdIns3P, phosphatidylinositol 3-phosphate; PtdInsP(4,5)P2, phosphatidylinositol 4,5-bisphosphate; PtdIns4P,
phosphatidylinositol 4-phosphate; PtdCho, phosphatidylcholine; Cho, choline; DAG, diacylglycerol; PA: phosphatidic acid; Ins(1,4,5)P3, inositol 1,4,5 triphosphate;
PIP5K, PtdIns4P-5-KINASE; 5PTase, PHOSPHATIDYLINOSITOL 5′ PHOSPHATASE; PLC, PHOSPHOLIPASE C; NPC, NON-SPECIFIC PHOSPHOLIPASE C; DGK,
DIACYLGLYCEROL KINASE.

plant PIs are produced by the activity of PI-kinases, which
reversibly phosphorylate at different positions the inositol
headgroup. Importantly, each kinase reaction is mirrored by
a PI-phosphatase catalyzing exactly the opposite enzymatic
step (Figure 2B), ensuring the fast conversion among
different PI species. The most abundant PI in plant cells is
phosphatidylinositol-4-phosphate (PtdIns4P), whose ratio
to phosphatidylinositol- 4,5-bisphosphate (PtdIns(4,5)P2)
is usually 10 to 1. In vivo 32Pi incorporation studies have
demonstrated a more rapid turnover of PtdIns(4,5)P2
levels, which together with its low abundance at the plasma
membrane characterizes this compound as a signaling
molecule (Munnik and Nielsen, 2011; Boss and Im, 2012).
Indeed, this metabolite is produced by the activity of
PtdIns4 5-kinases (PIP5K), whereas signal termination
is achieved upon activation of 5′-phosphatidyilinositol
phosphatases (5Ptase) (Figure 2B). The tight levels of
PtdIns(4,5)P2 at the plasma membrane are also controlled
by the activity of PHOSPHOLIPASE C (PLC), an enzyme
that cleaves PtdIns(4,5)P2 into inositol-trisphosphate
(InsP3) and 1,2-diacylglycerol (DAG). DAG can be further
phosphorylated by diacylglycerol kinases (DGK), leading to
the formation of phosphatidic acid (PA). Besides PI-specific
PLC, plants also encode non-specific PLC (NPC) which
can use phosphatidyl choline (PtdCho) or phosphatidyl
ethanolamine (PtdE) to generate DAG and the corresponding
phosphoalcohol (Wimalasekera et al., 2010). In summary,
various kinases, phosphatases and lipases can metabolize
several phosphoglycerolipids, and generate distinct pools of
different phospholipid species. Thus, a tight regulation of
phospholipid catabolism is crucial to determine adequate
biological responses.

PHOSPHOGLYCEROLIPIDS
DISTRIBUTION WITHIN A CELL

Cell compartmentalization by an endomembrane system was
a great evolutionary advantage that allows the independent
coexistence of multiple biochemical environments within one
cell (Gabaldon and Pittis, 2015). Such subcellular compartments
are enriched or depleted in specific phosphoglycerolipids, which
constitute a hallmark for these organelles and contributes to
define their identity. While phosphoglycerolipids’ biosynthesis
mainly occurs in the endoplasmic reticulum (ER), live cell-
imaging studies have shown an asymmetrical distribution of
these lipid-derived metabolites across the diverse organelle
membranes (Figure 3; Heilmann and Heilmann, 2015).
To reach their final destination, phospholipids become
incorporated into vesicles membranes within the ER to be
further shuttled to other organelle’s membrane. Additionally,
cytosolic PtdIns transfer proteins enable the rapid reallocation
of these compounds between membranes, ensuring an unequal
intracellular distribution across all subcellular compartments
(Hurley and Meyer, 2001; Phillips et al., 2006). Furthermore,
the enzymes involved in phospholipid inter-conversion display
largely exclusive subcellular localization patterns, suggesting
that the dynamic inter-organelle communication might
be coordinated by the presence of specific phospholipids
at the organelle’s membrane. Particularly, the subcellular
distribution of phosphatidylinositol-3-phosphate (PtdIns3P),
PtdIns4P, and PtdIns(4,5)P2 within plant cells have been
described in the recent years. By using adapted PI-specific
fluorescent biosensors containing well known PI-recognition
domains developed from the animal research field, several
studies have demonstrated the different distribution of these
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FIGURE 3 | Asymmetrical phosphoinositide distribution across the subcellular membranes. Phosphoinositide-interacting proteins as well as
phosphoinositide biosynthetic enzymes have been represented within a plant cell. PLC2, PHOSPHOLIPASE C 2; PIN1, PIN-FORMED 1; PIP5K1/2,
PtdIns4P-5-KINASE 1/2; ROP, RHO OF PLANTS; ABP, ACTIN BINDING PROTEIN, TGN, Trans-Golgi Network; ER, Endoplasmic Reticulum; PVC/MVB, Prevacuolar
Compartment/Multivesicular Body.

