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The plant phospholipase D (PLD) plays versatile functions in multiple aspects of plant growth, development, and stress re-
sponses. However, until now, our knowledge concerning the PLD gene family members and their expression patterns in cotton
has been limited. In this study, we performed for the first time the genome-wide analysis and expression profiling of PLD gene
family in Gossypium arboretum, and finally, a total of 19 non-redundant PLD genes (GaPLDs) were identified. Based on the
phylogenetic analysis, they were divided into six well-supported clades (a., B/y, 8, €, § and @). Most of the GaPLD genes with-
in the same clade showed the similar exon-intron organization and highly conserved motif structures. Additionally, the chro-
mosomal distribution pattern revealed that GaPLD genes were unevenly distributed across 10 of the 13 cotton chromosomes.
Segmental duplication is the major contributor to the expansion of GaPLD gene family and estimated to have occurred from
19.61 to 20.44 million years ago when a recent large-scale genome duplication occurred in cotton. Moreover, the expression
profiling provides the functional divergence of GaPLD genes in cotton and provides some new light on the molecular mecha-

nisms of GaPLDal and GaPLD 2 in fiber development.
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INTRODUCTION PLD is a ubiquitous enzyme participating in the regulation

In recent years, phospholipids have gradually been recog-
nized as the rich sources for generating mediators and the
active participants in cell regulation. Phospholipase D
(PLD, EC 3.1.4.4) constitutes a major phospholipase gene
family that hydrolyzes the terminal phosphodiester bond of
phospholipids to generate the phosphatidic acid (PA) and a
free head group (Jacobs et al., 2010; Mendonsa and
Engebrecht, 2009; Peng and Frohman, 2012; Wang et al.,
2012). In plant, PLD gene family contains various types
with distinguishable biochemical, structural and catalytic
characteristics (Chen et al., 2011). It is now known that
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of numerous physiological processes, including plant
growth, development, and multiple stress responses, such as
drought, salinity, nutrient deficiency, freezing, wounding
and pathogen infection (Hong et al., 2010; Wang, 2005).
The diverse functions of PLD are often carried out through
its enzymatic product, PA, which is regarded as a universal
lipid signaling molecule (Pleskot et al., 2013; Wang et al.,
20006).

PLD was identified as an enzyme involved in lipid me-
tabolism and membrane reconstruction as early as in
1940s (Hanahan and Chaikoff, 1947). However, until 1994,
the first PLD encoding cDNA was isolated from castor bean
(Wang et al., 1994). And since then, numerous PLD genes
were cloned from other plants, including rice (Li et al.,
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2007; Ueki et al., 1995), Arabidopsis (Hong et al., 2009;
Hong et al., 2008; Qin et al., 1997), maize (Qin et al., 1997),
cabbage (Kim et al., 1999), tobacco (Lein and Saalbach,
2001), tomato (Whitaker et al., 2001), longan (You et al.,
2014). Recently, the genomic resources facilitate us to
characterize the plant PLD gene families at a genome-wide
level. Up to date, the PLD gene families have been succes-
sively identified in Arabidopsis (Elias et al., 2002), rice (Li
et al., 2007), poplar (Liu et al., 2010), grape (Liu et al.,
2010), soybean (Zhao et al., 2012), apple (Du et al., 2013),
strawberry (Du et al., 2013) and Chinese plum (Du et al.,
2013). All these plants contain more than ten PLD genes.
According to the sequence characteristics, the PLD gene
family can be generally classified into six or seven types,
including PLDa, PLDf, PLDy, PLDS, PLDg, PLD( and/or
PLDo (Elias et al., 2002; Li et al., 2007). The diverse PLD
types differentiated depending on their requirements and
affinities for Ca®, phosphatidylinositol 4,5-bisphosphate
(PIP,) and free fatty acids (Qin and Wang, 2002; Qin et al.,
1997). The exception was PLD¢@, which was poorly
characterized as of yet (Li et al., 2007).

All of the PLD proteins are featured by two highly con-
served catalytic motifs called HKD domain, which is named
after three invariant residues H, K and D in “HxKxxxxD”
motif. Two HKD domains are far from each other in the
primary structure, but they interact with each other to form
the active site which promotes the lipase activity (Qin and
Wang, 2002). Based on the domains nearby the N-terminus,
PLD proteins can be divided into three subfamilies,
C2-PLD, PX/PH-PLD and SP-PLD. The C2-PLD subfamily
proteins contain a Ca®*-dependent phospholipid-binding
protein kinase C-conserved 2 domain (C2 domain) and re-
quire Ca®* for their enzymatic activity (Wang et al., 2000).
The PX/PH-PLDs contain a phox homology (PX) domain
and a pleckstrin homology (PH) domain at the N-terminus
and are independent of Ca®* for activity (Wang et al., 2000).
In the third subfamily, SP-PLD, only a signal peptide (SP)
can be detected (Li et al., 2007). PLDa, PLDp, PLDy,
PLDS, and PLDeg belong to C2-PLD, PLDC belongs to
PX/PH-PLD and PLD¢ belongs to SP-PLD.

