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Abstract
Anionic phospholipids include phosphatidic acid (PA), phosphatidylserine (PS), phosphatidylinositol (PI), and its phosphor-
ylated derivatives the phosphoinositides (e.g. phosphatidylinositol-4-phosphate [PI4P] and phosphatidylinositol-4,5-
bisphosphate [PI(4,5)P2]). Although anionic phospholipids are low-abundant lipids, they are particularly important
for membrane functions. In particular, anionic lipids act as biochemical and biophysical landmarks that contribute to the
establishment of membrane identity, signaling activities, and compartment morphodynamics. Each anionic lipid accumu-
lates in different endomembranes according to a unique subcellular pattern, where they locally provide docking platforms
for proteins. As such, they are mostly believed to act in the compartments in which they accumulate. However, mounting
evidence throughout eukaryotes suggests that anionic lipids are not as compartment-specific as initially thought and that
they are instead organized as concentration gradients across different organelles. In this update, we review the evidence for
the existence of anionic lipid gradients in plants. We then discuss the possible implication of these gradients in lipid
dynamics and homeostasis, and also in coordinating subcellular activities. Finally, we introduce the notion that anionic lipid
gradients at the cellular scale may translate into gradients at the tissue level, which could have implications for plant
development.

Introduction
The endomembrane system is a network of membranes
connected by vesicular trafficking and direct membrane con-
tacts and is a characteristic of eukaryotic cells (Boutté and
Jaillais, 2020). This network contains compartments derived
from the endoplasmic reticulum (ER), including the nuclear
membrane, autophagosomes, or the Golgi apparatus as well
as post-Golgi compartments, such as the trans-Golgi net-
work (TGN), the plasma membrane, endosomes, and lyso-
somes/vacuoles. Each of the organelles that makes the
endomembrane system has a unique composition both in

terms of proteins and lipids, which allows these compart-
ments to achieve specific functions. At the same time, the
endomembrane network is highly dynamic with constant
exchanges of molecules between its different compartments.
One of the key questions in cell biology is thus how individ-
ual compartments establish and maintain their unique iden-
tity (i.e. specific membrane properties) when faced with
these constant exchanges.

Eukaryotic membranes are constituted by glycerophospho-
lipids (hereafter referred to as phospholipids) which account
for up to 75% of membrane lipids (Ejsing et al., 2009;
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Andreyev et al., 2010; Sampaio et al., 2011; Colin and Jaillais,
2019). Phosphatidic acid (PA) is the backbone of phospholi-
pids. It is constituted by a glycerol group whose 1- and 2-hy-
droxy functions are esterified by two fatty acid chains and
its 3-hydroxy function is esterified by a phosphate group.
The PA backbone can be modified on the phosphate group
by the addition of a choline, ethanolamine, serine, or inositol
group to form phosphatidylcholine (PC), phosphatidyletha-
nolamine (PE), phosphatidylserine (PS), and phosphatidyli-
nositol (PI), respectively (Colin and Jaillais, 2019). The
phosphorylation of the PI inositol group on the 3-, 4-, and/
or 5-hydroxy functions can give up to seven phosphoinosi-
tide species distributed in three groups (monophosphates,
biphosphates, and triphosphates), depending on the number
and the position of the phosphorylations. Monophosphate
phosphoinositides include PI3P, PI4P, and PI5P. Biphosphate
phosphoinositides include PI(3,4)P2, PI(3,5)P2, and PI(4,5)P2,
while there is only one triphosphate phosphoinositide spe-
cies, PI(3,4,5)P3. Of note, plant genomes lack type-I and
type-II PI3-kinases (PI3K), which phosphorylate PI3P and
PI(4,5)P2 into PI(3,4)P2 and PI(3,4,5)P3, respectively (Mueller-
Roeber and Pical, 2002; Noack and Jaillais, 2020). As a result,
these phosphoinositide species have never been detected in
plants and likely do not exist. The second major lipid class
in eukaryotes is sphingolipids, which represent 8–12% mol
of lipids (Drin, 2014). The last class is constituted by sterols,
which constitute 12–14% mol of lipids (Drin, 2014). In
mammals and yeast (Saccharomyces cerevisiae), cholesterol
and ergosterol are the most common sterol species, respec-
tively (Andreyev et al., 2010; Antonny et al., 2018). In plants,
there is a large diversity of sterols (i.e. phytosterols), and the
most abundant species are b-sitosterol, campesterol, and
stigmasterol (Mamode Cassim et al., 2019; Boutté and
Jaillais, 2020). Sterols are constituted by four fused cycloal-
kane rings. They are highly hydrophobic, rigid, and planar.

As such, sterols impact the biophysical properties of the
membrane they are embedded in by reducing the flexibility
of the acyl chains of its surrounding lipid neighbors and
thereby increasing the stability (and reducing the permeabil-
ity) of the membrane (Boutte and Moreau, 2014; Mamode
Cassim et al., 2019).

Among lipids, anionic phospholipids are major determi-
nants of membrane identity (Noack and Jaillais, 2017;
Noack and Jaillais, 2020). Indeed, these lipids have several
attributes that make them ideal landmarks at the surface
of compartments. First, they are not abundant and so
they do not constitute the bulk of membrane lipids (Colin
and Jaillais, 2019). Second, they are mostly oriented toward
the cytosolic membrane leaflet, allowing them to act as
signals at the surface of compartments. Third, thanks to
their anionic headgroups, they act as docking platforms
for lipid-binding proteins, either through direct interaction
with stereospecific lipid-binding domains or through elec-
trostatic interactions with polybasic patches in proteins
(Noack and Jaillais, 2020; de Jong and Munik, 2021).
Fourth, they can be quite diverse, from PA and PS to sev-
eral different species of phosphoinositides (i.e. PI3P, PI4P,
PI5P, PI(3,5)P2 and PI(4,5)P2 in plants). This diversity in an-
ionic lipid species potentially provides distinct lipid land-
marks in each compartment. Fifth, most of these lipid
species are interconvertible, in particular the phosphoino-
sitides, which allows their rapid modification during mem-
brane trafficking (Noack and Jaillais, 2017). Together, these
attributes led to the formulation of the “lipid code
hypothesis” (Kutateladze, 2010). This hypothesis proposes
that each membrane compartment is enriched in a spe-
cific set of anionic lipids, which together represent an
“identity signature” for this organelle. The idea of a “code,”
as proposed in the histone code hypothesis, is supported
by the existence of writer (i.e. kinases), eraser (i.e. phos-
phatases or phospholipases), and reader (i.e. stereospecific
lipid-binding domain) modules. According to this model,
proteins with stereospecific lipid-binding domains (reader
module) localize to a specific compartment by registering
the localization of their cognate lipid. In this model, cer-
tain anionic lipids are described as master regulators of
specific compartments. For example, in animal cells, PI4P
and PI3P are proposed to be major landmarks for Golgi
and early endosome identity, respectively.