metabolites across the membranes (Balla, 2007). Analysis
of PtdIns3P-specific FYVE-based reporter indicated that
PtdIns3P is gradually distributed from late endosomes
to the tonoplast, confirming a regulatory activity for
this compound in protein trafficking toward the vacuole
(Vermeer et al., 2006). On the contrary, PI-4-kinases are
mainly localized in the trans-golgi network (TGN), even if
their catalytic product PtdIns4P was additionally found at
the plasma membrane (PM), implying the existence of a
shuttle-mechanism toward this compartment (Tejos et al.,
2014). Likewise, PtdIns(4,5)P2 decorated by the PLCδ1-
PH-GFP reporter was predominantly observed at the PM
of plant cells together with PLC2 and PI4P 5-kinases,
indicating that PIs phosphorylated at the 4′ position are
involved in regulating cellular trafficking from the Golgi to
the PM (van Leeuwen et al., 2007; Ischebeck et al., 2008;
Stenzel et al., 2008; Tejos et al., 2014; Kanehara et al.,
2015). However, PtdIns(4,5)P2 has been also involved in
endocytic pathways, in particular in the modulation of
chlatrin-mediated endocytosis events (Ischebeck et al.,
2013). Together, these findings suggest that PtdIns(4,5)P2
might act as a scaffold signal for PtdIns(4,5)P2 -interacting

proteins, altering their intracellular localization and/or
enzymatic activity (van Leeuwen et al., 2004; Heilmann,
2009). However, the prominent localization of PIP5K1/2 in
the nucleus suggests additional, yet-to-be described roles
for PtdIns(4,5)P2 in the regulation of nuclear events, as it
has been reported in the animal field (Drobak and Heras,
2002; Keune et al., 2011; Tejos et al., 2014). Beyond its
role in controlling protein trafficking, PtdIns(4,5)P2 also
modulates the association of the cytoskeleton to the PM
(Braun et al., 1999; Dong et al., 2001). By interacting with
diverse actin binding proteins (ABPs; Figure 3), this compound
increases actin polymerization which in turn promotes a
closer attachment of the cytoskeleton to the PM. Additionally,
PtdIns(4,5)P2 has been reported to regulate ROP (Rho of
plants) GTPases. When active, ROP variants are associated
to the PM where they coordinate actin organization and
membrane trafficking (Pleskot et al., 2012, 2014). Importantly,
PIP5K physically interacts with ROP at the apical PM of
pollen tubes, where counteracts the activity of Rho-GDI
(Rho-guanine nucleotide dissociation inhibitor) (Ischebeck
et al., 2011). Thus, PtdIns(4,5)P2 modulates actin dynamics
by regulating the pool of membrane-localized ROP GTPases
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(Yalovsky et al., 2008; Ischebeck et al., 2011). Together, PI’s
abilities to regulate diverse subcellular events advocate these
lipid-derived molecules as ideal candidates to orchestrate
the organelle redistribution observed during vascular cell
differentiation.

