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Abstract

Key message Arabidopsis PLDC1 and PLDC2 localize to the trans-Golgi network and to compartments including the
trans-Golgi network, multi-vesicular bodies, and the tonoplast, respectively, depending on their N-terminal regions
containing PX-PH domains.

Abstract Phospholipase D (PLD) is involved in dynamic cellular processes, including membrane trafficking, cytoskeletal
reorganization, and signal transduction for gene expression, through the production of phosphatidic acid in membrane com-
partments specific to each process. Although PLD plays crucial roles in various plant phenomena, the underlying processes
involving PLD for each phenomenon remain largely elusive, partly because the subcellular localization of PLD remains
obscure. In this study, we performed comparative subcellular localization analyses of the Arabidopsis thaliana PX-PH-PLDs
PLDC1 and PLDC2. In mature lateral root cap cells, own promoter-driven fluorescence protein fusions of PLDC]1 localized
to the entire trans-Golgi network (TGN) while that of PLD{2 localized to punctate structures including part of the TGN and
multi-vesicular bodies as well as the tonoplast. These localization patterns were reproduced using N-terminal partial proteins,
which contain PX-PH domains. An inducibly overexpressed fluorescence protein fusion of the PLDC2 partial protein first
localized to punctate structures, and then accumulated predominantly on the tonoplast. Further domain dissection analysis
revealed that the N-terminal moiety preceding the PX-PH domain of PLD{2 was required for the tonoplast-predominant
accumulation. These findings suggest that PLDC1 and PLDC2 play partially overlapping but nonetheless distinctive roles in
post-Golgi compartments along the membrane trafficking pathway from the TGN to the tonoplast.
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Phospholipases are a group of enzymes hydrolyzing phos-
pholipids, ubiquitous membrane lipids in living organisms,
and are classified into several types by specificities of their
enzymatic activities (Filkin et al. 2020). Phospholipase A,
(PLA)) and phospholipase A, (PLA,) cleave the sn-1 and
sn-2 positions of the acyl group, respectively, to produce
a free fatty acid and a lysophospholipid (Chen et al. 2013).
Phospholipase C (PLC) and phospholipase D (PLD) pro-
duces diacylglycerol (DAG) and phosphatidic acid (PA),
respectively, by hydrolyzing the phosphodiester bond
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Among them, PLD is involved in dynamic cellular pro-
cesses, including membrane traffic, cytoskeletal reorgani-
zation, and signal transduction for gene expression, via PA
production in membrane compartments specific to each pro-
cess (Jenkins and Frohman 2005; Roth 2008; Pleskot et al.
2013; Zhukovsky et al. 2019). PA functions as a second
messenger to recruit various regulatory proteins or modu-
late their activities spatiotemporally (Stace and Ktistakis
2006). The unbalanced cross-section caused by the polar
head and hydrophobic chain moieties of PA facilitates local
membrane curvature for dynamic membrane deformation
processes such as membrane fission and fusion (Kooijman
et al. 2003; McMahon and Gallop 2005; Donaldson 2009).
Moreover, PA serves as a substrate for the production of
other membrane lipids, such as diacylglycerol and diacylg-
lycerol pyrophosphate, which have different molecular func-
tions from PA (Athenstaedt and Daum 1999; Munnik 2001).
This multi-functionality of PA hampers the elucidation of
the mechanisms through which PLD is involved in dynamic
cellular processes.

In higher plants, PLD plays crucial roles in physiological
phenomena during development and in response to envi-
ronmental stimuli (Testerink and Munnik 2011; Kolesnikov
et al. 2012; Hong et al. 2016). Plant PLDs are classified
based on their structure into two subfamilies: plant-specific
C2-PLDs (a-, -, y-, 9-, and e-type PLDs), which contain
the calcium-dependent phospholipid-binding (C2) domain,
and PX-PH-PLDs ({-type PLDs), which are common to
eukaryotes and contain the phox and pleckstrin homology
(PX-PH) domain (Elias et al. 2002; Qin and Wang 2002).
Genetic studies of Arabidopsis thaliana have demonstrated
the involvement of PLDs in environmental responses (Li
et al. 2009; Kolesnikov et al. 2012). However, no single
mutant exhibits developmental phenotypes under normal
growth conditions, possibly due to functional compensation
by other PLDs or other lipid-metabolizing enzymes (Munnik
2001; Raghu et al. 2009; Bankaitis 2012).

Arabidopsis C2-PLD genes have been reported to func-
tion in environmental responses (Li et al. 2009; Kole-
snikov et al. 2012). pldal, plda3, plds, and plde mutants
are hypersensitive to salt and osmotic stresses (Hong et al.
2008, 2009; Bargmann et al. 2009). The pldd mutant is also
hypersensitive to H,0O, and freezing stresses (Zhang et al.
2003; Li et al. 2004), but is hyposensitive to severe drought
stress (Distéfano et al. 2015). The responses to nitrogen dep-
rivation and aluminum stress are altered in plde and pldyl
mutants, respectively (Hong et al. 2009; Zhao et al. 2011).
For biotic stressors, the growth promotion in response to
the beneficial fungus Piriformospora indica is impaired in
pldal and pldd mutants (Camehl et al. 2011). Penetration
resistance against non-host powdery mildew fungi is also
impaired in the pldd mutant (Pinosa et al. 2013; Johansson
et al. 2014). pldf1 mutant plants are hypersensitive to the
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necrotrophic pathogen Botrytis cinerea, but are hyposensi-
tive to the biotrophic pathogen Pseudomonas syringae pv.
tomato DC3000 (Zhao et al. 2013), whereas pldyl mutant
plants are hyposensitive to both pathogens (Schloffel et al.
2020).

Although various PA-interacting proteins have been
suggested to function in these environmental responses
(Mcloughlin and Testerink 2013; Yao and Xue 2018;
Pokotylo et al. 2018; Li and Wang 2019), the downstream
molecular mechanisms of particular PLDs have rarely been
clarified. During ABA-mediated stomatal closure, PLDal-
produced PA tethers the PP2C-type protein phosphatase
ABI1 to the plasma membrane and prevents its suppres-
sion of ABA signaling to support gene expression in the
nucleus (Zhao and Wang 2004; Zhang et al. 2004; Mishra
et al. 2006). Concurrently, PA binds to NADPH oxidases on
the plasma membrane to stimulate the production of H,O,,
which oxidizes intracellular factors including cytosolic
glyceraldehyde-3-phosphate dehydrogenases (Zhang et al.
2009; Guo et al. 2012). In response to high salinity, PLDal-
produced PA directly activates the mitogen-activated protein
kinase MPK6 to phosphorylate the plasma membrane Na*/
H™ antiporter SOS1 (Yu et al. 2010) and the microtubule-
associated protein MAP65-1 (Zhang et al. 2012). During P.
indica infection, PA produced by PLDal or PLDJ directly
activates PDK1s, homologs of 3-phosphoinositide-depend-
ent protein kinase 1, which then activate OXI1, a protein
kinase involved in pathogen responses (Camehl et al. 2011).

