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Summary
Phosphatidylinositolphosphates (PIPs) are phospholipids that contain a phosphorylated inositol
head group. PIPs represent a minor fraction of the total phospholipids, yet they are involved in
many regulatory processes such as cell signalling and intracellular trafficking. Membrane
compartments are enriched or depleted in specific PIPs, which constitute a signature for these
compartments and contribute to their identity. The precise subcellular localisation and dynamics of
most PIP species is not fully understood in plants. Here, we designed genetically encoded
biosensors with distinct relative affinities and expressed them stably in Arabidopsis thaliana.
Analysis of this multi-affinity “PIPline” marker set revealed previously unrecognized localisation
for various PIPs in root epidermis. Notably, we found that PI(4,5)P2 is able to drive PIP2-
interacting protein domains to the plasma membrane in non-stressed root epidermal cells. Our
analysis further revealed that there is a gradient of PI4P, with the highest concentration at the
plasma membrane, intermediate concentration in post-Golgi/endosomal compartments and lowest
concentration in the Golgi. Finally, we also uncovered that there is a similar gradient of PI3P from
high in late endosomes to low in the tonoplast. All together our library extends the palette of
available PIP biosensors and should promote rapid progress in our understanding of PIP dynamics
in plants.
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Introduction
Phosphatidylinositolphosphates (PIPs) are minor phospholipids, accounting less than a
percent of total membrane lipids, yet they are of disproportionate importance for many
membrane-associated signalling events: i) PIPs can be precursors of various second
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messengers (e.g. inositol 1,4,5-trisphosphate, diacylglycerol), ii) they can activate many ion
channels and enzymes, iii) they can be involved in virtually all membrane trafficking events
including endocytosis and exocytosis and, iv) they can recruit proteins to the plasma
membrane (PM) or intracellular compartments through several structured interaction
domains (e.g. Pleckstrin Homology domain (PH), Phox homology domain (PX), Fab1/
YOTB/Vac1/EEA1 domain (FYVE)) (De Matteis and Godi, 2004; McLaughlin and Murray,
2005; Lemmon, 2008; Balla et al., 2009). PIPs can be phosphorylated at different positions
of the inositol head group, which can generate up to seven different PIP species that include
three phosphatidylinositol monophosphates [PI3P, PI4P and PI5P], three
phosphatidylinositol biphosphate [PI(3,4)P2, PI(3,5)P2 and PI(4,5)P2] and one
phosphatidylinositol triphosphate [PI(3,4,5)P3]. PIP kinases and phosphatases modify the
phosphorylation state of the inositol head group, and phospholipases hydrolyse PIPs to
release the soluble head group into the cytosol (Lemmon, 2008). The combined action of
these enzymes produces the PIP signature of a cell, where certain membrane compartments
are enriched or depleted of specific PIPs, contributing to their membrane identity (De
Matteis and Godi, 2004; Lemmon, 2008; Balla et al., 2009; Balla, 2013).

The localisation of the various PIP species has been an intense area of research (De Matteis
and Godi, 2004; Hammond et al., 2009a; Balla, 2013). Functional studies, together with
biochemical and live-cell imaging, have built a relatively clear picture of the precise location
of each PIP in cultured mammalian cell lines and in yeast. In animal cells, PI3P mainly
resides in early endosomes, where it controls endosome maturation, cargo protein
degradation/recycling and cell signalling notably through its interplay with Rab5 GTPases
(Simonsen et al., 1998; Christoforidis et al., 1999; Jean and Kiger, 2012). PI4P is located in
two different pools in the cell, one at the Golgi apparatus and the other one at the PM
(Várnai and Balla, 2006; Hammond et al., 2009a). Each pool of PI4P has separate and
diverse functions. The main function of PI4P at the Golgi is to control membrane trafficking
events, in particular, the sorting of proteins toward the PM or endosomes (Szentpetery et al.,
2010; Daboussi et al., 2012; Jean and Kiger, 2012). PI4P, together with other PIPs, recruits
strong cationic proteins to the PM (Hammond et al., 2012). In yeast, the PM pool of PI4P
also controls Endoplasmic Reticulum (ER)-to-PM tethering sites that regulate cell signalling
and ER morphology (Stefan et al., 2011; Manford et al., 2012). Also, PM-localised PI4P is a
source of PI(4,5)P2 (Szentpetery et al., 2010; Ling et al., 2012). PI5P accumulates in the
nucleus and at the PM under certain stimuli (Gozani et al., 2003). PI(3,5)P2 is thought to
reside in late endosomes, where it regulates lysome/vacuole biogenesis in yeast (Friant et
al., 2003; Eugster et al., 2004). PI(4,5)P2 is localised at the PM where it has a large spectra
of action such as anchoring signalling and membrane trafficking proteins (De Matteis and
Godi, 2004; McLaughlin and Murray, 2005; Zoncu et al., 2007; Hammond et al., 2012;
Balla et al., 2009; Balla, 2013). PI(4,5)P2 also controls ion channel activation and is a
substrate of Phospholipase C, which triggers synthesis of the second messengers IP3 and
DAG (McLaughlin and Murray, 2005; Suh et al., 2006). PI(4,5)P2 is the source of
PI(3,4,5)P3, which together with PI(3,4)P2, accumulate at the PM but only when specific
signalling pathways are activated (e.g. growth factor signalling) (McLaughlin and Murray,
2005; Balla, 2013). PI(3,4)P2 also controls late-stage clathrin-coated pit formation,
independent of PI(3,4,5)P3 (Posor et al., 2013).

