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Abstract
Phosphate is a vital macronutrient for plant growth, and its availability in soil is critical for agricultural sustainability and
productivity. A substantial amount of cellular phosphate is used to synthesize phospholipids for cell membranes. Here,
we identify a key enzyme, nonspecific phospholipase C4 (NPC4) that is involved in phosphosphingolipid hydrolysis and
remodeling in Arabidopsis during phosphate starvation. The level of glycosylinositolphosphorylceramide (GIPC), the
most abundant sphingolipid in Arabidopsis thaliana, decreased upon phosphate starvation. NPC4 was highly induced by
phosphate deficiency, and NPC4 knockouts in Arabidopsis decreased the loss of GIPC and impeded root growth during
phosphate starvation. Enzymatic analysis showed that NPC4 hydrolyzed GIPC and displayed a higher activity toward GIPC
as a substrate than toward the common glycerophospholipid phosphatidylcholine. NPC4 was associated with the plasma
membrane lipid rafts in which GIPC is highly enriched. These results indicate that NPC4 uses GIPC as a substrate in planta
and the NPC4-mediated sphingolipid remodeling plays a positive role in root growth in Arabidopsis response to phosphate
deficiency.

Introduction
Phosphate is an essential nutrient for plant growth and pro-
ductivity, but plants frequently suffer from phosphate defi-
ciency due to the limited availability of phosphate in many
types of soils (Raghothama, 1999, 2000). A better under-
standing of the mechanism by which plants respond to
phosphate deficiency can aid the development of plants

with improved phosphate-use efficiency. Approximately
one-third of organic phosphate in plants is in the form of
phospholipids (Gaude et al., 2008). There are two major
types of phosphorus-containing membrane lipids: (1)
phosphoglycerolipids, which have the three-carbon glycerol
backbone and (2) phosphosphingolipids, which have the
long-chain base (LCB) sphingosine-like backbone. Upon

R
es

ea
rc

h
A

rt
ic

le

Received June 16, 2020. Accepted November 23, 2020. Advance access publication January 13, 2021
VC American Society of Plant Biologists 2021. All rights reserved. For permissions, please email: journals.permissions@oup.com

doi:10.1093/plcell/koaa054 THE PLANT CELL 2021: 33: 766–780

https://orcid.org/0000-0003-3294-3655
https://orcid.org/0000-0002-9976-1349
https://orcid.org/0000-0002-5220-3868
https://orcid.org/0000-0001-9327-6193
https://orcid.org/0000-0002-7185-966X
https://orcid.org/0000-0002-6251-6745
https://orcid.org/0000-0001-7191-5062
https://academic.oup.com/plcell/pages/General-Instructions


phosphate deficiency, one major metabolic change is mem-
brane lipid remodeling, by which a significant portion of
phosphoglycerolipids such as phosphatidylcholine (PC), the
most abundant glycerophospholipid in plants, is replaced by
nonphosphorus glycerolipids, such as digalactosyldiacylgly-
cerol (DGDG; Hartel et al., 2000; Andersson et al., 2003,
2005; Jouhet et al., 2004; Su et al., 2018). Impairment of PC
hydrolysis impedes plant growth during phosphate-deficient
condition (Cruz-Ramirez et al., 2006; Li et al., 2006).

The most abundant phosphosphingolipid in plants is
glycosylinositolphosphorylceramide (GIPC), which has a
sphingosine-like backbone, with an amide-linked fatty
acid and a phosphoinositol head group. GIPC constitutes
�25%–50% of lipids in the plasma and tonoplast mem-
branes (Sperling et al., 2005; Markham et al., 2006, 2013).
GIPC is abundant in plants but not in mammals, whereas
sphingomyelin is specifically found in mammalian tissues.
GIPC plays important roles in many essential cellular and
physiological processes, such as pathogen defense (Wang
et al., 2008; Mortimer et al., 2013), symbiosis (Borner et al.,
2005), formation of lipid rafts (Borner et al., 2005), and
pollen function (Rennie et al., 2014). Studies indicated a
decrease in the level of GIPC during phosphate starvation
(Andersson et al., 2005; Okazaki et al., 2013). However, the
functional significance and enzymes mediating the decrease
in GIPC remain unknown.

During phosphate deprivation, phospholipase Df2
(PLDf2) and nonspecific phospholipase C4 (NPC4), are the
two most highly induced lipid-hydrolyzing enzymes in
Arabidopsis (Cruz-Ramirez et al., 2006; Gaude et al., 2008).
PLDf2 hydrolyzes PC to generate phosphatidic acid (PA),
which can be hydrolyzed by phosphatases to release phos-
phate and generate diacylglycerol (DAG). DAG is a substrate
for synthesis of monogalactosyldiacylglycerol (MGDG) by

MGDG synthases and subsequently the synthesis of DGDG
by DGDG synthases (Awai et al., 2001; Kelly and Dormann,
2002; Su et al., 2018). On the other hand, NPC4 could
potentially hydrolyze PC directly to generate DAG, and
NPC4 was shown to hydrolyze PC to DAG in vitro
(Nakamura et al., 2005; Peters et al., 2010). Disruption of
NPC4 shortens root length during phosphate deficiency (Su
et al., 2018). However, the gene knockout (KO) of NPC4 did
not result in significant changes in the level of PC or DGDG
in Arabidopsis rosettes during phosphate deficiency when
compared with a wild-type (WT; Nakamura et al., 2005).

To determine whether NPC4 is involved in glycerolipid
remodeling in a tissue and/or time-specific manner, we ana-
lyzed the effect of NPC4-KO, PLDf2-KO, and NPC4 PLDf2
double KO Arabidopsis on lipid changes in seedlings after
different durations of phosphate starvation. PLDf2 has a
predominant effect on decreasing glycerophospholipids
(Cruz-Ramirez et al., 2006; Li et al., 2006), whereas the single
KO of NPC4 had no impact on the glycerophospholipid
decrease in either leaves or roots (Su et al., 2018). Therefore,
the metabolic function of the highly induced NPC4 during
phosphate deficiency is unclear. Here, we report the change
of sphingolipid metabolism in phosphate-starved plants and
we identify NPC4 as an enzyme that hydrolyzes the most
abundant sphingolipid GIPC in plants. The disruption of
NPC4 diminished GIPC hydrolysis and impeded root growth
during phosphate deprivation.