PHOSPHOGLYCEROLIPIDS AND THE
ESTABLISHMENT OF PROCAMBIAL
TISSUE

Our first notion about the regulatory role of phosphoglycerolipids
in vascular development arose from the identification of
COTYLEDON VASCULAR PATTERN2 (CVP2), a 5PTase that
exhibits phosphatase activity toward PtdIns(4,5)P2 (Figure 2B;
Carland and Nelson, 2004, 2009). In Arabidopsis, the vascular
system in cotyledons is composed of phloem and xylem tissues
as well as by non-differentiated procambial cells (Sieburth
and Deyholos, 2006; Scarpella and Helariutta, 2010; Schuetz
et al., 2013). The position and cell fate acquisition of vascular
precursor, the so-called procambial cells, are specified during
embryogenesis, when the wide expression of the auxin exporter
PIN-FORMED1 (PIN1) is restricted to certain population of
ground cells toward which auxin will be canalized (Sachs, 1991;
Mattsson et al., 1999; Sauer and Friml, 2004; Izhaki and Bowman,
2007). As germination proceeds, the differentiation of vascular
bundles into phloem and xylem is completed, leading to the
characteristic continuous and complex vein pattern observed in
Arabidopsis cotyledons and leaves (Nelson and Dengler, 1997;
Busse and Evert, 1999). The impact of PtdIns4P homeostasis on
the control of this process was demonstrated by the phenotypical
analysis of cvp2 single mutants, whose discontinuous vein
pattern in cotyledons and leaves are further compromised by
knocking out cvp2 like1 (cvl1) activity (Carland and Nelson,
2009). Closer examination of cvp2 mature embryos revealed
that the disrupted vascular network observed in post-embryonic
tissues is due to an impaired establishment of procambial
patterning occurring at the embryonic stage (Carland et al., 1999;
Carland and Nelson, 2004). Intriguingly, a similar phenotype was
found in pip5k1 pip5k2 leaves, where PIN1 polar localization
in the developing vascular strands is lost and as result, most
of the vascular strands fail to connect (Tejos et al., 2014).
Furthermore, CVP2 and CVL1 activities are required to generate
the specific PI-ligand of SCARFACE/VASCULAR NETWORK
DEFECTIVE3 (SCF/VAN3) (Figure 4A), an ADP-ribosylation
factor GTPase-activating protein (ARF GAP) which is localized
at the TGN (Koizumi et al., 2005; Sieburth and Deyholos, 2006;
Naramoto et al., 2009). Accordingly, scarface mutants exhibits
an open vein phenotype identical to cvp2 cvl1, suggesting that
they control procambial patterning by modulating intracellular
vesicle transport and cell polarity in selected cells during leaf
development (Carland and Nelson, 2009; Naramoto et al., 2009).
Remarkably, VAN3 ARF GAP activity participates in the dynamic
localization of PIN1 in root cortical cells, suggesting that PIs
may be required to maintain auxin gradients during vascular
development (Figures 4A,D; Berleth and Sachs, 2001; Sieburth
and Deyholos, 2006; Scarpella et al., 2006).

PHOSPHOGLYCEROLIPIDS AND XYLEM
DIFFERENTIATION

The importance of phospholipids in the progression of
xylem development was highlighted by the discovery
of xylogen, an extracellular proteoglycan containing a
glycosylphosphatidylinositol (GPI)-anchoring domains (Motose
et al., 2004; Kobayashi et al., 2011). The GPI anchor is
made of one molecule of phosphatidylinositol to which
a carbohydrate chain is linked through the 6′ hydroxyl
of the inositol, and is linked to the protein through an
ethanolamine phosphate moiety (Gruenberg, 2001). In addition
to this domain, xylogen as well as the recently discovered
XYLOGEN-TYPE PROTEINS (XYP) have non-specific lipid
transfer protein sequences (Motose et al., 2004; Kobayashi
et al., 2011). In particular, xylogen has been involved in
pattern formation of procambial tissues as well as in the
coordination of xylem differentiation (Motose et al., 2004).
This notion is supported by the polar localization of this
protein at the plasma membrane of differentiating cells,
from where it is secreted to induce the differentiation of
vascular uncommitted cells. As the GPI domain has been
widely suggested to serve as an anchor of the proteins to the
plasma membrane, it appears that this domain is responsible
for the polar xylogen localization within the cell. However,
xylogen was previously identified as a diffusible apoplastic
factor in Zinnia elegans cells (Motose et al., 2001a,b), implying
the existence of at least one phospholipase that cleaves the
glycosylated protein and releases this factor to the apoplast,
where it will promote the differentiation of adjacent cells
(Figure 4B). Interestingly, genetic evidence has demonstrated
the functional redundancy within the XYP family: while xpy1
and xpy2 single mutants exhibit continuous vein strands
in the cotyledons, severe defects were found in xpy1 xpy2
double mutants (Motose et al., 2004). Moreover, recent
studies have shown a specific vascular localization of other
members of this family such as XPY7; however, further
research will be necessary to elucidate the potential role of
this gene during vascular tissue formation (Kobayashi et al.,
2011).

