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Small peptides function as key signals in processes, such as plant cell differentiation, organ development and defenses to biotic
stresses. A large number of small peptide precursor genes have been predicted from the analysis of the soybean (Glycine max)
whole genome DNA sequence. However, most of these genes have unknown characteristics and functions. In this report, we sys-
temically searched for the gene families of small peptide precursors that are up-regulated in soybean nitrogen-fixing root nodules.
We found 212 genes (encoding peptides shorter than 150 amino acids) that were up-regulated, and among them, 79 genes belong
to 38 multiple-gene families, but the other 133 genes are unique. Twenty-eight of 38 families are conserved in Arabidopsis, but
the other 10 only exist in legumes. We also identified 16 out of the 38 members of the wound-induced polypeptide (WIP) gene
family to be upregulated in nitrogen-fixing nodules. We further analyzed homologs of WIP genes in Medicago, Lotus, Arabidop-
sis and Oryza species and found that a few homologous genes from Medicago truncatula and Lotus japonicus were also upregu-
lated in their nodules and some WIP genes were induced by specific fungal pathogens on soybean and rice. Structure prediction
indicated that all WIP prepropeptides contain a conserved DUF3774 domain (including two hydrophobic regions) and most of
them have an N-terminal signal sequence. Fluorescence microscopy analysis of two WIP prepropeptides fused to GFP revealed
that these proteins are located on the plasma membrane of tobacco leaf cells. Interestingly, 34 soybean WIP genes are clustered
onto three soybean chromosomes, different from known peptide gene families (such as CLE). Among them, 11 highly identical
genes are aligned on the 6th chromosome, 12 on the 12th, and 11 on the 13th chromosomes. Most of WIP genes from the 12th
chromosome share the highest identities with their homologs on the 13th chromosome, suggesting that ancestral WIP genes could
have originated from the 13th chromosome, then spread onto the 12th chromosome by chromosome homologous recombination;
the new WIP genes could have existed in multiple copies by gene duplication which then spread onto the 6th chromosome. In
Arabidopsis and Oryza species, half of the WIP genes are also aligned on one chromosome and showed higher identity with those
from the soybean 12th and 13th chromosomes, suggesting that WIP genes originated from one common ancestor.
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Many small peptides have been identified recently in dif-
ferent plants, such as defensin [1], systemin [2], PSK (phy-
tosulfokine) [3], ENOD40 [4], CLV3 [5], POLARIS [6],
IDA [7], DVL1 [8], PSY1 [9], TDIF [10], RGF [11], CLE2
[5], CEP1 [12], RALF [13], Stomagen [14], EPF1 [15],
FPF1 [16], SCR [17], LURE [18], TPD1 [19] and NCR [20].
Some of these peptides including PSK, CLV3, RGF, EPF1,
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FPF1, POLARIS, ENOD40 and RALF are involved in cell
differentiation and organ development, and thus are desig-
nated as peptide hormones. Other peptides, such as defensin,
systemin and NCR, participate in the interactions between
plants and microbes. It has been reported that small peptides,
such as CLV3and PSK, play a regulatory role in innate im-
munity of plants [21,22].

These active peptides are derived from <150 amino-acid
precursors or prepropeptides, containing an N-terminal sig-
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nal sequence and at least one protease site. Some of these
peptides carry post-translational modifications, such as ty-
rosine sulfation, proline hydroxylation and hydroxyproline
arabinosylation. Many of them contain several conserved
cysteine residues to form intramolecular disulfide bonds. In
a model plant, Arabidopsis thaliana, analysis of its whole
genome sequence yielded more than 900 small peptide pre-
cursor genes that contained the conserved signal sequences.
A few new small peptide genes (RGF, PSY and CEPI) have
been identified using an in-silico method.

Legumes including soybean, pea, and alfalfa are broadly
distributed on the land, and they provide the source of pro-
tein for human and animals. Under the limitation of com-
bined nitrogen, nodules are elicited on legumes through a
symbiotic interaction with soil Rhizobium to fix atmospher-
ic dinitrogen, called symbiotic nitrogen fixation. This sym-
biotic interaction is of great importance in agriculture and
ecology. Small peptides are involved in the leguminous
nodulation and symbiosis. For example, at the early stage of
nodule development, the peptide of ENODA40 is required for
the initiation of nodule primodium [4]. In the indeterminate
nodule found in legumes including alfalfa and peas, defen-
sin-like peptides of NCR induce the terminal differentiation
of bacteroids [20]. Recently, the CLE peptides has been
suggested to be recognized by LRR receptor kinase,
LjHAR1/Mt SUNNY/GmNARK, involved in the autoregu-
lation of nodulation [23,24]. Using the published genome
sequences of Glycine max (soybean) and Medicago trun-
catula, and a large number of expressed sequence tags (EST)
in public databases, small peptide genes involved in symbi-
osis can be identified from legumes using bioinformatical
techniques [25-27]. In this report, the whole-genome tran-
scriptomic data of soybean were analyzed, and 212 small
peptide precursor genes upregulated in nitrogen-fixing nod-
ules were identified. Among them, the structure, expression
and evolution of a gene family, WIP (wound-induced pro-
tein) was analyzed. It is important to understand the regula-
tion of leguminous small peptides in symbiotic nitrogen
fixation.