The Arabidopsis PX-PH-PLD genes PLD({1 and PLD(2
are involved in both developmental processes and environ-
mental responses (Li et al. 2009; Kolesnikov et al. 2012).
The PLD(1 gene is repressed directly by the transcription
factor GL2 in non-root hair cells during root hair develop-
ment, and its suppression with inducible anti-sense RNA
results in abnormal root hair morphologies (Ohashi et al.
2003). A genetic study employing a PX-PH-PLD-specific
inhibitor indicated that PLDC1 plays a role in the negative
feedback regulation of root hair development in non-root
hair cells (Yao et al. 2013). Under phosphate deprivation
conditions, PLD{1 and PLD({?2 are transcriptionally acti-
vated and play roles in altering membrane lipid composition
from phospholipids to galactolipids to support phosphate
recycling (Cruz-Ramirez et al. 2006; Li et al. 2006a, 2006b;
Su et al. 2018). Phosphate deprivation impairs the growth
and apical meristem organization of primary roots more
severely in pld{2 mutant plants than in wild-type plants
(Cruz-Ramirez et al. 2006; Su et al. 2018). Recently, PLD{2
has been suggested to suppress vacuolar accumulation of
the auxin efflux transporter PIN2 and support enhanced root
hair elongation under phosphate deprivation conditions (Lin
et al. 2020). pld{2 mutants exhibited reduced root tropism,
including gravitropism, hydrotropism, and halotropism (Li
and Xue 2007; Taniguchi et al. 2010; Galvan-Ampudia et al.
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2013). The pld{2 mutation has been shown to affect endo-
cytosis and vesicle trafficking, impacting PIN2 relocaliza-
tion in root epidermal cells during auxin-related phenomena,
including root tropic responses (Li and Xue 2007; Galvan-
Ampudia et al. 2013). Gravitropic and halotropic responses
are affected also in the mutant roots of the PLD({I gene,
which is involved in dynamic PIN2 localization patterns in
root epidermal cells (Korver et al. 2019).

Several molecular mechanisms have been proposed for
functions of PA produced by PLDC1 or PLDZ2. In the nega-
tive feedback regulation of root hair development, PLD{1-
produced PA is assumed to bind to the transcription factor
WER to assist in its nuclear translocation (Yao et al. 2013).
PLD{2-produced PA is assumed to bind to the protein phos-
phatase PP2A, which dephosphorylates PINs to modulate
their subcellular localization (Michniewicz et al. 2007; Gao
et al. 2013), and to the endosomal regulatory protein SNX1,
which is involved in vacuolar sorting of PIN2 (Kleine-Vehn
et al. 2008; Lin et al. 2020). However, the molecular mecha-
nisms of these processes have not been fully elucidated, as
subcellular localizations of PLDC{1 and PLDC2 responsible
for the PA production remain unclear. Although PLDC1-
GFP driven by its own promoter localizes to the cell corti-
cal region and vesicular structures in root hair cells (Ohashi
et al. 2003), the compartments that contribute to this pat-
tern and whether the pattern is common among cell types
are unknown. PLD{2-GFP ectopically overexpressed by the
cauliflower mosaic virus 35S promoter has been reported to
localize to the tonoplast in leaf epidermal cells of pea and
Arabidopsis plants (Yamaryo et al. 2008). However, how
accurately this localization pattern reflects the endogenous
pattern remains unknown.

In this study, we performed comparative subcellular
localization analyses of PLD{1 and PLDC2 for a clue about
mechanisms of their roles in physiological phenomena.
Our results indicated that PLD{1 and PLDC2 localize to
the trans-Golgi network (TGN) and to membrane compart-
ments along a post-Golgi trafficking pathway to the tono-
plast, respectively, depending on their N-terminal regions
containing PX-PH domains, suggesting that they play par-
tially overlapping but nonetheless distinctive roles in these
post-Golgi membrane compartments.

Materials and methods
Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia-0 was used as the
wild type. The T-DNA insertion line pld{2 (SALK_094369)
was obtained from the Arabidopsis Biological Resource
Center (Alonso et al. 2003). Seeds were surface-sterilized
and germinated on vertically standing Murashige-Skoog

(MS) agar plates containing MS salts (Murashige and Skoog
1962), B5 vitamins, 2.3 mM MES-KOH (pH 5.7-5.8), 1%
(w/v) sucrose, and 1.6% agar. Seedlings were grown at 22 °C
under continuous light conditions unless otherwise noted.

Construction of transgenes and transgenic lines

Previously reported 1079-bp and 1408-bp upstream inter-
genic regions (Ohashi et al. 2003; Taniguchi et al. 2010)
were used as the PLD{I and PLD({2 promoter fragments,
respectively. The transgene PLD{Ip-PLD{1-mCherry
was constructed with the PLD({I promoter fragment and
that containing the coding sequence of PLD{1 cDNA fol-
lowed in-frame by the mCherry-coding sequence (Clontech,
Mountain View, CA, USA) in the binary vector pHPT121
(Kusano et al. 2008). The transgene PLD{2p-PLD{2-GFP
was constructed with the PLD{2 promoter fragment and that
containing the coding sequence of PLD{2 cDNA, followed
in-frame by the GFP-coding sequence (Chiu et al. 1996)
in the binary vector pHPT121. The transgenes PLD{Ip-
NPXPHI-mCitrine and PLD{2p-NPXPH?2-tdTomato were
constructed with the PLD({1 and PLD(?2 promoter fragments,
and the coding fragments of the 340-amino-acid N-terminal
region of PLD{1, NPXPHI, fused to mCitrine (Griesbeck
et al. 2001) and the 341-amino-acid N-terminal region of
PLDZ2, NPXPH?2, fused to tdTomato (Invitrogen, Carlsbad,
CA, USA), respectively, in pHPT121. The coding fragments
of NPXPH1 and NPXPH?2 fused to mCitrine and mCherry
were placed downstream of the 35S promoter in pHPT121
for overexpression, and the f-estradiol-inducible promoter
in pERS (Zuo et al. 2000) for inducible expression. For func-
tional dissection of NPXPH1 and NPXPH2, fragments cod-
ing their chimeric and truncated proteins fused to mCitrine
were placed downstream of the 35S promoter in pHPT121.
The transgene expressing tdTomato by the BFNI promoter
was constructed with the 668-bp genomic fragment imme-
diately preceding the BFN/ initiation codon (Fendrych et al.
2014) and the tdTomato-coding sequence in pBAR121, a
binary vector in which the kanamycin resistance gene of
pBI121 (Clontech) was replaced with a Basta resistance
gene (Thompson et al. 1987). Transgenes constructed in this
study, including those of marker genes, are listed in Sup-
plementary Table S1. Junction sequences in the transgene
constructs are described in Supplementary Table S2. Trans-
genic Arabidopsis lines were made using the Agrobacterium
tumefaciens-mediated floral dip method (Clough and Bent
1998). For each transgenes, more than 10 independent
transgenic lines were obtained, and consistent experimental
results were confirmed in at least 4 lines. Of those, one or
two representative lines were crossed with other transgenic
lines in the case of their co-expression. The transgenic line
harboring the pPLD{1::PLD{I-YFP gene was described
previously (Korver et al. 2019).
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Confocal laser scanning microscopy

