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Phosphorus is an essential macronutrient that often limits plant growth and development. Under phosphorus-limited
conditions, plants undergo substantial alterations in membrane lipid composition to cope with phosphorus deficiency. To
characterize the changes in lipid species and to identify enzymes involved in plant response to phosphorus starvation, 140
molecular species of polar glycerolipids were quantitatively profiled in rosettes and roots of wild-type Arabidopsis (Arabidopsis
thaliana) and phospholipase D knockout mutants pld{1, pld{2, and pld{1pld{2. In response to phosphorus starvation, the con-
centration of phospholipids was decreased and that of galactolipids was increased. Phospholipid lost in phosphorus-starved
Arabidopsis rosettes was replaced by an equal amount of galactolipid. The concentration of phospholipid lost in roots was
much greater than in rosettes. Disruption of both PLD{1 and PLD{2 function resulted in a smaller decrease in phospha-
tidylcholine and a smaller increase in digalactosyldiacylglycerol in phosphorus-starved roots. The results suggest that hy-
drolysis of phosphatidylcholine by PLD/s during phosphorus starvation contributes to the supply of inorganic phosphorus for

cell metabolism and diacylglycerol moieties for galactolipid synthesis.

Phosphorous is a macronutrient essential for plant
growth and development (Raghothama, 1999). In
acidic or calcareous soil, the availability of phosphorus
for agriculture may be low due to low total phospho-
rus and/or to the formation of insoluble complexes
(Vance et al., 2003). One remedy for the lack of
phosphorus is to apply large quantities of fertilizers
containing phosphate. However, this may lead to
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environmental pollution and is not economically sus-
tainable (Withers et al., 2001). To improve plant per-
formance under conditions of phosphorus deficiency,
it is important to understand the mechanism by which
plants respond to a low phosphorus environment
(Hammond et al., 2004). Recently, substantial efforts
have been put into defining two aspects of the plant
response to phosphorus starvation. One is identifica-
tion of phosphorus-responsive genes, which are po-
tential candidates for genetic manipulation to improve
plant performance under phosphorus-limited condi-
tions (Hammond et al., 2003; Wu et al., 2003; Misson
et al., 2005). The other is investigation of biochemical
pathways involved in plant response to phosphorus
starvation conditions. In particular, changes in glycero-
lipid metabolism under phosphorus-deficient condi-
tions have drawn considerable attention (Benning
et al., 1995; Hairtel et al., 2000; Jouhet et al., 2003, 2004;
Frentzen, 2004; Andersson et al., 2005).

Glycerolipids in plant membranes comprise princi-
pally phospholipids, such as phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidyl-
inositol (PI), phosphatidyl-Ser (PS), phosphatidic acid
(PA), and phosphatidylglycerol (PG), and galactoli-
pids, including monogalactosyldiacylglycerol (MGDG)
and digalactosyldiacylglycerol (DGDG). Each head-
group class of glycerolipids is composed of various
molecular species, and the fatty acids or other hydro-
carbon portions vary in chain length and unsaturation.
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To date, changes in the major head-group classes, PC,
PE, PI, PG, MGDG, and DGDG, during phosphorus
starvation have been described (Benning and Ohta,
2005; Nakamura et al., 2005), but detailed analysis of
lipid alterations of the molecular species has not been
reported. In addition, alterations of the minor lipid
classes, such as PA, PS, lysophosphatidylcholine
(lysoPC), lysophosphatidylethanolamine (lysoPE), and
lysophosphatidylglycerol (lysoPG), have not been in-
vestigated. The advent of quantitative lipid profiling
based on electrospray ionization tandem mass spec-
trometry (ESI-MS/MS) has made it feasible to deter-
mine the concentration of minor lipid classes and the
concentration of individual molecular species (Welti
et al., 2002; Welti and Wang, 2004). A comprehensive
analysis of lipid species may shed light on the meta-
bolic pathways that alter lipid species and plant re-
sponse to phosphorus starvation.

Plants growing under phosphorus-limited condi-
tions have a lower concentration of phospholipids and
an increased concentration of galactolipids, mostly
DGDG, than those growing under normal phosphorus
conditions (Hartel et al., 2000; Benning and Ohta,
2005). The decrease in phospholipids presumably al-
lows phosphorus to be used for other critical cell
functions and also makes the lipid moiety diacylglyc-
erol (DAG) available for galactolipid biosynthesis.
Phospholipid-hydrolyzing enzymes, such as phospho-
lipase D (PLD), and phospholipase C (PLC) have been
proposed to be involved in the decrease in phospho-
lipid content. The expression of one PC-hydrolyzing
PLC was induced greatly in phosphorus-limited Arab-
idopsis (Arabidopsis thaliana), but the gene knockout of
that PLC has no apparent effect on the lipid composi-
tion under normal and phosphorus-starved growth
conditions (Nakamura et al., 2005). Of 12 Arabidopsis
PLDs, PLD«a(3), B(2), ¥(3), 8, ¢, and {(2), the expression
of the two PLD/s and particularly PLD{2 was induced
most in phosphorus-deficient conditions (Misson et al.,
2005; Li et al., 2006). In addition, the PLD{1 and {2
double knockout displayed shorter primary roots and
had a lower concentration of PA in roots than wild-
type plants under the same phosphorus-limited condi-
tions. Another study showed that PLD{2 was involved
in lipid turnover in a phosphorus-limited condition
(Cruz-Ramirez et al., 2006). These results suggest that
PLD{1 and {2 play a role in regulating root develop-
ment in response to phosphorus limitation, but their
roles, especially their potential additive roles, in the
turnover of phospholipids and galactolipid accumu-
lation during phosphorus starvation have not been
investigated prior to this study (to our knowledge).