Much less is known about the function and localisation of PIPs in plants (Munnik and
Vermeer, 2010; Munnik and Nielsen, 2011). The function of PIPs have been clearly
established during polarized cell growth (e.g. tip growth of root hairs and pollen tubes),
during membrane trafficking and response to stresses (Thole and Nielsen, 2008; Ischebeck
et al., 2010; Munnik and Nielsen, 2011). Most of the enzymes involved in PIP metabolism
are encoded in plant genomes, with the notable exception of type I- and type II- PI3-kinases
(PI3Ks) (Munnik and Nielsen, 2011). These PI3Ks are able to phosphorylate PI4P and
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PI(4,5)P2 to produce PI(3,4)P2 and PI(3,4,5)P3 and their absence suggest that these two PIPs
are not produced in plants. Congruent with these observations, they have never been found
in plant extracts (Meijer and Munnik, 2003; Munnik and Nielsen, 2011). The localisations of
PI3P, PI4P and PI(4,5)P2 have been studied using genetically encoded biosensors in various
plant cell types including transgenic Arabidopsis (Vincent et al., 2005; Vermeer et al., 2006;
van Leeuwen et al., 2007; Ischebeck et al., 2008; Thole et al., 2008; Mishkind et al., 2009;
Vermeer et al., 2009; Ischebeck et al., 2011; Munnik and Nielsen, 2011). However, when
data are available, only one marker per PIP species has been analysed. Here, we built a
collection of transgenic Arabidopsis lines expressing various biosensors for each PIP
species. This “PIPline” marker set allowed us to quantitatively analyse the localisation of
various PIPs with respect to known compartment markers. Our collection provides a new
toolbox to study PIP localisation and dynamics in the model plant Arabidopsis. We focused
our analysis on the root epidermis but the PIPline collection should provide a new resource
for the community to study PIPs in various cell types, developmental contexts or stress
conditions.

Results
Generation of a set of transgenic marker lines that highlight PIPs associated with
membrane compartments in Arabidopsis

Genetically encoded biosensors have been extensively used to indirectly reveal the
localisation and dynamics of PIPs in intact living cells (Várnai and Balla, 2006; Balla,
2013). These markers consist of lipid-binding domains (LBD) that interact specifically with
known PIP species in vitro. These domains localise in the compartments of the cell that
accumulate the targeted PIPs and can be easily traced when fused with a fluorescent protein.
We built a collection of biosensors that include, when available, several independent
domains for each of the seven PIPs. By using LBDs from different proteins and from
different species, we hope to limit the effects of endogenous cellular proteins on the
localisation of the marker. Furthermore, each domain is likely to have a different PIP
binding affinity in vivo. For our set of marker lines, we chose only LBDs with extensive
evidences of specific interactions with a given lipid in vitro (Table S1). Another potential
pitfall of LBD over-expression is that it might titrate the targeted lipid and subsequently
compromise the localisation and function of endogenous PIP effectors (Várnai and Balla,
2006; Balla et al., 2009). In order to limit potential over-expression problem, we drove the
expression of our markers under the control of the promoter of the UBIQUITIN10
(UBQ10prom) gene (Figure 1). Compared to the strong 35S promoter, UBQ10prom provides
a mild uniform expression pattern and this endogenous intron-bearing promoter limits the
problems of silencing and mosaic expression often observed with the viral 35S promoter
(Geldner et al., 2009). In order to obtain high contrast fluorescence with biosensors
expressed at relatively low level, we counterbalanced the use of the mild UBQ10 promoter,
by fusing the LBDs with CITRINE, a brighter and monomeric version of the Yellow
Fluorescent Protein (YFP) (Heikal et al., 2000; Jaillais et al., 2011) (Figure 1).

Next, we transformed Arabidopsis (Columbia accession) with each of the created biosensor
constructs (see Table S1 for a list of all the 17 LBDs used in this study). None of the
selected transgenic lines harboured any visible developmental phenotypes, suggesting that
the mild ubiquitous expression of each LBD is not deleterious for the plants and likely does
not extensively compete with endogenous proteins. Figure S1 shows the localisation of each
marker that was sufficiently stable for observation by confocal microscopy (13 LBDs out of
17). For all our subsequent analyses, we decided to keep only the LBDs that interacted with
membranes, either the PM, intracellular compartments, or both (Figure S1), as a soluble
localisation is a default localisation in the absence of any targeting.
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With the exception of the PH domain of OSBP, each of these LBDs have been extensively
studied for their PIP binding properties in vitro by at least 4 distinct techniques (Table 1).
The PH domain of OSBP is the domain that has been less characterized in vitro, with only
liposome-binding assay and Surface Plasmon Reasonance (SPR) experiments (Levine and
Munro, 2002). Therefore, we verified independently the specificity of this PI4P probe by a
protein-lipid overlay experiment. For this purpose, we developed an assay to directly test the
PIP binding properties of our fluorescently tagged PHOSBP produced in transgenic
Arabidopsis. In this assay, we found that CITRINE-PHOSBP is binding preferentially to PI4P
as well as PI(3,4)P2 (Figure S2). As discussed above, PI(3,4)P2 has never been found in
plants, which is very likely due to the lack of type I and type II PI3Ks (Meijer and Munnik,
2003; Munnik and Nielsen, 2011). Therefore, PHOSBP should be a bona fide PI4P reporter in
plants. Similarly, the C-terminal domain of the TUBBY protein (TUBBY-C) has been
shown to bind to PI(4,5)P2, PI(3,4)P2 and PI(3,4,5)P3 in vitro (Santagata et al., 2001).
Because PI(3,4)P2 and PI(3,4,5)P3 are not synthesized in plants, TUBBY-C, like PHPLC, is a
reporter for PI(4,5)P2 in planta.