Results

The level of phosphosphingolipids decreases in
phosphate-deprived Arabidopsis
To determine the effect of phosphate deprivation on
phosphosphingolipids in Arabidopsis, 3-day-old seedlings
grown on half-strength MS (Murashige and Skoog) vertical

IN A NUTSHELL
Background: Phosphate is an essential macronutrient for plants, but its availability is often limited. Approximately 
one-third of phosphate in plants is found in membrane phospholipids. When plants suffer from phosphate deficiency,
one major change is membrane lipid remodeling, during which phospholipids are degraded to make phosphate
available for other vital cellular processes such as ATP synthesis. The plasma membrane contains two major types of 
phospholipids: glycerophospholipids, with a glycerol backbone; and phosphosphingolipids, with a sphingosine-like 
backbone. Nonspecific phospholipase C (NPC4) is one of the lipid-hydrolyzing enzymes that is most highly induced
by phosphate limitation. Although NPC4 hydrolyzes glycerophospholipids in vitro, knockout of NPC4 has little effect
on the glycerolipid changes in Arabidopsis response to phosphate deficiency. 

Questions: What is the function of NPC4 in membrane lipid remodeling and the plant's response to phosphate 
deficiency? Is NPC4 involved in sphingolipid metabolism, and where is it found in the cell?

Findings: We show here that knocking out NPC4 diminished the decrease in glycosylinositolphosphorylceramide
(GIPC, the most abundant phosphosphingolipid) that was induced by phosphate deprivation. It also impeded root
growth of seedlings, suggesting a positive role for NPC4-mediated sphingolipid remodeling in root growth. We also
found that NPC4 was associated with the plasma membrane rafts, in which GIPC is enriched, and that it prefers
hydrolysis of GIPC to that of phosphatidylcholine in vitro. Our results reveal both an important substrate and a key
function of NPC4, and they indicate a critical role for NPC4 in phosphosphingolipid remodeling in plants that are
coping with phosphate limitation.

Next steps: We will investigate how specific NPCs are involved in sphingolipid remodeling and/or glycerolipid 
remodeling to better understand the mechanism by which plants optimize phosphate utilization. 
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plates were transferred to similar plates with or without
phosphate. After growing for an additional 10 days, rosettes
and roots were harvested separately for sphingolipid analysis.
The most abundant phosphorus-containing sphingolipid in
Arabidopsis GIPC was quantified by mass spectrometry. The
level of total GIPC decreased by 61% in rosettes and by 59%
in roots after the phosphate-starvation treatment
(Figure 1A). Different molecular species of GIPC displayed
similar trends of decrease in rosettes and roots, with 38 out
of 40 GIPC species showing decreased levels during phos-
phate deficiency (Figure 1B).

Because the GIPC level decreased in plant tissues during
phosphate starvation, we thought it is likely that the
phosphorus-containing head group of GIPC was cleaved for
phosphate recycling and that hydroxyceramide (hCer) and
glucosylceramide (GlcCer) might be generated. Thus, we
quantified hCer and GlcCer in rosettes and roots with and
without phosphate starvation. The total hCer level was com-
parable between phosphate-sufficient and deficient condi-
tions in rosettes and roots (Figure 1C). However, during
phosphate deficiency, 18 hCer species increased significantly
in roots, and in rosettes 2 hCer species increased, whereas 4
hCer species displayed a decrease compared to those during
sufficient phosphate (Figure 1D). The level of total GlcCer
increased by 110% in roots and 20 GlcCer species displayed
a similar trend of increase in roots during phosphate defi-
ciency (Supplemental Figure 1, A and B). By comparison, in
rosettes during phosphate deficiency, only three GlcCer spe-
cies increased, whereas seven species decreased and the level
of total GlcCer decreased by 30% relative to that during suf-
ficient phosphate (Supplemental Figure 1, A and B). These
results showed that the level of the phosphorus sphingoli-
pid, GIPC, drastically decreased in both rosettes and roots
and that GlcCer increased in roots upon phosphate
starvation.

Disruption of NPC4 impedes the GIPC decrease
during phosphate deficiency
To investigate the molecular basis for the observed GIPC de-
crease, we hypothesized that the ester linkage between the
hCer backbone and phosphorus-containing group in GIPC
could be hydrolyzed by a phospholipase C-like enzyme. The
fungal enzyme inositol phosphosphingolipid phospholipase
C1 is capable of hydrolyzing mannosyl inositol phosphocera-
mide (MIPC; Sawai et al., 2000). In addition, neutral sphingo-
myelinase 2 in mammals was reported to hydrolyze
sphingomyelin (Hofmann, 2000). MIPC, sphingomyelin, and
GIPC are all phosphosphingolipids. MIPC is found in fungi
but not in mammals and plants, and sphingomyelin is spe-
cifically found in mammal tissues. GIPC is abundant in
plants but not found in mammals. Two distinctively differ-
ent families of phospholipase C have been reported in
Arabidopsis, phosphatidylinositol-specific phospholipase C
and the NPC, encoded by nine and six genes, respectively
(Wang, 2012). Among those, the transcript of NPC4 was the
most highly induced during phosphate deficiency

(Nakamura et al., 2005; Gaude et al., 2008). These results
prompted us to determine the effect of NPC4 on GIPC hy-
drolysis during phosphate starvation.