This study was undertaken to determine the
changes in membrane lipid species and the role of
PLD{1 and PLD{2 in the changes in Arabidopsis
rosettes and roots in response to phosphorus starva-
tion. Analysis of phospholipid and galactolipid spe-
cies indicates that multiple lipid metabolic pathways
are involved in plant response to phosphorus limita-
tion. Comparative lipid profiling of wild type and
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pld{1, pld{2, and pld{1pld{2 mutants defines the con-
tribution of PLD(s to the metabolism of phospholipids
and galactolipids during phosphorus starvation.

RESULTS

Decrease in Phospholipids and Increase in
Galactolipids during Phosphorus Starvation

To evaluate the effects of phosphorus starvation on
plant growth and lipid composition, 3-d-old Arabi-
dopsis seedlings on standard inorganic phosphate (P;)
agar plates (500 um P,) were transferred to 500 um
or phosphate-free agar plates for an additional 7 d.
The growth of the aboveground portion of the plants,
rosettes, was inhibited, while the root growth was stim-
ulated (Fig. 1). The dry mass of phosphorus-starved
rosettes was 35% less than that of normally grown
rosettes, while the dry mass of phosphorus-starved
roots was 38% more than that of normally grown roots
(Fig. 1A). As a result, the dry weight ratio of roots to
rosettes was increased 2-fold during phosphorus star-
vation (Fig. 1B). These data indicate that plants re-
spond effectively to phosphorus starvation, and lipids
from rosettes and roots under these phosphorus con-
ditions were analyzed by ESI-MS/MS to investigate
changes in lipid metabolism.

Under phosphorus-starvation conditions, the con-
centrations of phospholipids decreased and those of
galactolipids increased, but the magnitude of altera-
tion in lipid concentrations was more drastic in roots
than in rosettes (Table I). Decreases in phosphorus-
starved rosettes for PC, PE, and PG were 17%, 30%,
and 28%, respectively, whereas the same lipids in
phosphorus-starved roots decreased 51%, 65%, and
49%, respectively (Table I). In addition, concentrations
of PI and PA did not decrease significantly in phos-
phorus-starved rosettes, but decreased 57% and 46%,

@ 0.004 = 08
(o]
£ A mm-» |(C B
3 0.003 1 P D 0.6
0 k.
D 0.002 % 0.4 -
£ po
£ 8
.% 0.001 A 5 0.2 1
2 ]
e ©

0.000 o 0.0-
= Rosettes Roots +P -P

Figure 1. Effect of phosphorus on the growth of Arabidopsis rosettes
and roots. Wild-type seeds (Columbia) were sterilized and germinated
on 500 um phosphate agar plates. Three-day-old seedlings were
transferred onto five agar plates with 500 um phosphate (+P) or five
agar plates with O um phosphate (—P). To each plate, 25 seedlings were
transferred. After 7 additional days, the rosettes and roots were
harvested for dry weight. A, Rosettes or roots from one agar plate
were harvested as one sample for dry weight. B, Dry weight ratio of
roots over rosettes. Five plates were measured for the ratio. Data are the
means of five replicates =sp (n = 5).
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Table 1. Total concentration of each lipid class in normally grown and phosphorus-starved rosettes and roots

Three-day-old seedlings were transferred to fresh 500 um (+P) or O um phosphate (—P) agar plates and cultured for an additional 7 d. The rosettes
and roots were then harvested separately for lipid analysis by ESI-MS/MS. Data are means of five replicates *sp (in superscript for clarity). “/Significant
difference” indicates that the lipid class was significantly altered by phosphorus starvation (P < 0.05) and the % difference is shown. PL,

Phospholipids; GL, galactolipids.

Rosettes Roots
+ P -P Significant Difference +P -P Significant Difference
nmol/mg DW nmol/mg DW

PC 28.0°17 23.3%%7 —17% 21.47041 10.47042 -51%
PE 21.3*%13 15.0°%° —30% 29.9*13 10.3*"2 —65%
P 5.93+0-60 4.94%1.03 4.97%04 2.12%030 —57%
PS -I .4Oi0'25 -I .93i0.45 -] .88i0'51 1 .75r0.48
PA 0.47+0:04 0.36*01 1.30%040 0.70%%M1 —46%
PG 29.6%24 21.5%3° —28% 1.97+044 1.01%0%
LysoPC 0.06=091 0.04+0:007 0.04=0013 0.02=0:001 —47%
LysoPE 0.1270008 0.0801 -37% 0.1970012 0.077001 —64%
LySOPG 0.01 +0.0108 0.01 +0.007 0'002‘:0.001 0'008‘:0.0019
MGDG 63.3t3']7 71.6i7'13 1.56i0'59 161 +0.24
DGDG 15211 26.17%0 72% 0.84+030 8.9571:08 965%
Total PL 86.7°419 67.079% —23% 61.87108 26.47322 —57%
Total GL 78.553% 9777876 24% 2.47089 10.6=12° 340%
Total lipid 165776 1657184 64723 37723 —42%

respectively, in roots (Table I). Moreover, DGDG in-
creased 10-fold in phosphorus-starved roots, but only
72% in rosettes (Table I). These data indicate that the
availability of phosphorus has more impact on root
than rosette lipid metabolism and that large decreases
in root phospholipid concentration are correlated with
a large increase in root galactolipid concentration.