Although useful, this model is likely an oversimplification
(Wang et al., 2019). First, lipid-binding domains are usually
sensitive to several membrane features, which include their
lipid ligand and also biophysical membrane properties, such
as curvature, electrostatics, or lipid packing (Lemmon, 2008).
Besides, these proteins often interact with additional mem-
brane components, which can be other lipids and also pro-
teins. Anionic lipids are therefore part of coincident signals
for membrane localization. Furthermore, anionic lipids are
not as organelle-specific as initially advertised (Wang et al.,
2019). For example, in animal cells, PI4P was initially de-
scribed as mainly being present in the Golgi. However, the
use of immunolocalization and new lipid-binding sensors

ADVANCES

• Plant cells, like yeast and animal cells, can be
divided into two broad membrane territories: a
territory of lipid packing defects and a territory
of electrostatics.

• Sharp gradients of anionic lipids exist between
these two membrane territories.

• Anionic lipid counter exchanges at membrane
contact sites are powered by lipid gradients in
animal and yeast systems and are often
interdependent.

• Anionic lipid gradients also exist within the
plant electrostatic membrane territory.

• The cellular gradients of anionic lipids are
under developmental control, suggesting the
existence of lipid gradients at the tissue level in
plants.
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revealed that PI4P is also present at the plasma membrane
and in endosomes (Hammond et al., 2009, 2014). Most
importantly, a rigid identity code concept is unlikely
because anionic lipids are highly dynamic. They can be pro-
duced or erased from compartment membranes in an
acute manner, and their respective concentration varies
according to the signaling activities of cells or their differen-
tiation status.

In this update, we propose that on top of the classical
lipid code model, we should overlay the concept of anionic
lipid gradients as a key component of compartment identity
and membrane dynamics. We review the evidence for the
existence of such lipid gradients in plant cells and discuss
their potential function in regulating lipid homeostasis and
organelle biology.

Lipid gradients between membrane
territories fuel lipid exchanges at membrane
contact sites

The concept of membrane territories
Bigay and Antonny (2012) proposed that animal cells can
be divided into two broad cellular territories (Figure 1). The
first territory corresponds to ER-derived membranes and
includes the ER, the nuclear envelope, and the cis-Golgi.
Membranes from this territory are defined by their low elec-
trostatic property (i.e. low abundance of anionic lipids on
their cytosolic leaflets) and their loose lipid packing. This ter-
ritory was coined the “territory of lipid packing defects”
(Bigay and Antonny, 2012). The second territory corre-
sponds to post-Golgi membranes and includes the trans-
Golgi, the TGN, the plasma membrane, endosomes, and
lysosomes. This territory is defined as the “territory of elec-
trostatics” and by opposition to the territory of lipid packing
defects, its membranes are electronegative (i.e. higher abun-
dance of anionic lipids on their cytosolic leaflets) and have a
more ordered lipid packing (Bigay and Antonny, 2012). The
concept of membrane territories might have important
functional implications. Indeed, loose lipid packing is more
favorable to the translocation of protein across the mem-
brane, which is relevant for the function of the ER (Holthuis
and Menon, 2014). By contrast, a tighter lipid packing, to-
gether with higher electrostatic properties, will decrease
membrane permeability, consistent with the barrier function
of the plasma membrane (Bigay and Antonny, 2012).
Besides, Bigay and Antonny (2012) proposed that certain
combinations of membrane physicochemical properties
could be “dangerous” because they would lead to the pro-
miscuous recruitment of soluble peripheral proteins. This is
notably the case, at least in vitro, when liposomes contain a
high concentration of anionic lipids and large lipid packing
defects. For example, peripheral proteins tend to bind pro-
miscuously and strongly to liposomes made of pure C18:1-
C18-1 PS (DOPS), in which every lipid carries a negative
charge and two kinked acyl chains (Schulz et al., 2009; de
Saint-Jean et al., 2011; Bigay and Antonny, 2012). By con-
trast, the recruitment of peripheral proteins tends to be

inhibited when membranes are not electrostatic but tightly
packed. Thus, the division of the cell in the two membrane
territories discussed above seems to favor a certain degree
of specificity and also leaves room for regulation (Bigay and
Antonny, 2012). A consequence of this general organization
is the creation of sharp lipid gradients between the two
membrane territories. Using knowledge from animal and
yeast systems, we will detail below how these gradients are
established and also how they are used by the cells to fuel
exchanges between the two membrane territories.

PI4P gradients fuel cholesterol export from the ER
to the Golgi in animal and yeast cells
Anionic lipids segregate within the endomembrane system
by the localized action of enzymatic activities (e.g. the com-
binatorial subcellular localization of the phosphoinositide
phosphatases and kinases is critical for the segregated mem-
brane localization of their products) and membrane
exchanges between compartments. For a long time, these
exchanges were thought to be mainly mediated through ve-
sicular transport. However, lipid research took a turning
point in recent years by appreciating the central role of lipid
transfer at membrane contact sites (Mesmin et al., 2019).
Membrane contact sites refer to the tethered proximity
(10–80 nm) between two membrane-bound organelles in
the absence of fusion, with a specific function and a defined
lipidome/proteome (Scorrano et al., 2019).

For this review, we will mainly concentrate on non-
vesicular counter-transport exchanges of lipids at ER–Golgi
(Mesmin et al., 2019) and ER–PM contacts (Saheki and De
Camilli, 2017). Before its role in lipid exchanges at contact
sites was revealed, it was thought that PI4P was primarily
used as a precursor for PI(4,5)P2 synthesis, which is the tar-
get of the G-protein activated phospholipase C (PLC) at the
plasma membrane, an important signaling process in meta-
zoans (Balla, 2013). Observations in yeast showed that sup-
pressor of actin1 (Sac1), an ER-localized PI4P phosphatase
that dephosphorylates PI4P into PI, influences the pool of
PI4P at the plasma membrane (Foti et al., 2001).
Furthermore, sac1 yeast mutants show abnormal augmenta-
tion of cellular PI4P, PI3P, and PI(3,5)P2, but no significant
augmentation of PI(4,5)P2 (Guo et al., 1999). These observa-
tions indicated that PI4P seemed to have other functions
than being only the precursor of PI(4,5)P2, which was also
confirmed using acute depletion of PI4P, PI(4,5)P2, or both
at the plasma membrane (Hammond et al., 2012).