We isolated three T-DNA KO mutants of NPC4
(Supplemental Figure 2A). The presence of T-DNA inserts
and the loss of NPC4 expression were verified by PCR using
genomic DNA and cDNA as templates, respectively
(Supplemental Figure 2, B–D). To test the effect of NPC4
disruption on plant growth during phosphate starvation, 3-
day-old seedlings grown on a phosphate-sufficient medium
were transferred to either phosphate-sufficient or -deficient
medium for 5 days and then the primary root length was
measured. The primary root length showed no significant
difference among WT and NPC4 mutants during the
phosphate-sufficient condition. However, the primary root
length of NPC4 mutants was about 25% shorter compared
to WT grown during the phosphate-deficient condition
(Figure 2, A and B). The cell length and width of primary
roots were similar between the mutants and WT
(Supplemental Figure 3), indicating that reduced cell prolif-
eration contributed to the shorter roots. All three NPC4
mutants were impeded in root growth during phosphate
deficiency. These results indicate that NPC4 sustains root
growth during phosphate deficiency.

The mutant seedlings were subjected to phosphate starva-
tion along with WT plants. Three-days-old seedlings grown
on a phosphate-sufficient medium were transferred to
phosphate-sufficient and -deficient media for additional
10 days. During the phosphate-sufficient condition, there
were no differences in the level of GIPC in rosettes or roots
among WT and NPC4 mutant plants. During phosphate de-
ficiency, compared to WT, the GIPC level in roots was al-
most two-fold higher in all three NPC4 mutants, with most
GIPC species displaying significant increases (Figure 2, C and
E). In rosettes, the GIPC level in NPC4-KO mutants tended
to be higher than WT during phosphate deficiency
(Figure 2D), with many GIPC species displaying significant
increases relative to those in WT rosettes (Supplemental
Figure 4). However, the magnitude of phosphate deficiency-
induced difference in GIPC levels was much greater between
NPC4-KO mutants and WT in roots than leaves, suggesting
that NPC4 affects GIPC hydrolysis more in roots than in
leaves.

The level of the nonphosphorus sphingolipid hCer in both
rosettes and roots was comparable between WT and NPC4-
KO mutants grown during phosphate-sufficient and -defi-
cient conditions (Supplemental Figure 5, A–D). The GlcCer
level in roots was significantly increased both in WT and
NPC4 mutants during phosphate deficiency, but the GlcCer
increase in the two NPC4-KO mutants was smaller than that
in WT roots (Figure 3A). The level of several GlcCer species
in phosphate-starved roots tended to be lower in the two
NPC4-KO mutants than WT (Figure 3B). However, the
GlcCer level in rosettes was similar in WT and NPC4-KO
mutants (Supplemental Figure 6, A and B). We measured
the transcript levels of glucosylceramide synthase (GCS),
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Figure 1 Change of GIPC and hCer Levels in Arabidopsis rosettes and roots in response to phosphate starvation. A, The level of GIPC in rosettes
and roots with and without phosphate. Levels of GIPC are shown relative to the level of GIPC in rosettes during sufficient phosphate (set at
100%). B, Heat map showing the level of GIPC species in rosettes and roots with and without phosphate. Each horizontal colored bar represents
the log2 of the concentration (nmol g–1 dry weight) as shown in the color key. C, Levels of hCer in rosettes and roots with and without phos-
phate. The levels of hCer are shown relative to the level of hCer in rosettes during sufficient phosphate (100%). D, Heat map showing the levels of
hCer species in rosettes and roots with and without phosphate. Each horizontal colored bar represents the log2 of the concentration [(nmol g–1

dry weight) � 10] as shown in the color key. Three-day-old seedlings were transferred to a phosphate-sufficient or -deficient half-strength MS
medium for 10 days. In (B) and (D), five replicates of rosette and root samples were harvested for lipid analysis by mass spectrometry and the av-
erage data of each species were normalized by a log2 calculation method (n = 5; Szymanski et al., 2014). The heat map was drawn using Heatmap
Illustrator (version of HemI 1.0.3.3). *Significant at P 5 0.05; **Significant at P 5 0.01 compared with the phosphate-sufficient condition in the
same tissue, based on Student’s t test (Supplemental Data Set 1). The phosphate treatments, lipid extraction and analysis in (A) and (C) were re-
peated three times with consistent results, and the results of one representative lipid analysis are shown.
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which converts hCer to GlcCer (Msanne et al., 2015). The
levels of NPC4 and GCS transcripts were significantly in-
creased during phosphate deficiency, and the magnitude of

increase of NPC4 and GCS expression was greater in roots
than that in rosettes (Figure 3C). In addition, we analyzed
the level of LCB and long-chain base phosphate (LCBP).
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C, Relative level of NPC4 and GCS expression during phosphate-sufficient or -deficient conditions. Total RNA was extracted from Arabidopsis
rosettes and roots during both phosphate-sufficient and -deficient conditions. UBQ10 was used as an internal standard control. Values are means
± SD (n = 3 biological repeats) and different letters indicate difference at P 5 0.05 using two-way ANOVA (Supplemental Data Set 1).

Figure 2 (Continued)
log2 calculation method (n = 5; Szymanski et al., 2014). The heatmap was generated using Heatmap Illustrator (version of HemI 1.0.3.3).
*Significant at P 5 0.05; **Significant at P 5 0.01 compared with WT during the same condition, based on Student’s t test (Supplemental Data
Set 1). Each horizontal-colored bar represents the log2 of the concentration (nmol g–1 dry weight) as shown in the color key. The phosphate treat-
ments, lipid extractions, and analyses for (A) to (E) were repeated three times with similar results. The results of one representative experiment
are shown.
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Relative to that during sufficient phosphate, the LCB level
during phosphate deficiency increased in rosettes but de-
creased in roots. Whereas it was comparable in WT and
NPC4-KO rosettes, the LCB level in two NPC4-KO roots was
lower than that in WT roots during phosphate deficiency
(Supplemental Figure 7, A and C). In comparison, during
phosphate deficiency, the LCBP level increased in both roots
and rosettes and was similar between WT and NPC4-KO
roots and rosettes and it increased leaves (Supplemental
Figure 7B).