Galactolipids Replace Phospholipids Quantitatively
in Phosphorus-Starved Rosettes

The concentration of phospholipids in rosettes de-
creased 23% when 3-d-old seedlings were starved for
phosphorus for 7 d, and the concentration of galacto-
lipids increased 24% to replace the phospholipids
(Table I). In normally grown rosettes, the total concen-
tration of phospholipids, including PC, PE, PI, PG, PS,
and PA, was 86.7 nmol/mg dry weight; the total
concentration of galactolipids, including MGDG and
DGDG, was 78.5 nmol/mg dry weight (Table I). Thus,
the total concentration of lipids, including phospho-
lipids and galactolipids, was 165 nmol/mg dry weight
in normally grown rosettes (Table I). In phosphorus-
starved rosettes, however, the total phospholipids and
galactolipids were 67.0 and 97.7 nmol/mg dry weight,
respectively, but the total concentration of lipids was
still 165 nmol/mg dry weight (Table I). Although the
total lipid concentration was unchanged in phosphorus-
starved rosettes as compared to normally grown ro-
settes, the percentage of phospholipids in the total
lipid dropped from 52 to 41. The homeostatic re-
sponse, in which membrane lipid concentrations are
maintained, highlights the important role of mem-
branes in cellular function.

Roots respond to phosphorus starvation differently
from rosettes not only in terms of growth (Fig. 1) but also
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in terms of lipid alterations (Table I). In phosphorus-
starved roots, the concentration of total phospholipids,
including PC, PE, PI, PA, PS, and PG, decreased 35 nmol/
mg dry weight, while the concentration of total galacto-
lipids, including MGDG and DGDG, only increased
8 nmol/mg dry weight (Table I). Thus, in roots, galacto-
lipids do not quantitatively replace phospholipids as
they do in rosettes during phosphorus starvation.

Individual Molecular Species Respond Differently
to Phosphorus Starvation

The molecular species of eight lipid classes, includ-
ing PI, PG, PS, PE, PC, PA, DGDG, and MGDG, were
profiled in rosettes and roots under normal and phos-
phorus starvation conditions (Fig. 2). There are two
general tendencies for the alteration of individual lipid
species among the lipid species. First, the concentra-
tions of the major molecular species in phospholipid
classes, except for PS, were lower in phosphorus-
starved rosettes and roots than in normally grown
ones (Fig. 2, A and C), and the differences were greater
in roots than in rosettes. Second, the concentrations of
most molecular species of galactolipids were higher in
phosphorus-starved rosettes and roots than in nor-
mally grown rosettes and roots (Fig. 2, A and C). These
differences constitute the lipid class differences already
described, in which phospholipids are decreased and
galactolipids are increased during phosphorus starva-
tion. These alterations likely allow maintenance of
functional membranes during phosphorus starvation.

One exception from the general tendency in species’
alteration under the two phosphorus conditions is PS
species. The concentrations of most PS species with
very long chain fatty acids were higher in phosphorus-
starved rosettes than normally grown rosettes (Fig.
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2A). This exception may reflect the strategies by which
plants cope with phosphorus starvation. PS is only a
minor lipid, constituting 3% of total phospholipid in
rosettes. Higher concentrations of individual PS spe-
cies may serve as signaling molecules to modulate the
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Figure 2. Concentration of individual
molecular species in lipid classes of PI,
PG, PS, PE, PC, PA, DGDG, and
MGDG in rosettes and roots of wild-
type Arabidopsis under 500 um and
0 um phosphate conditions. Three-day-
old seedlings were transferred to the
indicated concentration of phosphate
plates, 500 um phosphate (+P) or 0 um
phosphate (—P), respectively. After 7
additional days, the rosettes and roots
were harvested for lipid analysis by
ESI-MS/MS. A, Individual lipid molec-
ular species in rosettes under two
phosphorus conditions. B, Alteration
in individual lipid species in rosettes
between two phosphorus conditions.
C, Individual lipid molecular species in
roots under two phosphorus condi-
tions. D, Alteration in individual lipid
species in roots between two phospho-
rus conditions. Data are expressed as
mean * sp (n = 5). *, Difference in that
particular lipid species under two
phosphorus conditions is significant
(P <0.05).

survival of stressed cells (Salomoni et al., 1998; Kim
et al., 2000; Neshatg et al., 2000; Yu et al., 2004).

To show the altered concentrations of each individ-
ual species, the concentration of each species in nor-
mally grown rosettes or roots was subtracted from that
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of phosphorus-starved rosettes or roots (Fig. 2, B and
D). In rosettes and roots, the major molecular species,
such as 34:2, 34:3, 36:4, 36:5, and 36:6, were generally
lower in phospholipids during phosphorus starvation
(Fig. 2). The increase in these species, but not the
plastid-derived 34:6 species, in DGDG (Fig. 2) suggests
that hydrolysis of phospholipids supplies DAG moie-
ties for DGDG synthesis during phosphorus starvation.

