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ABSTRACT: Viola yedoensis Makino is a well-known native Chinese medicinal plant, which is reported to adapt
to heavy metal pollution regions. In our preliminary studies, transcriptome sequencing was employed to identify
global expression gene using a combined bioinformatics, and plenty of differential expression genes (DEGs) were
also identified in V. yedoensis Makino responsive to cadmium (Cd) pollution. However, the relative molecular marker
development was not expounded. In this study, we aimed to identify novel SSR (simple sequence repeat) and SNP
(single-nucleotide polymorphism) markers in V. yedoensis Makino, as well as further study of the functional annotation,
classification, and phylogenetic analysis of cyclotide family genes. Approximate 91.99 million high-quality clean
reads were generated. 11176 simple sequence repeats (SSRs) were predicted in 9644 unigenes, of which, 1283
unigenes contained multiple SSRs. The SSRs consisted of 1732 dinucleotide motifs, 2733 trinucleotide motifs, 135
tetranucleotide motifs, 17 pentanucleotide motifs, and 13 hexanucleotide motifs. 163 motifs were detected among all
of the SSRs identified. Moreover, 8250 SNP markers were detected in 1934 unigenes and 11328 SNP markers were
detected in 2510 unigenes in VIYCd and VIYCK library respectively. Furthermore, 41 cyclotide family Unigenes in
Violaceae were identified and categorized into six groups with the other species. This study firstly generated a valuable
resource for SNP and SSR marker development studies of Violaceae transcriptome and thereby providing the basis for
further studies on genomics and functional genomics in Violaceae.
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INTRODUCTION eficiency virus and weak antibacterial activity and
unmanageable toxicity [3, 5].

Viola yedoensis Makino, an important native Chinese Inrecent years, the high-throughput sequencing
traditional medicine, is a small perennial plant with ~ technology (second-generation sequencing technol-

violet flowers distributed in China [1-4]. The dried ~©8Y) for large scale transcriptome sequencing has
whole plant (known as “Herba Violae”) is an im- dram.atlcally 1mprov§d the efficiency of genome .an-
portant constituent of the traditional medicine “zi ~ otation and gene discovery (_)f non-model species,
Hua Di Ding”, which have been used traditionally especially for Violaceae family [6-8]. .Howe.ver,
to treat acute pyogenic infection, respiratory and in- there are not much research on V. 'yedoenSls Makino,
flammatory diseases, including bronchitis, hepatitis, e.spec1ally not engggh .for genomic study and func-
swelling, boils and enteritis [1,5]. Recent studies tional gene identification. Simple sequence repeat
have revealed that cyclotides are a group of plant- (SSR) and single-nucleotide polymorphism (SNP)
derived peptides with unique structural properties, ~markers .ha.ve b??n frequently. used n the stw'udy
and almost all of cyclotides are isolated from Vio- ~©f genetic 1den.t1ﬁcat10n and ﬁngerprlnt mapping,
laceae family [2]. Cyclotides have been reported ~and can be easily detected by the high-throughput
to possess potent effect of anti-human immunod-  S€qUenNcing technology [6]. Currently only few SSR
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and SNP markers were developed in V. yedoensis
Makino. SSR has been widely used in the study of
genetic identification and fingerprint mapping with
the characteristics of high polymorphic information
content, simple technology, and good reproducibil-
ity. SNP is the most abundant type of markers and
is easy to develop and detect by high-throughput
sequencing technology [6].

Recent studies have shown that V. yedoen-
sis Makino is almost normally distributed in a
Lead (Pb)/ zinc (Zn) /cadmium (Cd) mine located in
Sichuan Province, China. In our preliminary stud-
ies [9], Illumina paired-end sequencing technology
was adopted to characterize the transcriptome of
Violaceae through analysis of large-scale transcript
sequences. The results would offer valuable se-
quence resource to Violaceae family and explore
some unknown Cd-defensive strategies that possibly
exist in the Viola species, as well as provide an effi-
cient, inexpensive and reliable approach that can be
readily adopted by researchers studying non-model
organisms using transcriptome sequencing [9]. Ac-
cording to the results from the preliminary exper-
iments, we characterize novel SSRs and SNPs of
V. yedoensis Makino, and assess their functional
annotation, classification, and phylogenetic analysis
of cyclotide family genes.