NPC4 prefers GIPC to PC as a substrate
To determine whether NPC4 hydrolyzes GIPC (Figure 4A), re-
combinant protein NPC4-6xHis was purified from Escherichia
coli and different amounts of NPC4-6xHis were incubated
with different amounts of GIPC for different durations
(Figure 4, B and C; Supplemental Figure 8A). With increasing
time of incubation, the GIPC level decreased in NPC4-
containing reactions, but that of GIPC remained the same in
a protein preparation from the empty vector control
(Figure 4C). Meanwhile, the production of hCer was increased
when NPC4 was present (Figure 4C; Supplemental Figure 8A).
After incubation for 60 min, the level of GIPC had decreased
by 50% in the presence of NPC4-6xHis protein, while there
was no change in GIPC for samples from the vector control
(Figure 4D). The resulting reactions were also analyzed by
mass spectrometry for potential products. hCer was gener-
ated in the reactions with the presence of NPC4 while no
production of hCer occurred in the vector control sample
(Figure 4E). In addition, we measured the soluble phosphate
released from GIPC hydrolysis and the level of phosphate was
significantly higher in the NPC4 reaction than that of the vec-
tor control (Supplemental Figure 8B). These results indicate
that NPC4 hydrolyzes GIPC to produce hCer.

Previous studies reported that NPC4 was able to hydrolyze
glycerophospholipids such as PC (Nakamura et al., 2005;
Peters et al., 2010). To compare the activity of NPC4 toward
GIPC and PC, we measured NPC4 hydrolysis of PC and GIPC
under the same assay conditions. For the GIPC substrate,
NPC4 had a Km at 3.86 mM and a Vmax of 0.19 mM min–1,
whereas for PC, NPC4 had a Km at 22.43 mM and a Vmax of
0.12 mM min–1 (Figure 4F). The kinetic data indicated that
NPC4 had nearly six-fold higher affinity toward GIPC than
toward PC and nearly a 1.5-fold greater maximal velocity for
GIPC than PC (Figure 4F), suggesting that NPC4 prefers
GIPC to PC.

NPC4 is mostly associated with membrane rafts
The in planta use of GIPC requires NPC4 to have access to
its lipid substrate in the cell. NPC4 is associated with the
plasma membrane (PM; Peters et al., 2010), whereas GIPC is
a major PM lipid, and it is particularly enriched in PM lipid
rafts (Lefebvre et al., 2007; Cacas et al., 2012). We first veri-
fied the PM association of NPC4 by colocalizing NPC4-GFP
with the PM marker calcineurin B-like calcium sensor pro-
tein tagged with red fluorescence protein (CBL1-RFP;
Figure 5A). When the microsomal membranes were

solubilized with 1% Triton X-100, a majority of NPC4 was
present in the detergent-insoluble fraction (Figure 5B), a
hallmark for membrane raft-associated protein. To isolate
membrane rafts, we isolated the PM fraction from tobacco
leaves using two-phase partitioning and then treated the
PM fraction with chilled Triton X-100, followed by discontin-
uous sucrose gradient centrifugation. An opaque band was
visible near the 30%–35% interface, and this was shown to
contain detergent-insoluble membranes (Mongrand et al.,
2004; Lefebvre et al., 2007). The potential detergent-
insoluble membranes were fractionated mostly in fractions 4
and 5. Immunoblotting of the sucrose-gradient fractions in-
dicated that most NPC4 were present in fractions 4, 5, and
6 (Figure 5C). Lipid analysis of those fractions revealed that
fractions 4 and 5 contained the highest level of GIPC
(Figure 5D). Similarly, hCer and GlcCer mainly were found in
fractions 3–5 (Supplemental Figures S9 and S10). These
results support the idea that NPC4 and GIPC colocalize in
PM lipid rafts.

Discussion
The ability to change membrane glycerolipid composition is
an adaptive mechanism by which plants cope with phos-
phate deficiency (Awai et al., 2001; Cruz-Ramirez et al., 2006;
Li et al., 2006; Nakamura et al., 2009; Okazaki et al., 2013). In
glycerolipid remodeling, the decrease in PC cannot be
completely compensated functionally by an increase in
nonphosphorus-containing glycerolipids because plant
growth is compromised during Pi deficiency (Gaude et al.,
2008; Su et al., 2018). Sphingolipids are another important
class of membrane lipids, particularly abundant in plasma
and tonoplast membranes (Sperling et al., 2005; Markham
et al., 2006; Markham et al., 2013). GIPC is the most abun-
dant phosphosphingolipid in plants (Sperling et al., 2005;
Markham et al., 2006, 2013) and its level decreases substan-
tially in leaves and roots in response to phosphate deficiency,
as shown in this study. Moreover, this work showed that
NPC4 hydrolyzes GIPC, revealing a new function for NPC.
Although the importance of sphingolipid metabolism in
plant growth, development, and stress response has begun
to be appreciated (Markham et al., 2013; Luttgeharm et al.,
2016), little is known about the specific enzymes involved in
sphingolipid hydrolysis. The present study provides evidence
that NPC4 hydrolyzes GIPC, thus identifying a major meta-
bolic step in plant sphingolipid metabolism (Figure 6).