The Endoplasmic Reticulum-Plastidic Pool
Contributes to the Accumulation of DGDG
during Phosphorus Starvation

Lipids in Arabidopsis are synthesized through dis-
tinguishable routes, the prokaryotic pathway and the
eukaryotic pathway. The prokaryotic pathway is lo-
calized on the plastid inner envelope, and the eukary-
otic one is localized on the endoplasmic reticulum
(ER; Somerville et al., 2000; Wallis and Browse, 2002).
DGDG can be considered as being in three pools: the
plastidic pool is derived from the prokaryotic pathway
and is located in the plastid, the ER-extraplastidic pool
is derived from the eukaryotic pathway and is located
outside the plastid, while the ER-plastidic pool is
derived from the eukaryotic pathway but is located
inside the plastid. The 34-carbon DGDGs are derived
from both the prokaryotic (mainly 18:3-16:3 DGDG,
here called 34:6, and 18:3-16:0 DGDG, here one of two
major 34:3 species) and eukaryotic pathways (mainly
16:0-18:3, which is the second major 34:3 species),
while 36-carbon DGDGs are derived from the eukary-
otic pathway (Hartel et al., 2000; Somerville et al.,
2000). It has been reported that the DGDG that accu-
mulates during phosphorus starvation contains con-
siderable 16:0 (Hartel et al., 2000). This information,
coupled with the finding that the actl mutant that
lacks functional prokaryotic galactolipid synthesis is
able to increase DGDG concentrations upon phospho-
rus deprivation to an extent similar to wild-type plants
(Hartel et al., 2000), suggests that the DGDG accumu-
lated during phosphorus starvation is part of the
ER-extraplastidic pool and that the accumulated 16:0-
containing species must be ER-derived species, such
as 16:0-18:3 DGDG. However, a potential role for the
plastidic pool as well as the ER-plastidic pool in the
DGDG accumulation during phosphorus starvation in
wild-type plants was not ruled out.

Here, our data show that concentrations of most
DGDG species were higher in phosphorus-starved
rosettes than in normally grown rosettes (Fig. 2, A
and B). There was 11 nmol/mg dry weight more newly
formed DGDG in phosphorus-starved rosettes than
normally grown rosettes (Table I). Of this, 34% came
from 34-carbon DGDG and 61% from 36-carbon
DGDG (Table II). In addition, there was 8 nmol/mg
dry weight more DGDG in phosphorus-starved roots
than in normally grown roots (Table I), of which 57%
came from 34-carbon DGDG and 42% from 36-carbon
DGDG (Table II). DGDGs with 36-carbons can only
originate from the eukaryotic pathway (Somerville
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Table Il. Percentage of 34- and 36-carbon individual molecular
species in newly accumulated DGDG during phosphorus starvation

Rosettes® Roots”
% %
34 Total 343 56.8
34:1 0.7 0
34:2 8.2 24.0
34:3 23.8 32.2
34:4 0.9 0.7
34:5 0.7 0
34:6 0 0
36 Total 61.3 42.3
36:1 0 0
36:2 0.7 2.0
36:3 1.8 4.0
36:4 3.7 9.2
36:5 2.2 18.8
36:6 52.9 8.3

“The percentage of individual DGDG species in 11 nmol/mg dry
weight (Table I), which was the total DGDG increase in phosphorus-
starved rosettes compared to rosettes grown at the standard phospho-
rus condition. PThe percentage of individual DGDG species in
8 nmol/mg dry weight (Table 1), which was the total DGDG increase in
phosphorus-starved roots compared to roots grown at the standard
phosphorus concentration.

et al., 2000). Among 34-carbon DGDGs, 34:6 (18:3-16:3
DGDG) and 34:5 (mostly in the form of 18:2-16:3
DGDG, with a minor amount of 18:3-16:2 DGDG)
originate from the prokaryotic pathway, while 34:4,
34:3, 34:2, and 34:1 could represent species that orig-
inate from either the prokaryotic or eukaryotic path-
ways (Somerville et al., 2000). From the data in Table II,
it is clear the eukaryotic pathway, here called the ER-
plastidic pool, contributes to the DGDG accumulation
during phosphorus starvation. The fact that neither
34:6-DGDG nor 34:5-DGDG increased during phos-
phorus starvation in rosettes and roots (Fig. 2) sug-
gests that newly formed DGDG might not originate
from the plastidic pool.

PLD{1 and {2 Contribute to PC Hydrolysis and DGDG
Accumulation in Phosphorus-Starved Roots

PLD is a major family of phospholipid-hydrolyzing
enzymes in plants. Arabidopsis has 12 PLDs, and their
levels of expression differed in response to phospho-
rus starvation (Fig. 3). The mRNA level for most PLDs,
a2, a3, B1, 82,8, and ¢, did not change. The expression
level of three PLDvys decreased, whereas that of
PLDal, {1, and {2 increased. The most drastic change
is PLD{2, and its mRNA level increased more than
10-fold in phosphorus-starved rosettes and roots. These
results are consistent with the microarray data in
which PLD{2 was drastically induced by phosphorus
starvation (Misson et al., 2005). PLD{2 is structurally
similar to PLD{1, and both are distinctly different from
other PLDs by having phox homology and pleckstrin
homology domains that are found in mammalian
PLDs (Qin and Wang, 2002).