Cotton is an important crop worldwide. It is a major re-
source of natural fiber in the textile industry, and also can
provide a significant amount of oilseed for food and
biofuel (Cao, 2015; Pei, 2015). In the previous proteomic
studies, PLDs were proposed to be involved in cotton fiber
development. The PLD proteins began to accumulate during
the rapid fiber elongation, and reached up to a peak simul-
taneously with the initiation of second cell wall synthesis
(Hu et al., 2013; Yang et al., 2008b). Moreover, consistent
with the PLD protein expression profile, the PA content was
low in the elongating fibers and high in the mature ones
(Wanjie et al., 2005). Additionally, PLD is also known to
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function during the recovery from freezing temperatures
(Kargiotidou et al., 2010). However, up to now, no ge-
nome-wide characterization of PLD gene family has been
performed in cotton. The availability of the genome se-
quence of Gossypium arboreum, a diploid cotton species,
provides us with a great opportunity to identify the PLD
gene family in cotton genome (Li et al., 2014).

In the present study, we performed for the first time the
comprehensive analysis of PLD gene family in G. arbo-
reum. A total of 19 non-redundant PLD encoding genes
(GaPLDs) were identified and subjected to a systematic
analysis, including their chromosomal location, gene struc-
ture, protein domain, phylogenetic relationship, gene dupli-
cation events, and expression profiling. It was remarkable
that the expansion of GaPLD gene family might be caused
mainly by gene segmental duplications but not associated
with tandem duplication events. Also, based on their ex-
pression profiles, GaPLDal and GaPLD 62 might function-
ally relate with fiber development. In a word, our ge-
nome-wide analysis provides a comprehensive characteriza-
tion of PLDs in G. arboreum and further elucidates the po-

tential function of the PLD genes in fiber development.

RESULTS AND DISCUSSION

PLD gene family in G. arboreum

To identify the PLD genes, the HHM profile of HKD do-
main (PF00614) and corresponding PLD gene sequences
from Arabidopsis and rice were employed as query to per-
form multiple searches of the G. arboreum genome data-
base using the blastp and tblastn algorithms and HMMER
search (Altschul et al., 1997; Eddy, 2009; Li et al., 2014).
Subsequently, in order to verify the reliability of the initially
identified results, a survey was conducted to confirm the
existence of two conserved HKD domains with the Inter-
proScan program (Quevillon et al., 2005). Following this
strategy, we identified 19 non-redundant PLD genes
(GaPLDs). According to the high sequence identity with
Arabidopsis and rice PLDs, GaPLDs were classified into
seven types of PLDs, including four PLDas (GaPLDal~
GaPLDod4), two PLDfs (GaPLDpl and GaPLDJf?2), one
PLDy (GaPLDy), five PLDJs (GaPLDo61~GaPLDJ5), one
PLD¢g (GaPLDg¢), four PLD{s (GaPLDGI~GaPLD¢4) and
two PLD @s (GaPLD ¢l and GaPLD@2) (Tables 1 and S1).
The members within the individual type of GaPLDs
showed high sequence identities in both nucleotide and
protein levels (Tables S2 and S3). The lengths of the de-
duced GaPLD proteins varied from 494 to 1,142 amino ac-
ids (aa) with putative molecular weights (MW) ranging
from 55.71 to 129.80 kD and isoelectric points (pI) ranging
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from 5.50 to 8.64 (Table 1). In addition, 12 of the 19
GaPLD proteins were predicted to be located in the cyto-
plasm, four GaPLDs were predicted to reside in the nucleus,
and the others were mainly in the plasma membrane and
lysosome (Table 1). The cotton PLD gene family had larg-
est size and more isostatic type distribution in comparison
with the plants reported (Table S4). Thus, it made the cotton
PLD gene family as the good model to shed light on the
molecular heterogeneity of plant PLD gene families.
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Chromosomal distribution and gene duplication

Mapping the GaPLD genes to the G. arboreum genome, 18
of the 19 GaPLD genes were dispersed on 10 chromosomes,
and the remaining one (GaPLDal) was anchored on an
unmapped scaffold (Table 1, Figure 1). On each chromo-
some, the numbers of GaPLD genes range from one to
three. The chromosomes 2, 6, 7, 8 and 12 contained one
GaPLD gene, followed by two on Chr9 and Chrll, and
three on Chrl, Chr3 and Chr4 (Table 1, Figure 1).