Nevertheless, other PIs such Ins(1,4,5)P3 has been involved
in the regulation of xylem differentiation. In particular, an
increase in PLC activity as well as in the concentration of
its catalytic product Ins(1,4,5)P3 are required during the early
stages of xylem differentiation, as indicated by the reduction
of differentiated xylem cells upon application of PLC inhibitors
(Zhang et al., 2002). Furthermore, auxin is required to induce
Ins(1,4,5)P3 production, as demonstrated by the restoration of
vascular defects in Arabidopsis inositol polyphosphate 5PTase13-1
upon exogenous auxin application (Zhang et al., 2002; Lin et al.,
2005). Since this hormone induces the transcriptional activation
of PIP5K1/2, it appears that auxin increases PI metabolic flux
to control its own directional transport (Zhang et al., 2002;
Tejos et al., 2014). However, whether PIs are involved in
regulating organelle disintegration, cytoskeleton reorganization
or protein trafficking required to sustain xylem differentiation
has not been yet described. Noteworthy, studies in fragile fiber
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FIGURE 4 | Continued

FIGURE 4 | Continued
Summarized function of phosphoglycerolipids in the regulation of
vascular development. (A–C) Putative molecular mechanisms regulating
procambial cell fate acquisition in mature embryos (A), xylem differentiation in
leaf and cotyledon vascular cells (B) and protophloem differentiation in a root
phloem cell (C). (D) Table summarizing phosphoglycerolipd biosynthetic
enzymes and phosphoglycerolipid-related proteins that modulate vascular
development. PtdIns4P, phosphatidylinositol 4-phosphate; PtdInsP(4,5)P2,
phosphatidylinositol 4,5-bisphosphate; Ins(1,4,5)P3, inositol 1,4,5
triphosphate; PtdCho, phosphatidylcholine; Cho, choline; SCF/VAN3,
SCARFACE/VAN 3; PIN1, PIN-FORMED 1; PIP5K7, PtdIns4P-5-KINASE 7;
CVP2, COTYLEDON VASCULAR PATTERN 2; CVL1, CVP2-LIKE 1; PLC2,
PHOSPHOLIPASE C 2; GPI, Glycosylphosphatidylinositol anchor; FRA3,
FRAGILE FIBER 3; At5PTase13, PHOSPHATIDYLINOSITOL 5′

PHOSPHATASE 13; FLT, FLOWERING LOCUS T; CHER1: CHOLINE
TRANSPORTER LIKE 1; PD1, PHLOEM DIFFERENTIATION 1.

3, a 5PTase with high affinity toward PtdIns(4,5)P2, revealed
that the latter is required for actin organization and cell wall
formation in stem fiber cells (Figures 4B,D; Zhong et al.,
2004). Therefore, it is tempting to speculate that PtdIns(4,5)P2
can regulate xylem differentiation by modulating cytoskeleton
rearrangement.