MATERIALS AND METHODS

Sample preparation and transcriptome
sequencing

V. yedoensis Makino were sown and transplanted in
the nutrient solution (Table 1) as described previ-
ously. There were randomly divided to two groups,
including control solution group (CK) and solution
containing 2.5 mM Cd (NO,), group (Cd treatment).
After 72 h, whole plants were collected for total

Table 1 The detailed components of the nutrient solution.

Component Concentration
Ca(NO,),-4H,0 4.0 mmol/1
KNO, 6.0 mmol/1
NH,NO, 1.0 mmol/1
Fe-EDTA 100 p.mol/1
H,BO, 1.0 ymol/1
KH,PO, 1.0 pmol/1
MnSO, 0.1 umol/1
CuSO, - 7H,0 0.1 pmol/1
MgSsO, -7H,0 1.0 pmol/1
(NH,),Mo,0,,(,H,0) 0.016 umol/1
ZnSO, -7H,0 1.0 umol/1
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RNA extraction using TRIzol kit (Invitrogen, USA),
and then were quantified, purified, and pooled for
subsequent [llumina sequencing. In our preliminary
studies [9], the de novo transcriptome assembly for
gene identification, analysis, functional annotation
and classification were accessed. Based on this, in
the present study, we determine to further identify
novel SSR and SNP markers and cyclotide family
unigenes in V. yedoensis Makino responsive to cad-
mium (Cd) pollution.

SSR prediction and SNP detection

Mining of the SSRs present in the assembled uni-
genes of Violaceae was performed as described pre-
viously [10]. Briefly, five categories of SSRs, includ-
ing those with dinucleotide, trinucleotide, tetranu-
cleotide, pentanucleotide, and hexanucleotide mo-
tifs, were classified. For each category of SSR,
the minimum number of contiguous repeat units is
five. Statistical analysis was used to investigate the
number of SSRs with each type of motif and the
distribution of the lengths of repeat units. In ad-
dition, SNPs is also identified mentioned below: we
firstly used Simple Object Access Protocol (SOAP) to
map the reads sequences to the identified unigene,
and put pair-end and single-end comparison results
together, duplicated reads and multi-mapped reads
were also filtered out, results were sorted according
to the transcript and coordinate position, then we
used SOAPsnp [11] to SNP calling for the sorted re-
sults, parameters were set as follows: "seed Length"
30, "minLength" 50, "minInsert" 100, "maxInsert"
1000, "misMatch" 3, "ASCII" "!". In order to get
the high quality SNPs, the quantity and quality
(= 20), the sequencing depth (= 2), and the SNP
spacing (= 5) were also selected to filter out the
results. SSRs predicted in silico were validated by
PCR amplification. The products were separated on
1.5% agarose gels and visualized using Goldview
Nucleic Acid Stain.

Phylogenetic analysis and RT-PCR validation of
cyclotide family unigenes

Hidden Markov Model (HMM) profile of cyclotide
family domain (PF03784) downloaded from Pro-
tein family (Pfam; http://pfam.xfam.org) was ex-
ploited for the identification of the cyclotide fam-
ily genes from Violaceae assembly transcriptome
with HMMER (v 2.3.2) [12]. Conserved sequences
of cyclotide family was extracted from the HMM
profile by the HMMER software [12], and then
was adopted to query the Violaceae assembly tran-
scriptome. Searching parameters were followings:
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Table 2 The primers for identifing the cyclotide family unique genes.