Although we systematically designed our LBD constructs based on previously published
data, our sensors might differ by few amino acids at their N- and C-termini. Therefore, we
decided to validate our fluorescently-labelled LBDs by expressing them in yeast and human
cell lines, two systems in which the localisation of these domains have already been studied
and/or the localisation of each PIP is extensively validated (Table 1). These experiments
showed that our LBDs behave as previously described constructs both in Saccharomyces
cerevisiae (Figure 2a) and the human hepatocarcinoma cell line, Huh-7 (Figure 2b). PI3P
probes (1xFYVEHRS and 1xp40PX) were localised to endosomes and vacuole in yeast (Burd
and Emr, 1998) and to early endosomes in Huh-7 cells; except for 1xFYVEHRS which was
mostly diffuse in the cytoplasm in human cells in agreement with previous report (Gillooly
et al., 2000). PI4P markers (1xPHFAPP1 and 1xPHOSBP) were localised in the Golgi
apparatus in both systems (Levine and Munro, 2002; A., Balla et al., 2005) and PI(4,5)P2
sensors (1xPHPLC and 1xTUBBY-C) were localised at the PM in both system (Szentpetery
et al., 2009); except 1xPHPLC which accumulated mostly in the cytoplasm in yeast (Levine
and Munro, 2002; Yu et al., 2004)(Figure 2).

In A. thaliana root, LBDs that bind to the same lipid did not always exhibit exactly
overlapping localisation domains. For example, the PI3P sensor 1xFYVEHRS was mainly
cytosolic and weakly associated with intracellular compartments (Figure 3a), while 1xPXp40

was localised in intracellular compartments as well as weakly in the tonoplast (Figure 3b).
Furthermore, the PI4P biosensor 1xPHFAPP1 was localised at the PM and intracellular
compartments (Figure 3c), while 1xPHOSBP was more restricted to the PM (Figure 3d).
Finally, both PI(4,5)P2 sensors (1xPHPLC and 1xTUBBY-C) were localised at the PM,
although 1xPHPLC was also localised in the cytosol and 1xTUBBY-C in the nucleus (Figure
3e and f). These slight differences in localisation of LBDs that bind the same lipid might be
due to various parameters such as differences in binding affinities (Table 1), expression
level, protein stability, local pH, local electrostatic potential of the membrane, the protein
affinity for a given membrane curvature or the need to bind to other cellular co-factors.
Overall, these results highlight the need to use multiple independent biosensors for each PIP
in order to have a more complete and dynamic view of PIP cellular localisation.

Engineering of biosensors with different affinities for their cognate lipids
Most cellular proteins are not localised only by one membrane interacting domain
(Lemmon, 2008). It is often the combination of several LBDs or the joint action of a LBD
with a lipid anchor or transmembrane segment that drive the protein to its final location
(Lemmon, 2008). It is well established that this bipartite lipid recognition is key in
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generating membrane specificity and/or extended residence time at the target membrane
(Schultz, 2010). Therefore, in order to create high avidity biosensors (avidity being the
combined strength of multiple bond interactions), we fused in tandem dimers the LBDs
previously identified as interacting with membranes (Figure 1 and 4a). This strategy has
previously been used to increase the binding avidity of several lipid biosensors (Gillooly et
al., 2000; Roy and Levine, 2004; Godi et al., 2004). Increasing the relative avidity of a lipid
sensor might have two effects on its localisation: i) it increases the proportion of membrane-
bound sensor and ii) it preferentially targets the high avidity sensors toward membranes that
are the most enriched with their lipid partners, because it increases its residence time at that
particular membrane (Lemmon, 2008; Schultz, 2010). Low avidity sensors are less efficient
in discriminating between two membranes with two different concentrations of their targeted
PIP and they might highlight several pools of this PIP within the cell. By contrast, high
avidity sensors will have increased residence time at the membrane that is the most enriched
in the targeted PIP and they might therefore reveal variation in PIP concentration within the
cell. In other word, high avidity sensors work like Velcro: they will grab more strongly to a
surface with more spikes (in this case the spikes being PIPs) (Figure 4a).

Using SPR experiments, Gillooly et al. reported that 1xFYVE showed dissociation kinetics
characteristic of a 1:1 binding, while 2xFYVE showed complex association / dissociation
kinetics that could be fit into a bivalent model (Gillooly et al., 2000). Therefore, the ability
of one 2xFYVE molecule to interact with two molecules of PI3P likely explain its superior
PI3P binding compared with 1xFYVE. This observation was further verified in vivo in
human cells as the 2xFYVE probe strongly localises to early endosomes while 1xFYVE
localisation is mostly diffuse in the cytosol (Gillooly et al., 2000). In Arabidopsis root, the
low avidity sensor (1xFYVE) was largely cytosolic and only weakly associated with
intracellular compartments (Figure 4b and c). By contrast, the high avidity sensor (2xFYVE)
was more strongly associated with intracellular compartments (Figure 4b and c) and from
time to time also localised to the tonoplast. This result was confirmed independently by the
localisation of the PXp40 PI3P sensor that also localised in intracellular compartments
(Figure 3b).