The elegant demonstration from Bruno Antonny’s group
that human oxysterol-binding protein (OSBP) can drive the
transport of cholesterol from the ER to the Golgi at ER–
Golgi contact sites through coupled counter-transport of
PI4P opened new outlooks on PI4P distribution and function
in the cell (Mesmin et al., 2013; Figure 1). In this model,
OSBP binds to the ER proteins vesicle-associated membrane
proteins (VAPs) via its FFAT (diphenylalanine in an acidic
tract) motif and the PI4P-enriched TGN membrane via its
PH domain (Figure 2, A). As such, OSBP can be seen as a
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Figure 1 Schematic representation of the two membrane territories and gradient-powered lipid exchanges at ER–plasma membrane and ER–
TGN contact sites in yeast and animal cells. On the left, the electrostatic and the lipid packing defects territories are represented in blue and gray,
respectively. On the right, ER–plasma membrane and ER–Golgi lipid gradients and lipid exchanges at contact sites in yeast and animal cells. Lipid
transfer proteins that counter transport PA/PI are in green, PI4P/sterol are in lavender, PI4P/PS are in coral, and PC/PI are in mauve. Cellular com-
partment abbreviations: PM, plasma membrane. Protein abbreviations: Nir2, N-terminal domain-interacting receptor 2; PI4KIIIa/b, class III phos-
phatidylinositol 4-kinase alpha and beta; VAMP, vesicle-associated membrane protein; VAP, VAMP-associated protein; Ist2, increased sodium
tolerance protein 2; Scs2, choline sensitivity suppressor 2; Sac1, suppressor of actin 1; sec14, secretion 14 protein; ORP, oxysterol-related protein;
Osh, OSBP homology; PSS1, PS synthase 1; Stt4, staurosporine and temperature-sensitive 4; Pik1, phosphatidylinositol 4-kinase 1. Protein domain
abbreviations: PH, pleckstrin homology; TM, transmembrane region.
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tethering molecule that drives the close apposition between
the ER and the Golgi. In addition, the density and orienta-
tion of the intrinsically disordered N-terminus of OSBP con-
trols the mobility of molecules within ER–Golgi contacts
and the geometry of these contacts (Jamecna et al., 2019;
Rosado and Bayer, 2021). The lipid transport domain of
OSBP can bind as a cargo either PI4P or cholesterol
(Mesmin et al., 2013). In this model, the lipid transport do-
main is more likely to bind to and extract cholesterol from
the ER membrane, because PI4P is maintained at a low level
through the action of Sac1 in this membrane. Once it
arrives at the Golgi membrane, the cholesterol-loaded lipid
transport domain releases its cholesterol ligand in exchange
for PI4P. Indeed, on the Golgi membrane, PI4P is maintained
at a high level by the action of two PI 4-kinases (PI4K), the
type-III PI4Kb (hereafter referred to as PI4KIIIb) and, to a
lesser extent, the type-II PI4Ka (PI4KIIa; Mesmin et al.,
2017). The PI4P-loaded lipid transport domain will then
transport PI4P back from the Golgi to the ER membrane,
where it is dephosphorylated by Sac1 (Figures 1, 2, A). This
cycle of exchanges between the ER and the TGN is therefore
dependent on the PI4P gradient established by the coordi-
nated action of Sac1 and PI4Ks (Mesmin et al., 2013;
Figures 1, 2, A). Eventually, PI4P will be locally consumed
from the Golgi membrane, which will induce the release of
the PI4P-binding PH domain of OSBP and a relaxed tether-
ing between the ER and Golgi membranes.

In vitro, Sac1 works in cis not trans (i.e. it dephosphory-
lates PI4P in the membrane in which it localizes, but cannot
dephosphorylate PI4P in the second membrane within the
contact site; Mesmin et al., 2013). In vivo, Sac1 has no activ-
ity in trans unless a linker is added between its transmem-
brane and catalytic domains (Zewe et al., 2018). However,
recent work shows that the PI4P-binding protein four-
phosphate-adaptor protein 1 (FAPP1), simultaneously binds
VAP and Sac1 and stimulates the in trans phosphatase ac-
tivity of the latter toward its substrate at the TGN (Venditti
et al., 2019). Furthermore, Venditti et al. (2019) propose that
FAPP1-mediated stimulation of Sac1 in trans only occurs at
the level of tighter contact sites and only in domains with
high PI4P concentration. Thus overall, Sac1 degrades PI4P in
the ER to maintain a steep PI4P gradient with the donor
membranes (Zewe et al., 2018) but may locally act in trans
thanks to “helper” proteins such as FAPP1 (Venditti et al.,
2019).

Note that the sterol/PI4P transport system is conserved in
yeast, with the protein Osh1p acting similarly as OSBP
(Loewen et al., 2003; Manik et al., 2017; Antonny et al., 2018;
Figures 1, 2). Osh4p (also known as Kes1p), also counter-
transports ergosterol/PI4P between the ER and the Golgi (de
Saint-Jean et al., 2011; Stefan et al., 2011; Moser von Filseck
et al., 2015; Antonny et al., 2018; Figure 1). Like all Osh pro-
teins, Osp4p has an OSBP-related (OR) domain, but unlike
OSBP and Osh1p, it lacks a FFAT motif and a PH domain
and is instead proposed to shuttle between the ER and
Golgi membrane (Moser von Filseck et al., 2015; Figure 2, B).

PI4P gradients are required for PS localization in
animal and yeast cells
This PI4P-sterol counter-exchange model highlights the im-
portance of lipid gradients in the endomembrane system
(Antonny et al., 2018). Increasing evidence suggests that
gradient-fueled lipid exchanges at membrane contact sites
are an evolutionarily conserved mechanism in eukaryotic
cells. Indeed, these processes are found at membrane con-
tact sites between different organelles and can involve differ-
ent lipid substrates implicated in the maintenance of the
physicochemical properties of membranes (Balla et al., 2019;
Prinz et al., 2020). A striking example is the PS-PI4P counter-
flow at ER–plasma membrane contacts (Prinz et al., 2020;
Figure 1). PS is synthesized at the ER in eukaryotic cells, like
sterols, but is found in much greater abundance at the
plasma membrane (Yeung et al., 2008; Fairn et al., 2011). PS
is a hallmark lipid of the plasma membrane and is a major
actor of its electrostatic signature allowing the recruitment
of specific effectors (Yeung et al., 2008; Platre and Jaillais,
2017). The Gavin group showed that yeast Osh6p and
Osh7p bind PS (not sterols) through their OR domains and
are responsible for PS transport from the ER to the plasma
membrane (Maeda et al., 2013). Further research then
showed that Osh6p/Osh7p exchange PS and PI4P between
membranes in vitro and in vivo (Moser von Filseck et al.,
2015). Thus, the coordinated action of Sac1p at the ER and
the PI4KIII Stt4p at the plasma membrane sustains a PI4P
gradient at the ER/plasma membrane interface which main-
tains a directional transport of PS to the cell surface
(Figure 1). Similar to Osh4p, Osh6p/Osh7p lacks a PH do-
main and FFAT motif (Figure 2, B). Nonetheless, they both
localize to ER/plasma membrane contact sites through inter-
action with Ist2p (D’Ambrosio et al., 2020), one of the key
tethers in yeast that drives the close apposition of these two
membranes (Manford et al., 2012; Figure 1). Parallel studies
showed that this process is conserved in human cells at
both the ER–plasma membrane and the ER–Golgi contacts
(Figure 1). Similar to OSBP at ER/Golgi contacts, ORP5 and
ORP8 act as tethers between the ER and the plasma mem-
brane (Chung et al., 2015). They are integral membrane pro-
teins with a transmembrane domain integrated into the ER
membrane (Figures 1, 2, B). Furthermore, they dock the ER
with the plasma membrane via their PH domain, which
binds plasma membrane PI4P and PI(4,5)P2 (Chung et al.,
2015; Sohn et al., 2018). ORP5 and ORP8 transport PS from
the ER to the plasma membrane through PS/PI4P counter-
exchanges allowed by the PI4P gradient maintained by ER
Sac1 and plasma membrane PI4KIIIa (Chung et al., 2015;
Sohn et al., 2016, 2018; Balla et al., 2019; Figure 1). Besides,
human ORP10 also transports PS/PI4P between the ER and
the TGN (Venditti et al., 2019; Figure 1).