Table 1 The PLD genes in G. arboreum and properties of the deduced proteins®

Gene name Gene ID Chromp som.al lo.cation * OREF (bp) Protein o
ChrNo.(Orientation): start-end Size (aa) MW (kD)  pI  Subcellular localization
GaPLDal Cotton_A_40825 Scaffold5309(+): 1363-4130 2,388 795 90.41 5.53 C
GaPLD a2 Cotton_A_28309 Ghrl1(+): 55908865-55912228 2,418 805 91.56 5.50 C
GaPLD a3 Cotton_A_07260 Chrl(-): 48369550-48365993 2,415 804 91.50 6.41 C
GaPLD o4 Cotton_A_01221 Chr3(+): 33063206-33066188 2,454 817 92.77 6.71 C
GaPLDpI Cotton_A_10944 Chr3(-): 104157709-104151762 3,300 1,099 122.92 6.98 N
GaPLDR2 Cotton_A_03378 Chr2(+): 24758836-24763297 3,168 1,055 119.89 7.62 N
GaPLDy Cotton_A_09962 Chr7(-): 14736009-14732463 2,547 848 95.51 8.31 C
GaPLD&1 Cotton_A_11389 Chr9(+): 77533497-77538982 2,745 914 104.09 7.03 C
GaPLD&? Cotton_A_01522 Chrl(-): 134896399-134891836 2,571 856 97.05 6.79 C
GaPLD 3 Cotton_A_28560 Chr4(+): 59372475-59376722 2,538 845 95.68 6.64 C
GaPLD ¥ Cotton_A_17331 Chr6(+): 8745800-8749613 2,523 840 95.69 8.64 PM
GaPLDd5 Cotton_A_10805 Chr9(-): 66245264-66240400 2,547 848 96.05 6.80 C
GaPLD¢ Cotton_A_28518 Chr12(+): 41803809-41806638 2,307 768 87.82 6.59 C
GaPLD¢1 Cotton_A_17807 Chr4(+): 107626173-107633930 3,321 1,106 126.00 6.16 C
GaPLD¢2 Cotton_A_19886 Chr8(-): 36407783-36399285 3,429 1,142 129.80 6.19 N
GaPLD¢&3 Cotton_A_04839 Chr4(+): 42934890-42943049 3,252 1,083 123.00 6.12 N
GaPLD¢4 Cotton_A_10711 Chr3(+): 72779783-72785341 3,318 1,105 126.00 5.57 C
GaPLD gl Cotton_A_19212 Chrl(+): 49253802-49256135 1,545 514 57.95 7.63 L
GaPLD¢2 Cotton_A_32589 Chrl1(+): 9553235-9555567 1,485 494 55.71 8.11 PM

a) *: ChrNo.(Orientation): start-end: “+” and “—" indicated the forward and reverse orientation, respectively; **: The theoretical molecular weight (MW)
and isoelectric point (pI) were calculated by ExPASy (http://cn.expasy.org/tools). Subcellular localization was analyzed using the CELLO v2.5 server
(http://cello.life.nctu.edu.tw/). The Nucleic acid and deduced amino acid sequences of each GaPLD gene are listed in Table S1; ***: C, cytoplasm; N, nu-

cleus; PM, plasma membrane; L, lysosom.
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Figure 1 The chromosome distribution and synteny of GaPLD genes. Scale represents a 10 Mb chromosomal distance, but the Scaffold5309 does not

follow the scale. The duplicated genes are connected with red lines.
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To determine the roles of gene duplication in the expan-
sion of GaPLD gene family, potential duplication events
were analyzed. We firstly selected seven putative paralo-
gous gene pairs (GaPLDal-GaPLDca2, GaPLDa3-
GaPLDoA4, GaPLDpPI-GaPLD2, GaPLD61-GaPLD?S2,
GaPLD&3-GaPLD&, GaPLD(S1-GaPLDE2, GaPLDl-
GaPLD¢2) with high degree of protein sequence identities
and subsequently explored the degree to whether their
flanking genes were conserved. The results showed that
four pairs of GaPLD genes were identified (GaPLDpI-
GaPLDf2, GaPLDSI-GaPLD62, GaPLD63-GaPLD,
GaPLD @l-GaPLD¢2) (Figure 1), accounting for about 42%
of the entire GaPLD gene family and thereby supporting the
hypothesis that putative gene duplication events were the
main causes of the expansion of the GaPLD gene family.
All four gene pairs appeared randomly scattered throughout
the genomes, suggesting that these eight genes originate
from four segmental duplication events. During GaPLD
gene family expansion, no significant tandem duplication
event was detected, and this was quite different from the
PLD gene families in Arabidopsis and rice (Elias et al.,
2002; Li et al.,, 2007). For the gene pair GaPLDcal-
GaPLDa2, no traceable duplication events could be deter-
mined, partially for the reason that GaPLDal was anchored
on unmapped scaffolds (Table 1).

