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ABSTRACT: Veratrilla baillonii Franch is an important Chinese medicinal herb for treating liver-related diseases, which has been over-collected in the
recent decades. However, the effective conservation and related population genetic study has been hindered because of the lack of genome sequences and
genetic markers in the natural population. We have conducted RNA-seq on V. baillonii. We performed de novo assembly of these data to characterize the
V. baillonii transcriptome, resulting in 133,019 contigs with size >200 bp. These contigs were annotated using the NCBI nonredundant database and Gene
Ontology (GO) terms. From these contigs, we developed novel microsatellite simple sequence repeat (SSR) markers, identifying a total of 40,885 SSRs.
SSRs with repeat motifs of 1-4 bp (mono-, di-, tri-, and tetranucleotides) accounted for 99.8% of all SSRs, with mononucleotide repeats most common,
followed by dinucleotide (16.2%) and trinucleotide repeats (14.7%). We selected 151 SSRs for experimental validation, of which 74 were confirmed by
polymerase chain reaction. Fourteen SSRs were determined to be polymorphic by screening 40 individuals from six distant populations. The number of
alleles per locus ranged from two to four, and the expected heterozygosity varied from 0.2637 to 0.8571, suggesting that these SSR markers are highly poly-
morphic and effective for further genetic analysis in the nature population. In addition, we explored the genetic structure of V. baillonii using five SSRs in
four geographic populations and found that the identified genotypes were clustered into two phylogenetic clades: the Mekong River clade and Jinsha River
clade. This result indicates that these two regions may harbor highly divergent genetic lineages and enriched genetic diversity. The de novo transcriptome
sequences and new SSR markers discovered by this study provide an initial step for understanding the population genetics of V. baillonii, and a valuable

resource for effective conservation management.
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Introduction

Microsatellites, or simple sequence repeats (SSRs), are short
tandem repeats of 1-6 bp nucleotides, which have increas-
ingly been used in population genetics analysis, crop breed-
ing, and conservation genetics. SSRs are widespread in both
protein-coding and noncoding regions in plants.! Because of
their abundance, high levels of allelic variation, and codomi-
nant inheritance characteristics, SSRs are considered to be
an effective genetic marker in genetic diversity analysis, gene
tagging, and conservation biology in plants.>3 SSRs are gen-
erally categorized into two common groups based on their ori-
gins, genomic SSRs from genomic sequences, and expressed

sequence tag (EST)-SSRs from transcribed RNA sequences.*

The de novo development of genomic SSRs is time consuming
and labor intensive, involving the screening of a genomic DNA
library screening with specific SSR probes to isolate the mic-
rosatellite sequences.* In contrast, development of EST-SSR
markers has many advantages, including low cost, technical
simplicity, and the ability to capture the functional diversity in
natural populations or germplasm collections, as well as high
transferability to related species.* The NCBI dbEST database
collects cDNA sequences from a number of organisms. How-
ever, dbEST does not include the vast majority of known spe-
cies, having particular poor coverage of nonmodel organisms,
especially those with low economic value. Lack of EST data
makes it difficult to develop effective EST-SSR markers.
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Next-generation sequencing (NGS) is an important tool
for generating large quantities of genomic data from nonmodel
organisms in a cost-effective manner. In particular, genome-
scale transcriptome analysis by RNA-seq enables identifica-
tion of genes that have high differential expression in response
to environment changes, determination of the genetic basis of
critical phenotypes, and mapping genomic diversity in non-
model organisms. RNA-seq can accelerate the development of
SSR markers, which is particularly useful for genetic analysis in
the nonmodel species. Nonmodel plant species that have ben-
efited from RNA-seq based SSR marker development include
Lilium,® buckwheat (Fagopyrum esculentum and F. tataricum),®
and big sagebrush (Artemisia tridentata).” EST-SSRs have pro-
vided a direct and reliable approach for exploring the genetic
diversity and evolutionary history in these species.