Previous studies showed that NPC4 also hydrolyzed glycer-
ophospholipids such as PC when assayed in vitro
(Nakamura et al., 2005; Peters et al., 2010). This raises an im-
portant, yet challenging question: What lipids does NPC4
hydrolyze in plants? It is known that in vitro a lipolytic en-
zyme may hydrolyze various lipids when an individual lipid
is present (Kirk Pappan, 1997). But, the seemly broad sub-
strate use in vitro may not represent the lipid substrate of
the enzyme in vivo. Various factors, including enzyme kinet-
ics and intracellular distribution of the substrate lipids and
enzymes, affect its substrate access and use in plant tissues.
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Figure 4 NPC4 Hydrolyzes GIPC to Generate hCer in vitro. A, Diagram showing NPC4-mediated hydrolysis of GIPC to hCer. B, Coomassie Brilliant
Blue staining (upper) and immunoblotting (lower) of purified recombinant NPC4 expressed in E. coli. C, Changes in GIPC levels after incubation
of GIPC with purified NPC4. GIPCs were chromatographed in CHCl3/CH3OH/4M NH4OH (9:7:2, by vol) with 0.2 M ammonium acetate. Values
are means ± SD (n = 3). *Significant difference compared with vector control at P 5 0.05. D, Changes in GIPC levels after incubation of GIPC with
purified NPC4. Relative GIPC level (%) refers to GIPC level relative to that of GIPC added to the assay. Values are means ± SD (n = 3). *Significant
difference compared with vector control at P5 0.05. E, Production of hCer after incubation of GIPC with purified 10 mg NPC4. Relative hCer level
(%) refers to the level of hCer produced by NPC4 after a 60-min reaction. Vector refers to a negative control using an equal volume of eluents
from an identically processed sample containing empty vector alone. F, Kinetic parameters of NPC4 hydrolysis of GIPC and PC. GIPC was isolated
from Arabidopsis leaves; commercial PC from soybean seeds (Avanti Polar Lipids Inc. 840054P) was used. For GIPC, Km = 3.86 lM; for PC,
Km = 22.43 lM. Values are means ± SD (n = 3). Origin 8.0 was used to plot the data and calculate the kinetic parameters.
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Our comparative kinetic analyses indicated that NPC4 had
about a six-fold higher affinity for GIPC than for PC. In addi-
tion, we showed that NPC4 was associated with the PM and
was enriched in the membrane rafts, whereas GIPC is known

to be enriched in PM lipid rafts. GIPC constitutes about
65 mol% of the lipids in isolated PM rafts from tobacco,
which represents a 2.5-fold enrichment of GIPC compared
to the rest of the nonraft PM regions (Lefebvre et al., 2007;
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Figure 5 NPC4 is Mostly Associated with PM Rafts. A, Colocalization of NPC4-GFP with the PM marker CBL1-RFP in tobacco leaves. Bars = 50
lm. B, Immunoblotting of NPC4-GFP in Triton X-100-insoluble and -soluble microsomal membrane fractions of tobacco (Nicotiana benthamiana)
leaves NPC4-GFP after centrifugation at 100,000 g. P, Triton X-100-insoluble microsomal precipitate; S, soluble proteins after Triton X-100 treat-
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PM from tobacco leaves isolated by two-phase partitioning was treated with Triton X-100 and then subjected to sucrose gradient flotation. The
gradient was separated into nine 1-mL fractions from top (1) to bottom (9). Fractions 4 and 5 were near the 30%–35% interface. Proteins from an
equal volume of each fraction were used for 10% SDS–PAGE, followed by immunoblotting with an anti-GFP antibody for NPC4-GFP. D, Detection
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Cacas et al., 2012). This PM raft association of NPC4 places
NPC4 in the same sub-membrane locale as GIPC. On the
other hand, GIPC is thought to be localized primarily in
the outer leaflet of PM in plants, and this raises the ques-
tion of how NPC4 at the cytoplasmic side accesses GIPC
at the other side. The experimental evidence for the trans-
verse PM membrane distribution of sphingolipids is scarce
in plants. In oat roots during phosphate sufficiency, the
distribution of GlcCer between the cytosolic:outer leaflets
of the PM was 30:70 (mol:mol). However, during phos-
phate deficiency, the transversal distribution of GlcCer in
PM changed to 65:35 (cytosolic:outer leaflets) in oat roots
(Tjellstrom et al., 2010). This result suggests that sphingoli-
pids including GIPC are localized in the cytosolic leaflet
and accessible by NPC4.

It is worth-noting that in vitro, NPCs other than NPC4
may hydrolyze GIPC, as they have highly conserved cata-
lytic domains. However, a clear difference between NPC4
and other NPCs is its unique association with the PM in
Arabidopsis (Pokotylo et al., 2013; Pejchar et al., 2015).
NPCs2 and 6 are found in the plastid and have predicted
signal peptides at the N terminus (Song et al., 2017; Ngo
et al., 2018). NPC3 is associated with the tonoplast
(Pokotylo et al., 2013), whereas NPC5 is cytosolic (Gaude
et al., 2008; Peters et al., 2014). The different subcellular
locations underlie a basis for diverse functions of different
NPCs, ranging from responses to various stress conditions
to seed oil production (Cai et al., 2020). Among six NPCs
in Arabidopsis, NPC4 and NPC5 are most similar in
sequences, but NPC5 is not membrane rafts associated,
which may limit its access to GIPC in vivo. NPC5 is in-
volved in glycerophospholipid remodeling in leaves under-
going phosphate deficiency (Gaude et al., 2008), whereas
NPC4 affects sphingolipid changes more in roots than leaves
as shown in the present study. The demonstration of GIPC
hydrolysis in vitro, together with the comparative lipid analy-
sis between WT and NPC4-KO mutants supports the conclu-
sion that NPC4 hydrolyzes GIPC in plants during phosphate
deficiency in Arabidopsis. Compared to the decrease in WT
roots, the loss of NPC4 in three NPC-KO mutants impeded
�80% of GIPC decrease during phosphate deficiency, Thus,
we have identified NPC4 as a major enzyme mediating a de-
crease of GIPC in roots during phosphate deficiency, and
that its PM association could be critical to its access to and
hydrolysis of GIPC in plants. However, the loss of NPC4 did
not impede completely phosphate deficiency-induced de-
crease in GIPC, particularly in rosettes. This could mean that
GIPC is degraded by other enzymatic activities, such as
GIPC-PLD activities (Tanaka et al., 2013; Kida et al., 2017)
and potentially other NPCs that may be more active in
rosettes.