Unique gene Primer sequence Size
F:5'-TTACTACTCAAACCAAACCCTT-3

comp109420_c0 Vyals R:5'-TTCGCTTCAGTTCAATCCTAG-3/ 273bp
F:5/-GTCATGTAACGATCAGT-3'

comp108309_c0 Vyal0 R:5'-GGAGATCTTTGTAGAAT-3' 343bp
F:5'-TGCAGCTCCTTGTACTGA-3’

comp109293_c0 Vyal4 R:5-CAAAAGCCCTTCTTCATA-3’ 398bp
F:5'-CGCAACAATAGATAGACA-3'

comp102243_c0 Vyal R:5'-TCACATCCAATACAACAG-3' 343bp
F:5'- ACCAAAACCATCGTCTC-3/

comp403622_c0 Vya26 R:5/-AGACAACAAGCGAAAC-3/ 252bp
F:5'-ACCAAAACCATCGTCTCAAACCCGG-3/

comp87919_c0 Vya37 R:5'-CCGGGTTTGAGACGATGGTTTTGGT-3' 280bp
F:5'-TGGAACGAAGGGAACA-3'

comp109209_c0 Vyal3 R:5'-AGACTTGCGTCGGTGG-3’ 358bp
F:5'-CATTACTACTCAAACCAAACCCTT-3/

comp120436_c0 Vya2l R:5'-TTCGCTTCAGTTCAATCCTACCTC-3 305bp
F:5'-GTTTATCGACTTGTGGCAG-3’

comp4648_c0 Vya27 R:5'-ATGGAAAAGAAGAAGAAG-3' 388bp
F:5'-ATCCAACTACCCAACA-3’

compl04964 c0 Vyab R:5/-GCCATGATTTAAGCGT-3' 394bp

A U
comp99755. c1 Vyadl F:5'-GAGTTCTTGTAGCAAACT-3 419bp

R:5’-AAGTCACATACCTTACCG-3’

BLASTp, E=1e—10, and other parameters were
defaulted. All non-redundant hits with expected
values less than 1.0 were collected, and then the
identified Violaceae cyclotide family unigenes were
first aligned using CLUSTAL X version 2.0 [13].
Subsequently, based on the nucleotide sequence
alignments, MEGA4.0 software was used to gener-
ate phylogenetic trees of Violaceae Unigenes using
the neighbor-joining approach [14]. The phyloge-
netic trees of cyclotide family were furnished with
1000 pseudoreplicate bootstrap values at each node,
with the similar cyclotide family from the Melicy-
tus ramiflorus (Mra), Viola baoshanensis (Vba) and
Viola odorata (Voa). The accession numbers for
the sequences of cyclotide family is named Vyal-
Vya41l in (Supplementary Table S1). In addition, 13
assembled unigenes were randomly selected from
four cyclotide family groups for RT-PCR validation.
Total RNA from V. yedoensis leaves was reverse-
transcribed by using SuperScript III Reverse Tran-
scriptase (Invitrogen) and oligo(dT)18. Forward
(Fwd) and reverse (Rev) primers were designed
using Primer3. The sequences of primers used for
validation of assembled V. yedoensis cyclotide family
unigenes were listed in Table 2.
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Table 3 SSR analysis of the V. yedoensis transcriptome.

Unit size No. of SSRs Percent
1 6546 58.57
2 1732 15.50
3 2733 24.45
4 135 1.21
5 17 0.15
6 13 0.12

RESULTS AND DISCUSSION
SSR analysis of the Violaceae transcriptome

In our preliminary studies, the de novo transcrip-
tome assembly for gene identification, analysis,
functional annotation and classification were ac-
cessed [9]. However, the molecular marker devel-
opment was not expounded. SSR markers, also
known as microsatellites, are repeating DNA se-
quences of 2-6 base pairs, which are widely used
as molecular markers for genetic mapping and to
analyze species diversity. Approximate 91.99 mil-
lion high-quality clean reads were generated. Then,
11176 SSRs were predicted in 9644 unigenes, of
which, 1283 unigenes contained multiple SSRs. The
SSRs included 1732 (15.5%) dinucleotide motifs,
2733 (24.45%) trinucleotide motifs, 135 (1.21%)
tetranucleotide motifs, 17 (0.15%) pentanucleotide
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Table 4

The distribution of the number of repeat units in all SSRs.