Roots of seedlings grown on vertical MS agar plates for
5 days after germination were subjected to the observation
of fluorescence protein fusions unless otherwise noted. Fluo-
rescence images were captured using a microscope (Axio
Observer Z1, Carl Zeiss, Oberkochen, Germany) equipped
with a confocal laser-scanning unit (CSU-X1, Yokogawa,
Tokyo, Japan). Excitation beams of 488 nm for GFP, mGFP,
YFP, and mCitrine, and 561 nm for mCherry, mRFP,
tdTomato, and FM4-46 were used. Detection bands of
499-529 nm for GFP and mGFP, 515-543 nm for mCitrine
and YFP, and 612—-638 nm for mCherry, mRFP, tdTomato,
and FM4-46 were used.

Quantitative co-localization analyses
of fluorescence signals

For coincidence of punctate structures detected by differ-
ent fluorescences, more than 100 punctate signals for each
fluorescence protein fusion were selected from pairs of dif-
ferent fluorescence images using the Find Maxima process
in the ImagelJ software with appropriate Prominence val-
ues for each fusion protein. For each selected signal on one
fluorescence image, the distance from its center to that of
the closest signal on the other fluorescence image was cal-
culated. Then, the signals with the distance no more than
0.42 pm, more than 0.42 pm and no more than 1.69 pm, and
more than 1.69 pm were counted. The ratio of the signals
with the distance no more than 0.42 pm was statistically
estimated for each pair of fluorescence protein fusions. For
co-localization of fluorescence protein fusions of chimeric
and truncated constructs, values of the linear Pearson corre-
lation coefficient (r,) and the non-linear Spearman’s rank (r,)
were calculated between each pair of different fluorescence
images using the Coloc2 analysis in the ImageJ software
with PSF and Costes randomisations parameter values of
3.0 and 10, respectively.

Chemical treatments

Brefeldin A (BFA) and wortmannin (Wm) treatments
were performed by transferring seedlings grown on verti-
cal MS agar plates for 7 days after germination into MS
liquid medium containing 50 pM BFA [stock solution:
50 mM BFA in dimethyl sulfoxide (DMSO)] for 20 min and
that containing 33 pM Wm (stock solution: 33 mM Wm
in DMSO) for 1 h, respectively. For inducible expression,
seedlings grown on vertical MS agar plates for 7 days after
germination were transferred into MS liquid medium con-
taining 30 pM B-estradiol (stock solution: 100 mM stock
B-estradiol in DMSO) and observed after appropriate time
periods. For staining with FM4-64, roots were treated with
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MS liquid medium containing 2 pM FM4-64 (stock solution:
2 mM FM4-64 in DMSO) for 5 min before observation.

Analysis of root gravitropic responses

Seedlings of the wild type, pld{2 mutants, and the trans-
formation rescue line PLD{2p-PLD{2-GFP/pld{2 were
germinated on vertical MS agar plates. At 5 days after ger-
mination, plates containing seedlings were rotated 90°, and
root images were captured after 0 and 5 h. Changes in the
root growth direction from that at 0 h were measured each
seedling on images using the ImagelJ software.

Quantitative real-time RT-PCR

Total RNA was isolated from seedlings using ISOGEN (Nip-
pon Gene, Tokyo, Japan) according to the manufacturer’s
protocol. For reverse transcription, first-strand cDNA was
synthesized from total RNA using ReverTra Ace® qPCR
RT Master Mix with gDNA Remover (TOYOBO, Osaka,
Japan). The cDNA was used in quantitative real-time PCR
with THUNDERBIRD SYBR qPCR Mix (TOYOBO). The
relative transcript level was determined using the delta-
delta-Ct method. The primer sets used for real-time PCR
are listed in Supplementary Table S3.

Results

Own promoter-driven fluorescence protein fusions
of PLD{1 and PLD{2 were detected in various types
and one specific type of root cells, respectively

To analyze the subcellular localization of PLD{1 and PLD{2
in cells under endogenous expression conditions, we con-
structed the reporter genes PLD{1p-PLD{I1-mCherry and
PLD{2p-PLD{2-GFP, in which sequences encoding fluo-
rescence protein fusions of PLD{1 and PLD{2 were paired
with upstream intergenic sequences of the PLD{I and
PLD{?2 genes, respectively, and introduced these constructs
into the wild-type Arabidopsis. We also used the reporter
gene pPLD(1::PLD{I-YFP, which has the same structure as
PLD{1p-PLDI-mCherry except for the fused fluorescence
protein and has been reported to rescue the pld{I pheno-
type of exaggerated root gravitropism (Korver et al. 2019).
To examine the functionality of PLD{2p-PLD{2-GFP, we
introduced the transgene into a pld{2 mutant through cross-
ing of the established transgenic line with the mutant, and
confirmed that it rescued the pld{2 phenotype of retarded
root gravitropism (Li and Xue 2007) (Supplementary Fig.
S1).

We first observed cell type-specific expression patterns
of these reporter genes on the root surface, where highly
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sensitive detection of fluorescence proteins via confocal
laser scanning microscopy is feasible. Consistent with a pre-
vious result of the -glucuronidase (GUS) reporter analysis
(Ohashi et al. 2003), fluorescence of PLD{1-mCherry and
PLDC1-YFP was observed in root epidermal cells, including
root hair cells (Supplementary Figs. S2a, b, S3). Columella
and lateral root cap cells, and root cortex cells also expressed
these genes (Fig. 1a, b and Supplementary Figs. S2a, b, S3,
S4). Fluorescence of PLD{2-GFP was clearly observed in
mature lateral root cap cells (Fig. 1a, b and Supplementary
Fig. S2¢) as previously shown in the GUS reporter analy-
sis (Cruz-Ramirez et al. 2006; Li and Xue 2007; Taniguchi
et al. 2010). However, no fluorescence was detectable in
columella root cap cells, root cortex cells, or root epidermal
cells including root hair cells and those beneath lateral root
cap cells (Fig. 1a and Supplementary Figs. S2c, S4, S5a);
faint signals observed in these cells are thought to be due
to plant autofluorescence, as similar signals were observed
in wild-type and PLD{1p-PLD{1-mCherry roots using the
same microscopic settings for GFP detection (Fig. 1a and
Supplementary Figs. S2d, S4, S5a). In transgenic plants har-
boring PLD{2p-PLD{2-GFP and a BFNI promoter-driven
tdTomato gene, the expression of which precedes devel-
opmental programmed cell death in lateral root cap cells
(Fendrych et al. 2014), the cell types expressing tdTomato
included those expressing PLD{2-GFP (Supplementary Fig.
S5b), indicating that PLD{2-GFP was expressed specifically
in lateral root cap cells during the stage preceding develop-
mental programmed cell death.