Veratrilla baillonii Franch (Gentianaceae) is an important
Chinese medicinal herb that is distributed only in the eastern
Himalayas and Hengduan Mountains of southwest China.
V. baillonii has been widely used to cure liver-related dis-
eases with a common name of “Jin Bu Huan”.® Because of the
overexploitation, the distribution and natural populations for
V. baillonii have shrunk substantially in recent years. However,
the effective conservation management has been hampered by
the lack of genome information and effective genetic mark-
ers. In this study, we aimed to obtain a de novo transcrip-
tome for V. baillonii via RNA-seq and develop efficient SSR
markers. We assembled the resulting genome-scale expression
data, generating what is, to the best of our knowledge, the first
reported transcriptome sequence for V. baillonii. We screened
this transcriptome for identifying 40,885 putative EST-SSR
markers. We selected 151 of these SSRs for experimental test-
ing, which validated 74 markers. Further examination dem-
onstrated 14 SSR markers to be highly polymorphic across
six distant populations. This de novo transcriptome assembly
and collection of SSR markers represent a first step toward the
large-scale genomic analysis of V. daillonii. These resources can
be used for further studies on genetic diversity and population
demographic history, and as a tool in developing conservation
strategies.

Methods

Plant material. V. baillonii is an important Chinese
medicinal herb and grows only in the high altitudes (3700—
4600 m) of the Himalaya—Hengduan Mountains in southwest
China. During July 2013, we sampled the fresh leaves of
V. baillonii from Shangri-la in northwest Yunnan (28°31'0"N,
99°57'0"E, alt. 4514 m) and quickly stored in liquid nitrogen.
In addition, 40 individuals from six populations were col-
lected and kept in sifica gel for DNA extraction, polymerase
chain reaction (PCR) amplification, SSR marker validation,
and analysis of genetic diversity. Detailed information for the
plant materials was listed in Supplementary Table 1.

RNA extraction and sequencing. Total RNA was
extracted from the samples, using a CTAB procedure.’

A260/A280 ratios of the RNA samples dissolved in 10 mm
Tris (pH 7.6) ranged from 1.9 to 2.1. The integrity of the RNA
samples was examined with an Agilent 2100 Bioanalyzer and
their RIN (RNA integrity number) values ranged from 8.6 to
10.0, with no sign of degradation. RNA from each replicate
was pooled with equal volumes to obtain enough RNA for
RNA-Seq.

A total of 20 ug RNA was used for RNA sequencing,
and the mRNA was fragmented into small pieces using diva-
lent cations at an elevated temperature. The cDNA library
was constructed via poly-A enriched RNA method, and
200-300 bp fragments were chosen for paired-end sequencing
based on Illumina protocols (San Diego, CA, USA). The dou-
ble strands were synthesized with random hexamer primers.
The short fragments were purified with the QlAquick PCR
Purification kit (Qiagen Inc.). The purified DNA libraries
were first amplified via PCR and then sequenced on Illumina
HiSeq™ 2000 platform.

De novo assembly. Raw reads were first filtered by
removing the adaptors and reads with >eight ambiguous
bases and >50% of the bases with a quality score =5 using
in-house Per/ scripts (available upon request). The transcrip-
tome sequence was assembled into distinct contigs by Trin-
ity tools!® with default parameters. For convenience, we used
those unigenes to represent the nonredundant (NR) contigs in
the further analysis.

