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Abstract Phospholipase D (PLD) and its product phos-
phatidic acid play important roles in the regulation of plant
growth, development, and stress responses. The genome
database analysis has revealed PLD family in Arabidopsis,
rice, poplar and grape. In this study, we report a genomic
analysis of 18 putative soybean (Glycine max) PLD genes
(GmPLDs), which exist in the 14 of 20 chromosomes.
GmPLDs were grouped into six types, a(3), p(4), y, 4(5),
&2), and {(3), based on gene architectures, protein
domains, evolutionary relationship, and sequence identity.
These GmPLDs contained two HKD domains, PX/PH
domains (for GmPLD(s), and C2 domain (for the other
GmPLDs). The expression patterns analyzed by quantita-
tive reverse transcription PCR demonstrated that GmPLDs
were expressed differentially in various tissues. GmPLDol,
o2, and 52 were highly expressed in most tissues, whereas
GmPLDJ5 was only expressed in flowers and GmPLD(1
was predominantly expressed in flowers and early pods.
The expression of GmPLDo1 and o2 was increased and that
of GmPLDy was decreased by salt stress. GmPLDa1 pro-
tein expressed in E. coli was active under the reaction
conditions for both PLDa and PLDJ, hydrolyzing the
common membrane phospholipids phosphatidylcholine,
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phosphatidylethanolamine, and phosphatidylglycerol. The
genomic analysis for soybean PLD family provides valu-
able data for further identity and characterization of their
functions.
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Introduction

Phospholipase D (PLD) hydrolyzes membrane phospho-
lipids to generate a free head and phosphatidic acid (PA),
which is an important messenger in plants, microorganisms
and mammals (Hong et al. 2010; Munnik 2001). Since the
first eukaryotic cDNA of PLD was cloned from castor bean
(Wang et al. 1994), several PLD cDNAs have been cloned
from higher plants, including Arabidopsis thaliana (Hong
et al. 2008, 2009; Qin et al. 1997, 2006; Zhang et al. 2003),
Oryza sativa (Li et al. 2007; Ueki et al. 1995), Zea mays
(Qin et al. 1997), Nicotiana tabacum (Lein and Saalbach
2001), Lycopersicon esculentum (Whitaker et al. 2001),
and Brassica oleracea (Kim et al. 1999). Up to date,
genome analysis for PLD family has been done in Ara-
bidopsis, Oryza sativa (rice), Populus tremula (poplar), and
Vitis vinifera (grape) (Li et al. 2007; Liu et al. 2010; Qin
and Wang 2002; Wang 2005; Yamaguchi et al. 2009). 12
Arabidopsis PLD members are grouped into six classes,
a(3), f(2), y(3), 9, &, and {(2) based on sequence similarity
and biochemical properties (Qin and Wang 2002). In rice,
17 PLD members are divided into six groups, «(8), (2),
0(3), {(2), x, and ¢, according to gene and domain struc-
ture analysis (Li et al. 2007). All plant PLDs found contain
two HKD domains, which have catalytic functions (Qin
and Wang 2002). Most plant PLDs contain a C2 domain
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which is for Ca>"™—or other effectors (including phos-
pholipids, inositol phosphates and proteins)—binding
(Nalefski and Falke 1996; Rizo and Sudhof 1998; Zheng
et al. 2001). PLD{1 and PLD(2 include PX/PH domains.
While OsPLD¢, PtPLD¢ (PtPLD11), and VVPLD¢
(VvPLD3) contain a signal peptide at N-terminus, instead
of C2 domain and PX/PH domains (Li et al. 2007; Liu et al.
2010). PX domain binds to phosphoinositides and SH3
domain (Cheever et al. 2001; Hiroaki et al. 2001; Ponting
1996). PH domain is a protein domain composed of about
120 amino acids. In animal cells, this domain plays a role
in recruiting the proteins to membranes by binding to
phosphatidylinositol lipids (such as phosphatidylinositol
(3,4,5)-trisphosphate and phosphatidylinositol (4,5)-bis-
phosphate) or proteins such as G proteins (Lemmon and
Ferguson 2000; Qin and Wang 2002). Both PX and PH
domains function in cells by targeting proteins to appro-
priate cellular compartments or enabling them to interact
with other components of the signal transduction pathways.