Own promoter-driven fluorescence protein fusions
of PLD{1 localized throughout the TGN marked
by SYP43

To comparatively analyze the subcellular localization pat-
terns of PLD{1 and PLD(2, we observed mature lateral
root cap cells, in which fluorescence protein fusions of
both PLD{1 and PLDC2 were detectable. In these cells, the
fluorescence signals of PLD{1-mCherry and PLD{1-YFP
were localized to punctate structures (Figs. 1c and 2a), as
previously observed in root hairs (Ohashi et al. 2003), and
overlapped exactly in cells expressing both fusion proteins
(Fig. 2a). Dispersed fluorescence was also detected in the
cytoplasmic space (Fig. 1¢). To identify the compartments
corresponding to the observed punctate structures, we co-
expressed a series of membrane compartment markers,
including GFP-SYP32 for the Golgi (Uemura et al. 2004;
Geldner et al. 2009), ST-mGFP for medial- and trans-Golgi
(Boevink et al. 1998), GFP-SYP43 and mRFP-SYP43 for
the entire TGN including Golgi-associated (GA-) and Golgi-
released independent (GI-) TGNs (Uemura et al. 2012, 2014,
2019), GFP-VAMP721 for compartments associated with
the secretory pathway-associated GI-TGN (Uemura et al.

2019), and GFP-ARA7 for compartments associated with
multi-vesicular bodies (MVBs) (Ueda et al. 2001; Kotzer
et al. 2004; Lee et al. 2004).

Among these markers, PLD{1-mCherry and PLDC1-YFP
were strongly co-localized with GFP-SYP43 and mRFP-
SYP43, respectively, in the punctate structures (Fig. 2d, e).
The locations of punctate signals for PLD{1-mCherry and
PLDC1-YFP appeared to coincide almost completely with
the GFP-SYP43 and mRFP-SYP43 signals, respectively,
and values of their coincidence were almost equal to those
of the positive control pair mRFP-SYP43 and GFP-SYP43
(Fig. 21, m, p, Supplementary Fig. S6a, b). In addition, coin-
cidence values of PLD{1-mCherry were higher with GFP-
VAMP721 than with GFP-SYP32, ST-mGFP, or GFP-ARA7
(Fig. 2j, k, n, o and Supplementary Fig. S6a, b), and higher
with ST-mGFP than with GFP-SYP32 (Fig. 2j, k and Sup-
plementary Fig. S6a, b). These results indicate that fluo-
rescence protein fusions of PLDC1 localize strongly to the
entire TGN, including the GA-TGN and GI-TGN. Support-
ing this, treatment with BFA, which aggregates the TGN in
large endomembrane compartments called BFA bodies that
are surrounded by the Golgi apparatus (Geldner et al. 2009),
caused PLD{1-mCherry to co-localize with GFP-SYP43 in
large punctate structures surrounded by ST-mGFP (Fig. 2q,
r). In root epidermal meristematic cells, PLD{1-mCherry
exhibited nearly identical co-localization patterns with the
markers to those in mature lateral root cap cells (Supple-
mentary Figs. Sée, f, S7). GFP-SYP43 and GFP-VAMP721,
but not PLD{1-mCherry, were also present on the plasma
membrane of root epidermal meristematic cells as observed
in previous studies (Uemura et al. 2012; Zhang et al. 2015),
presumably reflecting the fact that functions of both SYP43
and VAMP72 are closely related to membrane traffic to the
plasma membrane (Uemera et al. 2019).

Own promoter-driven fluorescence protein
fusion of PLD{2 localized to the tonoplast
and ARA7-marked membrane compartments
including MVBs

Ectopically overexpressed PLD{2-GFP has been shown
to localize predominantly to the tonoplast in leaf epider-
mal cells (Yamaryo et al. 2008). However, PLD{2-GFP
expressed under the PLD{2 promoter exhibited punctate
and dispersed signals in the cytoplasmic space as well as
on the tonoplast in mature lateral root cap cells (Fig. 1c).
In cells expressing both PLD{1-mCherry and PLD{2-GFP,
the two signals partially co-localized on punctate struc-
tures (Fig. 1c, d and Supplementary Fig. S6a, c). To iden-
tify the compartments harboring PLD{2-GFP, fluorescence
marker proteins including mRFP-SYP43 for the entire TGN,
mRFP-ARAT7 for compartments associated with MVBs, and
2xmCherry-ATG8a for autophagosomes (Yoshimoto et al.
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«Fig. 1 Expression analyses of PLD{Ip-PLD{I-mCherry and
PLD{2p-PLD{2-GFP in the root tip region. a, b Transgenic seed-
lings harboring PLD{1p-PLD{1-mCherry, PLD{2p-PLD(2-GFP, or
both were observed to determine the expression patterns of PLD{1-
mCherry and PLDZ2-GFP in the root tip region (a) and on the lat-
eral root cap surface (b). Bright-field images and mCherry, GFP,
and merged fluorescence images are shown. The left side of each
image corresponds to the root apical side. Fluorescence in PLD{1p-
PLD{1-mCherry roots and PLD({2p-PLD(2-GFP roots observed
under the same microscopic settings as those for GFP fluorescence in
PLDE2p-PLDE2-GFP roots and mCherry fluorescence in PLD(Ip-
PLD{1-mCherry roots, respectively, are shown as references for
plant autofluorescence. ¢ Mature lateral root cap cells harboring both
PLD(1p-PLD{1-mCherry and PLD{2p-PLD{2-GFP were observed
to compare the subcellular localization patterns of PLD{1-mCherry
and PLD{2-GFP. The mCherry, GFP, and merged fluorescence
images are shown. Arrowheads in the mCherry and GFP images indi-
cate dispersed fluorescence signals in the cytoplasmic space. Arrows
in the merged image indicate typical punctate structures containing
both mCherry and GFP fluorescence signals. d The result of quantita-
tive coincidence analysis of punctate structures containing mCherry
and GFP signals is shown. For each punctate signal of mCherry or
GFP fluorescence in cells obviously expressing both PLD{1-mCherry
and PLDC2-GFP, the distance from its center to that of the closest
signal of the other fluorescence was calculated. Punctate signals with
the distance no more than 0.42 pm (yellow), more than 0.42 pm and
no more than 1.69 pm (green), and more than 1.69 pm (blue) were
counted, and their ratios are shown in a stacked bar graph for each
fluorescence protein. The % values (mean=+SD, n=3) of coincident
puncta with the distance no more than 0.42 pm and results of statisti-
cal analysis are shown in Supplemental Fig. S6a and c. Bars=100 pm
(a), 50 pm (b), 10 pm (c)

2004) were co-expressed, along with the tonoplast marker
VHPI-mCherry (Segami et al. 2014).