Plant Physiol. Vol. 142, 2006
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Figure 3. Expression of 12 PLD genes in rosettes (A) and roots (B) of
wild type under 500 um phosphate and 0 um phosphate conditions.
Three-day-old seedlings were transferred to the indicated concentration
of phosphate, 500 um phosphate (+P) or O um phosphate (—P),
respectively. After 7 additional days, the rosettes and roots were
harvested for total RNA isolation and real time PCR. The levels of
expression are expressed relative to the expression level of UBQT0.
Values are the mean of three replicates =sp (n = 3).
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To investigate the role of PLD{s in phosphorus
starvation, the phospholipids and galactolipids of the
single mutants, pld{1 and pld{2, and double mutant,
pld{1pld{2, were profiled. Under normal phosphorus
conditions, there was no difference in the concentra-
tions of various lipid classes examined among the
roots of wild type, pld{1, pld{2, and pld{1pld{2 (Fig. 2;
Supplemental Figs. S1-53). However, under phospho-
rus-starved conditions, the total PC concentration was
significantly higher and DGDG concentration was
significantly lower in phosphorus-starved roots of
pld{1pld{2 than in wild type (Fig. 4; Table III). In roots
of phosphorus-starved plants, the PC concentration
was 1.4 nmol/mg dry weight higher in pld{Ipld{2
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Figure 4. Concentration of PC, PA, DGDG, MGDG, PG, PI, PS, and PE
in rosettes and roots of wild type, pld(1, pld¢2, and pld 1pld¢2 under
the phosphorus starvation condition. Three-day-old seedlings in each
genotype were transferred to the phosphorus starvation condition (0 um
phosphate). After 7 additional days, the rosettes and roots were
harvested for lipid analysis by ESI-MS/MS. A, Concentration of eight
lipid classes in rosettes of wild type, pld(1, pld;2, and pld{1pldi2
under the phosphorus starvation condition. B, Concentration of eight
lipid classes in roots of wild type, pld{1, pld2, and pld{ 1pld{2 under
the phosphorus starvation condition. Data were expressed as mean =
sp (n = 5). The marker H indicates that the PC concentration was
significantly higher in pld{1pld{2 than in wild type (P < 0.05). The
marker L indicates that the DGDG concentration was significantly
lower in pld{ Tpld{2 than in wild type (P < 0.05).
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Table Ill. Concentrations of PC and DGDG in Arabidopsis rosettes and roots under phosphorus-starved conditions in wild type, pld{1, pld{2,

and pld{ 1pld;2 mutants

The data were expressed as average = sp (n = 5). sp is in superscript for clarity.

Rosettes Roots
Wild Type pld 1 pld¢2 pld¢ 1pld;2 Wild Type pld¢1 pld¢2 pld¢ 1pld¢2
nmol/mg DW nmol/mg DW
PC/+P 28.Oi1'7 30.3‘:3.2 29.7‘:3.1 31_2t2.7 21.410.4 20.4‘:1,5 21_1‘:1.5 21.911.8
PC/—P 23.3%27 23.5%2°6 24.6*13 25.4*19 10.4%04 11.4+08 11.613 11.8%04 2
DGDG/+P 152511 17.834 17.3%13 17.6%'7 0.8470%° 0.90+%%° 0.70*%% 0.65%"
DGDG/—P 26.1+20 27.7%50 27.2%44 26.0%27 8.95+1-08 7.87+181 8.00' 7.55%0:35 b

“The concentration was significantly higher in pld{ 1pld{2 than in wild type (P < 0.05), and the difference between them is 1.4 nmol/mg dry

weight.
dry weight.

PThe concentration was significantly lower in pldZ 1pldz2 than in wild type (P < 0.05), and the difference between them is 1.4 nmol/mg

plants than in wild type, while the DGDG concentra-
tion was 1.4 nmol/mg dry weight lower in pld{1pld{2
plants than in wild-type plants (Table III). The recip-
rocal alterations of PC and DGDG suggest that PLD/s
contribute to the PC hydrolysis and DGDG accumu-
lation in roots during phosphorus starvation. This
result implicates PC as a substrate of PLD(s in vivo;
this substrate specificity is consistent with earlier in
vitro data that show that PLD{1 selectively hydrolyzes
PC (Qin and Wang, 2002). This also suggests that the
PLD{s contribute to DGDG accumulation at the ex-
pense of PC in phosphorus-starved roots.

Although the single mutants pld{1 and pld{2 did not
show a significant difference in the concentrations of
PC and DGDG in phosphorus-starved root, there was
a tendency for PC to be higher and DGDG to be lower
than wild type (Fig. 4). These concomitant changes
indicate that the effects of PLD{1 and PLD{2 on PC
hydrolysis and DGDG accumulation are additive.

Analysis of lipid molecular species showed that the
concentrations of most PC species, except for 36:6-PC
and 36:2-PC, are significantly higher in phosphorus-
starved roots of pld{1pld{2 double mutants than in
those of wild-type plants (Fig. 5). Conversely, the
concentration of most DGDG species, except for 36:6-
DGDG and 36:5 DGDG, are lower in phosphorus-
starved roots of pld{1pld{2 double mutants than in

wild type. In lipid classes other than PC and DGDG,
the molecular species did not show major differences
in the mutant plants as compared to wild-type plants
(Fig. 2; Supplemental Figs. 51-53). At the species level,
single mutants pld{1 and pld{2 displayed significant
differences from the wild type in some PC and DGDG
species (Fig. 5); pld{1 had a higher concentration of
36:6-PC, whereas pld{2 had lower concentrations of
34:2-DGDG and 36:6-DGDG. These data further sup-
port the hypotheses that PLD{1 and PLD{2 have
additive effects on PC hydrolysis and that PLD{-
mediated hydrolysis of PC contributes to DGDG ac-
cumulation in phosphorus-starved roots.

Lysophospholipids Decrease in
Phosphorus-Starved Tissues

Lysophospholipids are biologically active in a range
of important cellular signaling pathways. In addition,
they are involved in lipid metabolism, possibly serving
as carriers to transfer acyl chains from ER to chloroplast
(Mongrand et al., 2000). However, due to their low
abundance, the concentration of lysophospholipids
was not been determined previously in response to
phosphorus starvation. The concentrations of lysoPC
and lysoPE decreased by 33% and 37%, respectively, in
phosphorus-starved rosettes, and the decrease was 47%