It is generally assumed that the level of synonymous
substitutions (Ks) between two homologous genes increases
approximately linearly with time (Blanc and Wolfe, 2004).
Thus, we can estimate the evolutionary dates of the seg-
mental duplication events by Ks calculation. The pro-
tein-coding genes flanking the four pairs of segmental du-
plicated genes had consistent mean Ks values (from 0.59 to
0.61), suggesting that the segmental duplication events oc-
curred from 19.61 to 20.44 million years ago (mya) in G.
arboreum (Table 2). This time period was later than the
division between cotton and Arabidopsis, circa 83~86 mya,
and was consistent with the time (20~40 mya) when a recent
large-scale genome duplication event occurred in cotton.
The doubling of gene contents in newly formed polyploids
is often thought to relax selection on individual genes, thus
creating opportunities for novel gene evolution and expres-
sion patterns (Adams et al., 2003; Desai et al., 2000).

Phylogenetic relationships

To get a better understanding of the evolutionary history
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and phylogenetic relationships of GaPLD gene family, an
NJ phylogenetic tree was constructed. The PLD protein
sequences from G. arboreum, Arabidopsis and rice were
compared with the sequences of cacao, which is a close
relative of cotton in the Malvaceae family and whose ge-
nome has been sequenced (Figure 2) (Argout et al., 2011).
The bootstrap values for some nodes of the tree were low as
a result of relatively large number of sequences. The phy-
logenetic trees reconstructed with Maximum likelihood and
Minimal Evolution methods, were almost identical with
only minor differences at some branches, suggesting that
the three methods were highly consistent with each other.

According to the NJ phylogenetic tree, 19 GaPLDs
formed six well-supported clades (o, Bfy, 6, &, € and @)
(Figure 2). The interspersed PLDs distribution indicated that
different PLD types had existed before the divergence of the
evolutionary lineages of these plant sepecies. PLDs from
each of the clades were found in all four higher plants ex-
amined with the exception of members of the two small
clades, € and ¢, which were absent in the rice and Ara-
bidopsis genomes, respectively (Figure 2). Among these
clades, the o type constituted the largest clade containing 19
members, and the second largest one, P/y-clade, was the
only bi-type clade comprised of seven PLDfs and five
PLDys, while in the smallest one, e-clade, only three PLDgs
were included. As expected, in each clade with all four
plants, dicot PLDs (cotton, cacao and Arabidopsis PLDs)
were more closely related to each other than to monocot
PLDs (rice PLDs), and Malvaceae PLDs (cotton and cacao
PLDs) distributed more similarly than the others (Arabidop-
sis and rice PLDs). Notablely, in P/y- and &-clades,
TcPLDp, TcPLDol and TcPLDO2 individually had two
counterparts in cotton, matching that GaPLD gene segmen-
tal duplication occurred later than the split of cotton and
cacao in the Malvaceae family (Paterson et al., 2012). Ad-
ditionally, C-clade and ¢-clade were far from the other four
clades in evolutionary distance, suggesting that their se-
quence characteristics might be quite different from the
others.

Exon-intron organization and domain architecture of
the GaPLD gene family

To gain the further insights into the evolutionary relation-
ships among GaPLD genes, we investigated the gene struc-
tures of individual GaPLD genes. As shown in Figure 3A,

Table 2 Duplicated GaPLD genes and the number of conserved protein-coding genes flanking them®

Duplicated PLD Duplicated PLD

Number of flanking

. . i Mean Ks SD K Mini Ks Max Ks Date (mya)
gene 1 gene 2 protein-coding genes
GaPLDpI GaPLDf2 5 0.589,2 0.026,2 0.556,0 0.619,6 19.64
GaPLDol GaPLD2 2 0.588,4 0.014,7 0.578,0 0.598,8 19.61
GaPLD&3 GaPLD &4 2 0.613,2 0.019,7 0.599,3 0.627,2 20.44
GaPLD gl GaPLD @2 3 0.610,7 0.184,0 0.484,7 0.821,9 20.35

a) Ks: synonymous substitution rates; SD Ks: standard deviation Ks; Mini Ks: minimum Ks; Max Ks: maximum Ks; mya: million years ago.
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Figure 2 Phylogenetic analyses of the plant PLD proteins. The conserved PLD proteins from G. arboreum (GaPLD), cacao (TcPLD), Arabidopsis (AtPLD)
and rice (OsPLD) were aligned using Clustal W 2.0, and the phylogenic tree was constructed using the NJ method with bootstrapping analysis (1,000 repli-
cates). The numbers beside the branches indicate the bootstrap values that support the adjacent node. GaPLDs were highlighted in red.