Among these markers, mRFP-ARA?7 closely co-localized
with PLDZ2-GFP on punctate structures (Fig. 3b). The coin-
cidence values between PLD{2-GFP and mRFP-ARA7 were
comparable to those of the positive control pair GFP-ARA7
and mRFP-ARA7 (Fig. 3g, i and Supplementary Fig. Séc,
d), indicating that the punctate structures harboring PLDZ2-
GFP basically coincide with those harboring mRFP-ARA7.
Consistent with the almost complete and partial co-locali-
zation patterns of PLD{1-mCherry with GFP-SYP43 and
PLD{2-GFP, respectively (Figs. 1c and 2d), PLD{2-GFP
co-localized partially with mRFP-SYP43 (Fig. 3a). By con-
trast, PLD{2-GFP puncta barely overlapped with those of
2xmCherry-ATG8a (Fig. 3c). PLDC{2-GFP co-localized with
VHP1-mCherry on large membrane structures (Fig. 3e),
confirming that PLD{2-GFP also localized to the tono-
plast. Upon Wm treatment, PLD{2-GFP localized to Wm-
induced enlarged MVBs, where it formed ring-like struc-
tures, together with mRFP-ARA7 (Fig. 3j). These results
consistently indicate that PLD{2-GFP localizes not only to

the tonoplast but also to ARA7-marked membrane compart-
ments, including MVBs.

N-terminal partial proteins containing the PX-PH
domains reproduced the subcellular localization
patterns directed by PLD{1 and PLD{2

Next, we investigated protein regions that determine the sub-
cellular localization patterns of PLDC1 and PLDC2. As the
PX and PH domains interact with specific phospholipids and
proteins on target membranes (Seet and Hong 2006; Lem-
mon 2007, 2008), we made constructs of N-terminal partial
proteins, designated NPXPH1 and NPXPH2 (Supplemen-
tary Fig. S8), which consisted of the PX-PH domains and
preceding N-terminal moieties, and expressed their fluores-
cence protein fusions using the PLD{1 and PLD{2 promot-
ers, respectively. Transgenic plants harboring the transgenes
PLDI1p-NPXPHI-mCitrine and PLD{2p-NPXPH?2-
tdTomato were established under the wild-type genetic
background and then crossed with plants harboring PLD{1p-
PLD{1-mCherry and PLD{2p-PLD2-GFP, respectively. In
mature lateral root cap cells, PLD{1-mCherry and NPXPH1-
mCitrine were strongly co-localized on punctate structures
(Fig. 4a), and coincidence values between their signals were
almost equal to the positive control values (Figs. 2p, 4c and
Supplementary Fig. S6a, b). Similarly, PLD{2-GFP and
NPXPH2-tdTomato basically co-localized on the tonoplast
and punctate structures (Fig. 4b), although the coincidence
values for their punctate signals were slightly lower than
values for the positive control (Figs. 3i, 4d and Supplemen-
tary Fig. S6c, d), possibly because their signal intensities
were not strongly correlated in mature lateral root cap cells
(Fig. 4b). These results strongly suggest that N-terminal
regions containing the PX-PH domains are responsible
for the subcellular localization patterns obtained under the
direction of PLD{1 and PLDC2.

Inducibly overexpressed NPXPH1-mCitrine

and NPXPH2-mCitrine localized first to punctate
structures, and then partially or predominantly
to the tonoplast

To comparatively investigate the protein regions respon-
sible for subcellular localization, we expressed NPXPH1-
mCitrine and NPXPH2-mClitrine using a common promoter.
When the cauliflower mosaic virus 35S promoter was used
for their expression, clear fluorescence signals for both
fusion proteins were ubiquitous in root cap and root epider-
mal cells. However, their subcellular localization patterns

@ Springer



38

Plant Molecular Biology (2022) 108:31-49

(E)] PLDC PLDC1 (i)
PLDZ1-mCherry
PLDZ1-YFP

()] PLDC1 SYP32 1))
- PLDZ1-mCherry
' GFP-SYP32

(3] PLDz1 ST (k)
PLDZ1-mCherry
ST-GFP

(¢)] PLDz1 SYP43 ()]
p PLDZ1-mCherry
GFP-SYP43

(e) BSGZE PLDC1 (m)
) mRFP-SYP43
PLDZ1-YFP

()R PLDZ VAMP721 (n)
PLDZ1-mCherry
GFP-VAMP721

PLDZ1 ARA7 (o)
PLDZ1-mCherry
' GFP-ARA7

(h) IR SYP43 (p)
mRFP-SYP43
' GFP-SYP43

ST (9] PLDC

@ Springer

10

10

10

10

10

10

20

20

20

20

20

20

20

20

30

30

30

30

30

30

30

30

40 50 60 70 80 90 100
Frequency (%)

40 50 60 70 80 90 100
Frequency (%)

40 50 60 70 80 90 100
Frequency (%)

40 50 60 70 80 90 100
Frequency (%)

40 50 60 70 80 90 100
Frequency (%)

40 50 60 70 80 90 100
Frequency (%)

40 50 60 70 80 90 100
Frequency (%)

40 50 60 70 80 90 100
Frequency (%)




Plant Molecular Biology (2022) 108:31-49

39

«Fig.2 Subcellular localization analysis of PLD{1-mCherry and
PLDC1-YFP in mature lateral root cap cells with membrane compart-
ment markers. a—h Subcellular localization patterns of PLD({I pro-
moter-driven PLD{1-mCherry and PLD{1-YFP were compared with
each other in mature lateral root cap cells (a). The pattern of PLD{1-
mCherry was compared with those of GFP-SYP32 (b), ST-mGFP (c),
GFP-SYP43 (d), GFP-VAMP721 (f), and GFP-ARA7 (g). The pat-
tern of PLD{1-YFP was compared with that of mRFP-SYP43 (e). The
patterns of co-expressed mRFP-SYP43 and GFP-SYP43 are shown
in (h) as a positive control for co-localization. Images of mCherry
or mRFP (magenta), GFP, mGFP, or YFP (green), and merged fluo-
rescence signals are shown. Arrows in (g) indicate puncta to which
both PLD{1-mCherry and GFP-ARA7 co-localized. i—p The results
of quantitative coincidence analysis of punctate structures containing
different fluorescence signals are shown as in Fig. 1d. The quantified
result of co-expressed mRFP-SYP43 and GFP-SYP43 is shown in
(p) as a positive control for coincidence. The % values (mean+SD,
n=23) of coincident puncta with the distance no more than 0.42 pm
and results of statistical analysis are shown in Supplemental Fig.
S6a, b. q, r The subcellular localization pattern of PLD{1-mCherry
driven by the PLD{I promoter was compared with those of ST-
mGFP (b) and GFP-SYP43 (c¢) in mature lateral root cap cells
treated with 50 pM BFA for 20 min. Images of mCherry (magenta),
GFP or mGFP (green), and merged fluorescence signals are shown.
Bar=10 pm

differed from those obtained under the original promoters,
with partial and predominant localization to the tonoplast
observed for NPXPH1-mCitrine and NPXPH2-mClitrine,
respectively (Fig. 5a).