Figure 5. Concentration of individual

species in lipid classes of PC and S 3qPC i . WT

DGDG in roots of wild type, pld{1, & 5. ¥ TH % pldgl

pld¢2, and pld¢ 1pld¢ 2 under phospho- ° g f’;‘ﬁ s

rus starvation condition. Three-day-old E 14 é PP

seedlings in each genotype were trans- = E

ferred to the phosphorus starvation 2 * iz Z * x

condition (0 um phosphate). After 7 2 3-DGDG

additional days, the rosettes and roots E

were harvested for lipid analysis by B 27 x

ESI-MS/MS. Data were expressed as &

mean * sp (n = 5). *, Difference in that T

particular lipid species is significant 0 x * g *
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Figure 6. Concentration of individual molecular species in lipid classes
of lysoPC, lysoPE, and lysoPG in rosettes and roots of wild type, p/d{1,
pld2, and pld{ 1pld¢2 under 500-um and 0-um phosphate conditions.
Three-day-old seedlings were transferred to the indicated plates,
containing 500 um phosphate (+P) or 0 um phosphate (—P). After 7
additional days, the rosettes and roots were harvested for lipid analysis
by ESI-MS/MS. A and B, Rosettes and roots of wild type, respectively. C
and D, Rosettes and roots of pld{ 1, respectively. E and F, Rosettes and
roots of pld¢2, respectively. G and H, Rosettes and roots of pld{ 1pld{2,
respectively. Data are expressed as mean *sp (n = 5). *, Lipid species is
significantly different in the two phosphate conditions (P < 0.05).

and 64%, respectively, in phosphorus-starved roots
(Table I). However, lysoPG concentrations in rosettes
and roots were similar under both phosphorus condi-
tions. Mutation of PLD{1 and PLD{2 has no significant
effect on lysophospholipid concentrations under nor-
mal or phosphorus-starved conditions (Fig. 6).

DISCUSSION

During phosphorus starvation, plants accumulate
galactolipid (Hartel et al., 2000), mostly DGDG, to

Plant Physiol. Vol. 142, 2006
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compensate for the loss of phospholipids (Table I).
DGDG could be synthesized from DAG that results
from phospholipid hydrolysis and/or from de novo
synthesis. Our lipid profiling analysis demonstrates
that the concentration of galactolipids increased to
compensate quantitatively for the decreased concen-
tration of phospholipids in phosphorus-starved ro-
settes (Table I). The lower concentration of particular
molecular species in phospholipids occurred simul-
taneously with the higher concentration of corre-
sponding species in galactolipids during phosphorus
starvation (Fig. 2). In roots, the amount of DAG from
phospholipid hydrolysis is more than sufficient to pro-
vide the DAG moieties used for galactolipid biosyn-
thesis during phosphorus starvation. These alterations
suggest that the DAG moieties derived from phospho-
lipid hydrolysis are used in galactolipid biosynthesis.

In addition, the profiling of lipid species shows that
the DAG species of DGDG that increased resemble most
closely the PC species that decreased (Fig. 2). This result
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is in agreement with a previous study that suggests that
the acyl composition of DGDG is consistent with its
synthesis from DAG moieties derived from PC hydrol-
ysis (Nakamura et al., 2005). However, our data also
reveal a substantial decrease in certain PE species that
resemble DGDGs (Fig. 2). In particular, the decrease in
PC of certain species, such as 34:3 in rosettes and roots,
does not account quantitatively for the increase in the
same DGDG species, but a combination of the loss of
both the PE and PC species is more than sufficient to
provide the DAG needed for DGDG synthesis (Fig. 2).
These results suggest that in addition to PC hydrolysis,
PE hydrolysis also contributes to the increase of DGDG
under phosphorus-starved conditions.

The release of DAG by phospholipid hydrolysis
could be catalyzed by PLD and PLC (Fig. 7). We show
here that disruption of PLD{s resulted in a higher PC
concentration with a concomitant lower DGDG con-
centration in phosphorus-starved roots. In addition,
PLD/s were drastically induced by phosphorus star-
vation. Thus, we conclude that PLD{s play a role in
hydrolyzing PC in phosphorus-starved roots. PLD
activity produces PA that could be hydrolyzed further
by purple acid phosphatases to generate DAG and
inorganic phosphorus (Fig. 7). DAG may be used
directly or further deacylated to produce free fatty
acids for lipid reconstruction; DAG from both path-
ways may contribute to DGDG synthesis in phosphorus-
starved roots. As a result, the accumulated DGDG
could replace phospholipids and the released inor-
ganic phosphorus could provide invaluable phospho-
rus for phosphorus-starved plants.

The PLDs in plants are composed of two types, C,-
PLDs, such as PLDa1, a2, a3, B1, B2, v1, y2, ¥3, 8, and
g, and phox homology/pleckstrin homology-PLDs,
such as PLD{1 and ¢2 (Qin and Wang, 2002). The C,
domain binds to Ca®" and the activities of PLDa1, 1,
y1, and 8 have been demonstrated to be Ca*" depen-
dent (Zhang et al., 2005); the activity of PLD{1 has

been demonstrated to be Ca*" independent (Qin and
Wang, 2002). Recently, a Ca**-independent PLD-like ac-
tivity was detected in phosphorus-starved oat (Avena
sativa; Andersson et al., 2005). In light of the gene ex-
pression data in which PLD{s” expression increased
drastically in phosphorus-starved Arabidopsis roots,
this Ca®"-independent PLD activity in oats comes
most likely from a PLD{-like enzyme. In addition,
radioactive tracing experiments indicate that, in E)lasma
membrane from phosphorus-deficient oat, [*C]JPC
degradation markedly increased, and both [MC]PA
and ["“C]DAG were formed (Andersson et al., 2005).
Moreover, PLD{1 was demonstrated to selectively
hydrolyze PC (Qin and Wang, 2002). Taken together,
it is most likely that the PLD pathway is utilized to
generate DGDG for the replacement of phospholipids,
and through this pathway, inorganic phosphorus is
released to cope with phosphorus starvation in roots.