The comparison of 1x and 2xPHFAPP1 previously suggested that 2xPHFAPP1 has a stronger
PI4P binding in vitro that 1xPHFAPP1 (Godi et al., 2004). In Arabidopsis roots, we found
that the high avidity PI4P sensor 2xPHFAPP1 was more strongly localised to the PM and less
to endomembrane compartments than the low avidity sensor 1xPHFAPP1 (Figure 4d and e).
As explained above and illustrated in Figure 4a, these results suggest that the concentration
of PI4P is greater at the PM than in intracellular compartments. Together with the
observation that 1xPHOSBP localises almost exclusively to the PM (Figure 3d), our results
establish that PI4P accumulates primarily at the PM and, to a lesser extent, to one or various
intracellular compartments.

Next, we investigated the properties and localisation of the PI(4,5)P2 probes 1x and
2xPHPLC. In both yeast and human cell lines, the 2xPHPLC fusion protein is extensively
targeted to the PM, while 1xPHPLC is more cytosolic (Levine and Munro, 2002; Hammond
et al., 2009b). We could not find in the literature any in vitro characterisation that compared
1x and 2xPHPLC binding to PI(4,5)P2. Therefore, in order to validate our constructs, we first
verified whether they behaved as expected when expressed in yeast (Table 1). In agreement
with previous report (Levine and Munro, 2002), we found that 1xPHPLC is mainly cytosolic,
while 2xPHPLC is specifically targeted to the PM when expressed in S. cerevisiae (Figure
5a). Next, we validated that both probes are exquisitely specific for PI(4,5)P2 in protein-lipid
overlay assay, as they do not interact with any other lipids (Figure 5b). Using a similar
assay, we verified that the TUBBY-C domain interacted in vitro with PI(4,5)P2, PI(3,4)P2
and PI(3,4,5)P3 as previously reported (Santagata et al., 2001) (Figure 5b).
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Furthermore, we found that when using protein extract containing comparable quantity of
sensors, CITRINE-2xPHPLC binds more tightly to PI(4,5)P2 than CITRINE-1xPHPLC in
protein-lipid overlay assay (Figure 5c and d). Next, we compared the subcellular localisation
of the low (1xPHPLC) and high (2xPHPLC) avidity PI(4,5)P2 sensors in Arabidopsis roots.
Although 1xPHPLC was mainly cytoplasmic, it also showed a clear PM localisation in non-
dividing/non-stressed root epidermal cells (Figure 5e and f). In contrast, the 2xPHPLC

reporter was almost exclusively localised to the PM (Figure 5e and f). This observation was
independently confirmed by the extensive PM localisation of the 1xTUBBY-C domain
(Figure 3f). These results were surprising because in absence of stresses, PI(4,5)P2 levels are
known to be very low in plants (Munnik and Nielsen, 2011). This suggested either that i)
PI(4,5)P2 is able to drive proteins to the PM in non-stressed epidermal cells or ii) that
expression of our biosensors up-regulated PI(4,5)P2 metabolism to maintain the amount of
free PI(4,5)P2. Such feedback mechanism has been previously observed in tobacco BY-2
cells stably expressing YFP-2xFYVE (Vermeer et al., 2006) and might explain why we did
not observed any phenotypes in our transgenic lines. In order to discriminate between these
two possibilities, we measured the quantities of the various phospholipid species in
transgenic lines expressing CITRINE-1xPHPLC, CITRINE-2xPHPLC, CITRINE-TUBBY-C
and a myristoylated CITRINE (myrCIT) as a non-PIP binding control (Jaillais et al., 2011).
As shown in Figure 5g and 5h, no significant differences between the four genotypes in term
of lipid species quantity was found, nor in their response to salt or heat stress, which both
trigger a rapid PIP2 response (Figure 5g and h) ( van Leeuwen et al., 2007; Mishkind et al.,
2009). Altogether, our results suggest that the local concentration of PI(4,5)P2 at the PM is
sufficient to drive PIP2-interacting proteins to this compartment in non-stressed root
epidermal cells.

A multi-colour marker set for rapid co-localisation with other PIP biosensors and known
membrane compartment markers

Next, all the LBDs that were associated with membranes (including both 1x and 2x versions,
9 LBDs in total, highlighted in red in Table S1) were further engineered as fusion proteins
with additional fluorescent proteins, allowing their rapid combinatorial analysis in
Arabidopsis. Cyan Wave lines used the CERULEAN fluorescent protein and had extremely
weak fluorescence (Geldner et al., 2009). We therefore decided to use a brighter cyan
fluorescent protein, CyPet (Nguyen and Daugherty, 2005), fused in tandem dimer in order to
further increase its brightness. Unfortunately, this strategy resulted in finding only four
marker lines that exhibited sufficient level of fluorescence for confocal microscopy
detection, although they were still very weak (Figure S3). In parallel, we fused the nine
LBDs with a tandem dimer of the monomeric red fluorescent protein CHERRY
(2xCHERRY) (Shaner et al., 2004). Each CHERRY marker exhibited good fluorescence
and had a similar cellular localisation to those of CITRINE lines (Figure S3). In reference to
the name of the Wave line collection (Geldner et al., 2009), we named our PIP biosensor set,
the “PIPlines” (PnY for the CITRINE lines, PnR for the CHERRY lines and PnC for the
CyPET lines, Figure 1 and Table S4). All DNA constructs and transgenic lines will be
deposited in the stock centre for fast distribution of the PIPline collection.