Next, we expressed the fusion proteins under the control
of an estradiol-inducible system (Zuo et al. 2000), which
allowed the timing and level of protein expression to be
controlled. Fluorescence signals of both fusion proteins and
their transcripts were detectable at 2 h after induction, and
their total signal intensity and transcript levels increased
over time (Fig. 5b, ¢, d). NPXPHI1-mCitrine exhibited the
same subcellular localization pattern as observed under the
PLD(I promoter from 2 to 4 h after induction (Fig. 5b).
However, after 6 h, fluorescence signals were also detected
on the tonoplast, and the pattern became aligned with that
under the 35S promoter at 12 to 24 h after induction (Fig. 5a,
b). NPXPH2-mCitrine was primarily localized to punctate
structures at 2 h after induction, and increased in its sig-
nal intensity on the tonoplast over time (Fig. 5c), exhibiting
almost the same localization pattern as under the PLD{2
promoter from 4 to 6 h after induction and a tonoplast-
predominant pattern very similar to that observed with the
35S promoter at 12 to 24 h after induction (Fig. 5a, c). The
punctate structures to which NPXPH2-mClitrine localized

in the early period after induction were the same as those
observed with own promoter-driven PLD{2-GFP, which
were marked with mRFP-ARA7 (Supplementary Figs. S6g,
h, S9b, h). These results indicate that newly synthesized
NPXPH2-mCitrine localized primarily to ARA7-marked
compartments first, and that both NPXPH1-mCitrine and
NPXPH2-mClitrine tended to accumulate on the tonoplast
when overexpressed.

The N-terminal moiety of PLD{2 drove NPXPH2-type
tonoplast-predominant localization

To further characterize the protein regions required for sub-
cellular localization, we created a series of mCitrine fusion
constructs of chimeric and truncated N-terminal regions
(Fig. 6a), and co-expressed them with NPXPH1-mCherry
(Fig. 6b—i) or NPXPH2-mCherry (Fig. 6j—q), using the 35S
promoter. All of the constructed fusion proteins exhibited
one of two localization patterns, NPXPH]1-type localiza-
tion to punctate structures and the tonoplast or NPXPH2-
type localization predominantly to the tonoplast. Chimeric
proteins containing the PLD{1 N-terminal moiety, NPX1/
PH2-mCitrine and N1/PXPH2-mCitrine, exhibited almost
identical localization to NPXPH1-mCherry (Fig. 6c, d, k,
1). Reciprocally, those containing the PLD{2 N-terminal
moiety, NPX2/PH1-mCitrine and N2/PXPH1-mCitrine,
exhibited almost identical localization to NPXPH2-mCherry
pattern (Fig. 6f, g, n, o). These findings indicate that the
selection of either the NPXPH1- or NPXPH2-type subcellu-
lar localization patterns depends not on the PX-PH domains
but on the N-terminal moieties. However, both truncated
proteins lacking the N-terminal moieties, PXPH1-mClitrine
and PXPH2-mClitrine, exhibited the NPXPH1-type locali-
zation pattern (Fig. 6h, i, p, q). Together, these results indi-
cate that the N-terminal moiety of PLDC2 is required for the
NPXPH2-type tonoplast-predominant localization, whereas
either of the PX-PH domains alone can direct NPXPH1-type
localization to punctate structures and the tonoplast when
they are overexpressed. Truncated constructs without PH
domains, NPX1-mCitrine and NPX2-mCitrin, expressed
by the 35S promoter didn’t exhibit any membrane locali-
zation patterns (Supplementary Fig. S10), suggesting that
PH domains are indispensable for membrane localization
of PLD(1 and PLDC2.
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Fig.3 Subcellular localization analysis of PLD{2-GFP in mature
lateral root cap cells with membrane compartment markers. a—e The
subcellular localization pattern of PLD{2-GFP driven by the PLD({2
promoter was compared with those of mRFP-SYP43 (a), mRFP-
ARAT7 (b), 2xmCherry-ATG8a (c¢), and VHP1-mCherry (e) in mature
lateral root cap cells. The patterns of co-expressed GFP-ARA7 and
mRFP-ARA7 are shown as a positive control for co-localization (d).
Images of GFP (green), mRFP or mCherry (magenta), and merged
fluorescence signals are shown. Arrows in (a) indicate puncta to
which both PLD{2-GFP and mRFP-SYP43 co-localized. f-i The
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results of quantitative coincidence analysis of punctate structures
containing different fluorescence signals are shown as in Fig. 1d. The
% values (mean+SD, n=3) of coincident puncta with the distance
no more than 0.42 pm and results of statistical analysis are shown in
Supplemental Fig. S6¢ and d. j The subcellular localization pattern of
PLDC2-GFP driven by the PLD{2 promoter was compared with that
of mRFP-ARA7 in mature lateral root cap cells treated with 30 pM
Wm for 1 h. Images of GFP (green), mRFP (magenta), and merged
fluorescence signals are shown. Arrows indicate ring-like structures
containing both mRFP and GFP fluorescence signals. Bar=10 pm
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(a)
(b)

Fig.4 Comparative analysis of subcellular localization between
PLDC1-mCherry and NPXPHI1-mCitrine, and between PLD{I-
GFP and NPXPH2-tdTomato. a, b Subcellular localization patterns
were compared between PLD({I promoter-driven PLD{1-mCherry
and NPXPHI1-mCitrine (a) and between PLD{2 promoter-driven
PLD{2-GFP and NPXPH2-tdTomato (b) in mature lateral root cap
cells. Images of mCherry or tdTomato (magenta), mCitrine or GFP

Discussion

We analyzed the subcellular localization of PLDC{1 and
PLDC2, and demonstrated that they localize to the TGN and
to membrane compartments including a portion of the TGN,
MVBs, and the tonoplast, respectively. For comparative
analysis of their localization patterns, we observed mature
lateral root cap cells, where both of their fluorescence pro-
tein fusions were expressed under their own promoters. We
illustrated a model of subcellular localization for PLD{1
and PLDC2 (Fig. 7), in which PLDC]1 is localized through-
out the TGN, whereas PLD(?2 is localized to compartments
along the membrane trafficking pathway from the TGN to
the tonoplast via MVBs in a pattern that partially overlaps
with PLDC1. In addition to recognizable membrane com-
partments, dispersed fluorescence signals from these fusion
proteins were also detected in the cytoplasmic space, sug-
gesting that PLDC1 and PLDC?2 are diffusely present in the
cytosol or on unrecognizably small vesicles.