The disruption of both PLD{ genes does not abolish
the loss of PC under phosphorus-starved conditions
(Supplemental Figs. S1-S3), suggesting that the deg-
radation of phospholipids involves other enzyme re-
actions. These enzymes could be other PLDs and/or
PLCs. Besides PLD{s, Arabidopsis has 10 more PLD
genes, and their roles in coping with phosphorus
starvation remains to be determined. In addition,
Arabidopsis has a family of six putative PC-hydrolyzing
PLCs (NPLCs), and the expression of NPLC-4 was
drastically induced during phosphorus starvation
(Nakamura et al.,, 2005). NPLC-4 hydrolyzes PC to
DAG in vitro, but knockout of NPLC-4 did not change
the levels of PC and DGDG during phosphorus star-
vation (Nakamura et al., 2005). It is possible that other
NPLCs compensate for loss of NPLC-4 function in the
knockout plants, so at this point, the role of NPLC-4 or
other NPLCs in phospholipid hydrolysis under phos-
phorus-limited conditions is still unclear.

In addition, 29 purple acid phosphatases have been
identified from an Arabidopsis protein database (Li

Figure 7. Possible involvement of PLD{1/2 in the PC Stimulate
hydrolysis and DGDG accumulation during phospho- rimarv r
rus starvation. In this scheme, DAG is shown to be P ?hy oot
generated by three pathways, the PLD pathway, the grow
PLC pathway, and the de novo pathway. In the PLD Severe Pi
pathway, PC is hydrolyzed by PLD{s to PA, and then Moderate stress I
PA is further hydrolyzed by purple acid phosphatase Pi stress
(PAP) to DAG and inorganic phosphorus under severe
phosphorus-limited conditions. Under moderate phos- [ Y = b
phorus deficiency conditions, PLD{1 and PLD{2 PA PAP asma memborane
might function to modulate root growth for better P\’D \<:PI
nutritional absorption by increasing PA to stimulate /
rootgrowth. In the PLC pathway, PC is hypothesized to DAG
be hydrolyzed to DAG. DAG can be used as a substrate o
by MGD2/3 to produce MGDG, from which DGDG is PLC, others®
synthesized by DGD1/2.
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et al., 2002). Of them, 11 have been verified so far to be
induced during phosphorus starvation (Misson et al.,
2005). For the synthesis of DGDG, three MGDG syn-
thases (MGD1-3) and two DGDG synthases (DGD1/2)
have been identified. During phosphorus starvation,
expression of MGD2/3 and DGD1/2 are induced,
activating the galactolipid biosynthetic pathway lead-
ing to DGDG accumulation (Kelly and Dérmann,
2002). This pathway is crucial for DGDG accumulation
because the dgd1dgd2? double knockout mutants show
undetectable accumulation of DGDG even under
phosphorus starvation conditions (Kelly et al., 2003).
The induction of PLD{s during phosphorus starvation
synchronized well with that of purple acid phospha-
tases, MGD2/3 and DGD1/2, suggesting that these
enzymes may function coordinately in the alteration of
membrane lipid composition during phosphorus star-
vation conditions.

These results, together with our previous data (Li
etal., 2006), show that PLD{1 and PLD{2 both function
in regulating root growth and lipid turnover during
phosphorus shortage. Three phosphorus conditions
have been examined so far. Under a standard growth
condition (500 uM P;), disruption of PLD{1, PLD{2, or
both did not result in the differences in the concentra-
tions of PC, PA, DGDG, and root growth in contrast to
wild type. In addition, the basal level of PLD{2 ex-
pression was very low. Under a phosphorus-limited
condition (25 uMm P,), disruption of both PLD{1 and
PLD{?2 results in a lower concentration of PA in roots, a
retarded primary root growth, and an unchanged
concentrations of PC and DGDG in roots (Li et al.,
2006). PA has been implicated in promoting root
growth; an inhibitor of PA formation decreased root
elongation and lateral root formation (Gomez-Merino
et al., 2005). Under the phosphorus-free condition
(0 uM Pj), disruption of both PLD({1 and PLD{?2 results
in a lower concentration of PC with a corresponding
increased concentration of DGDG in roots. However,
PLD{1 and PLD{2 mutants exhibit no alteration in the
concentration of PA or primary root elongation (data
not shown). These results indicate that, under moder-
ate phosphorus deficiency conditions (25 um P,),
PLD{1 and PLD{2 might function to modulate root
growth for better nutritional absorption by increasing
PA to stimulate root growth (Fig. 7). PA may stimulate
root growth by mediating signal transduction, mem-
brane trafficking, and/or cytoskeletal rearrangements
(Anthony et al., 2004; Mishra et al., 2006; Wang et al.,
2006). The binding of PA to phosphoinositide-
dependent protein kinase 1 is involved in root growth
(Anthony et al.,, 2004). During severe phosphorus
starvation (0 uM P,), however, PLD{1 and PLD{2 might
function to regulate lipid turnover between phospho-
lipids and galactolipids for efficient use of internal
phosphorus stores (Fig. 7). Thus, PLD{s play signaling
and metabolic roles in plant response to different
severities of phosphorus deficiency.