PHOSPHOGLYCEROLIPIDS AND
PHLOEM DIFFERENTIATION

Unlike xylem differentiation, very little is known about the
underlying molecular mechanisms regulating protophloem
differentiation programs. Our current understanding about
phosphoglycerolipids involvement in the control of this process
emerged by several studies performed in Arabidopsis roots.
The initial identification of two gene-trap mutants named
PHLOEM DIFFERENTIATION 1-3 (PD1 and PD3) established
a putative regulatory role for this compounds in the regulation
of protophloem differentiation (Bauby et al., 2007). While PD1
encodes a putative GPI-anchored protein, PD3 was predicted
to code for the PtdIns(4,5)P2-biosynthetic enzyme PIP5K7
(Figures 4C,D). Consistent with a PI role in protophloem
differentiation, a recent study has shown that CVP2 and CVL1
are specifically expressed in root phloem cells (Rodriguez-
Villalon et al., 2015). Indeed, a tight balance of CVP2-
controlled PtdIns(4,5)P2 levels has a strong impact on the
differentiation program of this tissue, as revealed by the
presence of undifferentiated cells in cvp2 cvl1 protophloem
strands. Paradoxically, a similar phenotype was described
while constitutively expressing CVP2, reinforcing the notion
that a tight PtdIns4P / PtdIns(4,5)P2 balance is crucial to
ensure an optimal protophloem differentiation (Figures 4C,D;
Rodriguez-Villalon et al., 2015). Furthermore, PIP5K1 as well
as its catalytic product PtdIns(4,5)P2 have been shown to be
distributed polarly in procambium root cells, suggesting that
these metabolites might be involved in regulation of asymmetric
vesicle trafficking occurring during vascular development (Tejos
et al., 2014). Moreover, a skewed PtdIns4P/PtdIns(4,5)P2
ratio has a strong impact on phloem conductivity, similar
to the reduced phloem functionality described when choline
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homeostasis is compromised (Dettmer et al., 2014; Rodriguez-
Villalon et al., 2015). In particular, deficient activity of the recently
described CHOLINE TRANSPORTER LIKE1 (CHER1) affects
tissue conductivity by decreasing the number of sieve pores
present in the cells walls of adjacent phloem cells (Figures 4C,D;
Dettmer et al., 2014). Interestingly, a choline-derived metabolite,
PtdCho has recently been demonstrated to regulate the activity
of the phloem-mobile FLT factor. In order to induce flowering,
FLT is transported to the nucleus of the shoot meristematic cells
where it binds diurnal PtdCho species, integrating environmental
signal to the internal clock of the plant (Nakamura et al., 2014).
In particular, daily environmental changes in light or temperature
have shown to modify PtdCho species accumulated at the PM.
Thus, by specifically binding diurnal PtCho-derivatives, plants
have evolved a sophisticated mechanism to regulate circadian
physiological responses such as flowering time.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Far from our classical view of phosphoglycerolipids as structural
membrane components, these metabolites have begun to emerge
as crucial signaling compounds in plant development. While
the repertoire of cellular processes known to be directly or
indirectly controlled by this class of lipids has now dramatically
expanded in the animal field, knowledge about their specific
functions in plants is just at its infancy. However, as it is clear
from this overview, the presence of several PI and choline-
derivatives in vascular exudates correlates with a clear regulatory
role of these lipids in vascular formation and functionality. Their
rapid turnover as well as their abilities in regulating cytoskeleton
organization and protein trafficking advocate these metabolites
as ideal candidates to regulate complex morphogenetic processes
such as plant vascular differentiation. However, present studies
did not overpass simple morphological tissue description of
phospholipid biosynthetic mutants. Therefore, future studies
are required to elucidate the specific regulatory role of each
metabolite in the control of xylem and phloem differentiation.
Nevertheless, different lines of evidence have demonstrated
that PIs are involved in the establishment and maintenance
of auxin gradients, essential to determine vascular patterning
and differentiation. By regulating chlatrin-mediated endocytosis
events, PtdIns(4,5)P2 modulates the polar distribution of the
auxin efflux carrier PIN1 (Ischebeck et al., 2013; Tejos et al.,
2014). Therefore, a central question is whether PtdIns(4,5)P2
mediates endocytic or secretory pathways of other polarly
distributed vascular proteins, or if this mechanism is exclusive
for PIN proteins. Additionally, the defective protophloem
differentiation observed in cvp2 cvl1 mutants has been associated

with a reduced post-embryonic root growth and higher lateral
root density. The presence of some undifferentiated cells in
root protophloem strands prevents the shoot-to-root delivery
of auxin, which is accumulated at the maturation zone of the
root promoting an enhanced lateral root emergence (Rodriguez-
Villalon et al., 2015). Similarly, other mutants with perturbed
PtdIns4P / PtdIns(4,5)P2 homeostasis such as pip5k1 pip5k2,
plc2, and pi4kIIIβ1β2 mutants exhibit identical root phenotypes
(Ischebeck et al., 2013; Novakova et al., 2014; Sasek et al.,
2014; Tejos et al., 2014), reinforcing the notion that a tight
PtdIns4P and PtdIns(4,5)P2 balance is crucial to sustain optimal
root growth. Interestingly, inactivation of salicylic acid (SA)
signaling pathway restores a normal shoot growth but not
normal root growth in pi4kIIIβ1β2, indicating that the higher
SA accumulation observed in these plants is not responsible
for the reduced post-embryonic root growth (Sasek et al.,
2014). Thus, further experiments are required to unravel
whether the short root phenotype exhibited by these mutants
is the result of a defective protophloem differentiation or
whether it exist a specific PI-dependent mechanism yet- to-be
described.

Overall, plant PIs have emerged as pivotal players in
controlling plant vascular development. The future elucidation
of PI-dependent signaling networks and their crosstalk with
several signaling pathways will broaden our knowledge of such
fascinating processes. Furthermore, a future challenge will be
to decipher how PtdCho and its derivatives link the internal
plant circadian clock with environmental-mediated responses. In
summary, while is nowadays clear that phosphoglycerolipids are
crucial for many aspects of vascular formation, the underlying
regulatory mechanisms remain still poorly understood.
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