As a proof of concept that our PIPlines are suitable for co-localisation analyses, we crossed
yellow and red biosensors for PI3P (2xFYVEHRS), PI4P (1xPHFAPP1) and PI(4,5)P2
(2xPHPLC) (Figure 6). These crosses provide an additional resource to visualize the
localisation of two different PIP species simultaneously in planta. As expected, we found
extensive co-localisation when the same PIP was highlighted with both yellow and red
biosensors (Figure 6a). Since the sequence and structure of CITRINE and CHERRY are
distinct, these results rule out the potential non-specific targeting of the sensors by the
fluorescent proteins. Moreover, we detected co-localisation at the PM between PI4P and
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PI(4,5)P2 biosensors (Figure 6b and c) and no co-localisation between PI3P and PI(4,5)P2
biosensors, that localise in intracellular compartments and the PM respectively (Figure 4d).
We also detected very limited co-localisation between PI3P and PI4P biosensors both of
which are found in intracellular compartments (Figure 6e and f). These results suggest,
similarly to tobacco BY2 cells (Vermeer et al., 2009), that these PIP species largely
accumulate in different compartments in Arabidopsis epidermal cells. These results are in
accordance with the notion that the PIP composition of a given compartment represents a
unique signature marking the identity for this organelle (De Matteis and Godi, 2004; Munro,
2004; Lemmon, 2008) and raise the question of the identity of these compartments in the
Arabidopsis root epidermis.

PI3P localises to late endosomes/PVC in Arabidopsis root epidermis
In animal cells, PI3P mainly resides in early endosomes (Table 1, Figure 2b) (De Matteis
and Godi, 2004; Lemmon, 2008). The subcellular localisation of PI3P has been previously
analysed in tobacco BY2 cells using a 2xFYVE reporter (Vermeer et al., 2006). In this
system, PI3P was found to accumulate in late endosomes/PVC rather than Golgi bodies
(Vermeer et al., 2006). The fact that our PXp40 sensor localises to the tonoplast suggests that
PI3P might also accumulate in a late endosomal compartment in Arabidopsis roots. To
verify this hypothesis, we crossed the P18Y (CITRINE-2xFYVEHRS) and P3Y (PXp40-
CITRINE) lines with transgenic lines expressing various red fluorescent organelle markers
(Dettmer et al., 2006; Jaillais et al., 2006; Geldner et al., 2009). In the F2 generation, we
analysed the co-localisation between our PI3P biosensors and these compartment markers,
qualitatively (Figure 7 and Figure S4) and quantitatively (Figure 8), using an object-based
analysis. We determined that 2xFYVEHRS co-localises extensively with markers of the late
endosomes/PVC (Figure 7a and 8a). Similarly, 1xPXp40 also co-localises preferentially with
late endosomal markers (Figure 8b and S4); although to a lesser extent, due to its additional
localisation to the tonoplast (Figure S4). Altogether, our result showed that PI3P, like in
tobacco BY-2 cells (Vermeer et al., 2006), mainly accumulate in late endosomes/PVC and
to a lesser degree at the tonoplast.

PI4P accumulates in endosomal compartments in Arabidopsis root epidermis
Next, we conducted a similar qualitative (Figure 9 and Fig S5) and quantitative (Figure 8)
co-localisation analysis for our PI4P sensors in order to determine in which intracellular
compartments they localise. Our quantitative analyses revealed that both 1xPHFAPP1 and
2xPHFAPP1 localised to early endosomes/TGN and recycling endosomes (collectively
referred to as post-Golgi/endosomal compartments by Geldner et al., (2009), about 45% of
co-localisation) as well as to the Golgi apparatus (Figure 8). In order to confirm that PI4P
resides in a post-Golgi/endosomal compartment in Arabidopsis epidermal cells, we
performed a co-localisation experiment with the endocytic tracer FM4-64 (Figure 9e and
Figure 8c). FM4-64 is a vital dye that fluoresces in a lipophilic environment and cannot pass
through membranes. It can therefore enter inside the cell only by endocytosis, where it
labels endosomes. We found a good co-localisation between FM4-64 and the
CITRINE-1xPHFAPP1 marker (about 48% of co-localisation) (Figure 8), further confirming
that PI4P accumulates significantly in a post-Golgi/endosomal compartment (Figure 9e). As
a third approach, we also performed treatment with the fungal toxin Brefeldin A (BFA)
(Figure 9f-j). BFA allows for a good discrimination between intracellular compartments of
root epidermal cells, notably between Golgi and post-Golgi compartments that segregate
around and inside the “BFA compartment”, respectively (Grebe et al., 2003; Jaillais et al.,
2008; Geldner et al., 2009). In accordance with our quantitative co-localisation analysis, a
significant proportion of CITRINE-1xPHFAPP1-labelled compartments were found to reside
at the heart of the BFA compartment, together with FM4-64 as well as markers of early
endosomes/TGN and recycling endosomes (Figure 9h-j). On the other hand, BFA largely
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dissociated the PI4P sensor from the Golgi that was surrounding the CITRINE-1xPHFAPP1-
labelled BFA compartment (Figure 9g). Furthermore, we noticed that a significant
proportion of CITRINE-1xPHFAPP1-labelled compartments were resistant to BFA (Figure
9j). These BFA-insensitive PI4P-containing compartments mainly co-localised with early
endosomes/TGN marker that is also partially insensitive to BFA (Figure 9h and (Geldner et
al., 2009)). Altogether, our results showed that in Arabidopsis root epidermis, PI4P localises
at the PM and to one or possibly several post-Golgi/endosomal compartments (early
endosomes/TGN and recycling endosomes) and to a lesser extent, the Golgi apparatus.