Mammal PX-PH-PLDs, PLD1 and PLD2, localize to a
wide variety of compartments including the plasma mem-
brane, cytoplasmic organelles, and the nucleus (McDermott
et al. 2020). On the other hand, PLD{1 and PLDC2 were
found to localize to relatively specific compartments. Other
plant PLDs, C2-PLDs, also show specific localization pat-
terns in Arabidopsis, localizing to the cytoplasmic space in
association with microtubules and clathrin-coated vesicles
for PLDal (Novak et al. 2018), and to the plasma membrane

NPXPH2-tdTomato

(c)

PLDZ1-mCherry

NPXPH1-mCitrine

0 10 20 30 40 50 60 70 80 90 100
Frequency (%)

(d)

PLDZ2-GFP —

E—
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(green), and merged fluorescence signals are shown. ¢, d The results
of quantitative coincidence analysis of punctate structures containing
different fluorescence signals are shown as in Fig. 1d. The % values
(mean+SD, n=3) of coincident puncta with the distance no more
than 0.42 pm and results of statistical analysis are shown in Supple-
mental Fig. S6a—d. Bar=10 pm

for PLDy1 (Schloffel et al. 2020), PLDd (Pinosa et al. 2013;
Zhang et al. 2017, 2018; Xing et al. 2019), and PLDe (Hong
et al. 2009). Plant PLDs may have specialized their subcel-
lular localization patterns during evolutionary differentia-
tion into the PX-PH- and C2-PLD types. However, because
our analyses were performed using only roots grown under
normal conditions, and because detectable levels for fluo-
rescence signals were limited due to autofluorescence from
plant compounds, it is possible that PLD{1 and PLD{2 may
localize to compartments other than the ones observed in
this study.

PLDC1-mCherry and PLDC1-YFP co-localized with GFP-
SYP43 and mRFP-SYP43, respectively, while PLD{2-GFP
co-localized with mRFP-ARA7 on punctate structures. GFP-
SYP43 and mRFP-ARA7 have been reported to partially
overlap on punctate structures (Ito et al. 2016), and thus
the partial overlap of PLD{1-mCherry and PLD{2-GFP is
reasonable. However, coincidence values of punctate sig-
nals were relatively low between PLD{1-mCherry and GFP-
ARA7 (Fig. 20 and Supplementary Fig. S6a) and between
PLDZ2-GFP and mRFP-SYP43 (Fig. 3e and Supplemen-
tary Fig. S6¢) compared with between PLD{1-mCherry
and PLD{2-GFP (Fig. 1d and Supplementary Fig. S6a,
c¢), whereas partial co-localization was evidently observed
between PLD{1-mCherry and GFP-ARA7 (Fig. 2g) and
between PLD{2-GFP and mRFP-SYP43 (Fig. 3a). The loci
where PLDC1 and PLDC2 overlap may differ slightly from
the loci of SYP43 and ARA7.
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(a) NPXPH1-mCitrine NPXPH2-mCitrine

Constitutive
overexpression

Inducible
overexpression

24 h 24 h

(b) Inducible expression NPXPH1-mCitrine

Fig.5 Subcellular localization analysis of NPXPHI-mCitrine and
NPXPH2-mCitrine using non-endogenous expression systems. a
Subcellular localization patterns of NPXPH1-mCitrine and NPXPH2-
mCitrine constitutively overexpressed by the cauliflower mosaic virus
35S promoter in mature lateral root cap cells are shown. For compari-
son with inducibly overexpressed NPXPH1-mCitrine and NPXPH2-
mCitrine, the mages of 24-h induction shown in (b) and (c) are pre-
sented with lowered brightness. b, ¢ Subcellular localization patterns
of NPXPH1-mCitrine (b) and NPXPH2-mCitrine (c) expressed by an

The TGN, which also serves as an early endosome in
plants, plays a pivotal role in sorting newly synthesized and
endocytosed cargo and directing it to appropriate target
compartments such as the plasma membrane and vacuoles
(Uemura 2016; Reynolds et al. 2018; Rosquete et al. 2018).
MVBs, which are also called as pre-vacuolar compart-
ments or late endosomes, mediate membrane traffic from
the TGN to vacuoles in their conventional function, and to
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estradiol-inducible promoter were observed in mature lateral root cap
cells. Images of fluorescence signals at 0, 2, 4, 6, 12, and 24 h after
induction are shown. d Transcript levels of the NPXPHI-mCitrine
and NPXPH2-mClitrine transgenes were determined by real-time RT-
PCR. Relative transcript levels (means +SD; n=3) at indicated time
points after the estradiol induction are shown with the mean value of
the 24-h induction set as 1 for each transgene. The transcript levels in
non-induced seedlings (DMSO 24 h) are shown as negative controls.
n.d. indicates that relevant transcripts were not detected. Bars =10 pm

autophagosomes and exosomes in recently revealed func-
tions (Cui et al. 2016; Hansen and Nielsen 2018; Pecenkova
et al. 2018; Hu et al. 2020). Considering these functions, PA
produced by PLD{1 and PLDC{2 may be involved in mem-
brane traffic via the TGN and via MVBs to the tonoplast,
respectively. In particular, endocytic recycling and vacuolar
degradation of plasma membrane proteins are crucial com-
ponents of the mechanisms through which plant cells sense
and respond to environmental stimuli. In accordance with
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this concept, the involvement of PLDC1 in endocytic recy-
cling of the auxin efflux transporter PIN2 during root tropic
responses has been reported (Korver et al. 2019).

PLDC1-YFP has been reported to rescue the pld{'1 pheno-
type of exaggerated root gravitropism (Korver et al. 2019).
Meanwhile, PLDC2-GFP rescued the pld{2 phenotype of
retarded root gravitropism. These findings indicate that these
fusion proteins retain the biological functions of their origi-
nal proteins, at least in terms of root gravitropic responses,
and suggest that their subcellular localization patterns are
likely associated with these biological functions. Because
lateral root cap cells serve as an auxin pathway for root grav-
itropism (Ottenschlédger et al. 2003; Swarup et al. 2005),
PLDC1 and PLDC?2 in these cells may be involved in the root
gravitropic responses either directly or indirectly through
auxin flow. In addition to the presumed function of PLD{1
in endocytic recycling of PIN2 (Korver et al. 2019), PLDZ2
may modulate the turnover of PIN2, which is transported
through the TGN and MVBs for degradation in vacuoles
(Kleine-Vehn et al. 2008; Spitzer et al. 2009). The result of
our co-expression analysis with the programmed cell death
marker gene BFNIp-tdTomato indicates that PLD(2 is
expressed near the distal end of lateral root cap cells, where
the auxin flow that drives root gravitropism is redirected to
root epidermal cells. Thus, PLD{2 may be involved in auxin
flow redirection via PIN2 turnover at the distal end of the
lateral root cap. Previous studies have shown that promot-
ers of the PLD{1 and PLD{2 genes are active in various
cell types other than mature lateral root cap cells (Ohashi
et al. 2003; Cruz-Ramirez et al. 2006; Li and Xue 2007;
Taniguchi et al. 2010). In root tissues, while we observed
basically the same localization pattern of own promoter-
driven PLD{1-YFP and PLD{1-mCherry in various types
of cells, including epidermal and cortex cells, own promoter-
driven PLDZ2-GFP could be detected only in mature lateral
root cap cells. PLD{1 and PLD{2 might be involved in root
tissues-general and mature lateral root cap-specific cellular
events, respectively.