Although the level of GIPC was dramatically decreased in
roots and rosettes during phosphate deficiency, the increase
in hCer was limited to specific species. These results
suggest that hCer produced from NPC4 activity is further
metabolized to nonphosphorus-containing glycosylceramides

(Figure 6). Indeed, during phosphate deficiency, GlcCer
showed a significant increase in roots, and the increase was
attenuated in roots deficient in NPC4. The gene transcript
of GCS that catalyzes the synthesis of GlcCer using hCer
also increased significantly in roots. These results are consis-
tent with the proposition that hCer released from NPC4-
mediated GIPC hydrolysis is further metabolized to GlcCer
by GCS in roots during phosphate-deficiency. However, no
difference in GlcCer levels was observed between WT and
NPC4-KO rosettes during phosphate deficiency. Those
results are consistent with the attenuated decrease in GIPC
in rosettes relative to that in roots. In addition, NPC4-KO
roots exhibited an attenuated decrease in the LCB level
compared to WT, but no such difference occurred in
rosettes. All the results indicate that NPC4 has a more pro-
found effect on sphingolipid changes in roots than in leaves.

The functional significance of NPC4 in sphingolipid hydro-
lysis is shown by changes in root growth in NPC4-KO plants.
The impairment of NPC4-mediated hydrolysis of GIPC
resulted in reduced root hair elongation during phosphate
deficiency (Su et al., 2018). Forward genetic screening of
defects in root hair elongation identified a mutant per2 (Pi
deficiency root hair defective 2; Chandrika et al., 2013). PER2
encodes Alfin-like 6, a protein that belongs to a small family
of nuclear localized plant homeodomain-containing putative
transcription factors. Interestingly, transcriptomic analysis of
per2 for altered gene expression upon phosphate deficiency
revealed downregulation of NPC4 (Chandrika et al., 2013). In
addition to root hairs, our data show that disruption of
NPC4 decreased overall root growth. Collectively, these
results indicate that NPC4 sustains root growth during phos-
phate deficiency. In addition, NPC4 has a much higher
expression level in old leaves than that in young leaves
(Peters et al., 2010). It is likely that NPC4 plays a role in recy-
cling of phosphate by hydrolysis of GIPC not only during
phosphate deficiency but also in phosphate recycling from
GIPC in old tissues to young tissues. Furthermore, NPC4 is
involved in response to other stress conditions, such as high
salinity (Peters et al., 2010; Kocourkova et al., 2011) and
nitrogen deficiency (Mei et al., 2016). GIPC was reported to
play a key role in sensing salt stress to trigger Ca2 + influx in
plants (Kocourkova et al., 2011; Jiang et al., 2019). It will be
of great interest to investigate whether the NPC4-catalyzed
GIPC hydrolysis plays a role in plants response to other
stressors.

In summary, we have identified a sphingolipid metabolic
process in which GIPC, the most abundant sphingolipid in
the PM, is hydrolyzed in response to phosphate deficiency
in plants and that NPC4 is primarily responsible for the
GIPC hydrolysis and the decreased plant response to phos-
phate deficiency (Figure 6). Disruption of NPC4 function
impairs the GIPC decline and root growth during phos-
phate deprivation. The genetic, physiological, biochemical
and metabolic evidence presented support the importance
of the NPC4-mediated hydrolysis of GIPC and sphingolipid
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remodeling in plants coping with phosphate limitation
(Figure 6).

Materials and methods

Confirmation of NPC4 KO plants
The isolation of the npc4-1 (Salk_046713)KO was described
previously (Peters et al., 2010). T-DNA insertional mutants
for npc4-3 (CS349184) and npc4-4 (CS345155) were identi-
fied from the Salk Arabidopsis T-DNA KO collection
obtained from the Ohio State University ABRC. The homo-
zygous T-DNA insertional NPC4 (At3g03530) mutant was
verified by PCR-based screening using a T-DNA left border
primer and gene-specific primers. Expression of NPC4 in WT,
npc4-1, npc4-3, and npc4-4 was analyzed by RT-PCR. Total
RNA was extracted from rosette using a cetyl-
trimethylammonium bromide method (Li et al., 2006).
RNase-free DNase was used to remove the DNA contamina-
tion in RNA samples. cDNA was synthesized using the
iScript kit (Bio-Rad) from isolated RNA template through re-
verse transcription. PCR was cycled as following: one cycle
of 95�C for 1 min; 30 cycles at 95�C for 30 s, 55�C for 30 s,
and 72�C for 30 s; and final extension of DNA at 72�C for
10 min. Primers used for the PCR verification of npc4-1,
npc4-3, and npc4-4 are listed in Supplemental Table S1.

Plant growth, sphingolipid extraction, and
sphingolipid analysis by mass spectrometry
Plants were grown in a growth room with a 12-h light/12-h
dark cycle at 23/21�C, 50% humidity, and 200 mmol m–2 s–1

of light intensity. Seedlings were grown on a phosphate-
sufficient medium (0.5 mM KH2PO4, half MS agar plate, pH
5.8) or phosphate-deficient medium (0 mM KH2PO4, half
MS agar plate, pH 5.8; Li et al., 2006; Gaude et al., 2008).
Sphingolipids were extracted as described previously
(Markham and Jaworski, 2007; Bure et al., 2011). Briefly,
10–30 mg of freeze-dried Arabidopsis tissues were homoge-
nized and 3-mL extraction solvent (isopropanol/heptane/wa-
ter 55:20:25) was added followed by incubation at 60�C for
15 min. The supernatant was transferred to a new Teflon-
lined screw cap glass tube after centrifugation at 500g for
10 min. The extraction was repeated 2–3 times and the
supernatants were pooled. The supernatant was then dried
under a stream of nitrogen in a heating block at 60�C.
Samples were heated in 1 mL of tetrahydrofuran (THF)/
methanol/water (2:1:2 v/v/v) containing 0.1% formic acid
and dissolved by ultrasound sonication, then centrifuged at
500g for 10 min to remove insoluble material, and samples
were then stored at –80�C prior to further analysis.