Plant PLDs are involved in mediating the growth,
development, and response to environmental stimuli (Hong
et al. 2010; Li et al. 2009; Testerink and Munnik 2005;
Wang 2005). In Arabidopsis, PLDa1, the most abundant
PLD, has been found to regulate salt and osmotic tolerance,
abscisic acid signaling, and seed aging (Li et al. 2009).
PLDal mediates these processes through down targets
mediated by PA. For example, PA plays an important role
in promoting ABA-mediated guard cell closure by the
interaction with both ABIl (Zhang et al. 2004) and G
protein (Mishra et al. 2006). In salt stress response, PA
recruits MPK6 to plasma membrane where it phosphory-
lates SOS1 antiporter (Yu et al. 2010). PLDa3 sharing 70%
amino acid sequence similarity to PLDal, positively reg-
ulates plant responses to hyperosmotic stresses by the
regulation of PA signaling-mediated TOR and AGC2.1
expression (Hong et al. 2008).

PLD¢o is an oleate-stimulated PLD, which connects
microtubules with plasma membrane (Dhonukshe et al.
2003). The knockout of PLDJ makes plants sensitive to
freezing and oxidative stresses (Li et al. 2004; Zhang et al.
2003). While PLDf1 has been found to participate in
wounding and pathogen response (Li et al. 2009; Wang
et al. 2000).

PLD(s, similar with animal PLDs in structure, have
unique functions in root growth. PLD{I-deficient plants
specifically show altered patterns of root hair formation,
whereas PLD{1 overexpression results in branched and
swollen root hairs (Ohashi et al. 2003). PLD{2 regulates
auxin-mediated root gravitropism by affecting cycling of
PIN2-containing vesicles and hence auxin transport and
distribution (Li and Xue 2007). The knockout of both
PLD{1 and PLD(2 reduces the growth of primary roots (Li
et al. 2006). During phosphorus starvation, these PLDs
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hydrolyze phospholipids to supply phosphate and diacyl-
glycerol moieties for galactolipid synthesis, therefore
maintaining membrane stability (Li et al. 2006). Knockout
of PLDe reduces root hair elongation and primary root
growth under nitrogen but not phosphate deprivation (Hong
et al. 2009).

PLDs have been investigated in other plant species,
including rice (Li et al. 2007; McGee et al. 2003; Yam-
aguchi et al. 2009), tomato (Laxalt et al. 2001), poplar, and
grape (Liu et al. 2010). Using RNAi methods, OsPLDf1 is
been found to function as a positive regulator in the ABA-
mediated seed germination, but as a negative regulator of
disease resistance (Li et al. 2007; Yamaguchi et al. 2009).

A PLD protein with molecular mass of 92 kDa
purified from soybean suspension-cultured cells shows
similar biochemical properties with PLDo in Arabidopsis
(Abousalham et al. 1995). Up to date, the PLD family has
not been reported in soybean. In this study, we carried out
genomic analysis of PLD family in soybean based on the
draft genome sequences (Schmutz et al. 2010). We exam-
ined the transcript patterns of GmPLDs in different tissues
and in response to NaCl stress. GmPLDas were further
functionally characterized using the recombinant proteins.

Materials and methods
Genomic search and sequence analysis

The blast search was used with AtPLD, OsPLD, PtPLD,
and VVPLD in the Phytozome (http://www.phytozome.
net/soybean/) to identify PLD genes in soybean. The key-
word “phospholipase D” was also used in browse tool in
the Phytozome, NCBI (http://www.ncbi.nlm.nih.gov/) and
RIKEN (http://rsoy.psc.riken.jp). The multiple sequence
alignments were constructed by MEGA4.1 from the web-
site (http://www.megasoftware.net/) with the default param-
eters.

The conserved domain sequences of PLD proteins were
identified by SMART (http://smart.embl-heidelberg.de/)
and PFAM (http://pfam.sanger.ac.uk/search) tools with the
default parameters.