We dissected the protein regions of PLD{1 and PLDC{2
in terms of their subcellular localization, and found that
N-terminal partial proteins containing the PX-PH domains
reproduced the patterns of the full-length proteins when
their own promoters were used. This result strongly sug-
gests that the N-terminal regions containing PX-PH domains
are the determinants of subcellular localization for PLDC1
and PLDC2. However, considering the dimerization abil-
ity of mammalian PLDs (Kam et al., 2002), the possibil-
ity can’t be excluded that NPXPH1 and NPXPH2 localized
dependently on heterodimerization with the endogenous
PLDC1 and PLDC2, while it remains unknown whether the
reported dimerization activity belongs to the PX-PH domain.
T-DNA insertion mutants of the PLD{I and PLD{2 genes
might produce partial protein products that retain abilities

for dimerization and subcellular localization. Inducibly
expressed NPXPH2-YFP exhibited the same co-localization
pattern with mRFP-ARA7 in root epidermal cells, where
endogenous PLDC?2 are not expressed, as in mature lateral
root cap cells (Supplementary Figs. S6g, h and S9b, h, e, k),
indicating at least that the NPXPH?2 localization is independ-
ent of endogenous PLDC2.

The PX and PH domains of mammal PLDs PLD1 and
PLD?2 also play pivotal roles in their subcellular locali-
zation (McDermott et al. 2020). In addition to various
protein targets, the PH domains of both PLD1 and PLD2
preferentially interact with phosphatidylinositol 4,5-bis-
phosphate (Hodgkin et al. 2000; Sciorra et al. 2002),
whereas the PX domain of PLDI1, but not that of PLD2,
specifically interacts with phosphatidylinositol 3,4,5-tri-
sphosphate (Stahelin et al. 2004; Lee et al. 2005). As for
the PX-PH domains of PLDC1 and PLDC2, it is difficult to
identify specific targets among the wide variety of mol-
ecules that may interact with the PX and PH domains (Seet
and Hong 2006; Lemmon 2007, 2008). Notably, the N-ter-
minal moiety of PLD{2 exhibited a dominant function in
tonoplast-predominant localization. While we can’t find
any functional motifs in its short amino-acid sequence, it
may modulate interactions between the PX-PH domains
and regulatory molecules for subcellular localization.
Experimental evidence is needed to identify the target
molecules of the PX-PH domains that drive subcellular
localization.

When the 35S promoter was used as a common promoter
for comparative analysis, fluorescence protein fusions of
NPXPHI1 and NPXPH2 localized partially and predomi-
nantly to the tonoplast, respectively. The tonoplast-predom-
inant pattern of NPXPH2 closely aligns with the reported
distribution of PLD{2 and its N-terminal partial protein
under the 35S promoter (Yamaryo et al. 2008). The tono-
plast-predominant localization pattern might reflect locali-
zations of endogenous PLD{1 and PLDC2 under stressed
conditions that greatly enhance their expression levels, such
as phosphate starvation. Because the tonoplast-predominant
localization was accompanied by overexpression in induc-
ible expression analysis, these proteins are likely to accu-
mulate on the tonoplast when overexpressed. Intriguingly,
NPXPH2-mClitrine localized mainly to ARA7-marked
compartments shortly after induction. Further comparative
dissection analysis revealed that the N-terminal moiety of
PLDC2 is required for tonoplast-predominant accumulation.
Based on these results, we hypothesize that newly synthe-
sized PLDC2 is recruited to membrane compartments includ-
ing part of the TGN and MVBs, and then transferred to the
tonoplast depending on the N-terminal moiety (Fig. 7).

The subcellular localization patterns of PLD{1 and
PLDC2 revealed in this study suggest that they play partially
overlapping but nonetheless distinctive roles in post-Golgi
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«Fig.6 Comparative dissection analysis of functional protein regions
of NPXPH1 and NPXPH2 for subcellular localization. a Chimeric
protein constructs between NPXPHI1 and NPXPH2, and truncated
protein constructs are schematically illustrated. Open and filled boxes
indicate protein regions originating from PLD{1 and PLDC2, respec-
tively. Upper lines indicate regions corresponding to the PX and PH
domains. b—q mCitrine-fused protein constructs shown in (a) were
co-expressed with NPXPH1-mCherry (b—i) or NPXPH2-mCherry (j—
q) by the 35S promoter, and observed in mature lateral root cap cells.
Images of mCitrine (green), mCherry (magenta), and merged fluo-
rescence signals are shown. Values of the linear Pearson correlation
coefficient (r,) and the non-linear Spearman’s rank (r) between pairs
of fluorescence images are presented in merged images. Bars=10 pm
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; MVB
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Fig.7 Model for subcellular localizations of PLD{1 and PLDC2.
Hypothesized subcellular localization patterns of PLD{1 and PLD(2
are schematically illustrated. Membrane compartments containing
PLDC1 and PLDC2 are outlined in magenta and green, respectively.
Dashed arrows indicate recruitment of newly synthesized PLDC1
and PLD{2 to membrane compartments. Solid arrows indicate trans-
fer of PLD(2 between membrane compartments. PLD{1 and PLD(2
mainly localize to the TGN and compartments including part of the
TGN, MVBs, and the tonoplast, respectively, in a partially overlap-
ping manner. They may also localize to unrecognizable compartments
in the cytoplasmic space. Newly synthesized PLDC2 is recruited to
membrane compartments including part of TGN and MVBs, and
transferred to the tonoplast

Golgi

compartments along the membrane trafficking pathway from
the TGN to the tonoplast rather than in signal transduction
on the plasma membrane. To verify this hypothesis, spa-
tiotemporal analyses of PLD{1 and PLDZ2 functioning in
membrane trafficking are needed. In future studies, it will
be essential to identify the target molecules of PLD{1 and
PLDC2 that determine their subcellular localization and to
analyze their dynamic interactions with these molecules.

Supplementary Information The online version contains supplemen-
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