Repeat 5 6 7 8 9 10 11 12 All Repeat 5 6 7 8 9 10 11 12 All Repeat 56 78 9 10 11 12Al
AC - 45 19 11 6 6 11 98 AAAC 2 2 AAAGC 1 1
AG - 131 64 40 22 18 12 1 288 AAAG 3 3 AAGCC 1 1
AT - 98 59 27 18 10 10 222 AAAT 2 2 AATAA 1 1
CA - 351816 7 6 3 85 AACC 1 1 AATCA 1 1
CG - 2 1 3 AAGA 11 2 AGAAT 1 1
CT - 105 44 24 21 15 4 213 AATA 4 4 AGCTG 1 1
GA - 76 49 21 22 18 17 2 205 AATC 1 1 AGGCT 1 1
GC - 8 1 9 AATG 1 1 ATCAC 1 1
GT - 49 19 12 12 16 10 118 AATT 2 2 CCATC 1 1
TA - 91 35 37 21 19 5 208 ACAA 1 1 CGATG 1 1
TC - 84 38 21 12 6 9 170 ACAT 1 1 CGGAA 1 1
TG - 443315 7 5 9 113 ACCA 1 1 GAAAC 1 1
AAC 27 8 11 46 ACTC 1 1 GAAGA 1 1
AAG 51 25 15 91 AGAA 1 1 2 GGTTG 1 1
AAT 26 11 10 47 AGGA 1 1 TGACC 1 1
ACA 31 5 2 39 AGGG 1 1 TGAGC 1 1
ACC 23 10 33 ATAA 4 1 5 TIGGT 1 1
ACG 1 1 1 3 ATAC 4 4  ACGCCA 1 1
ACT 6 2 1 9 ATCA 1 1 ACGGCT 1 1
AGA 34 21 11 66 ATCC 1 1 ATCCCT 1 1
AGC 59 16 3 1 79 ATGC 1 1 CACAGT 1 1
AGG 46 18 9 73 ATGG 1 1 CAGGAA 1 1
AGT 12 2 14 ATGT 1 1 CCCGGA 1 1
ATA 15 5 8 1 29 ATTA 4 4 CCGGGA 1 1
ATC 38 13 5 56 ATTT 2 2 GGGAGA 1 1
ATG 30 15 4 49 CAAA 2 2 GTAGGG 1 1
ATT 23 9 5 37 CAAT 1 1 GTGAGC 1 1
CAA 45 11 7 63 CACT 11 2 TGGTTA 1 1
CAC 29 11 3 43 CATA 1 1 TTCTCC 1 1
CAG 59 23 7 89 CATC 1 1 TTGACA 1 1
CAT 26 12 3 41 CCAA 1 1
CCA 35 16 4 1 56 CCAT 1 1
CCG 10 3 1 14 CCTIC 1 1
CCT 41 19 2 1 63 CGTIC 1 1
CGA 5 4 1 10 CTCA 1 1
CGC 7 4 2 1 14 CTCC 2 2
CGG 7 5 12 CTGA 1 1
CGT 5 1 6 CITC 2 1 3
CTA 5 2 7 CITT 1 1
CTC 48 15 5 68 GAAA 2 1 3
CTG 42 9 5 56 GAAG 4 4
CTT 32 14 6 1 53 GACA 1 1
GAA 59 23 13 1 96 GAGG 1 1
GAC 4 3 1 8 GATG 3 1 4
GAG 77 36 10 124 GCAT 1 1
GAT 36 13 9 58 GCCT 1 1
GCA 41 21 11 73 GTGA 1 1
GCC 5 1 2 8 GTTA 1 1
GCG 6 2 8 TAAA 3 3
GCT 42 16 8 66 TAAT 3 1 4
GGA 80 18 5 2 105 TACC 1 1
GGC 22 7 2 31 TATG 1 1
GGT 51 13 7 3 74 TATT 4 4
GTA 6 5 1 1 13 TCAA 1 1
GTC 8 1 9 TCAC 1 1
GTG 35 12 5 52 TCCA 1 1
GTT 28 7 10 45 TCCC 1 1
TAA 12 7 11 30 TCCG 1 1
TAC 13 2 15 TCCT 1 1
TAG 6 4 1 11 TCTT 3 3
TAT 20 6 5 31 TGCA 1 1
TCA 44 6 5 1 56 TGGA 2 2
TCC 45 22 5 72 TGGC 1 1
TCG 10 3 2 15 TGTA 3 3
TCT 36 17 7 60 TTAA 4 4
TGA 38 17 4 1 60 TTAT 1 1
TGC 47 19 4 70 TTCA 4 4
TGG 45 19 6 1 71 TTCC 1 1
TGT 15 6 5 1 27 TICT 4 4
TTA 24 8 4 1 37 TTTA 4 4
TTC 40 13 9 62 TTTC 1 1
TTG 58 14 8 80 TTTG 5 5
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motifs, and 13 (0.12%) hexanucleotide motifs
(Table 3). Furthermore, 163 motifs were detected
among all of the SSRs identified. The most abun-
dant SSR motif was GA/AG/TA/AT (9, 23 SSRs),
followed by AAG/AGA/TTC/TCT/CTT/GAA/GAG
(7, 22 SSRs), and then AC/CA/TC/CT (566 SSRs).
The distribution of the number of repeat units in
all SSRs was also investigated (Table 4). The result
revealed that most SSRs contained fewer than 12
repeat sequences, and no SSRs with more than
20 repeat sequences were observed. Here, we
predicted 6295 SSRs from the assembled unigene
library of Violaceae. These SSRs will likely be of
value for genetic analyses of species in the genus
Violaceae and other related non-model plants. We
selected primer S1 and primer S2 to check the PCR
amplification and polymorphism of V. yedoensis sam-
ples, for example, 11 V. yedoensis samples with the
SSR primers developed in this study were detected,
and gel pictures of results were shown in Fig. 1.
Our data suggested that SSRs locus predicted in
silico could be very useful resources for SSR marker
development of V. yedoensis.