Plant growth conditions

Soybean (Glycine max (L.) Merr.) cultivar “Nannong
99-10” was grown in the natural environment from June to
October in Nanjing, China. The harvested seeds were
germinated for 2 days and transferred to pots containing
soils and vermiculites. Roots, leaves, and stems were har-
vested after transferring for 50 days. Early soybean pods
were harvested 1 week after flowering, and late soybean
pods and immature seeds were harvested 3 weeks after
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flowering. The mature seeds were harvested about 6 weeks
after flowering.

Salt stress treatment

The soybean seedlings were grown in a growth room at
160 pmol m2s~" of light intensity and 14 h/10 h (30°C/
23°C) day/night regimes. The 20-day-old seedlings were
transferred to Hogland solution with or without 250 mM
NaCl for 4 or 8 h. The leaves were harvested for the iso-
lation of RNA and detection of gene expression.

qRT-PCR

Transcript expression of PLD genes was quantified by
quantitative reverse transcription PCR (qQRT-PCR). Total
RNA was extracted from harvested materials described
above, using the Trizol method as the manufacturer
described (Takara, Japan). 1 pg RNA was used for reverse
transcription (Takara SYBR PrimeScript RT-PCR Kit for
Perfect Real Time). One PCR reaction system included
25 pL cDNA mixture corresponding to 5 ng of total RNA.
The reaction was carried out according to the method
offered by the manufacturer (Takara SYBR PrimeScript
RT-PCR Kit for Perfect Real Time) in a gqRT-PCR
equipment (MJ Research Opticon 2.0). The specific-prim-
ers for GmPLD genes were shown in Supplemental table 1.
The PCR products were sequenced for confirming. The
standard calibration curve for each gene was obtained by
performing the PCR by 4-5 dilutions of the cDNA frag-
ments. The specificity of the individual PCR product was
examined by the heat dissociation protocol from 55 to
95°C. The cons6 was used as a standard gene for different
gene expressions (Libault et al. 2008).

Cloning of GmPLDua.s

The blast tools in NCBI and RIKEN were used to search
ESTs and ¢cDNAs of GmPLDol, 2, 3 with AtPLDo. The
specific primers used for cloning are shown in Supplemental
table 1 (PLDal, 2, 3-C). The RNA was isolated from the
leaves, and the genes were cloned with LA Taq from Takara.

Protein expression and western blotting

The coding sequences of GmPLDol,2, 3, inserting between
BamHI and Sall sites, were cloned into pGEMT-Easy
vectors with the specific primers shown in Supplemental
table 1 (PLDuol, 2, 3-E). The plasmids were digested with
BamHI and Sall and ligated into pGEX-4T-1 vector to
produce GmPLDul, o2, and o3 with glutathione S-trans-
ferase (GST) fused at N-terminus, and were transformed
into E. coli BL21. The recombinant GmPLDa proteins

were expressed according to the method as follows:
GmPLDul, 2, and PLDa3 were induced by 0.5 mM iso-
propyl-1-thio-f-p-galactopyranoside (IPTG) at 26°C for
8 h. The bacteria were precipitated, and lysed by sonication
in phosphate-balanced solution (PBS, pH 7.4) with 1 mM
phenylmethanesulfonyl fluoride (PMSF). Bacterial lysate
was centrifuged at 12,000g for 10 min, and the upper phase
was purified by GST beads (Zhao and Wang 2004). The
purified proteins were separated by 12% SDS-PAGE. The
proteins were transferred to a polyvinylidene difluoride
membrane after electrophoresis. The membrane was blot-
ted with GST antibody (1:2,000) followed by incubation
with a second antibody (1:2,000) conjugated to alkaline
phosphatase. The protein bands were visualized by alkaline
phosphatase reaction.

PLD activity assay

PLDu activity was determined according to the method by
Wang et al. (1993). The reaction mixture (100 pL) con-
tained 100 mM MES (pH 6.5), 0.6 mM SDS, 25 mM CaCl,
(or as indicated in the legend of Fig. 6¢), 1 mM PC (con-
taining *H-PC), and 5 pg purified proteins. The reaction
conditions for different PLDs and substrate preparation
were according to the published methods (Hong et al. 2008).