SSR locus search, primer acquisition, and validation.
The unigenes were used for detecting SSR loci by Micro-
SAtellite (MISA, http://pgrc.ipk-gatersleben.de/misa).!! Cri-
teria includes a minimum of five repeats for simple motifs, and
three repeats for complex or imperfect repeats, a motif length
of 2-10 bp, and for compound SSRs, a maximum interruption
distance of 100 bp between different SSRs. To facilitate SSR
detection, only 1-6-nucleotide motifs were considered, and
the minimum repeat unit was defined as 10 for mono-, 6 for
di-, and 5 for tri-, tetra-, penta-, and hexanucleotides. Primer
pairs of each unique SSR were designed using Primer 3.0,!2
with target microsatellites containing at least five repeats and
yielding PCR products of 80-500 bp. One hundred fifty-one
primer pairs were synthesized and used for validation (Supple-
mentary Table 2). Screened primer pairs giving good amplifi-
cation were subsequently used to characterize polymorphism
among 40 individuals from six populations (Supplementary
Table 1). PCR was performed in a 25-puL volume, contain-
ing 10-40 ng plant DNA. The PCR reactions were carried
out under the following conditions: DNA initial denatur-
ation at 94 °C for 4 minutes, 35 cycles of 94 °C for 1 min-
ute 30 seconds, annealing temperature ranging from 45 °C to
60 °C for 50 seconds, 72 °C for 50 seconds, and a final exten-
sion at 72 °C for 7 minutes. The PCR products were purified
before sequencing to remove excess primers and deoxynucle-
otide triphosphates using a TIAN quick Midi Purification
Kit (Tiangen Biotechnology Co. Ltd.), and then, sequencing

reactions were performed using ABI Prism Sequencing Ready
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Reaction Kit with the same primers as PCRs and analyzed on
the ABI 3730 genetic analyzer (Applied Biosystems).

Functional annotation for unigenes containing SSRs.
Functional annotation of SSR-containing coding sequences
was conducted using the program Blast2GO.!% All the SSR-
containing unigenes were blasted against the NCBI’s NR pro-
tein database using BLASTx. The E-value threshold was set
as le-6. The contig was assigned with gene names according
to best BLASTx hits. The distributions of functional catego-
ries were plotted with the program WEGO.!

Population geneticanalyses. We used POPGEN v1.321°
to calculate the number of alleles and expected and observed
heterozygosity. Five primer pairs were selected for phyloge-
netic analysis using 23 individuals from four populations.
We used MEGAG6'° to construct the dendrogram tree using
the unweighted pair-group as implemented in the UPGMA
method.

Results and Discussion

De novo assembly. A total of 28,483,317 high-quality
RNA-Seq reads passed our stringent quality assessment and
filtering. We used the Trinity assembler,'® to assemble these
reads, resulting in 133,019 contigs. The length of the con-
tigs in our assembly ranged from 201 to 13830 bp, with an
average 1263 bp and median of 850 bp. The N50 value of our
assembly is 2104 bp. N50 is an important measurement for
quantifying assembly quality and is measured by the length of
the contigs for which all contigs of that length or longer con-
tain 50% of the bases in the assembly. The N50 for V. baillonii
transcriptome assembly is much higher than those from lily!”
and Gossypium arboreum.’® The GC-content of our assembly
is 40.6% (Table 1). The distribution of contig sizes follows
a power-law-like distribution, with the number of contigs
decreasing with increasing contig length (Fig. 1), as observed
in Primula poissonii and P. wilsonii.V?

Frequency and distribution of different types of SSR
markers. MISA was used to analyze the 133,019 contigs,
identifying 40,885 putative SSRs (Table 1). The number of

Table 1. Summary of assembly and annotation results for V. baillonii.

V. BAILLONII

Total number of high quality reads 28483317
Total number of contigs 133019

Total size of contigs (bp) 168009542
Mean length of contigs 1263

N50 value of contigs 2104

Length range of contigs 201-13830
GC content 40.6%

Total number of identified SSRs 40885

SSRs containing sequences with BLASTx hit 28912 (70.7%)
SSRs containing sequences with annotation 11148 (27.3%)

SSRs obtained in this study was lower than known model
plants, including Arabidopsis thaliana (50,092), Medicago
truncatula (152,461), Oryza sativa (135,265), and Sorghum
bicolor (129,564).%° The density of SSRs was 243.3 per Mb for
V. baillonii, which was higher than Brachypodium distachyon
(191.3 per Mb) and S. bicolor (175.4 per Mb).?* The reduced
number and high density of SSRs may indicate unique evolu-
tionary history for V. baillonii.