SNP analysis of the Violaceae transcriptome

Furthermore, application of SNP marker technology
has potential to improve plant genetics, and facil-
itate faster release of plant hybrids to the market
place. The SNP usually occurs in non-coding regions
more frequently than in coding regions or, in gen-
eral, where natural selection is acting and fixating
the allele of the SNP that constitutes the most fa-
vorable genetic adaptation [15]. Other factors, like
genetic recombination and mutation rate, can also
determine SNP density [16]. Here, in total, 8250
SNP markers were detected in 1934 unigenes and
11328 SNP markers were detected in 2510 unigenes
in VIYCd and VIYCK library, respectively. Moreover,
83 homogenous SNPs were detected in 76 unigenes
and 55 SNP markers were detected in 51 unigenes
in two libraries, respectively (Fig. 2, Supplementary
Tables S2 and S3).

Phylogenetic analysis of cyclotide family genes

Most interestingly, 41 cyclotide family genes were
identified and then annotated based on assem-
bly transcriptome, and 11 cyclotide family unique
randomly selected from six groups (Fig. 3) were
validated by RT-PCR. Of these, all of them could
successfully yield amplicons, thereby provided ev-
idence for the quality validation of our assembled
cyclotide family Unigenes. In addition, Gene Ontol-
ogy (GO) annotation showed that cyclotide family
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genes were involved in defense response and DNA
repair/DNA metabolic process. Based on the Phy-
logenetic analysis of cyclotide family unigenes, we
classified these cyclotide family into 6 groups, of
which, comp109420 (Vyal5) contained MADS-box
domain by KOG classify which is clustered in group
V (Fig. 4, Supplementary Table S1). It is interesting
that group V was only found in our research.

Cyclotides are a novel family of plant-derived
defense peptides that are biosynthetically produced
via the processing of cyclotide precursor (CP) pro-
teins containing one, two or three cyclotide do-
mains. Cyclotide sequence analyses indicated that
the cDNA clones encoded a variety of Mobius and
bracelet cyclotides, which were involved in the
known bioactivities of cyclotides, and also might
play a previously unreported role in mediating the
metal tolerance of V. baoshanensis. In addition, Cd-
responsive gene Vb40 was identified, which could
deduce a novel cysteine-rich mini-protein and could
improve copper (Cu) tolerance in hosted yeast,
indicating that these species-specific genes possi-
bly functioned in V. baoshanensis heavy metal (Cd)
tolerance [17]. In this study, 41 cyclotide family
unigenes in Violaceae were annotated based on six
known databases and categorized into six groups.
Based on GO annotation, we demonstrated that
these cyclotide family genes were probably involved
in mediating the metal tolerance in Violaceae.