the GaPLD members in the same clade of phylogenetic tree
shared similar exon-intron organization. For example, the
members from B/y- and -clades were close in phylogenetic
relationships and had 9~10 exons. Similarly, the a- and e-
clades members possessed 2~4 exons. Members of {-clade
which were distinct from the others possessed 19~20 exons.
The rest members from ¢-clade had 7~8 exons (Figure 3A).
Despite the exon numbers, most exons within members of
the same clade had highly similar lengths. For instance, the
lengths of the last exon in §-clade members were about 294
(Figure 3A). However, the intron lengths were not so con-
served (Figure 3A). The synthesis of sequence identities,
phylogenetic relationships and gene structures of GaPLDs
suggested that B/y- and d&-clades were originated from a
common ancestor in cotton, so were o- and e-clades,
whereas - and ¢-clades respectively originated via the in-
dependent evolutionary paths separate to the others, just like
the analysis in poplar and grape (Liu et al., 2010).

We further performed the domain analysis of GaPLD
proteins by Hmmpfam program to identify the major ones.
Here, the analysis showed that all the GaPLDs possessed

two conserved HKD domains (Figure 3B). Both the HKD1
and HKD2 domains contained three highly conserved ami-
no acids (H6, K8 and D13; Figure 3C and 3D). However,
when the flanking sequences were compared, the HKD1
sequence was relatively more diverse than that of the HKD2
domain (Figure 3C and 3D). Meanwhile, other four kinds of
conserved domains (C2 domain, PX domain, PH domain
and SP) were also identified in the N-terminal region of
GaPLD proteins, which were noted previously in other plant
PLD proteins (Li et al., 2007; Liu et al., 2010; Qin and
Wang, 2002). Based on their domain architectures, the
GaPLD proteins could be divided into three subfamilies:
C2-PLD, PX/PH-PLD and SP-PLD. In detail, the a, B, vy, &
and e-clades of PLDs were classified in the C2-PLD sub-
family, and the PLDCs and PLDgs were classified in the
PX/PH-PLD subfamily and the SP-PLD subfamily, respec-
tively (Figure 3B), consistent with the findings in other
plants (Li et al., 2007; Liu et al., 2010; Qin et al., 1997).

To obtain more insights into the diversity of motif com-
positions among different GaPLD proteins, we further
searched for the conserved motifs by MEME program. As
shown in Figure 4, a total of 20 conserved motifs designated
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as motif 1 to motif 20 were identified. The GaPLD proteins
within the same subfamily shared similar motif composi-
tion. Most of the C2-PLDs possessed the motifs 1~17 and
20, while all PX/PH-PLD members contained the motifs
1~7, 9, 10, 13, and 18~20. By comparison, the SP-PLD
subfamily (GaPLD@1 and GaPLD@2) only shared motifs 1
and 6 with the other two subfamilies (Figure 4). Moreover,
the predicted motifs were annotated by ScanProsite. How-
ever, only five motifs (1~5) could be matched to the anno-
tated motifs in the database. Motif 1 and 5 were annotated
as the conserved HKD domains, especially motif 1 was
uniformly observed in all PLD proteins (Table S5, Figures
S1 and S2). Motif 2 contained a regular-expression se-
quence “IYIENQ[F/Y]F”. The seventh amino acid of this
sequence, Phenylalanine (F), appeared in all PX/PH-PLDs,
but was often substituted by Tyrosine (Y) in the C2-PLDs
(Table S5, Figure S3). This short sequence “I'YIENQ[F/
Y]F” was only found in the PLD gene family members, and
has been postulated to increase the rate of catalysis and en-
sure substrate specificity (McDermott et al., 2004). Motif 3
was considered as the binding site of PIP,, and the varia-
tions in the sequence of this motif exhibited different PIP,

1.5 1.0
2 R S L H P A

20.4233
10.2116

31.88033
15.94016
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binding affinity (Table S5, Figure S4) (Pappan et al., 1997).
Motif 4 contained a highly conserved core triad “ERF” in
the C2-PLDs (Table S5, Figure S5), and was reported to be
able to bind to the a subunit of the heterotrimeric G protein
(Zhao and Wang, 2004).