Gradient-dependent lipid transfer is required to
regulate PI homeostasis
All of these processes indicate that PI4P has a central role in
lipid exchange at membrane contact sites. Considering that
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Figure 2 ORPs, Sac1, VAPs, and PI4KIIIs in animals and yeast and their structural homologs in plants. (A) Model for OSBP-mediated cholesterol/
PI4P transfer at ER/TGN contact sites in humans with some functional domains found in ORP, SAC1, VAP, and PI4K indicated. The schematic of
lipid transfer is inspired by Antonny et al. (2018). (B) Animal (Homo sapiens) and yeast (S. cerevisiae) ORPs and structural homologs in plants.
(C) Animal (H. sapiens) and yeast (S. cerevisiae) Sac1 proteins and structural homologs in plants. (D) Animal (H. sapiens) and yeast (S. cerevisiae)
VAPs and structural homologs in plants. (E) Animal (H. sapiens) and yeast (S. cerevisiae) PI4KIIIs and structural homologs in plants. Abbreviations:
OR dom., oxysterol-related domain (function in lipid transfer); FFAT, two phenylalanine in an acidic tract domain (interacts with VAP); TM, trans-
membrane domain; PH, pleckstrin homology domain (interaction with lipids, and with ARF1 in some cases); CAAX, putative prenylation site (lipid
anchoring); MSP, major sperm protein domain (interaction with FFAT motif); ALPS, amphipathic lipid packing sensors domain (curvature sensor);
+ ALPS, amphipathic lipid packing sensors with adjacent cationic residues. The following domains are shown for comparison purposes between
different family members but their functions are not discussed in this review: Pro-rich, proline-rich domain; Ser rich, serine-rich domain. Ank,
Ankyrin domain; GOLD, Golgi-localization domain; LKU, lipid kinase unique domain.
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PI4P is created from PI by PI4K-mediated ATP consumption,
the analogy with other ATP-dependent transport mecha-
nisms, like molecule transport by ion pumps against concen-
tration gradients, is tempting (Antonny et al., 2018). It is
estimated that in human cells, OSBP, at a stationary state,
consumes up to 50% of cellular PI4P for sterol transport at
the TGN (Mesmin et al., 2017; Antonny et al., 2018).
Importantly, the presence of PI4KIIIa at the plasma mem-
brane is not limiting for the production of PI4P. It appears
that instead, it is the presence of PI in this membrane that
is highly regulated and rate limiting for the production of
PI4P (Pemberton et al., 2020; Zewe et al., 2020). Indeed, PI
does not accumulate at the plasma membrane (Figure 1),
likely because it is immediately phosphorylated into PI4P.
Interestingly, PI is produced in the ER, where it accumulates
to some extent, but it is mainly found in the cytosolic face
of the Golgi, peroxisomes, and mitochondria (Pemberton
et al., 2020; Zewe et al., 2020; Figure 1). SEC14 domain-
containing proteins, which are lipid transfer proteins,
have been involved in PI transfer from the ER to the Golgi
(Wang et al., 2019). The SEC14 domain binds both PI and
PC and thus might countertransport both lipids (Schaaf
et al., 2008; Figure 1). The SEC14 domain is also thought
to extract PI from the membrane to present it to PI4K,
which might facilitate its phosphorylation into PI4P
(de Campos and Schaaf, 2017; Noack and Jaillais, 2020).
Besides, PI reaches the plasma membrane via the Nir2 lipid
transfer protein, which countertransports PA from the plasma
membrane to the ER membrane (Kim et al., 2015; Figure 1).
As mentioned above, PI accumulates, at least to some extent,
on the cytosolic face of the ER. Because it is negatively
charged and relatively abundant, this appears as paradoxical
with the idea that the cytosolic leaflet of the ER is electroneu-
tral (Bigay and Antonny, 2012). However, PI is not present
throughout the ER, but only in very specialized ER-
subdomains (Kim et al., 2011). Besides, the charges generated
by PI may be locally shielded by interaction with proteins.

Altogether, the examples described in this section clearly
show that lipid gradients between the territory of lipid pack-
ing defect and the territory of electrostatics are key to
power lipid exchanges and to regulate membrane lipid ho-
meostasis. These gradients appear to often depend upon
each other, further illustrating the elegant intricacy and spa-
tial regulation of lipid metabolism (Figure 1).

Evidence for gradient-powered lipid exchanges in
plants
A first preprint recently established the importance of
ER/plasma membrane contacts for diacylglycerol (DAG) ho-
meostasis in Arabidopsis (Arabidopsis thaliana; Ruiz-Lopez
et al., 2020). This transfer of DAG is mediated by
Synaptotagmin1 (SYT1) and SYT3 notably during cold stress
episodes (Ruiz-Lopez et al., 2020). However, there is very lit-
tle direct experimental evidence for the exchanges of anionic
phospholipids at membrane contact sites in plants.
Nonetheless, it is reasonable to assume that the exchanges

of anionic lipids at membrane contacts are likely happening.
First, the two-membrane territory model is conserved in
Arabidopsis. While probes to measure packing defects are
still lacking, the notion that the plant ER has a loose lipid
packing compared with the plasma membrane is substanti-
ated by their respective lipid composition. Indeed, like in an-
imal and yeast systems, the plant ER is rich in unsaturated
lipids and poor in sterols, which favor lipid packing defects.
By contrast, the plant plasma membrane is rich in phytos-
terols and sphingolipids (Mamode Cassim et al., 2019).
Sterols interact with sphingolipids containing saturated
chains, which increases lipid packing (Boutté and Jaillais,
2020). Furthermore, a set of genetically encoded biosensors
with a defined number of positive charges allowed mapping
of the electrostatic landscape of endomembrane compart-
ments in Arabidopsis (Simon et al., 2016; Platre et al., 2018).
This showed that ER-derived membranes are not electro-
static, while post-Golgi membranes are (Platre et al., 2018).
These results are coherent with the presence of anionic lip-
ids in post-Golgi but not ER-derived membranes in plants
(Vermeer et al., 2006, 2009; van Leeuwen et al., 2007; Simon
et al., 2014). Thus, sharp gradients of anionic lipids exist be-
tween the territory of lipid packing defects and the territory
of electrostatics in plant cells.