Discussion
The PIPline collection as a tool to dissect PIP function in Arabidopsis

Our set of PIP marker lines provides a comprehensive collection to study the localisation
and dynamics of distinct PIP species in Arabidopsis thaliana. The PIPline marker set
implements several new features over the already existing PIP reporters in Arabidopsis.
First, we systematically engineered reporters with various avidities for each PIP species. The
comparison of their respective localisation is indicative of the relative concentration of PIP
in different cellular compartments. Second, our PIPline collection is multi-coloured, which
allows for the co-labelling of several PIP species at the same time as well as their fast co-
localisation with already established markers independent of their colour. Third, although
we restricted our co-localisation analysis to root epidermal tissue, we used a broadly
expressed promoter that will enable the study of plant PIPs in a variety of tissues and
developmental contexts. Thus, it will be possible to analyse the impact of both abiotic and
biotic stresses in the relevant tissue. Finally, we used several independent LBDs to report on
the localisation of the same lipids, which revealed previously unrecognized localisation for
various PIPs in root epidermis.

A map of PIP localisation in Arabidopsis root epidermis
Although genetically encoded PIP sensors have known limitations, our work, together with
previous studies (Vermeer et al., 2006; van Leeuwen et al., 2007; Mishkind et al., 2009;
Vermeer et al., 2009), suggests the model presented in Figure 10 for the localisation of PI3P,
PI4P and PI(4,5)P2 in non-stressed Arabidopsis root epidermis. Interestingly, we found that
in this situation PI(4,5)P2 is already present at the PM in sufficient quantity to localise PIP2
binding proteins such as PHPLC and 1xTUBBY-C. Previous analyses using the 1xPHPLC

sensor found that it is not localised to the PM in Arabidopsis root cell with the exception of
the root hair tips and stressed cells (e.g. osmotic stress) (van Leeuwen et al., 2007). In our
growth conditions, we found a significant proportion of 1xPHPLC at the PM of epidermal
cells in the absence of any specific stresses. This might be due to differences of growth
conditions (e.g. slightly different media). Another possible explanation is that we used the
PH domain of PLCδ1 of Rattus norvegicus (Levine and Munro, 2002) while van Leeuwen et
al., used the PH domain of human PLCδ1 (van Leeuwen et al., 2007). It is possible the rat
PLCδ1 has a slightly different (i.e. higher) affinity for PI(4,5)P2 when expressed in
Arabidopsis than its human counterpart, which could account for the differences observed in
vivo. The differences of localisation might also be due to differences in the constructs design
(e.g. linkers, promoters, fluorescent proteins, domain size). In any case, the YFP-1xPHHsPLC

previously described (van Leeuwen et al., 2007) and our CITRINE-1xPHRnPLC should be
complementary tools, which together with the CITRINE-2xPHRnPLC and
CITRINE-1xTUBBY-C provide biosensors with four different apparent affinities for
PI(4,5)P2.

PI3P is localised in late endosomes/PVC and to a less extent to the tonoplast. The late
endosomes/PVC localisation is consistent with previous reports in tobacco BY-2 cells
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(Vermeer et al., 2006) as well as the localisation of PI3P effectors in this compartment
(Jaillais et al., 2006; Pourcher et al., 2010). In animals, PI3P accumulates in early
endosomes rather than late endosomes (Balla, 2013; Lemmon, 2008; De Matteis and Godi,
2004). However it is not surprising since plant late endosomes share many similarities with
animal early endosomes (Jaillais et al., 2008), such as the presence of the small GTPases of
the Rab5 family (Jaillais et al., 2008; Geldner et al., 2009). The coordinate action of Rab5
GTPases and PI3P at the surface of the plant late endosomes and animal early endosomes
will attract their effector proteins (Jean and Kiger, 2012), many of which are conserved
between the two kingdoms (e.g. SORTING NEXIN family (Jaillais et al., 2006; Lemmon,
2008; Pourcher et al., 2010; Cullen and Korswagen, 2012)).

PI4P was reported to accumulate in the Golgi apparatus in cowpea mesophyll protoplasts as
well as in tobacco BY2 cells (Vermeer et al., 2009), but its co-localisation with post-Golgi
markers was not investigated. We accumulated several lines of evidence suggesting that our
PI4P biosensors localise in a post-Golgi compartment in Arabidopsis epidermal cells,
including i) co-localisation with markers of the early endosomes/TGN and the recycling
endosomes, ii) co-localisation with the endocytic tracer FM4-64 and, iii) sensitivity to BFA.
Our results are in accordance with the localisation of the Arabidopsis PI4-kinase β1 and β2
in post-Golgi compartments in Arabidopsis root (Kang et al., 2011). Furthermore, loss of
PI4-kinase β1 and β2 and of PI4-phosphatase (RHD4) activity induces TGN morphology
defects in Arabidopsis roots (Preuss et al., 2006; Thole et al., 2008; Kang et al., 2011).
Because of the dual nature of the plant TGN as the early endosome, it is likely that PI4P will
have major functions in both protein exocytosis and endocytosis. This key cellular position
is highlighted by the function of PI4P in polarized cell expansion (Preuss et al., 2006; Thole
et al., 2008; Thole and Nielsen, 2008; Vermeer et al., 2009). However, it is clear that many
more studies are required to understand how the various cellular pools of PI4P control
specific cellular pathways. We believe that our PIPline marker set will catalyse future
research on the various functions of PIPs in Arabidopsis on diverse topics including but not
limited to membrane trafficking, cell signalling, cell morphogenesis, reproduction,
development, response to abiotic and biotic stresses and adaptation to the environment.

Experimental procedures
Material and growth conditions

Plants were grown in soil with long daylight at 21°C and 70% humidity. For root analysis,
seedlings were grown vertically on MS medium [(pH 5.7, 0.8% plant agar (Duchefa)] in the
absence of sucrose, with continuous daylight condition for 6 to 9 days. Plants from the
Columbia 0 accession and yeast from the BY4743 strain were used for transformation. The
wave-lines, VHAa1/VHAa3 compartment markers and myrCIT lines were described before
(Dettmer et al., 2006; Geldner et al., 2009; Jaillais et al., 2011).