1 Materials and methods

1.1 In silico screening for soybean small peptide gene
families that are upregulated in nitrogen-fixing nodules

The transcriptomic data of G. max Williams 82 was down-
loaded [25,26] and searched for genes that are expressed at
more than 2 folds in nitrogen-fixing nodules than in any
other organs. Those genes encoding small peptide precur-
sors with less than 150 amino acids were selected as candi-
date genes. Their signal peptide sequences and hydrophobic
regions were predicted using online programs such as Sig-
nalP 3.1 and Jpred. The homologs and orthologs were
searched using BLAST (NCBI). Motif scanning was per-
formed using the MEME software to find the conserved
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region of the small polypeptides. The phylogenetic tree was
reconstructed using MAGA 3.0. Those genes clustered onto
one clade of the phylogenetic tree and containing the same
motifs were classified as belonging to one gene family. As a
positive control, this method was tested on known PSK and
RGF gene families.

1.2 Identifying members of the WIP gene family

We searched for homologs or orthologs of WIP genes by
analyzing sequences using BLAST or by comparing with
the genomic sequences of G. max and M. truncatula [25,27].
The multiple sequence alignment was performed using
ClustalW program, and the domain of DUF3774 was
scanned for known domains using Pfam and SMART pro-
grams. Those gene products containing a DUF3773 domain
belong to the WIP gene family.

1.3 Tissue-specific expression of soybean WIP genes

Roots, stems, leaves, flowers, pods and nodules from soy-
bean (Williams 82) grown in the greenhouse under the op-
timal conditions were collected. Their total RNA was ex-
tracted using the TransZol Plant kit (TRANS, Beijing). The
purity and concentration of total RNA was determined using
an ultraviolet spectrometer. The total RNA was reverse
transcribed to cDNA using the PrimeScript RT reagent Kit
with a DNA eraser (TaKaRa, Dalian). The primers used for
the reverse-transcriptional PCR were listed in Table 1, and
PCR was conducted with TUBULIN as an inner standard.
The PCR was performed with this cycle: 94°C, 3 min
(pre-denature); 94°C, 30 s (denature), 60°C, 20 s (anneal),
72°C, 30 s (extension); 72°C, 7 min.

1.4 Subcellular location of soybean WIP genes

The DNA fragments of Glyl13g32070 and Glyl3g32690
open reading frames were amplified by PCR using oligo
primers (Table 1) and the soybean nodule cDNA as tem-
plate. The PCR products were cloned into pCMBIA2300s-
GFP to construct the plasmids 35S-Gly13g32070:GFP, 35S-
GFP:Gly13g32070, 35S-Gly13g32690:GFP and 35S-GFP:
Gly13g32070. Each plasmid was introduced into Agrobac-
terium tumefaciens EH105 using a freeze-thaw method.
These strains were streaked onto YEB agar plates with ap-
propriate antibiotics, and grown at 28°C for 2 d. The single
colony was subcultured into 5 mL LB broth, and subjected
to shaking at 28°C at the speed of 200 r/min for 2 d. The
culture at Ag=0.4-0.8 was centrifuged at the speed of 4000
r/min for 10 min to collect bacterial cells. The cells were
resuspended in 10 mmol L™ MgCl, with 100 mmol L™ ace-
tonesyringone, and maintained at room temperature for 1-2
h. The injector containing 1 mL of the bacterial suspension
was used to transform 2-week old tobacco leaves by high
pressure. The injected sections of tobacco leaves were
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Gene Forward (5'—3") Reverse (5'—3’)