Results and discussion
PLD family in soybean

The soybean genome sequences have been released
recently (Schmutz et al. 2010). To identify the members of
PLD family in soybean (Glycine max), the corresponding
sequence information from Arabidopsis, rice, polar, and
gape was used to perform multiple searches of the relevant
DNA databases, the keyword ‘‘phospholipase D’’ searches,
and protein domain searches. 27 genes were identified in
soybean using these approaches. The obtained sequences
were further analyzed for an encoding PLD using the
programs PFAM and SMART. The results indicated that
these 27 genes include four pseudogenes, two genes
encoding putative proteins without HKD, C2, or PXPH
domain, one gene encoding a putative protein including
one HKD domain and C2 domain, two genes coding
encoding putative proteins with two HKD domains but
without C2 or PH/PX domains, and 18 genes encoding
putative PLDs with two HKD domains and C2 domain (or
PH/PX domains). These 18 PLD genes (GmPLDs) are
located in 14 of 20 chromosomes (Fig. 1a; Supplemental
table 2). The GmPLD family was grouped into six types,
named as GmPLDu(3), (4), v, §(5), &2), {(3), based on
gene architectures (Fig. 1b), protein domains (Fig. 2),
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(Fig. 3; Supplemental table 3).

The gene structure among the GmPLD family is diverse.
There are four exons in GmPLDol/02 and GmPLDes,
which is same to AtPLDo and AtPLDe¢, whereas, there are
three exons in GmPLDa3. GmPLDf3 contains 10 exons,
which is same to the case in AtPLDfs, but GmPLDfI and
GmPLDf?2 include 13 exons, and GmPLDf4 contains 18
exons. GmPLDy is consisted of 10 exons, which is same to
AtPLDy. GmPLDés, the biggest group in GmPLD family,
contain 10-12 exons. The GmPLD{s contain the highest
amount of exons, 21 exons for GmPLD{Iand 20 exons for
GmPLD(2 and (3. Compared with AtPLD, GmPLD family
has more members of PLDf (2 vs. 4) and 6 (1 vs. 5), but
less members of PLDy (3 vs. 1).
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(PLDyI-PLDy2-PLDy3 in chromosome 4) and rice
(PLDo4—PLDo5—-PLDw6 in chromosome 6) (Li et al. 2007).
However, no PLD cluster is found in soybean. Interest-
ingly, several pairs of GmPLDs show high identity in
amino acid sequences. For example, there is 97.9% identity
between GmPLDo1 and GmPLDo2; 94.1% between f1
and f2; 96.4% between 01 and 02; 95% between 64 and
05; and 97.9% between (2 and {3 (Supplemental table 3).
In the evolutionary history of soybean, genome duplica-
tions occurred, which were followed by gene diversifica-
tion and loss, and numerous chromosome rearrangements
(Shultz et al. 2006; Schmutz et al. 2010). These events
might contribute to the high identity between the pairs of
GmPLDs in soybean.
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Protein domains in GmPLDs

In general, most of plant PLDs can be grouped into two sub-
families, C2-PLDs and PX/PH-PLDs, based on protein
structures (Li et al. 2009). In rice, there is a SP-PLD, which
harbors a signal peptide instead of C2 or PH/PX domains at the
N-terminus (Li et al. 2007), although the function of this
domain keeps unclear. 15 of 18 GmPLDs (3us, 4f3s, 7, 50s, 2¢s)
are C2-PLD, and three GmPLD(s are PH/PX-PLDs (Fig. 2).
The C2 domains are autonomously folded protein modules
that generally act as Ca>" and phospholipid binding domains.
Ca®" binding domain is coordinated by four to five amino acid
residues in bipartite loops within the C2 domain (Qin
and Wang 2002). Compared with cPLA2, GmPLD«1 and
GmPLDo2 lack one potential Ca*™-binding residues, and
GmPLDo3 has two residues substituted (Supplemental
Fig. 1). Similar lacking for Ca**-binding residues has been
found in Arabidopsis PLDa (Qin and Wang, 2002).
GmPLD}4 has a Ca®"-binding residue, while GmPLD¢1 and
€2 totally loss all Ca>™ binding residues (Supplemental Fig. 1).