Imaging
All imaging were performed on an inverted Zeiss LSM710 confocal microscope using a 40x
Plan-apochromatic objective (numerical aperture 1.2). Dual-colour images were acquired by
sequential line switching, allowing the separation of channels by both excitation and
emission. In the case of co-localisation, we also controlled for a complete absence of
channel crosstalk. Hoechst was excited with a 405nm laser, CyPET was excited with a
445nm laser, GFP was excited with a 488nm laser, CITRINE was excited with a 515nm
laser and mCHERRY/Alexa555 were excited with a 561nm laser. FM4-64 (Invitrogen) was
applied at a concentration of 3 μM; BFA (Sigma-Aldrich) was applied at a concentration of
25 μM for 1 hour in liquid medium. Stock solutions were prepared in DMSO at 3 μM and 50
μM, respectively. Imaging was performed in the root epidermis in cells that are at the onset
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of elongation. For quantitative imaging, pictures of epidermal root cells were taken with
detector settings optimised for low background and at the limit of pixel saturation in order to
obtain the best dynamic range possible.

Statistical analyses
Sample size was determined by variance analysis value (p<0.05) using Excel software
(Microsoft). For the quantitative analysis of membrane localisation of low and high affinity
biosensors, Student's t-tests were performed using Excel (Microsoft) (p<0.05). Quantitative
co-localisation results were statistically compared using a bilateral test (Steel-Dwass-
Critchlow-Fligner) using XLstat software (http://www.xlstat.com/). This non-parametric test
is used to make all possible pairwise comparisons between groups with a probability of
detecting localisation differences of 0.05%. Graphs were drawn using the Deltagraph5
software (http://www.rockware.com/).

See supplementary methods for: cloning of the PIP-line constructs (the protein IDs and
primers used are presented in Table S2 and S3 and the sequences of all the constructs can be
downloaded at http://www.ens-lyon.fr/RDP/SiCE/PIPline.html), 32P-phospholipid
labelling and lipid analysis, plant transformation and selection, quantitative image
analysis, protein extraction and protein-lipid overlay assay and, Huh-7 transfection
and immunofluorescence analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Strategy for the generation of the “PIPline” collection
All PIP biosensor constructs (hereafter referred to as “PIPline”) were cloned into multisite
gateway destination vectors (pB7m34GW, pH7m34GW and pK7m34GW). All the PIPlines
are expressed under the control of the mild constitutive UBQ10 promoter. Each PIPline has
been ascribed a number (n). Yellow PIPlines are named PnY, red PIPline PnR, and cyan
PIPline PnC. 1xLBD means that only one LDB is fused to the fluorescent protein; 2xLBD
means that two identical LBDs are fused in tandem dimer with the fluorescent protein.
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Figure 2. Localisation of the LBD used in this study in yeast and human cells
Confocal pictures of S. cerevisiae (a) and human hepatocarcinoma cell line Huh-7 (b)
expressing GFP-tagged LBD. Inset in (b) are immuno-localisation showing that 1xPXp40

(green) co-localises with the early endosome marker EEA1 (red) and that
1xPHFAPP1/1xPHOSBP (green) co-localise with the Golgi marker GM130 (red). Blue:
Hoechst-stained nuclei. Scale bars 5 μm.
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Figure 3. Localisation of PI3P, PI4P and PI(4,5)P2 in Arabidopsis root epidermis
(a-f) Confocal pictures of Arabidopsis root epidermal cells expressing various CITRINE-
tagged LBDs: (a) CITRINE-1xFYVEHRS, (b) 1xPXp40-CITRINE, (c)
CITRINE-1xPHFAPP1, (d) CITRINE-1xPHOSBP, (e) CITRINE-1xPHPLC, (f)
CITRINE-1xTUBBY-C. The respective PIPline name is indicated in the top left corner.
Scale bars 5 μm.
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Figure 4. Engineering and analysis of low and high avidity PI3P and PI4P biosensors in
Arabidopsis root epidermal cells
(a) Schematic representation of the strategy used to obtain low and high avidity PIP
biosensors. (b) Confocal pictures of Arabidopsis root epidermal cells expressing CITRINE-
tagged 1xFYVEHRS and 2xFYVEHRS. (c) Graph representation of the ratio of 1xFYVEHRS

(P1Y) and 2xFYVEHRS (P18Y) endosomal signal relative to the levels of cytosolic signal.
(d) Confocal pictures of Arabidopsis root epidermal cells expressing CITRINE-tagged
1xPHFAPP1 and 2xPHFAPP1. (e) Graph representation of the ratio of 1xPHFAPP1 (P5Y) and
2xPHFAPP1 (P21Y) at the PM relative to the intracellular levels. Confocal pictures are
colour-coded in pixel intensity following the LUT scale shown at the bottom. Scale bars 5
μm. Error bars represent standard deviation (s.d.). Asterisk mark: statistical difference
(p<0.05) according to Student's t-test. n is the number of cells used in each quantitative
analysis.
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Figure 5. PI(4,5)P2 is able to drive PIP2-interacting domains to the PM in non-stressed root
epidermal cells
(a) Confocal pictures of S. cerevisiae expressing GFP-1xPHPLC (left) and GFP-2xPHPLC