Sphingolipids were analyzed using an Exion UPLC system
coupled with a triple quadrupole/ion trap mass spectrome-
ter (6500 Plus QTRAP; SCIEX) according to a previous
method with modifications (Markham and Jaworski, 2007).
Multiple reaction monitoring transitions were set up for
analysis of sphingolipids including GIPC, hCer, and GlcCer as
described previously (Markham and Jaworski, 2007).
Standards for quantification of sphingolipids were purchased

from Avanti Polar Lipids Inc. Ganglioside GM1 (Ovine brain),
Cer (d18:1c14:0), GlcCer (d18:2c16:0), LCB (d17:0), and LCBP
(d17:1) were used to quantify GIPC, hCer, GlcCer, LCB, and
LCBP abundance. Lipids were eluted from a column
(SUPELCOSIL ABZ + Plus, 150 � 3 mm, 5-mm particle size)
at 1 mL min–1 with a binary-gradient system consisting
of solvent A, THF/methanol/5 mM ammonium formate
(3:2:5 v/v/v) + 0.1% formic acid, and solvent B, THF/metha-
nol/5 mM ammonium formate (7:2:1 v/v/v) + 0.1% formic
acid.

RNA extraction and real-time PCR
Total RNA was extracted from 2-week old Arabidopsis
rosettes and roots using the RNAprep pure plant kit
(DP432, http://www.tiangen.com/). Isolated RNA was used
as template for cDNA synthesis through reverse transcrip-
tion using an iScript kit (Bio-Rad). PCR products were quan-
titatively monitored by SYBR green fluorescent labeling of
double-stranded DNA using MyiQ (Bio-Rad). The expression
level was normalized to that of UBQ10 (At4g05320). PCR
reactions were as follows: one cycle of 95�C for 1 min;
50 cycles at 95�C for 20 s, 55�C for 20 s, and 72�C for 20 s;
and final extension of DNA at 72�C for 5 min. The real-time
PCR primers for NPC4 (At3g03530) and GCS (At2G19880)
are listed in Supplemental Table S1.

Protein expression, purification, and
immunoblotting
The cDNA encoding NPC4 was cloned into pET28a vector
(Novagen) before the 6xHis coding sequence. The construct
was sequenced and introduced into E. coli strain Rosetta
(DE3, Amersham Biosciences). Isopropyl b-D-1-thiogalacto-
pyranoside (0.1 mM) was added to the bacterial culture at
OD600 of 0.7 to induce NPC4 protein production for 16 h at
16�C. The NPC4-6xHis fusion protein was purified as
described previously (Peters et al., 2010; Li et al., 2011).
The bacterial cells were harvested by centrifugation and
resuspended in Tris-buffered saline (TBS) buffer containing
1 mg mL–1 lysozyme (50 mM Tris–HCl, pH 7.3, 50 mM
NaCl, 5% glycerol, 1 mM DTT, and 0.5 mM PMSF). The sam-
ples were kept on ice for 30 min to digest cell walls, and
then 5 mM dithiothreitol and 1.5% (w/v) N-laurylsarcosine
(Sarkosyl) were added. The sample mix was vortexed and
sonicated on ice for 5 min. The supernatant was obtained
by centrifugation at 10,000g for 20 min and transferred to a
new tube. Triton X-100 was added to the supernatant to a
final concentration of 1% (v/v) and Ni-NTA-agarose beads
were added (10%, w/v). The sample mix was gently rotated
at 4�C for 1 h. Twenty volumes of wash buffer (50 mM
Tris–HCl, pH 7.3, 50 mM imidazole, 5% glycerol, 1 mM DTT,
and 0.5 mM PMSF) were used to wash the agarose beads.
Triple volumes of elution buffer (50 mM Tris–HCl, pH 7.3,
250 mM imidazole, 5% glycerol, 1 mM DTT, and 0.5 mM
PMSF) were applied to elute the fusion protein bound to
agarose beads. The concentration of purified protein was
measured with a protein assay kit (Bio-Rad). The purified
proteins were separated by 10% SDS–PAGE, stained with
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Coomassie Brilliant Blue and immunoblotted using His-tag
antibodies (1:3,000 dilution; A-5588, Sigma).

NPC activity assays
GIPC was purified from Arabidopsis leaves according to a
method described previously (Bure et al., 2011). Briefly,
�25 g of well-expanded Arabidopsis leaves were ground
with 400 mL cold 0.1 N aqueous acetic acid. The sample
was filtered through eight layers of acid-washed Miracloth
and the filtrate was discarded. This step was repeated one
more time and the residue was then extracted with hot
acidic 70% ethanol containing 0.1 N HCl (70�C). The extract
was filtered through Miracloth and washed with hot acidic
70% ethanol. The process of hot acidic ethanol extraction
was repeated twice. The combined filtrates were chilled im-
mediately and put at –20�C overnight. The sample was
then centrifuged at 2,000g at 4�C for 15 min to obtain the
GIPC-containing pellet. The pellet was washed with cold
acetone several times until it became colorless. Then, the
pellet was washed with cold diethyl ether to obtain a whit-
ish precipitate, which was then dissolved in THF/methanol/
water (4:4:1, v/v/v) containing 0.1% formic acid. The sample
was heated at 60�C and sonicated gently to be dissolved
well. After centrifugation at 2,000g at 4�C for 5 min, the su-
pernatant containing GIPC was retained and dried under a
stream of N2. Then, 1-mL butanol/water (1:1, v/v) was
added for phase partitioning. While the debris of protein
and cell walls were in the lower aqueous phase, the upper
butanolic phase contained GIPC. The GIPC extract was dried
and the residue was dissolved in THF/methanol/water (4:4:1,
v/v/v) containing 0.1% formic acid. The concentration of
dissolved GIPC was quantified using LC–MS (6500 Plus
QTRAP; SCIEX) with GM1 as standard. Soy PC from soybean
seeds was purchased from Avanti Polar Lipids Inc. (840054P)
and used for activity assays.