A detailed summary of SSRs, including repeat motif and
total number of different repeat motifs, is shown in Table 2.
SSRs with repeat motifs of 1-4 bp (mono-, di-, tri-, and tet-
ranucleotides) accounted for 99.8% of the total (Table 2). The
frequency of SSRs decreased with the increase of motif length
(mono- to hexanucleotide repeats), with mononucleotide
being the dominant repeat unit. Proportions of dinucleotide
and trinucleotide repeats were 16.2% and 14.7%, respectively.
The combined number of tetra-, penta-, and hexanucleotide
repeats accounted for 2.7% of SSRs, which was higher than
in Populus trichocarpa (1.66%), M. truncatula (0.94%), O. sativa
(2.54%), B. distachyon (2.45%), and A. thaliana (0.53%).%°

Of the two possible types of mononucleotide repeats,
the most abundant was (A/T)n (97.1%), as in most plants,>*?!
and the (G/C)n contributed 1.90% to total SSRs, which was
higher than 0.05% in tree peony.?! For the dinucleotide repeat
category, different species have unique motif frequency distri-
butions. For example, AG/CT repeats were more frequent in
B. distachyon and O. sativa with 50.7% and 41.9% frequencies,
respectively, whereas AT/AT repeats were more frequent in
P. trichocarpa (60.5%) and M. truncatula (59.9%). Similar to
the latter two species, AT/AT repeats in V. baillonii were most
abundant, accounting for 49.0% of dinucleotide repeats. The
AC/GT and AG/CT repeats were abundant in V. baillonii,
accounting for 24.6% and 26.3% of dinucleotide repeats,
respectively. The CG/CG repeats contributed <0.08%, simi-
lar to P. trichocarpa, M. truncatula, and A. thaliana, suggest-
ing that CG-rich motifs were the least preferred in dicot
genomes.

Trinucleotide repeats AGC/CGT, AGG/CCT, and
CCG/CGG were observed more frequently in all the monocot
species, whereas A/ T-rich repeats, such as AAC/GTT, AAG/
CTT, and AAT/ATT, were preferred in dicots. Similar to the
results of Sonah et al.2%, A/T-rich repeats were the dominant
trinucleotide SSRs in V. baillonii. In addition, AGC/CTG
repeats were abundant, accounting for 15.6%. The dominant
occurrence of repeat motifs from particular sequences with
certain size in plant genomes is generally caused by natural
selection. However, like in tree peony, ACG/CGT and CCG/
CGG repeats were scarce, which may be because of highly
mutable CpG dinucleotide repeats. The CCG repeats may also
be under selection, which could be because of specific splicing
pattern for the maintenance of other related tandem repeat
forms.?? The overall absence of a particular repeat motif may
also indicate the presence of strong selective pressure.?? Rep-
lication slippage is the most common mechanism for creating
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Figure 1. Length distributions for all 133,019 transcriptome contigs for V. baillonii, of size >200 bp.

Table 2. Counts of various SSR types with different repeat motifs in
V. baillonii.

REPEATS COUNTS

Mono-nucleotide 27136
AIT 26360
CIG 776
Bi-nucleotide 6620
AC/GT 1631
AG/CT 1739
AT/AT 3245
CG/CG 5
Tri-nucleotide 6010
AAC/GTT 215
AAG/CTT 1828
AAT/ATT 572
ACC/GGT 612
ACG/CGT 63
ACT/AGT 197
AGC/CTG 1036
AGG/CCT 768
ATC/ATG 594
CCG/CGG 125
Tetra-nucleotide 1014
Penta-nucleotide 105
Hexa-nucleotide 0

and/or mutating microsatellites, involving changes of motif
repeats. However, the molecular mechanisms for the origin of
microsatellites are still not clear.