The conserved PX/PH domains are present in
GmPLD{s. GmPLD(s have a shorter PX domain (29 resi-
dues) than AtPLD{s (107 and 158 residues for PLD{1 and
PLD{2, respectively) and OsPLD(s (128 and 187 residues
for PLD{1 and PLD{2, respectively). These plants have
similar PH domains in the length (91-129 residues) except
OsPLD(1, which has only 25 residues.

The highly conserved domains in eukaryotic PLDs are
two HKD domains that contain HXKXXXXD/E motif (Qin
and Wang 2002). All GmPLDs contain two HxKxxxxD
motifs, except that K is mutated to N in the second
HxKxxxxD motif in GmPLDe¢l, which was confirmed by
amplifying a short genomic DNA fragment containing this
mutated site and sequencing (Supplemental Fig. 2). In
OsPLDO, both H and K in the second HxKxxxxD motif
were mutated to N (Elias et al. 2002). We found that there
are 35-39 amino acids in the first HKD domain of C2-
GmPLDs, but only 27 amino acids of PX/PH-GmPLDs.
The second HKD domain is composed of 27 amino acids in
both C2-GmPLDs and PX/PH-GmPLDs. Two HKD motifs
are separated by approximately 300 amino acids in C2-
PLDs, but by about 400 amino acids in PX/PH-PLDs
(Supplemental Fig. 2).

It should be noticed that there are two additional
potential PLDs which are not included in the 18
GmPLDs. One is GmPLDe¢4 (phytozome locus Gly-
ma08g20710.1 with 650 amino acids) showing 56%
identity with GmPLDol, and the other is GmPLDe3
(phytozome locus Glyma06g07220.1 with 666 amino
acids) showing 83% identity with GmPLDel. These
GmPLDs contain two HKD domains, without either C2,
PH/PX, or SP domain (Supplemental Fig. 3), which
exists in reported PLDs. When these proteins were
expressed in E. coli, they showed no activity in the

@ Springer



574

J Plant Res (2012) 125:569-578

CmPLD§2
cmpings | P
AtPLD2
APLDB1 -
CmPLDy =
APLDy2
APLDy3
APLD;l =
OsPLDB1 7
ospLDgz | B
CmPLDg4

OsPLDS2 -
L— 0sPLD3
CmPLDé3

OsPLDS1

b

GmPLDSS
APLDS
CmPLDS1
CmPLD62
OsPLDe?
APLDe3
— OsPLDe4
L— OsPLDx
OsPLDe3
o OsPLDe6
— OsPLDel o
L—0sPLDe2

|
:

EA\‘PLD,:
— GmPLIX1
— OsPLIX]1
L osPLIS2 g

APLIX]

— CmPLD{2
CmPLIS3 =
OsPLDx K
OsPLDy (0]

1.0 0.8 0.6 0.4 0.2 0.0

Fig. 3 The phylogenetic analysis for PLD family in soybean,
Arabidopsis, and rice. The tree was constructed by the UPGMA
method in the MEG4.1 soft from the website (http://www.
megasoftware.net/) with the default parameters

presence or absence of Ca®". Further identity is neces-
sary to determine whether these genes encode functional
PLDs.
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GmPLDs expression in tissues

To investigate the steady-state expression patterns of
GmPLD genes in soybean, qRT-PCR was used to detect the
transcript levels in roots, stems, leaves, flowers, early pods,
late pods, immature seeds, and mature seeds. As shown in
Fig. 4, individual GmPLD exhibited different and over-
lapping patterns of expression. In general, the expression of
GmPLDos in tested tissues was higher than that of other
GmPLDs. Especially, GmPLDol was most abundant in all
tissues except mature seeds. Similar expressing patterns of
PLDol have been found in Arabidopsis (Li et al. 2006;
Zhang et al. 2010) and rice (Li et al. 2007; Yamaguchi
et al. 2009). Unlike the other PLDus in Arabidopsis and
rice, which displayed absolutely lower expression as
compared with PLDol (Li et al. 2007; Yamaguchi et al.
2009), GmPLDa2 and «3 showed only little lower
expression in most tissues than GmPLDaxl (Fig. 4). The
results suggest that GmPLDas might have more extensive
functions in the growth and development in soybean than
in other plant species.