GIPC and PC were suspended in reaction buffer (25 mM
HEPES, pH 7.5, 10 mM CaCl2, and 10 mM MgCl2) by sonica-
tion on ice for 5 min. Ten micrograms of purified NPC4
were added to the reaction mixture in a final volume of 200
mL For empty vector control, an equal volume of eluents
from an identically processed sample containing empty vec-
tor alone was added to the assay mixture. The reaction was
incubated at 30�C for 30, 60, 90, and 120 min, and stopped
by adding of 200 mL of butanol followed by vigorously vor-
texing. The sample was centrifuged at 12,000g and 200 mL of
the lower phase was used to measure the phosphate re-
leased from the head group, as determined by
the molybdenum blue method (Peters et al., 2010). Then,
200-mL water was added to the remaining mixture followed
by vortexing and centrifugation and. the lower phase was
discarded. GIPC in the samples was mixed with solvent H
(isopropanol:hexane:water (55:20:25) with the upper phase
removed) containing 30 mM ammonia acetic acid and ana-
lyzed by mass spectrometry as described below. For TLC,
the solvent from the organic, upper phase of the 200 mL of
butanol extract of the reaction was evaporated under a
stream of N2, and the residue was dissolved in 20 mL of

chloroform and separated on a TLC plate. GIPC was chro-
matographed in CHCl3:CH3OH:4M NH4OH (9:7:2, by vol.)
with 0.2 M ammonium acetate (Voxeur and Fry, 2014) and
visualized by copper sulfate as described (Kim et al., 2009).

Subcellular localization of NPC4
The constructs of 35Spro:NPC4-GFP and PM marker RFP
(CBL1, Calcineurin B-like Calcium Sensor Proteins) were de-
livered into the epidermis of tobacco leaves by infiltration
with Agrobacterium tumefaciens (EHA105) harboring the
plasmid constructs. Five days after infection, the fluores-
cence images were observed using a Lecia TCS SP2 confocal
microscope. For subcellular fractionation, infected tobacco
leaves were homogenized in a chilled buffer A containing
1% Triton X-100 (Gaude et al., 2008; Li et al., 2011; 50 mM
Tris–HCl, pH 8.0, 1mM ethylenediaminetetraacetic acid,
10 mM KCl, 2 mM DTT, 0.5 mM PMSF, and 0.5 M sucrose).
The homogenate was centrifuged at 6,000g for 10 min, and
resulting supernatants were centrifuged at 100,000g for
60 min to obtain cytosolic plus Triton X-100-soluble (super-
natant) and Triton X-100-insoluble microsomal (pellet)
fractions.

Lipid rafts were prepared as described previously
(Mongrand et al., 2004; Lefebvre et al., 2007). Briefly, 100 g
tobacco leaves after 5 days of infiltration with the
35Spro:NPC4-GFP construct were homogenized in 30 mL of
buffer B containing 50 mM Tris–HCl (pH 7.4), 50 mM NaCl,
250 mM sucrose, 1 mM DTT, 0.5 mM sodium orthovana-
date, 1 mM PMSF, 10 lg mL–1 aprotinin, 1 lg mL–1 pepsta-
tin A, and 1 lg mL–1 leupeptin. Homogenates were
centrifuged at 1,000g for 10 min at 4�C, and resulting super-
natants were centrifuged at 100,000g for 60 min to obtain
microsomal fractions. This microsomal pellet was resus-
pended in 330 mM sorbitol, 5 mM KCl, and 5 mM K2HPO4

pH 7.8. PMs were purified twice in an aqueous polymer
two-phase system with 23 g of phase mixture (6.2%
PEG3350 [w/w], 6.2% DextranT-500 [w/w] in 330 mM sorbi-
tol, 5 mM KCl, 5 mM K2HPO4 pH 7.8) including 6 g of mi-
crosomal fraction. The final upper phase was diluted with
three volumes in 4 mL of TBS buffer (140 mM NaCl, 3 mM
KCl, 25 mM Tris–HCl, pH 7.5) with 1 mM PMSF to remove
residual polyethylene glycol-Dextran. After a 60-min centri-
fugation at 100,000g, the pellet was washed and then resus-
pended in 0.5 mL of TBS buffer. Triton X-100 was added to
1% final concentration, and the membranes were solubilized
at 4�C for 30 min, then brought to a final concentration of
48% sucrose (w/w), overlaid with successive 2 mL layers of
40%, 35%, and 30% sucrose in TBS buffer (w/w), and then
centrifuged for 16 h at 200,000g at 4�C and 9 portions (1
mL each) were collected from the top. Detergent insoluble
membrane fraction could be recovered near the 30%–35%
interface as an opaque band. Proteins from the equal vol-
ume of each fraction were precipitated with 10% TCA ace-
tone, followed by 10% SDS–PAGE and were then transferred
onto a polyvinylidene difluoride membrane for immunoblot-
ting. Membrane was blocked with phosphate-buffered saline
containing 3% bovine serum albumin, followed by
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incubation with anti-GFP antibody (1:3,000 dilution; sc-9996,
Santa Cruz) conjugated with horse radish peroxidase (HRP).
Protein bands were detected by chemi-luminescent immu-
nodetection of HRP activity. Meanwhile, Lipids in the frac-
tion were extracted from the equal volume of each fraction
with chloroform and butanol (1:1 v/v) and GIPC was ana-
lyzed by LC–MS/MS as described above and expressed as
mass signal per the same volume in each fraction.

Statistical analysis
Values are means ± SD. Different lower letters indicate differ-
ences at P5 0.05 among genotypes during phosphate-
sufficient and -deficient conditions using two-way ANOVA.
*Significant at P5 0.05; **Significant at P5 0.01 compared
with the control based on Student’s t test. ANOVA and t-
test results are provided in Supplemental Data Set 1.

Accession numbers
Sequences of A. thaliana (At-) genes used in this study can
be found in GenBank under accession numbers At-NPC4
(At3G03530), At-NPC5 (At3G03540), At-GCS (At2G19880),
At-CBL1 (At4G17615), At-UBQ10 (At4g05320).
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