Furthermore, the lipid counter flow mechanisms described
above are conserved from yeast to humans (Balla et al.,
2019; Prinz et al., 2020), making it a real possibility that they
also exist in plants. Most of the enzymes involved in the
generation of anionic lipid gradients are conserved in plants
(Heilmann, 2016; Noack and Jaillais, 2020; Figure 2). This is
notably true for the PI4Ks, with the Arabidopsis genome
encoding two PI4KIIIIbs and one PI4KIIIIa (Mueller-Roeber
and Pical, 2002; Heilmann, 2016; Figure 2, E). The
Arabidopsis genome contains three putative orthologs of
Sac1 called SAC6 (also called Sac1b), SAC7 (also called Sac1c
and ROOT HAIR DEFECTIVE4), and SAC8 (also called Sac1a;
Despres et al., 2003; Thole et al., 2008; Heilmann, 2016;
Figure 2, C). All three SACs complement the yeast sac1 mu-
tant suggesting that they are likely PI4P phosphatases
(Despres et al., 2003). Furthermore, SAC7 specifically hydro-
lyzes PI4P in vitro (Thole et al., 2008). Arabidopsis SAC6,
SAC7, and SAC8 all localize to the ER when expressed in to-
bacco (Nicotiana tabacum cv BY-2) BY-2 cells and fused to
GFP at their C-terminus, suggesting that they could indeed
be functional homologs of yeast and animal Sac1 (Despres
et al., 2003). However, SAC7 localizes at the TGN, not the
ER, in Arabidopsis root hairs when YFP is fused at its N-ter-
minus (Thole et al., 2008). YFP-SAC7 complements the sac7
loss-of-function phenotype (Thole et al., 2008), showing that
this fusion is functional and questioning whether SAC7 is in-
deed acting at the ER in plants. Future experimental valida-
tions are thus clearly required to address whether
Arabidopsis SAC6, SAC7, and/or SAC8 could act similarly as
Sac1 in other eukaryotes. Plant genomes also encode for 12
proteins with an OR domain that could transport lipids, in-
cluding PI4P (Umate, 2011; Ye et al., 2020; Figure 2, B). The
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Arabidopsis ORP3a protein localizes in the ER when tran-
siently expressed in Nicotiana benthamiana and binds to
sterol (Saravanan et al., 2009). However, it is unknown
whether it can counter transport PI4P, like OSBP in human
cells. Plants also have functional homologs of VAP, called
the VAP27 family, that localize at membrane contact sites
(Wang et al., 2014, 2016, 2017; Stefano et al., 2018; Figure 2,
D). Finally, AtSac1, AtORP3a, and AtVAP27s are involved in
rearranging ER-peroxisome membranes to accommodate
the replication of positive-strand RNA viruses when
expressed heterologously in N. benthamiana or yeast cells
(Barajas et al., 2014; Sasvari et al., 2020). Altogether, the pres-
ence of these proteins and their preliminary functional char-
acterization suggest that gradient-powered anionic lipid
exchanges at membrane contacts likely occur in plants. Of
note, we could not find clear orthologs of the PI/PA trans-
porter Nir2 in plants. The absence of Nir2 might be func-
tionally compensated by the presence of many Sec 14
homolog (SFH) proteins, some of which localize at the
plasma membrane and cotransport both PI and PC, like
their yeast counterpart Sec14p (Vincent et al., 2005; Ghosh
et al., 2015; Huang et al., 2016; de Campos and Schaaf,
2017). In any case, the functional importance of gradient-
powered lipid exchanges at membrane contact sites remains

to be determined, notably for lipid cellular patterning and
also plant development and environmental interactions.

Lipid gradients within the electrostatic
territory

Evidence for the existence of anionic lipid gradients
within the electrostatic territory
Mapping of the subcellular accumulation of anionic lipids
within the plant endomembrane system revealed that they
mostly localized in post-Golgi compartments (i.e. corre-
sponding to the electrostatic territory; Vermeer et al., 2006,
2009; van Leeuwen et al., 2007; Simon et al., 2014, 2016;
Noack and Jaillais, 2020). However, within the electrostatic
territory, several anionic lipids do not have compartment-
specific localization. Rather, they accumulate according to
concentration gradients (Simon et al., 2014; Platre et al.,
2018; Figure 3). For example, this is the case for PI4P, which
massively accumulates at the plasma membrane and to a
lesser extent at the TGN (Vermeer et al., 2009; Simon et al.,
2014, 2016). Similarly, PS accumulates at the plasma mem-
brane but is also present all along the endocytic pathway,
including the TGN (which is also an early endosome in
plants [Dettmer et al., 2006]), and to a lesser extent the late

Figure 3 Schematic representation of anionic lipid gradients within the territory of electrostatics.
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endosomes and the vacuolar membranes (Platre et al.,
2018). PI3P is also present as a gradient within the late
endocytic pathway with maximum PI3P concentration in
late endosomes and also a presence in the vacuolar mem-
brane (i.e. the tonoplast) and the TGN (Vermeer et al., 2006;
Simon et al., 2014; Singh et al., 2014; Figure 3).

Analyzing and concluding on lipid localization and accu-
mulation at the subcellular level is difficult because there is
no straightforward technique to do it (Platre and Jaillais,
2016). The existence of lipid gradients at the subcellular lev-
els was revealed by the use of fluorescent genetically
encoded lipid biosensors in Arabidopsis roots (Simon et al.,
2014, 2016; Platre et al., 2018). These sensors correspond to
the transgenic expression of stereospecific lipid-binding
domains fused to fluorescent proteins and are an indirect
way of analyzing lipid localization (Platre and Jaillais, 2016).
However, these sensors have limitations, which complicates
their analysis (Heilmann, 2016; Platre and Jaillais, 2016). First,
they may be outcompeted by endogenous proteins for lipid
binding (i.e. the presence of their cognate lipid is locally
masked by endogenous proteins). Second, their localization
will depend on their affinity for the lipid (i.e. domains with
different lipid affinity may have different localization). Third,
their localization may rely on additional membrane features,
which are not always known beforehand (e.g. coincident
detection of other lipids or proteins, the requirement for
specific membrane shape or charges). A famous example is
the PH domain of FAPP1 and OSBP, which bind to PI4P and
were the first domains used as PI4P sensors (Levine and
Munro, 1998, 2001). In both yeast and animal cells,
PH(FAPP1) and PH(OSBP) localize to the Golgi leading to
the conclusion that PI4P mainly accumulates in this com-
partment. However, these PH domains bind not only PI4P
but also the small GTPase ARF1, and the strong Golgi associ-
ation of this domain is conferred by the coincident detection
of both PI4P and ARF1 (Levine and Munro, 2001; Godi et al.,
2004). The use of additional biosensors later revealed that
PI4P indeed localizes to the Golgi but is not specific to this
compartment and is also present at the plasma membrane
and in late endosomes (Hammond et al., 2014). This exam-
ple nicely illustrates the inherent difficulties in using lipid
sensors to study lipid localization (Platre and Jaillais, 2016).
Thus, the evidence that anionic lipids are present as concen-
tration gradients in post-Golgi compartments in plant
cells should be examined with care. Overall, such
conclusions should be supported by several independent evi-
dences, which could include additional techniques (e.g. lipid
immunolocalization and organelle fractionation followed by
lipid measurement; Platre and Jaillais, 2016). Anionic lipid
immunolocalization has been used in plant tissues (Tejos
et al., 2014; Gerth et al., 2017) but not extensively, and the
subcellular localization of PI4P, PI3P, or PS in intracellular
compartments has not been analyzed with this technique.
Biochemical measurements of anionic lipids have been per-
formed on whole plants or cell extracts but not on purified
compartments (Konig et al., 2008; Munnik and Zarza, 2013).