GmPLDf2 and f33 also displayed high expression in
most tested tissues, and their expressions were much higher
than those of GmPLDf1 and fp4 (Fig. 4). In rice, Os-
PLDpIwas highly expressed in leaf sheaths, blades, and
immature seeds, showing much higher expression than
OsPLDf2 (Yamaguchi et al. 2009). The expression of
AtPLD/f1 in rosettes and roots was higher and that of At-
PLDf2, but much lower than that of AtPLDa«l (Li et al.
2006).

Some GmPLDs showed special expression patterns in
the tissues. For example, GmPLDJ5 expressed predomi-
nately in flowers, GmPLD{3 mainly in early pods, and
GmPLD{l majorly in flowers and early pods (Fig. 4).
These results may imply that these GmPLDs have special
functions in the tissues.

Effect of salt treatment on GmPLDs expression

We then tested the transcription changes of GmPLDs under
NaCl stress. Figure 5 showed the GmPLDs transcriptions
whose changes induced by NaCl were more than 3-fold as
compared with the control, except GmPLDx3. The
GmPLDol and o2 transcripts increased with the duration
of NaCl treatment, their transcript increased ~ 8 and ~ 30-
fold at 8 h of NaCl treatment as compared with their
control, respectively. The expression of GmPLD63 and 64
increased ~3-fold under NaCl treatment for 4 h, and
decreased to initial level for 8 h. The transcript level for
GmPLDy was decreased to one tenth of the control under
NaCl treatment for 8 h (Fig. 5). Although the expression
of GmPLDo3 was increased by NaCl less than 3-fold, it
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Fig. 4 The expression of
GmPLDs in tissues. Total RNA
from tissues of soil-grown
plants were used for qRT-PCR.
The values were standardized
using cons6 gene in soybean.
The values show a
representative result of three
independent experiments. The

120

ol s

2 _ 3
error bars indicate SD of three 03 p1 30 B 36 B
qRT-PCR samples from the o1
same cDNA archive (see 0.2 20F B
Supplemental table 4 for digital
data) 0.1 10 12k
0 0 0
09 B4 5 14 6p o1
® 06F 14k 4k
)
g
g 03 7 2
=]
S 0 0 0
A
£ 52
s ISr 21 53 60 g o4
5]
<2
Z i
N
<
2
~ 20

W
1

—_
(=)
T

W
L}

65

0.9 = e2

553
—_
1

o wu B
| T

o 3 -J:

I j T ] E T T
™
~

o

[} [}

i l

0.6
03
0

2T c2 24 o 3

[« - J:
| T T
[« ~ -J:
I .

—_
(=) o) =)}
| T T

& & L S TN LTI ITE NI
LF LTSS S S KPS EE T F RS SEF
Q@@‘\?@‘\é s SIS Q@W O
D &> D D &
ST ST S
R § K4

was shown in Fig. 5 because AtPLDo3 (it shares 60%
identity with GmPLDa.3) has been reported to regulate salt
tolerance positively (Hong et al. 2008). OsPLDa was
recently reported to be involved in rice salt tolerance by
the mediation of HT-ATPase activity and transcription
(Shen et al. 2011). It would be essential to investigate
whether and which GmPLDs regulates salt tolerance in
soybean.

Recombinant GmPLD«1 shows activity
towards to common membrane phospholipids

To determine whether GmPLDs encode functional PLDs,
three GmPLDo cDNAs cloned from the leaves were
constructed into pGEX-4T-1 vector with GST tag and
expressed in Escherichia coli. As shown in Fig. 6a, the
bands with about 120 KDa were found in GmPLDu1, o2,
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Fig. 5 Expression of GmPLDs under NaCl treatment. 20-day-old
seedlings were treated with Hogland solution with or without
250 mM NaCl. The leaves were harvested 0, 4, and 8 h after NaCl
treatment. The expression of GmPLDs was standardized by that of
cons6, and the expression level of control was arbitrarily set to 1. The
values show the averages of three biological replicates, each with