Expression profiles of GaPLD genes

To investigate the tissue-specific expression profiles of
GaPLD genes, the quantitative RT-PCR analysis was per-
formed for seven different tissues, including root, stem, leaf,
hypocotyl, petal, anther and fiber. As indicated in Figure
5A, GaPLDal and GaPLDJS2 were constitutively ex-
pressed, and the expression levels were very high, implying
that these two GaPLDs might play important roles at multi-
ple developmental stages (Figure 5A). However, the ex-
pression of GaPLDa3, GaPLDcA4, GaPLDf2, GaPLD&3,
GaPLD&4, GaPLD35, GaPLD{I and GaPLD @2 was very
low, or even could not be detected in some tissues (Figure
5A), although they might be primarily expressed in other
organs not tested or under some special conditions. For
GaPLDa2 and GaPLDpI, their expression was relatively

A
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GaPLD{2
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Figure 5 Expression patterns of GaPLD genes. A and B, Quantitative (A) and semi-quantitative RT-PCR analysis (B) of GaPLD genes in root (R), stem
(S), leaf (L), hypocotyl (H), petal (P), anther (A), and fiber at 15 DPA (F15) of cotton plants. C and D, Quantitative (C) and semi-quantitative RT-PCR anal-

ysis (D) of the GaPLD genes in cotton fibers at different developmental stages.

were normalized using cotton UBQ7 gene expression as the internal control.

FO, ovules from 0 DPA; and F5 to F30, fibers from 5 to 30 DPA. Results



Tang, K., et al.

high in leaf, petal and anther, but low in root, stem, hypo-
cotyl and fiber, indicating that they might play an important
role in the development of leaf and flower. In particular,
GaPLDal, GaPLDS2, GaPLD 2, GaPLD(3 and GaPLD ¢l
could be detected in fiber, implying that they might func-
tionally related with the cotton fiber development (Figure
5A). The semi-quantitative RT-PCR analysis also gave the
similar results, and also indicated that the amplified seg-
ment for each GaPLD gene was very specific (Figure 5B).

To further determine the roles of these five GaPLD genes
in fiber development, qQRT-PCR was also performed at sev-
en representative stages of fiber development (0, 5, 10, 15,
20, 25 and 30 DPA). The expression levels of GaPLDal
and GaPLDJ? in fibers were quite higher than those of oth-
ers (Figure 5C). In detail, the expression level of GaPLDal
increased from O to 20 DPA, and reached to the peak at 20
DPA, and after then, the expression reduced. For GaPLD &2,
although its expression was low during 10 DPA, the levels
rose from 15 to 25 DPA, and then fell from 25 to 30 DPA
(Figure 5C). However, the other three genes, GaPLDZ2,
GaPLD¢3 and GaPLDe@l, expressed at very low levels
during the whole stages of fiber development (Figure 5C).
Additionally, the semi-quantitative RT-PCR analysis gave
us the similar results as that quantitative RT-PCR analysis
did (Figure 5D).

Taken together, GaPLDal and GaPLDJS2 were highly
expressed in fiber, and their expression differentiated at
different developing stages, indicating that they might play
distinct functions in fiber development. For GaPLDal, its
expression pattern was obviously correspond to dynamics of
reactive oxygen species (ROS) in differentiating cotton fi-
bers (Yang et al., 2008b). There were some evidences that
ROS may function as a developmental signal in the differ-
entiation of secondary walls in cotton (Potikha et al., 1999).
Moreover, GaPLD alI-ortholog gene in Arabidopsis, AtPLD-
al, hydrolyzed structural phospholipids in the biological
membranes to produce PA and a free head group. In Ara-
bidopsis, PA could function as a signal to activate the
NADPH-oxidase and lead to the ROS production (Zhang et
al., 2009). Consistent with the previous proteomic analysis,
our results indicated that GaPLDal was highly expressed in
fibers at 20 DPA, H,0O, level of which was at the peak
(Potikha et al., 1999; Yang et al., 2008b), and suggested that
GaPLDal might participate in signal transduction for the
release of ROS via activation of NADPH-oxidase in elon-
gating fiber cells. The other fiber-related GaPLD gene,
GaPLD®2, might also be associated with ROS. In Ara-
bidopsis, the ortholog of GaPLD&2, AtPLD S, was proven to
be activated by H,0,. Deficiency of AtPLDJ could render
Arabidopsis cells more sensitive to H,O,-promoted pro-
grammed cell death than the wild type (Wang and Wang,
2001; Wang et al., 2006; Zhang et al., 2003; Zhang et al.,
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2005; Zhang et al., 2009). Furthermore, a recent study sug-
gested that AtPLDS could interact with another cytosolic
glycolytic enzyme, glyceraldehyde-3-phosphate dehydro-
genase, and this interaction was promoted by ROS. Knock-
down of AzPLDJ also impeded stomatal response to abscisic
acid (ABA) and H,0,, also placing AtPLDd downstream of
H,0, (Guo et al., 2012). All of these results indicated that
GaPLD&2 might also function during ROS-mediated fiber
development.