However, results obtained with one lipid biosensor can
also be validated by using additional, independent lipid-
binding domains, and such experiments were carried out in
plants. Strikingly, when different biosensors for the same
cognate lipid were expressed in transgenic Arabidopsis, they
showed somewhat different subcellular localizations (Simon
et al., 2014, 2016; Platre et al., 2018). Given the fact that
these domains likely have different affinities for their cognate
lipid and may also recognize additional membrane features,
this result is not surprising but further exemplifies the diffi-
culty in using sensors for localizing lipids. However, despite
these differences, this also allowed building a more robust
picture of anionic lipid localization within plant cells (Noack
and Jaillais, 2017, 2020). In the case of PI3P sensors, quantita-
tive colocalization with compartment markers showed that
two independent PI3P-binding domains (the FYVE domain
of the mouse hepatocyte growth factor-regulated tyrosine
kinase substrate [HRS] protein and the PHOX domain of
the human p40 protein) both localized to late endosomes,
with a weaker association to the TGN and tonoplast also
recorded (Simon et al., 2014). Similarly, the gradient of PS
from the plasma membrane and along the endocytic path-
way was confirmed with two independent PS-binding
domains, the C2 domain of the bovine Lactadherin (Lact)
protein and the PH domain of the human EVECTIN2
(EVCT2) protein (Platre et al., 2018). However, the C2(Lact)
association with the plasma membrane was more pro-
nounced than that of the PH(EVCT2) domain (Platre et al.,
2018), a difference in localization that is conserved in animal
cells (Yeung et al., 2008; Uchida et al., 2011; Chung et al.,
2015). This difference likely reflects different PS affinity be-
tween these two domains and/or their reliance on addi-
tional membrane features. In any case, the fact that
different lipid-binding domains, with apparently different
properties, consistently show the existence of a PS gradient
at the subcellular level in plants suggests that such a gradi-
ent might indeed exist (Figure 3).

The localization of PI4P was also the subject of intense ex-
perimental validation. As mentioned above, early work in
yeast and animals using the PH(FAPP1) and PH(OSBP) sen-
sors suggested that the main localization (and assumed
function) of PI4P was at the Golgi (Levine and Munro, 1998,
2001). By contrast to yeast and animal cells, PH(FAPP1) not
only localizes to intracellular compartments but also the
plasma membrane when expressed in plant cells (Vermeer
et al., 2009). Using colocalization in cowpea (Vigna unguicu-
lata L.) protoplasts, the intracellular compartments labeled
by PH(FAPP1) were initially thought to be Golgi (Vermeer
et al., 2009). However, quantitative colocalization in
Arabidopsis roots later revealed that they mostly correspond
to TGN rather than Golgi (Simon et al., 2014), which in
plants are two distinct compartments (Dettmer et al., 2006;
Kang et al., 2011). The prominent plasma membrane label-
ing of PH(FAPP1), when expressed in plants, could suggest
that (i) this domain does not naturally interact with the
plant ARF1 GTPase or (ii) that PI4P massively accumulates
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at the plasma membrane compared with other eukaryotic
organisms. Mutant versions of the FAPP1 PH domain,
which do not interact with ARF1 anymore but retain their
ability to interact with PI4P, are strongly targeted to the
plasma membrane and only marginally to the TGN in both
N. benthamiana leaves and Arabidopsis roots (Simon et al.,
2016; Ito et al., 2020). This suggests that PH(FAPP1) indeed
interacts with the plant ARF1 and that this interaction con-
tributes to its TGN localization (likely as coincident detec-
tion between PI4P and ARF1). By extension, this result
suggests that there is quantitatively a minor pool of PI4P in
the TGN compared with the plasma membrane in plants,
which opposes what has been found in animal cells. This
massive accumulation of PI4P at the plant plasma mem-
brane is further validated by additional sensors, which do
not interact with ARF1, including the P4M domain from the
Legionella pneumophila SidM protein (Simon et al., 2016).
This evidence is also substantiated by genetic experiments.
First, P4M relocalizes to intracellular compartments upon
depletion of PI4P specifically at the plasma membrane
(Simon et al., 2016; Platre et al., 2018). This demonstrates
that the specific localization of P4M at the plasma mem-
brane is not due to its inability to interact with the TGN
membrane—for example, because it is more curved or be-
cause PI4P is shielded by endogenous proteins—but rather
because the pool of PI4P at the TGN is much smaller than
at the plasma membrane (Doumane and Caillaud, 2020).
Similar results were obtained with the PH(FAPP1) sensor
with an increased PI4P localization in intracellular com-
partments upon depletion of PI4P specifically at the
plasma membrane, again suggesting that interfering with
the balance of PI4P between the TGN and the plasma
membrane directly impact the localization of the sensor
(Simon et al., 2016). Finally, there is also evidence—which
will be detailed in the next paragraph—that the PI4P gra-
dient between the plasma membrane and the TGN is ac-
tively maintained and which further substantiates the
existence of this gradient.

Maintenance of anionic lipid gradients
At the mechanistic level, how the anionic lipid gradients
within the electrostatic territory of plant cells are established
and maintained is only partially understood. Indeed, it is
unclear to what extent the mechanisms described in other
eukaryotes can be applied to plant cells. For example and as
mentioned above, we currently do not fully appreciate the
importance of membrane contact sites in patterning anionic
phospholipids accumulation in plant cells.