In conclusion, we show that phospholipids are quan-
titatively replaced by galactolipids in phosphorus-

Plant Physiol. Vol. 142, 2006

Phospholipases D¢ in Phosphorus Deficiency

starved Arabidopsis rosettes. DGDG is formed from
DAG from the ER-extraplastidic and ER-plastidic
pools, but not from the prokaryotic, plastidic pathway.
In addition, our data show both PLD{1 and PLD{2 are
positive regulators of plant adaptation to phosphorus-
limited conditions. Furthermore, the modes of PLD
action are different in response to different severities
of phosphorus deficiency (Fig. 7). The additive func-
tions of PLD{s constitute a phosphorus-deficiency-
response pathway through which PC is hydrolyzed to
release inorganic phosphorus and DAG to increase
DGDG synthesis in phosphorus-starved plants.

MATERIALS AND METHODS
Mutant Isolation

PLD knockout mutants, pld{1 and pld(2, were identified from SALK
T-DNA lines (Alonso et al., 2003) of Arabidopsis (Arabidopsis thaliana), ecotype
Columbia-0, through analysis of the SIGnAL database at http:/ /www.signal.
salk.edu/cgi-bin/tdnaexpress. Seeds were obtained from The Ohio State
University Arabidopsis Biological Resource Center (ABRC). Homozygous
mutant plants were isolated using the T-DNA left-border primer and gene-
specific primers (Li et al., 2006). The double mutant, pld{1pld{2, was generated
by crossing the single knockout mutants. All mutants were verified by PCR
and reverse transcription-PCR (Li et al., 2006).

Plant Growth and Phosphate Treatments

For plant growth, seeds were surface-sterilized and germinated on mod-
ified Murashige and Skoog medium, 1% Suc, 1% agar, 47 mm MES, pH 6.0.
Plants were grown vertically under 200 umol m™? s™" light with 12-h-day/
12-h-night cycles, and the day/night temperature was controlled at 23°C/
20°C. The modified MS medium contained 1.25 mm KNO;, 1.5 mm Ca(NO,),,
0.75 mm MgSO,, 0.5 mm KH,PO,, 75 um FeEDTA, 50 um H;BO;, 10 um MnCl,
2 uM ZnSO,, 1.5 um CuSO,, and 0.075 um (NH,);Mo,0,,. Three-day-old
seedlings on normal 500 um phosphate medium were transferred onto either
500 uMm (+P) or 0 um (—P) phosphate medium and grown for an additional 7 d.
Rosettes and roots were harvested from the seedlings grown on both media.
Dry weight and lipid composition were determined, and RNA was isolated.

Lipid Profiling

The processes of lipid extraction, lipid analysis, and lipid quantification
were performed as described (Welti et al., 2002; Wanjie et al., 2005). Briefly, for
each replicate sample, rosettes or roots from 25 seedlings in one petri dish
were collected and immersed immediately into 3 mL of hot isopropanol with
0.01% butylated hydroxytoluene at 75°C to inhibit lipolytic activities. The
tissues were extracted with chloroform:methanol (2:1, v/v) five times with
30 min of agitation each time. The remaining plant tissues were dried under
105°C oven overnight and then weighed. The weights of these dried, extracted
tissues are the dry weights of the samples. Lipid samples were analyzed on an
electrospray ionization triple quadrupole mass spectrometer (API 4000;
Applied Biosystems). The molecular species of phospholipids and galactoli-
pids were quantified in comparison to the two internal standards using a
correction curve determined between standards (Wanjie et al., 2005). Five
replicates of each treatment for each phenotype were processed and analyzed.
The Q-test for discordant data was performed on the total lipid data, and
based on this test the data for one of the five replicates were occasionally
discarded (Shoemaker et al., 1974). Paired values were subjected to the
Student’s ¢ test to determine the statistical significance.

Real-Time PCR

Total RNA was isolated using a rapid cTAB method (Stewart and Via,
1993), and RNA was precipitated using 2 M LiCl overnight at 4°C. RNA
integrity was checked on 1% (w/v) agarose gel prior to DNase I digestion.
Eight micrograms of total RNA were digested with RNase-free DNase I
according to the manufacturer’s instructions (Ambion). The absence of
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genomic DNA contamination was subsequently confirmed by PCR, using
RNA without reverse transcription. For reverse transcription, first-strand
cDNA was synthesized from 1 ug of total RNA using iScript cDNA synthesis
kit (Bio-Rad) in a total reaction volume of 20 uL according to the manufac-
turer’s instructions. The efficiency of cDNA synthesis was assessed by real-
time PCR amplification of a control gene encoding UBQ10 (At4g05320), and
the UBQ10 gene Ct (threshold cycle) value was 20 = 0.5. Only cDNA prep-
arations that yielded similar Ct values for the control genes were used for
determination of PLD gene expression. The primer sequences for UBQI0
and 12 PLD genes were same as shown in the previous report (Li et al., 2006).
PCRs were performed with MyiQ sequence detection system (Bio-Rad) using
SYBR Green to monitor dsDNA synthesis. Each reaction contained 7.5 uL of
2 X SYBR Green Master Mix reagent (Bio-Rad), 1.0 ng cDNA, and 200 nm of
each gene-specific primer in a final volume of 15 uL. The following standard
thermal profile was used for all PCRs: 95°C for 3 min; and 50 cycles of 95°C for
30 s, 55°C for 30 s, and 72°C for 30 s.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers NM_112553 for PLD{1 and NM_111436 for
PLDZ2.

Supplemental Data
The following materials are available in the online version of this article.

Supplemental Figure S1. Effect of phosphorus starvation on lipid species
in pld{1 knockout tissues.

Supplemental Figure S2. Effect of phosphorus starvation on lipid species
in pld{2 knockout tissues.

Supplemental Figure S3. Effect of phosphorus starvation on lipid species
in pld{1pld{2 double knockout tissues.
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