RT-PCR Glymal3g37780.1 TGGTTCTTCTCACAAAGGTGGCTC ACCTGCCACTACACACAGTTCTTG
Glymal3g37750.1 TGCAGGTGGAACAGTGTGATGAGA GATTGGTGCACCTTCTGGCTCTTT
Glyma06g45390.1 AGCACAGAAAGCTTGGATTGTGGC TTAAGGACTCCTCTGACTGCTTCTGC
Glyma06g45350.1 ACCACTCCGAAAACAACAAAAC TGGGAAATCGAAGTCCAATAAG
Glyma06g45380.1 ACCACCTTCCTCTCACTTCCTCAT GTGTTGTGGAGCTCATAGCAGAAG
Glymal2g34660.1 CAGCCTCAACCCAAACCAAACCAA ACCGTCTCATCGTAGCAACACCTA
Glymal2g32720.1 TATCTGCAGGTGGAACAGCGTGAT AGACACTTCTGTGATTCGTGGGTG
Glymal2g11660.1 TGGCGGTTGATGGAAGTTATTTCT ATTGGTCGTATGGCATCGAGTTGG
Glyma03g27140.1 ACCAAAGCTTGGATAGTGG GGAAATCGTAGCAGAGGAC
Glymal2g11740.1 TAGTGTTGGAGTAGTGGAGGCCTTG CTTAAGAACTCCTCTGATTGCTTTCC
Glyma06g45260.1 ATGAGTTCAGCACAGAGAGC AGAAGAAAAGGAAAGAAGGTT
GmTUBULIN TGCCCTGAATGTGGATGTGACTGA AGCAGCGTTTACATCTTTGGGCAC

Subcellular ~ GFPGlymal3g32070  ACGCGTCGACATGAGCTTGAGGTACATGAG GACTAGTAAGTTGGGACCCCAGCAACTC

localization  Glymal3g32070GFP ~ GCTCTAGAAATGAGCTTGAGGTACATGAGC CGGGATCCTCAGTTGGGACCCCAGCAAC
GFPGlymal2g32690 ~ ACGCGTCGACATGTGTCGTGGAACTTTTGTG  GACTAGTAAAGAATTAGGACCCCATGTGCTC
Glymal2g32690GFP  GCTCTAGAAATGTGTCGTGGAACTTTTG CGGGATCCCTAAGAATTAGGACCCCATG

marked and checked under the fluorescent microscope after
3d.

1.4 Phylogenetic analysis of WIP genes

The phylogenetic tree of WIP genes was reconstructed using
MEGA 3.0. The genes with the closest relationship were
marked between two chromosomes, and then lined with
each other to form a synteny map.

2 Results and discussion

2.1 Identification of gene families of small polypeptides
that are upregulated in soybean nodules

We found a total of 1465 genes that are dominantly ex-
pressed in soybean nodules by analyzing the whole-genome
transcriptomic data of soybean. Among them, 212 gene
products were less than 150 amino acids, and 31 genes were
only expressed in nodules, but 18 genes (8%) existed in
multiple copies. For example, ENOD24 has 10 copies. The
51 gene products (24%) contain N-terminal signal sequenc-
es, 24 (11%) have signal anchors, and 57 (27%) carry
transmembrane regions as predicted by SignalP3.0 and
Jpred (Figure 1). In addition, 79 genes belong to 38 multi-
ple-gene families, but the other 133 genes are unique by
homologous sequence analysis. Twenty-eight of 38 families
are conserved in A .thaliana, but 5 only exist in soybean,
and the other five also exist in M. truncatula and Lotus ja-
ponicas (Table 2). The other six conserved gene families,
such as PSK [3], RGF (root meristem growth factor) [11],
EPF1 (epithermal patterning factor 1) [15], FPF1 (flowering
promoting factor 1) [16], AGP (arabinosylated glycopeptide)
[28] and DVL (DEVIL 1) [8], have been studied previously.

Others 38%

Transmembrane 27%

Signal anchor 1%
Signal peptide 24%

Figure 1 Classification of small polypeptide genes that are upregulated
in soybean nodules. The percentage of small polypetides containing an
N-terminal signal peptide, a signal anchor and transmembrane sequences.

2.2 Identification of WIP gene family

The largest gene family found in our analysis of small pol-
ypeptides consisted of wound-induced proteins. This gene
family, named WIP, was composed of 38 members in the
soybean genome, and 7 homologs in the genomes of A. tha-
liana and Oryza japonica. The WIP small polypeptide is
composed of about 90 amino acids, containing a conserved
domain, DUF3774 (Figures 2 and S1). Most of the WIP
members harbor an N-terminal signal sequence (Figures 2
and S1). Motif prediction showed that DUF3774 contains
two conserved motifs: CRWN and WGPN (Figures 2 and
S1). Secondary structure prediction showed that one hy-
drophobic o-helix is located onto the inside of CRWN and
outside of WGPN. These analyses suggest that the WIP
gene may encode a transmembrane small polypeptide.