In yeast, the pools of PI4P at the plasma membrane and
in the Golgi are believed to be largely independent (Roy and
Levine, 2004). However, it is unclear whether this is also
valid for plant cells. In yeast, there are two PI4Ks, Pik1p, and
Stt4p, which localize at the Golgi and plasma membrane, re-
spectively (Figure 1). A PI4P biosensor consisting of a tan-
dem dimer of PH(Osh2) localizes at the plasma membrane
and in the Golgi (Roy and Levine, 2004). In the
temperature-sensitive pik1 mutant and at restricting

temperature, 2�PH(Osh2) localizes only at the plasma
membrane, suggesting that Pik1p is responsible for the pro-
duction and maintenance of the Golgi pool of PI4P (Roy
and Levine, 2004). Conversely, in the temperature-sensitive
stt4 mutant and at restricting temperature, 2�PH(Osh2)
localizes in the Golgi but not the plasma membrane. This re-
sult suggests that Stt4p is involved in the production of
PI4P at the plasma membrane but not in the Golgi (Roy
and Levine, 2004). Together, these results suggest that the
PI4P pools are largely independent in yeast. In plants, two
PI4Ks (PI4KIIIb1 and PI4KIIIb2) that localize in the TGN
have been identified (Preuss et al., 2006; Kang et al., 2011).
They act redundantly to regulate TGN morphology and
function (Preuss et al., 2006; Kang et al., 2011). The corre-
sponding double mutant do not show a significant reduc-
tion in overall PI4P levels. Nonetheless, quantitative analyses
revealed a slight decreased of the PH(FAPP1) sensor target-
ing to the TGN (Lin et al., 2019). Taken together these
results suggest that PI4Kbs are involved in PI4P production
at the TGN in plants and also confirm that this compart-
ment accumulates only a minor pool of this lipid compared
to the plasma membrane. There is a plant ortholog of Stt4p,
PI4KIIIa1, which is an essential gene (Delage et al., 2012) and
localizes at the plasma membrane (Noack et al., 2020).
However, it is involved in PI4P production in chloroplast
and its importance for PI4P homeostasis at the plasma
membrane and the TGN are currently unknown (Okazaki
et al., 2015).

In addition to the localized production of PI4P by kinases,
localized PI4P breakdown appears critical to maintaining the
PI4P gradients (Noack and Jaillais, 2020). Indeed, as previ-
ously mentioned, the PI4P phosphatase SAC7/RHD4—an
ortholog of mammalian and yeast Sac1 (Figure 2)—
localizes at the TGN at the tip of root hairs (Thole et al.,
2008). In the rhd4 mutant, the PH(FAPP1) sensor accumu-
lates more strongly in this compartment than in the wild
type (Thole et al., 2008). This suggests that the sharp PI4P
gradient between the plasma membrane and the TGN is
actively maintained by local phosphatase activities directly
in the TGN, at least in this cell type. Furthermore,
phosphoinositide-specific PLCs, which use PI(4,5)P2 and also
PI4P as substrates, are important to maintain the proper
PI4P balance between the TGN and the plasma membrane.
Indeed, a recent preprint suggests that the pharmacological
inhibition of PLC activity increases the pool of PI4P at the
TGN (Ito et al., 2020). A subcellular proteomic analysis found
that two PI-PLCs, PLC2 and PLC7, localize at the TGN and
that this localization is dependent upon the chain length of
sphingolipids. Thus, this preprint suggests that sphingolipids
at the TGN play a critical role in the establishment of the
PI4P gradient via the recruitment of PI-PLCs and thus the lo-
cal consumption of PI4P at the TGN (Ito et al., 2020).

While it is likely that a combination of localized produc-
tion and breakdown is involved in the establishment of the
phosphoinositide cellular gradients, this is probably not the
case for PS. Indeed, in Arabidopsis, PS is produced in the lu-
men of the ER by a single enzyme called PS SYNTHASE1
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(PSS1; Yamaoka et al., 2011; Platre et al., 2018). Thus, PS has
to flip to the cytosolic membrane leaflets via flippases and
needs to be transported to the plasma membrane and
endosomal compartments (Noack and Jaillais, 2020). Several
PS flippases have been identified in Arabidopsis and are in-
volved in the plasma membrane and endosomal accumula-
tion of PS (Nintemann et al., 2019; Zhang et al., 2020; Zhou
et al., 2020). However, in plants, it is still unclear whether PS
are mostly transported by vesicular trafficking and/or by
lipid transfer at membrane contact sites (see above) and
whether these pathways are important to control the cellu-
lar PS gradient. There is one pathway for PS breakdown via
PS DECARBOXYLASEs (PSDs), which decarboxylate PS
into PE (Noack and Jaillais, 2020). However, the impor-
tance of these enzymes in PS homeostasis and subcellular
patterning within the plant endomembrane system is
unclear. Indeed, the Arabidopsis genome encodes three
PSD genes and the corresponding triple psd mutant
completely lacks PSD activity (Nerlich et al., 2007). Unlike
the Arabidopsis pss1 mutant (Yamaoka et al., 2011; Liu
et al., 2013; Platre et al., 2018, 2019), the psd triple
mutant does not show any visible developmental pheno-
types (Nerlich et al., 2007). Furthermore, it seems to
mostly affect the relative accumulation of PE and PS in
mitochondria. This is surprising since only PSD1 is found
in mitochondria in transiently transfected N. benthami-
ana cells, while PSD2 and PSD3 localize in the tonoplast
and ER, respectively (Nerlich et al., 2007). Overall, the
mechanisms behind the establishment of the cellular PS
gradient in plants remain to be investigated.

Functional implications of lipid gradients within the
electrostatic territory
The fact that PI4P and PS, which are among the most abun-
dant anionic lipids, are organized according to concentration
gradients that are highest at the plasma membrane, inter-
mediate in the TGN, and low in late endosomes and the to-
noplast has a direct consequence on the landscape of the
electrostatic territory. Indeed, quantitative colocalization be-
tween biosensors with varying net positive charges and
compartment markers reveals that within the electrostatic
territory, not all membranes have a similar electrostatic field
(Simon et al., 2016; Platre et al., 2018; Figure 3). These analy-
ses show that the plasma membrane is the most electro-
static cytosolic-facing membrane in plant cells (Simon et al.,
2016). The TGN has an intermediate electrostatic property,
while late endosomes and the tonoplast are weakly electro-
static (Platre et al., 2018). Thus, the amount of negative
membrane surface charges corresponds to the gradients of
PI4P and PS. In other words, the PI4P and PS gradients are
directly translated into an electrostatic gradient along the
plant endocytic pathway (Figure 3). As a result, peripheral
proteins with very strongly cationic regions (e.g. 48 net
positive charges) tend to localize specifically at the plasma
membrane, owing to its very high electronegativity (Simon
et al., 2016). By contrast, proteins with lower cationic regions

(e.g. three–six net positive charges) will have a broader local-
ization within the electrostatic territory by localizing both to
the plasma membrane and the TGN (Simon et al., 2016).
The coincident detection of additional membrane features
might provide further localization specificity. For example,
the Arabidopsis PI4Kbs have a + ALPS domain at their C-
terminus (Platre et al., 2018; Figure 2). This motif recognizes
a combination of curved and electrostatic membranes,
which corresponds to the TGN, the compartment where
PI4Kbs are located (Platre et al., 2018).