(right). Scale bars 5 μm. (b) Protein-lipid overlay assay with CITRINE-1xPHPLC (left),
CITRINE-2xPHPLC (middle) and CITRINE-TUBBY-C (right) proteins extracted from
P14Y, P15Y and P24Y transgenic plants. The position of each lipid is indicated on the map
on the left panel. (c) Protein-lipid overlay assay with the same quantities of
CITRINE-1xPHPLC (left), CITRINE-2xPHPLC (right) extracted from P14Y and P24Y
transgenic lines. The position and quantity of each lipid is indicated on the map on the left
panel. (d) Western blot showing similar expression level of transgenic proteins. The non-
specific band indicated by a sharp sign serves as a loading control. (e) Confocal pictures of
Arabidopsis root epidermal cells expressing CITRINE-tagged 1xPHPLC and 2xPHPLC.
Confocal pictures are colour-coded in pixel intensity following the LUT scale shown at the
bottom. Scale bars 5 μm. (f) Graph representing the ratio of 1xPHPLC (P14Y) and 2xPHPLC

(P24Y) at the PM relative to the intracellular signal. Error bars represent standard deviation
(s.d.). Asterisk mark indicates statistical difference (p<0.05) according to Student's t-test. n
is the number of cells used in each quantitative analysis. (g) Alkaline TLC profile of
Arabidopsis seedlings labelled for 16H with 32Pi and then incubated for 30 min at: 22°C in
control buffer (C = control, blue), 22°C in control buffer supplemented with 250mM NaCl
(S = Salt, green) or 40°C in control buffer (H = Heat, purple). Each lane is a pool of 3
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seedlings and each condition was analysed in triplicate using the following genotypes:
myristoylated 2xCITRINE (myrCIT) as a non-PIP2 binding control (0xPHPLC), P14Y
(CITRINE-1xPHPLC), P24Y (CITRINE-2xPHPLC) and P15Y (CITRINE-TUBBY-C). An
autoradiograph of a typical experiment is shown. (h) Quantification of PIP2 levels by
densitometry of the autoradiograph shown in (g). The fold change was calculated relative to
levels of PI(4,5)P2 present in myrCIT (0xPHPLC) in the control condition from two
independent experiments.
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Figure 6. Simultaneous labelling of two PIP species in Arabidopsis root epidermis
(a-f) Confocal pictures of root epidermal cells co-expressing one CITRINE- and one
CHERRY-tagged PIPline. Each image is an overlay of the green channel (CITRINE) and
red channel (CHERRY), co-localisation being visualised by the yellow colour. (a)
CITRINE-1xPHFAPP1 x 2xCHERRY-1xPHFAPP1, (b) CITRINE-1xPHFAPP1 x
2xCHERRY-2xPHPLC, (c) CITRINE-2xPHPLC x 2xCHERRY-1xPHFAPP1, (d)
CITRINE-2xFYVEHRS x 2xCHERRY-2xPHPLC, (e) CITRINE-1xPHFAPP1 x
2xCHERRY-2xFYVEHRS, (f) CITRINE-2xFYVEHRS x 2xCHERRY-1xPHFAPP1. The
names of the PIPlines used in each cross are indicated at the top and left of each panel. Scale
bars 5 μm.
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Figure 7. CITRINE-2xFYVEHRS localises to late endosomes in Arabidopsis root epidermis
(a-d) Confocal pictures of root epidermal cells co-expressing CITRINE-2xFYVEHRS with
intracellular compartment markers fused with a red fluorescent protein: (a) W7R (late
endosomes/PVC), (b) W18R (Golgi apparatus), (c) VHAa1-RFP (early endosomes/TGN)
and (d) W34R (recycling endosomes). Left pictures correspond to the compartment markers,
middle pictures correspond to CITRINE-2xFYVEHRS (both depicted in grey scale for
increased contrast), while the right pictures correspond to the overlay of both channels with
the compartment markers in red and the 2xFYVEHRS sensor in green. Scale bars 5 μm.
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Figure 8. Quantitative analysis of intra-cellular co-localisations
Quantitative co-localisation data obtained by object-based analysis between various
compartment markers and 2xFYVEHRS (a), 1xPXp40 (b), 1xPHFAPP1 (c), 2xPHFAPP1 (d).
Error bars represent standard deviation. Bold capital letters indicate statistical difference
(p<0.05) according to Steel-Dwass-Critchlow-Fligner bilateral test. Co-localisations were
quantified in 30 cells per conditions only on intra-cellular signals (i.e. excluding the PM).
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Figure 9. Intra-cellular CITRINE-1xPHFAPP1 localises to post-golgi/endosomal compartments
in Arabidopsis root epidermis
(a-d) Confocal pictures of root epidermal cells co-expressing CITRINE-1xPHFAPP1 with
intracellular compartment markers fused with a red fluorescent protein: (a) W7R (late
endosomes/PVC), (b) W18R (Golgi apparatus), (c) VHAa1-RFP (early endosomes/TGN)
and (d) W34R (recycling endosomes). (e) Co-localisation with red endocytic tracer FM4-64.
Left pictures correspond to the compartment markers (a-d) or FM6-64 (e), middle picture
correspond to CITRINE-1xPHFAPP1 (both depicted in grey scale for increased contrast),
while the two right columns of pictures correspond to the overlay of both channels with the
compartment markers in red and the 1xPHFAPP1 sensor in green. (f-j) Co-localisation
between CITRINE-1xPHFAPP1 and the corresponding compartment markers in the presence
of BFA at 25 μM for 1 hour. Scale bars 5 μm.
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Figure 10. Summary of PI3P, PI4P and PI(4,5)P2 localisation in Arabidopsis epidermal cells
The gradient of intensity of localisation in intracellular compartments is represented by the
broadness of the triangle.
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