three qRT-PCR samples from the same cDNA archive. The bars
indicate SD of three replicates (see Supplemental table 5 for digital
data). Data were compared using LSD test. The asterisks indicate that
the mean value is significantly different from that of the control.
*P < 0.05 and **P < 0.01
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Fig. 6 GmPLDa protein expression and activity assay. a The
western blotting of GmPLDu proteins. The purified proteins from E.
coli BL21 with GST tag were used. b GmPLDoas activity under PLDu,
-B(y), -0, and -{ conditions using dipalmitoylglycero-3-phospho-
(methyl-SH) choline as a substrate. ¢ The activity of GmPLDual in a
Ca*"-dependent manner. d The GmPLDuas hydrolytic activity toward
to substrates PC, PE, PG, and PS. NBD-fluorescence labeled lipids

and o3 tagged with GST. The purified recombinant proteins

were used to determine PLD activity. GmPLDal showed
the highest activity under PLDo reaction conditions that
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were used as the substrates. The error bars in b, ¢ indicate SD of three
biological replicates. Data were compared using LSD test. The
asterisks in b indicate that the mean value is significantly different
from that of the condition of PLDu activity. The asterisks in ¢ indicate
that the mean value is significantly different from that of the condition
in the presence of 25 mM Ca’". *P < 0.05 and **P < 0.01

included 25 mM Ca”*, SDS, and single-lipid-class vesicles
(Fig. 6b). When Ca" concentration in the reaction med-
ium was below 1 mM, PLD activity was sharply decreased
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(Fig. 6¢). GmPLDa1 displayed a low activity under PLDo
conditions that included micromolar levels of Ca®"
and oleic acid. Although no comparison was found for
AtPLDol activity under PLDa and PLDJ conditions,
AtPLDo3 activity under PLDJ conditions was only 1/8 of
that under PLDo conditions (Hong et al. 2008). Whereas,
GmPLDua]1 activity under PLDJ conditions made up 1/2 of
that under PLD« conditions (Fig. 6b). GmPLDal was
nearly inactive under PLDf(y), or -{ conditions, which
included phosphatidylinositol 4,5-bisphosphate (PIP2),
phosphatidylethanolamine (PE), and micromolar levels or
no Ca’" in the reaction mixtures (Fig. 6b). The results
suggest that GmPLDal activity shows lower requirement
for Ca®" in the presence of oleic acid.

GmPLDoal hydrolyzed the common membrane phos-
pholipids phosphatidylcholine (PC), PE, and phosphati-
dylglycerol (PG). But it showed much low activity towards
to the substrate phosphatidylserine (PS) (Fig. 6d). Similar
patterns were reported for AtPLD«3 (Hong et al. 2008).

When the same amount of protein with GmPLDol was
used, GmPLDo2 and o3 activities were hardly detected
under the tested conditions (Fig. 6b, d). There are only 16
out of 809 amino acids different between GmPLD«1 and
GmPLDo2. The great difference in the activity between
two proteins may be due to (1) enzymatic character chan-
ges caused by the 16 amino acid mutations; (2) the dif-
ference in post-transcriptional modifications between
GmPLDol and GmPLDa2 (or GmPLD«3). Further
research is needed to determine biochemical characters of
these GmPLDous.

In conclusion, we report here soybean PLD family,
including their gene and protein structures, and their
expression patterns in tissues and under salt stress condi-
tions. Together with the GmPLDu activity characterization,
our results suggest that GmPLDs show their unique prop-
erties as compared with other reported PLDs.

Accession numbers

Sequence data from this article can be found on the Phyto-
zome website, Arabidopsis Genome Initiative database and
GenBank website. Accession numbers for soybean PLDs
are listed in Supplemental table 2. For Arabidopsis PLDs,
please refer to Qin and Wang (2002), and for rice PLDs,
please refer to Li et al. (2007). Poplar and grape PLDs
sequences can be found from Liu et al. (2010). Other
sequences, which can be found on the GenBank Website, are
listed as follows: cons6 (CD397253), PLCSo1 (P10688.1),
cPLA2 (NP_077734.1), and MPK6 (AEC10325.1).
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