SSR loci were divided into two groups based on the size
of SSR tracts and possible informative genetic markers: Class I,
or hypervariable markers, consisted of SSRs =20 bp, and Class II,
or potentially variable markers, consisted of SSRs =12 bp and
<20 bp. Class I microsatellites are generally highly polymorphic
and more informative because of the large size and long repeats,
which was first observed in human beings,? and subsequently
confirmed by studies in a number of other organisms, including
rice.?22* Class II microsatellites are less variable, representing
mutations that have accumulated recently because of sporadic
SSR expansion. In V. baillonii, 6.8% of SSRs were categorized
as Class I microsatellites and 93.2% as Class IT microsatellites.
The small fraction of Class I microsatellites may make it diffi-
cult to further develop efficient and polymorphic microsatellite
markers in V. baillonii. 'The preponderance of short SSRs could
reflect from the characteristics of physiology or development, or
may simply be a result of genetic drift.

SSR-containing coding sequences annotation. A large
number of the contigs in our assembly (28,912, 70.7%) had more
than one hit in the NCBI NR database with an E-value of 1e-6.
'This percentage was higher than P. poissonii (65.6%) or P. wilsonii
(65.1%).” We performed Gene Ontology (GO) annotation on
unigenes containing the SSRs. The number of SSR-containing
genes in each GO classification is shown in Figure 2. A total of
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Figure 2. GO classification of SSRs in coding regions. The x-axis refers to the three functional classes. The y-axis indicates the percentage (left) and

number (right) of genes that contain an SSR, which belong to each functional class.

11,148 contigs containing SSRs were annotated, representing
27.3% of total identified SSRs. The unigenes were annotated
with the three categories: cellular component, molecular func-
tion, and biological processes. For the cellular component cate-
gory, the two most common were cell and cell part. For the
molecular function category, catalytic activity was abundant,
followed by binding. The biological processes category, cellular
process, and metabolic process were the most abundant terms
(Fig. 2). These results may give hints of function constraints in
V. baillonii, and similar results were reported in other plants,
such as tree peony and P. poissonii and P. wilsonii.’?
Validation of SSR assays and UPGMA analysis. RNA-
seq is a labor- and cost-effective method to identify a large
number of candidate SSRs for organisms such as V. bailloni,
which are not represented in dbEST. RNA-seq for SSRs
development is particularly attractive in comparison to the cost
and labor-intensive process of identifying genomic SSRs. In
order to validate the identified SSRs, we designed 151 pairs
of SSRs primers for PCR screening in six natural popula-
tions. PCR amplification was successful for 74 of these SSRs
(Supplementary Table 2). Microsatellites containing the (AT)n
repeats represented the most abundant and polymorphic type
among all markers, but we only obtained PCR products from
a few of these markers, similar to rice.?’ The validated primers
were subsequently used to characterize genetic polymorphism
among 40 individuals from six populations (Supplementary
Table 1). Of these, 14 were found to be polymorphic. The num-
ber of alleles per locus ranged from two to four, and the expected
heterozygosity varied between 0.2637 and 0.8571, which was
higher than tree peony of which observed heterozygosity

ranged from 0.0000 to 0.8751 (Table 3). Then, we identified
eight distinct genotypes among 23 individuals from four popu-
lations using five primer pairs (Supplementary Table 3). The
eight genotypes were grouped into two major clusters in the
UPGMA dendrogram (Fig. 3). Cluster I was only composed of
the YN Degin population from Mekong River. Cluster II con-
tained five genotypes collected from YN Dali, Lijiang, and SC
Jiulong populations, which generally fall into the Jinsha River
region. The phylogenetic relationship is generally in agree-
ment with the geographic locations, indicating that the river
formation might play a critical role in shaping present genetic
structure in V. baillonii. However, we cannot rule out the effect
of past climate changes, for example, the Pleistocene glacial—
interglacial climate cycles. Elucidating this will require further
assessment with additional population.