To further analyze WIP, the two soybean WIP gene
(Glymal2g32690.1 and Glymal3g32070.1) open reading
frames were fused with GFP, and transformed into young
tobacco leaf cells. Fluorescent microscopy showed that
GFP-Glymal2g32690.1 fusion was located onto the plasma
membrane, but Glymal2g32690-GFP was observed in the
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Table 2 Small polypeptide gene families from soybean nodules®

Gene family Gm Mt Lj At
PSK 11 2
RGF 13 4
EPFI 33 12
FPF1 10
AGP 8 5
DVL 27 12
wWIP 39 10/5
JPR 12
CRP 14
CKLI
CKL2
CKL3
CKL4
CKLS
CKL6
CKL7
CKLS
CKL9
CKLI10
CKLI1
CKLI2
CKLI3
CKLI14
4F5
YOS
LEA
HIG
ENOD93
NRPI1
NRP2
NRP3
DRP
NCR
WRP
SUNI
SUN2
SUN3
SUN4 2 0 0 0
a) Gm, Glycine max; Mt, Medicago truncatula; Ljj, Lotus japonicas; At,

Arabidopsis thaliana.
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Figure 2 Structure of WIP small polypeptide. The first panel represents
three conserved motifs; black boxes in the 2nd, 3rd and 4th panels repre-
sent hydrophobic regions of DUF3774 domain; 75% pertains to the ratio of
WIP small polypeptides containing N-terminal signal sequence.

nucleus and on the plasma membrane (Figure 3). Both fu-
sions of Glymal3g32070 and GFP were located on the
plasma membrane. These data suggest that WIP prepropep-
tides are transmembrane proteins. Glymal2g32690 encodes
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355-Glyma13g32070.1-GFP 355-GFP-Glyma13g32070.1

358-Glyma12g32690.1-GFP 358-GFP-Glyma12¢g32690.1

Figure 3 Subcellular location
of two soybean WIP small
polypeptides. 35S, the promoter
of CAMV 35S; GFP, green
fluorescent protein.

a WIP protein containing an N-terminal signal sequence.
When the GFP was fused with the N-terminus of this WIP
precursor, the signal sequence did not work, but the hydro-
phobic region could bring this protein onto the plasma
membrane. When the GFP was linked to its C-terminus, the
signal and hydrophobic sequences could function and the
protease sites were recognized. Therefore, the GFP could be
cleaved off the WIP protein. Glymal3g32070 encodes a
WIP protein without an N-terminal sequence and conserved
protease processing sites. Thus, both fusions appeared on
the plasma membrane possibly through their transmembrane
regions.

Additionally, the analysis of the gene structure showed
that 31 soybean WIP genes consist of one exon together
with a 5'-UTR and 3’-UTR; 4 genes are composed of two
exons and one intron; 3 genes with three exons and two
introns (Table S1). These data reveal that most of the WIP
genes are composed of one exon, similar to the known small
peptide gene, CLE. Signal peptide prediction analysis re-
vealed that 28 gene products contain an N-terminal signal
sequence (Table S1), suggesting that most of WIP peptides
are secreted.

2.3 The expression of the WIP gene family

From the analysis of open transcriptomic data, 16 members
of 38 soybean genes were found to be upregulated in root
nodules (the expression level was more than 2 folds in nod-
ules than in any other organs.), while 7 genes were not
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transcribed in any organs [26]. To confirm this result, the
total RNA of soybean roots, stems, leaves, pods and nodules
was extracted for RT-PCR analysis. The genes Gly-
mal3g37780.1, Glymal3g37750.1, Glymal2g34660.1,
Glymal2g32720.1 and Glymal2gl11740.1 are dominantly
expressed in root nodules (Figure 4). Interestingly, Gly-
mal2g34660.1 and Glymal2g32720.1 are specifically ex-
pressed in the root nodule, while Glymal3g37780.1 and
Glymal3g37750.1 are also expressed in roots and stems.
The transcripts of Glymal2g11740.1, Glyma6g45380.1 and
Gly6g45390.1 were detected in all six organs, while no
transcripts of Glymal2g11660.1, Glyma6g45260.1 and
Glyma3g27140.1 was found in any organs. Gly-
ma6g45350.1 is expressed the highest in roots, though it
was also detected in roots, stems and nodules (Figure 4).
These 11 genes are not induced by Bradyrhizobium japoni-
cum USDA 110 from our data. These data suggest that soy-
bean WIP genes may play their roles at the late stage of
symbiosis with Rhizobium. Our results were mainly con-
sistent with the open transcriptomic data [26], and the dif-
ference was probably derived from methods, growth time
and conditions of soybean plants.