CONCLUSIONS

In this work, we systematically analyzed the PLD gene
family in G. arboreum genome. 19 GaPLD genes were
identified and divided into six clades (a, Bfy, 6, €, { and @)
by their phylogenetic relationships. The GaPLDs within the
same clade were highly similar in terms of sequence char-
acteristics, including gene structure and protein domain.
The chromosomal mapping and evolution analysis suggest-
ed that the segmental duplication events were the main
cause of the expansion of GaPLD gene family. These du-
plication events had happened approximate 19.61~20.44
million years ago, when large-scale recent genome duplica-
tion events occurred in cotton. Notably, the expression of
GaPLDal and GaPLDS2 were highly expressed in devel-
oping fibers, and might play roles in fiber development.
Taken together, the results and information described in this
work provide a solid basis for the further investigation of
evolution history and biological functions of PLD genes in
cotton.

MATERIALS AND METHODS

Plant materials preparation

Cotton (G. arboreum cultivar “Shixiyal”) was cultivated in
a normal agronomic field from May to September under
standard conditions in Beijing. The seeds were kindly pro-
vided by the Cotton Research Institute, Chinese Academy
of Agricultural Sciences. When cotton plants were in full
bloom (approximately 90 d after planting), different cotton
tissues including roots, stems, leaves, hypocotyls, petals,
and anthers were harvested. And cotton fibers were har-
vested at 0, 5, 10, 15, 20, 25 and 30 d post anthesis (DPA).
All of the samples were immediately frozen in liquid nitro-
gen and then stored at —80°C until RNA extraction.

Identification of PLD gene family in G. arboreum

The conserved HKD domain based on Hidden Markov
Model (HMM) (PF00614) was obtained from Pfam protein
family database (http://pfam.sanger.ac.uk/) (Finn et al.,
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2014). In order to identify the PLD encoding genes of G.
arboreum, the HHM profile of HKD domain and corre-
sponding sequences from Arabidopsis and rice (Oryza sati-
va) were subsequently employed as query to perform the
blastp and tblastn algorithms (Altschul et al., 1997) and
HMMER search (http://hmmer.janelia.org/) (Eddy, 2009)
against the G. arboreum genome databases (http://cgp.
genomics.org.cn/) (Li et al., 2014). All the redundant se-
quences were discarded from further analysis based on
Clustal W alignment (Thompson et al., 1994). Furthermore,
to verify the reliability of the initial results, all
non-redundant candidate PLD sequences were analyzed to
confirm the presence of the two conserved HKD domains
using the InterproScan program (Quevillon et al., 2005).
The PLD sequences in Arabidopsis and rice were retrieved
from the published references (Li et al., 2007; Qin and
Wang, 2002). The theoretical molecular weight (Mw) and
isoelectric point (pI) were calculated by ExPASy
(http://cn.expasy.org/tools). Subcellular localization was
analyzed using the CELLO v2.5 server (http://cello.life.
nctu.edu.tw/).

Chromosomal location analysis and gene duplication

Paralogous GaPLD gene pairs were identified on the basis
of multiple sequence alignments. The following criteria
were adopted: the shorter sequences covers over 70% of the
longer sequence after alignment and the minimum identity
of aligned regions is 70%, as described previously (Gu et
al., 2002; Yang et al., 2008a). Pairwise alignment of nucle-
otide sequences of GaPLD paralogs was performed using
Clustal W. Gaps in the alignments were removed manually
by Bioedit. The Ka (nonsynonymous substitution rates) and
Ks (synonymous substitution rates) values of the paralogous
genes were estimated by the program KaKs_Calculator
(Zhang et al., 2006). As the theory of molecular clock, Ks
could be used as the proxy for time and the conserved
flanking protein-coding genes was used to estimate the dates
of the segmental duplication events (Shiu et al., 2004). The
mean Ks value was calculated for each of duplicated gene
pairs and then used to date the duplication events. Ks values
greater than 2.0 were discarded because higher Ks values
are associated with a large degree of uncertainty because of
saturation of substitutions. The Ks values were then used to
calculate the approximate date of the duplication event
(T=Ks/21), assuming clock-like rates (1) of synonymous
substitution of 1.5x10™® substitutions/synonymous site/year
for diploid cotton species (Blanc and Wolfe, 2004).