Plant genomes are very complex and contain large
amounts of repetitive DNA, including microsatellites, which
has immediate practical implications for the success of SSR
marker development. The 14 SSRs identified in this study rep-
resent high-quality and polymorphic genomic loci, which will
allow us to further explore the genetic diversity and genetic
structure in wild populations of V. daillonii. These markers
will be an important tool in characterizing the phylogeo-
graphic patterns and evolutionary history of V. daillonii and
related species of Veratrilla and will help guide development of
a conservation strategy for this traditional medicinal plant.

Conclusions
In this study, we used RNA-seq to determine a de novo

transcriptome for V. baillonii. We identified a number of
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Table 3. Fourteen SSR primers, size, and summary statistic across four populations in V. baillonii.

LOCUS REPEAT FORWARD PRIMER (5'-3")

REVERSE PRIMER (5'-3")

SIZE(BP)

HQJ19  (TA)6 TTTGCTTACCGTTTGTCC AATGCTTCCAGCCTATCC 52 187192 2 0.3310 0.0000
HQJ34 (TGG)6 CGTTACGGTCTTTCCTTG AATACCTCACTCCTCCACAT 58 191-197 4 0.6095 0.1111

HQJ35 (TAAAA)4 CCGAACAAACAACTCATT TCCTGTATTCACCCTCCT 54 163178 2 0.3692 0.0000
HQJ37 (AAGA)5 GCTCGTTTCGTTTGTTTC GTCGGTTATGAGATTCCATC 58 105-129 4 0.6841 0.1667
HQJ40  (GAT)7 AGCGTCTATTGGGCAGTG AAAAGCAGAGTGAAGAAACATC 58 52-149 4 0.5270 0.3333
HQJ45 (AT)6 CAGCCTCACGCTCAACAA CGACGGCCTACCATCTTT 55 195-199 3 0.7750 0.3750
HQJ56  (TA)9 CTAAAAATGATGAACTCCCGAAAAA ACTGAGCAGCACAGCACAAC 58 98106 4 0.7033 0.8751
HQJ63  (TA)5 ACGGAGGACATCACGAGC TGGCAGGGCAAACCATAT 52 116-118 2 0.2637 0.0000
HQJ79  (AGA)6 CAGCTTGCGAGGATACGG CTTCCCAAACTGCGAGGC 58 167-162 2 0.6667 0.0000
HQJ99 (GCC)6 GAGCAATCAGGAGGAGGG GGGAAATGAACAGCGACTT 60 156-168 2 0.3556  0.0000
HQJ103 (ACTC)5  TGACTCCTTGACTGACCCTC TGCAGCAGCTTGCTTTAT 58 122133 3 0.5333 0.0000
HQJ115  (AT)10 GTTCTGTTGCTACCTGTG TTGTCTCATTTTGCTTTC 56  200-209 2 0.8571  1.0000
HQJ134 (TA)9 TCCTCCTCCTTTATCACA GTGCAGTATTAAGCGTTG 57  365-377 3 0.5455 1.0000
HQJ137 (AC)9 TTTCACGCTCATCTTTTA CCTTTTGGCAGTCATTAT 52  231-233 2 0.5455 1.0000

Abbreviations: Size, size of cloned allele; Ta, annealing temperature; Na, number of alleles; He, expected heterozygosity; Ho, observed heterozygosity.

microsatellite markers from the de novo transcriptome
sequences and carried out experimental validations for 151
SSRs. Finally, 14 SSR markers were found to be polymorphic,
making them useful tools for future studies in this species. The
de novo transcriptome and SSR markers identified in this study
provide an initial step and valuable resources for understanding
the genetic diversity and population history of V. baillonii and
for the development of a conservation strategy for this species.
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study. Two clusters were identified, generally corresponding to two geologic locations: the Mekong River and the Jinsha River (YN, Yun Nan Province;

SC, Si Chuan Province).
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