We obtained the gene-chip probes data of six soybean
WIP genes (Glyma06g45370.1, Glymal2g32690.1, Gly-
mal3g37750.1, Glymal2g34660.1, Glymal3g35850.1 and
Glymal3g37700.1) from the website Genevestigator. The
expression of Glyma06g45370.1, Glymal2g32690.1, Gly-
mal3g37750.1 and Glymal3g37700.1 was suppressed by P.
pachyrhizi, while two genes of Glymal2g34660.1 and Gly-
mal3g35850.1 were induced by this pathogen. The expres-
sion of Glyma06g45370.1, Glymal2g32690.1, Gly-
mal2g34660.1 and Glymal3g35850.1 was significantly
increased after infection by P. sojae. These data suggest that

Glyma13g37780.1
Glyma13g37750.1
Glyma12g34660.1
Glyma12932720.1
Glyma12g11740.1
Glyma12g11660.1
Glyma06g45350.1
Glyma06g45380.1
Glyma06g45390.1
Glyma06g45260.1
Glyma03g27140.1
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w
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-
]
=

Figure 4 The tissue-specific expression of soybean WIP genes. R, root; S,
stem; L, leaf; F, flower; P, pods; N, root nodules.
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some of WIP genes are involved in the soybean defense
response to pathogens.

Some of the gene-chip probes of Arabidopsis and rice
WIP genes were also obtained from Genevestigator. The
expression of AT4g10270 and AT4g33560 was induced by P.
parasitica and salicylic acid, while chitin suppressed their
transcription (including AT4g28240). AT4g28240 and
AT4g05070 were significantly suppressed by Pseudomonas
syringae DC3000 and its elicitor, Flg22. Interestingly, the
expression of two rice WIP genes (Os04g0635000 and
Os08g0178500) increased after infection by Magnaporthe
grisea. The expression of Os04g0635000, Os04g0635100,
0s04g0635500 and Os08g0178500 was apparently en-
hanced in the transgenic plants over-expressing nahG, but
downregulated by chitin. These data suggest that some of
WIP genes may play their roles in plant immunity.

2.4 Phylogenetic analysis of the WIP gene family

Among 38 soybean WIP genes, 34 were clustered onto three
chromosomes (6, 12 and 13). There are 11 genes aligned
onto the 6th chromosome, with Glyma06g45380 andGly-
ma06g45390 at the center, and the other genes distributed
around them (Figure 5), suggesting that half of these genes
originated from the duplication of the other-side genes. WIP
genes (12 and 11 genes) at the 12th and 13th chromosomes
showed higher identity to each other (Figure 5), suggesting
that these WIP genes on one chromosome may be replicated
from the other chromosome. Interestingly, 5, 7 and 4 WIP
homologs on the 4th chromosome of A. thaliana and O.
Jjaponica, and the 2nd chromosome of M. trucatula exhibit-
ed synteny (higher identity) with WIP genes on the 12th and
13th chromosomes. This observation implies that WIP
genes on both of these chromosomes could have originated
earlier than those on the 6th chromosome in the soybean
genome and they could be derived from one common an-
cestor. Additionally, 5 genes on the 4th chromosome of A.
thaliana were not clustered, meaning that they have a long
evolutionary history. Two WIP genes on the 13th chromo-
some showed lower homology with other genes, suggesting
that these genes could be the oldest ones. Therefore, the
WIP gene could have originated on the 13th chromosome,
spread onto 12th chromosome by chromosome duplication,
and then dispersed onto the 6th chromosome. Noticeably,
the clustered characteristics of WIP genes are different from
the known small peptide genes of CLE, which are distrib-
uted onto 18 chromosomes in the soybean genome.

3 Conclusion

In this report, 38 soybean gene families of small peptide
precursors were analyzed, and some of members were
upregulated in soybean nitrogen-fixing root nodules includ-
ing 38 members of the gene family of WIP. Most of WIP
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Figure 5 Synteny of WIP genes on different chromosomes.

prepropeptides consist of one N-terminal signal sequence
and one DUF3774 domain, located onto the plasma mem-
brane. 34 soybean WIP genes were clustered onto three
chromosomes, suggesting that they have a specific evolu-
tionary pathway. About half of the WIP genes were domi-
nantly expressed in root nodules, implying that they are
involved in symbiotic interactions between soybean and
Rhizobium. The active form of WIP will be identified and
its functions in symbiosis or immunity will be studied in the
immediate future.
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