As mentioned in the “Introduction” section, anionic lipids
act as landmarks in the membrane in which they reside
(Noack and Jaillais, 2017). As such, anionic lipids are mostly
believed to act locally in these membranes. However, the
fact that anionic lipids are organized in gradients within the
electrostatic territory suggests that they may also impact
membrane properties at a distance. Indeed, local variations
in a given lipid are expected to impact the localization of
proteins that binds this lipid within that membrane.
However, such variations will also affect the relative balance
of this lipid between compartments. In other words, a local
variation in the concentration of one lipid will also impact
the sharpness of the lipid gradient between compartments.
As such, this could impact the localization of proteins at a
distance. As a theoretical example, we will consider a PI4P
binding protein that localizes at the plant plasma membrane
due to the high accumulation of PI4P in this membrane.
A diminution of PI4P at the plasma membrane will change
the balance of PI4P between the plasma membrane and the
TGN, as the corresponding gradient will become less sharp.
Such PI4P modification might thus induce a concomitant re-
duction of that protein at the plasma membrane with an in-
creased targeting to the TGN. Therefore, such modification
of PI4P at the plasma membrane might impact the mem-
brane composition locally (i.e. at the plasma membrane)
and also at a distance (i.e. in the TGN). Conceptually, this is
what is observed with lipid sensors that switch localization
from the plasma membrane to the TGN upon manipulation
of the PI4P plasma membrane pool (Doumane and Caillaud,
2020). However, such “long-range” effects are purely concep-
tual at the moment, and it is currently not known whether
the localization of plant peripheral proteins could be sensi-
tive to the lipid balance between two compartments. Future
works are required to determine whether endogenous pro-
teins also behave similarly to lipid sensors and whether this
is functionally relevant during signaling and plant develop-
ment. A prerequisite for such a hypothesis is that anionic
lipid gradients are dynamic and not fixed within cells. This
appears to be the case, at least for PS. Indeed, the localiza-
tion of PS biosensors at the plasma membrane compared
with the TGN is enhanced in response to the plant hor-
mone auxin, one of the most potent regulators of plant de-
velopmental responses (Platre et al., 2019). Besides, the
analysis of lipid gradients at the tissue and organ scales
supports the notion that anionic lipid gradients within the
electrostatic territory are under developmental control
(Colin and Jaillais, 2019).
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Anionic lipid gradients at the organismal
scale
Transgenic lines that stably express anionic lipid biosensors
allow analyses of the localization and dynamics of their cog-
nate lipids in many different cell types and during cellular
differentiation (Colin and Jaillais, 2019; Figure 4). Such analy-
ses at the organismal level are not often carried out in
animals, because most studies express genetically encoded
biosensors in cell lines in vitro. Interestingly, the relative
accumulation of PS between the plasma membrane and
the TGN varies during root epidermis differentiation
(Platre et al., 2019). Indeed, two independent PS sensors lo-
calize extensively at the plasma membrane but marginally in
the TGN in the root meristem (Figure 4). However, in the
elongation zone, both sensors partition more evenly be-
tween the plasma membrane and the TGN (Figure 4). This
analysis suggests that the relative balance of PS between
these two compartments is regulated during cell differentia-
tion and that there is not only a cellular gradient of PS but
that this gradient can be translated also at the developmen-
tal level (Boutté and Jaillais, 2020; Figure 4). While PI4P and
PS gradients at the cellular level largely overlap (Figure 3),
the concentration of both lipids being high at the plasma
membrane and lower in the TGN, PI4P, and PS have

opposite gradients at the organ level in the root
(Platre et al., 2019). Indeed, the localization of PI4P sensors
at the plasma membrane is more strongly pronounced in
the elongation zone than in the root meristem (Platre et al.,
2019; Figure 4).

The observed variation of accumulation of PS at the
plasma membrane during epidermis differentiation are likely
physiologically relevant. Indeed, PS is rate-limiting for the sig-
naling activity of the Rho GTPase RHO OF PLANTS6 (ROP6)
during cell surface auxin signaling (Platre et al., 2019;
Smokvarska et al., 2021). A high accumulation of PS at the
plasma membrane, like in the meristematic zone, promotes
ROP6 nanoclustering, which is required for signaling. By con-
trast, a lower concentration of PS at the plasma membrane
dampens ROP6 signaling by limiting the amount of ROP6
recruited into nanoclusters, even when the concentrations
of auxin are high (Platre et al., 2019; Boutté and Jaillais,
2020). It is known that fast auxin responses at the plasma
membrane regulate many cellular functions, including cyto-
skeleton dynamics and intracellular trafficking (Armengot
et al., 2016). While some of these responses can be attrib-
uted to ROP6 signaling, others may not. In particular, how
auxin signaling at the plasma membrane can rapidly regulate
TGN functions is unknown. Importantly, the PS variations
observed during epidermis differentiation impact not only

Figure 4 Schematic representation of anionic lipid gradients at the tissue scale. Root schematic was modified from B. Peret: https://figshare.com/
articles/Primary_and_lateral_root_ai/5143987.
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the PS plasma membrane pool but the very gradient of PS
between the plasma membrane and the TGN (Platre et al.,
2019). It is thus conceivable that the concept of the “long-
range” effects of anionic lipids discussed above could be rele-
vant to understand some of the many coordinated
responses triggered by auxin. Again, we would like to em-
phasize that no endogenous proteins have been shown to
date to respond to variations of the PS (or PI4P) gradients
between the plasma membrane and the TGN, and therefore
such effects are discussed as a conceptual possibility that
remains to be experimentally validated.

Conclusion
Throughout this review, we discussed the existence of gra-
dients of anionic lipids in plants. These gradients exist at the
junction of the two main membrane territories and also
within the electrostatic territory itself. While evidence for
the existence of these gradients exists, they still need to be
consolidated using additional biochemical and genetic
experiments. Furthermore, we understand very little about
the function of these gradients (see Outstanding Questions).
To tackle this question, we first need to understand how
these gradients are established and maintained. We also
need to address whether the gradients of anionic lipids that
exist between the ER and electrostatic membranes are in-
volved in the formation of the lipid gradients within the
electrostatic territory. However, to date, the importance of
lipid exchanges at membrane contact sites is not well un-
derstood in plants. Based on evidence from yeast and ani-
mal systems, lipid counter exchanges between the ER and
the plasma membrane or the TGN are often coupled. For
example, the Nir2 system delivers PI at the plasma mem-
brane by counter-transporting PA (Kim et al., 2015; Balla
et al., 2019). The presence of PI is then rate-limiting for the

production of PI4P by PI4Ks at the plasma membrane
(Pemberton et al., 2020; Zewe et al., 2020), but PI4P itself is
a critical fuel to export PS out of the ER (Balla et al., 2019).
It is thus not only important to consider the presence of an-
ionic lipid gradients but also to envision that these gradients
are likely interdependent (see Outstanding Questions; Wang
et al., 2019; Prinz et al., 2020). We also discussed the possibil-
ity that anionic lipids may impact membrane properties
both locally and also at a distance via the existence of gra-
dients within the electrostatic territory. This is a non-
intuitive outcome that is not often considered and is so far
mainly theoretical. However, we believe that such outcomes
should be taken into account in future studies when consid-
ering the function of anionic lipids both at the cellular and
developmental levels.
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are sensitive to the balance of anionic lipids
between the plasma membrane and the TGN,
and which could substantiate the hypothesis of
a “long-distance” impact of anionic lipids within
the endomembrane system?
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