CONCLUSION

In our preliminary studies, we determined the de
novo transcriptome assembly for gene identification,
analysis, functional annotation and classification
using Illumina paired-end sequencing technology
for Violaceae transcriptome de novo sequencing and
assembly without reference genome, and plenty of
differential gene expression levels were measured
in V. yedoensis Makino responsive to cadmium (Cd)
pollution. However, the relative molecular marker
development was not expounded. Based on this, in
the present study, we determine to identify novel
SSR and SNP markers in V. yedoensis Makino, and
also study the functional annotation, classification,
and phylogenetic analysis of cyclotide family genes.
Taken together, such large number of sequences
and deep depth of coverage can provide sufficient
transcriptomic sequence information for discover-
ing novel genes. Additionally, thousands of SSR
markers produced in this study will enable genetic
linkage mapping construction and gene-based as-
sociation studies. The results demonstrated that
[llumina paired end sequencing can be used as a fast
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2000 bp 2000 bp
1000 bp 1000 bp
750 bp 750 bp
500 bp 500 bp

250 bp 250 bp

100 bp 100 bp

Fig. 1 PCR amplification of 11 V yedoensis samples with the SSR primers developed in this study. (A) Primer S1
amplification results. (B) Primer S2 amplification results. Lane 1, GuLin of Luzhou in Sichuan; Lane 2, XuYong of
Luzhou in Sichuan; Lane 3, NaXi of Luzhou in Sichuan; Lane 4, BanQiao of Zigong in Sichuan; Lane 5, BeiBei of
Chongqing; Lane 6, HeChuan of Chongqing; Lane 7, YongChuan of Chongqing; Lane 8, WenHai of Lijiang in Yunnan;
Lane 9, WeiYuan of Neijiang in Sichuan; Lane 10, XinWen of Yibing in Sichuan; Lane 11, GongXian of Yibing in Sichuan;
Lane M, molecular marker DL2000.

ViYCd VIYCK viycd VIYCK

934(4075)

Fig. 2 The total and homogenous SNPs identified in two libraries. (A) Total SNPs were identified in two libraries.
Violet and yellow color showed SNPs in CK and Cd libraries, respectively, 13927 SNPs were common distributed in
both libraries. (B) Homogenous SNPs were identified in two libraries. Violet and yellow color showed homogenous
SNPs in CK and Cd libraries, respectively, 321 homogenous SNPs were common distributed in both libraries.

Vya26 Vya21 Vya14 Vyad1 Vya6 Vya37 Vya27 Vya10 Vya15 Vya13 Vya1t

Vya41 =
— Y wyazr  vya2r

Vya10 (WCYR <— 550bp
SN .

<—— 250bp

<—— 100bp

Fig. 3 Cyclotide family unique randomly selected from six groups validated by RT-PCR. The CDS length is in range
from 252bp to 419bp in these 11 Unigenes.
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Voac2

— 01

Fig. 4 The phylogenetic tree analysis of cyclotide family Unigenes based on transcriptome assembly and annotation.

The phylogenetic tree of cyclotide family Unigenes in multiple plants were constructed using the neighbor-joining
method, including Melicytus ramiflorus (Mra), Viola baoshanensis (Vba) and Viola odorata (Voa).

and cost-effective approach to the gene discovery
and molecular marker development for non-model
organism, especially those with large genome.

Supplementary data: Supplementary Tables S1, S2 and
S3 are available upon request from the authors.

S1. Assembly and annotation of cyclotide genes in V. ye-

doensis based on the database.

S2. Total SNPs identified in unigenes of two libraries.

S3. Homogenous SNPs identified in unigenes of two
libraries.
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