Phylogenetic analysis

Multiple sequence alignment was conducted on the amino
acid sequences of PLD proteins in G. arboreum, Arabidop-
sis, rice and cacao (Theobroma cacao) genomes using
Clustal W with the default settings (Thompson et al., 1994).
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Subsequently, MEGA 6.0 was employed to construct an
unrooted phylogenetic tree based on alignments using the
Neighbor Joining (NJ) method with P-distance and pairwise
gap deletion parameters engaged (Tamura et al., 2013). The
reliability of the trees obtained was tested using bootstrap-
ping with 1,000 replicates. Furthermore, Maximum likeli-
hood and Minimal Evolution methods were also applied to
validate the results from the NJ tree. The PLD protein se-
quences in cacao were from T. cacao genome sequence da-
tabases (http://www.phytozome. net/cacao).

Gene structure and domain analysis and conserved mo-
tif identification

Exon-intron organization of PLD genes was generated by
the GSDS (Gene Structure Display Server) algorithm (Guo
et al., 2007), by comparing the coding sequences (CDS) of
GaPLD genes with their corresponding genomic sequences.

Protein sequences derived from the GaPLD genes were
examined using the domain analysis program Pfam with the
default cut off parameters.

GaPLD protein sequences were submitted to online Mul-
tiple Expectation maximization for Motif Elicitation
(MEME) program for identification of conserved motifs
(Bailey et al., 2006). The following parameters were em-
ployed in the analysis: the maximum number of motifs 20;
minimum motif width 6; and maximum motif width 50. The
identified protein motifs were further annotated with
ScanProsite (de Castro et al., 20006).

RNA isolation and real-time quantitative RT-PCR

Total RNA of cotton tissues was extracted from frozen tis-
sue using RNAprep pure plant kit (TTANGEN, Beijing)
according to the manufacturer’s protocol. 2 pg of RNA was
used as the template for the first-strand cDNA synthesis
using an RNA PCR kit (AMYV, version 3.0, TaKaRa, Japan).
PCR was performed using the gene-specific primers (Table
S6). Real-time quantitative RT-PCR was performed with a
Mini opticon Real-Time PCR System (Bio-Rad, USA) ac-
cording to the supplier’s protocol. Each reaction mixture
contains 8 pL. of DNase/RNase free water, 10 uL. Real-time
SYBR Green PCR master mix, 1 pL diluted cDNA product
from RT-PCR reaction and 1 pl. gene-specific primers.
Three biological replicates conducted for each tissue and
each biological replicate was technically repeated three
times. The thermal cycle applied was as follows: 95°C for
10 min followed by 45 cycles of denature at 95°C for 15 s
and annealing and elongation at 60°C for 60 s. The expres-
sion values of GaPLD genes tested were normalized with an
internal reference gene UBQ7 (Gene accession number:
DQ116441). The relative expression levels were calculated
using the comparative 27T method (Livak and
Schmittgen, 2001). Each PCR was run in triplicate in each
assay. A heatmap for gene expression patterns were gener-
ated with the software MultiExperiment Viewer (MeV).
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Table S1

Table S2  Sequence identities among the ORF regions of the GaPLD genes

Table S3 Sequence identities among the GaPLD proteins

Nucleic acid, deduced amino acid and promoter sequences of GaPLD genes
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Table S4 The number of PLD genes in G. arboreum and other plant species

Table S5 The sequences of the 20 motifs by motif analysis of GaPLDs

Table S6 Primers used for quantitative and semi-quantitative RT-PCR

Figure S1

Figure S2

Figure S3

Figure S4

Figure S5

Alignment of sequences of MEME motif 1 in PLD genes in Gossypium arboreum. The gray front indicates the sites which flanking MEME
motif 1 and the other colorful front indicate identical and conserved amino acid residues present in MEME motif 1. The alignment of se-
quences of MEME motif 1 is ordered by P-value.

Alignment of sequences of MEME motif 5 in PLD genes in Gossypium arboreum. The gray front indicates the sites which flanking MEME
motif 5 and the other colorful front indicate identical and conserved amino acid residues present in MEME motif 5. The alignment of se-
quences of MEME motif 5 is ordered by P-value.

Alignment of sequences of MEME motif 2 in PLD genes in Gossypium arboreum. The gray front indicates the sites which flanking MEME
motif 2 and the other colorful front indicate identical and conserved amino acid residues present in MEME motif 2. The alignment of se-
quences of MEME motif 2 is ordered by P-value.

Alignment of sequences of MEME motif 3 in PLD genes in Gossypium arboreum. The gray front indicates the sites which flanking MEME
motif 3 and the other colorful front indicate identical and conserved amino acid residues present in MEME motif 3. The alignment of se-
quences of MEME motif 3 is ordered by P-value.

Alignment of sequences of MEME motif 4 in PLD genes in Gossypium arboreum. The gray front indicates the sites which flanking MEME
motif 4 and the other colorful front indicate identical and conserved amino acid residues present in MEME motif 4. The alignment of se-
quences of MEME motif 4 is ordered by P-value.
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