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Utilization of Simple Sequence Repeat (SSR) Markers Developed from
a de novo Transcriptome Assembly in Pueraria thomsonii Benth,
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(1 Cash Crops Research Institute, Guangxi Academy of Agricultural Sciences, Nanning 530007, China; 2 Guangxi Crop Genetic

Improvement and Biotechnology Key Lab, Nanning 530007, China)

Abstract: In this study, 137 629 transcripts were assembled from 8. 9 Gb of clean Illumina DNA sequencing
read data, yielding 83 811 unigene sequences from Pueraria thomsonii ‘No. 1’. A phylogenetic analysis
indicated that Pueraria lobata and Medicago sativa clustered together with Arachis hypogaea (peanut).
We detected 25 452 SSR loci in the 83 811 assembled unigenes using MISA software. Tri-nucleotide re-
peats were the most abundant followed by di-nucleotide repeats. Among the tri-nucleotide motifs, (AAG),
(27.87%), was the most common repeat unit. A total of 229 SSR primer pairs were designed, and 28
markers that gave clear, polymorphic amplification products were used to analyze the genetic diversity
within a panel of 44 Pueraria accessions. Ninety SSR fragments, consisting of 89 alleles, were amplified
from genomic DNA of the 44 accessions. The average allele number is 3. 178 6. Polymorphic information
content (PIC) values ranged between 0. 083 0 and 0. 774 2 (mean = 0. 455 7). Cluster analysis showed

that the genetic similarity coefficients among the accessions ranged from 0. 266 7 to 1. 000 0. These results
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suggest that the detected P. lobata resources have abundant genetic diversity at DNA molecular level. The

in-group similarity coefficient (0. 58) was observed in the 44 germplasm accessions, and all accessions

could be clearly divided into two groups. The clustering results of tested P. lobata resource did not show

clear correlation to their geographic origin. These markers are reliable genomic resource for genetic diversi-

ty analysis in Pueraria.

Key words: Pueraria; SSR markers; germplasm collection; genetic diversity

Pueraria DC. , a perennial vine that is some-
times commonly known as kudzu, has been used in
traditional Chinese medicine for centuries. Puerar-
ia thomsonii Benth. and Pueraria lobata (Willd. )
Ohwi are two important species of Pueraria. The
main components of P. [lobata roots consist of
starch, cellulose, and isoflavonoids. Puerarin and
daidzin, two isoflavonoids found in P. lobata,
have been used for the prevention and treatment of
cardiovascular disease, hypolipidemia, angina pec-
toris, and diabetes'', and have a significant effect
on increasing blood flow in the coronary artery and
regulating blood circulation™’.

China is the center of distribution of Puerar-
ia, with a long history of growing Pueraria spe-
cies. Unfortunately, some excellent Pueraria
germplasm has become rare or has disappeared due
to excessive mining and the lack of resource protec-
tion. It is urgent to analyze the genetic diversity in
order to protect rare allelic variation in P. lobata.
Molecular markers can be used to explore the di-
versity of germplasm resources and the relationship
among and between varieties'!. Most recently,
RAPD (random amplified polymorphic DNA), IS-
SR (inter-simple sequence repeat) and SRAP (se-
quence-related amplified polymorphic) markers
have been used to analyze the genetic diversity in
P. lobata™*".

Microsatellite (also known as simple sequence
repeats, SSRs) markers are co-dominant, abun-
dant, and multi-allelic, and the SSR motifs are u-

0ol Howev-

niformly distributed over the genome
er, the isolation of genomic SSR markers from ge-
nomic DNA libraries is time consuming and re-
quires a considerable financial investment. Genic-
SSRs have the advantages of expressed sequence

tag (EST) SSRs, but contain more comprehensive

information than do EST-SSRs.

In this study, we present the transcriptome of
the species P. thomsonii Benth. The objectives of
this study were to i) develop genic-SSR markers
based on RNA-seq data; ii ) construct a phyloge-
netic tree of P. thomsonii accessions; jji ) identify
some polymorphic markers in a panel consisting of
44 Pueraria germplasm collections from the Guan-

gxi area in southern China.

1 Materials and methods

1.1 Plant materials

The genotype used for transcriptome sequen-
cing, P. thomsonii Benth. ‘No. 1’7, was cultivat-
ed on the Guangxi Academy of Agriculture Sci-
ences (GXAAS) farm. Root, leaf, and stem tissue
from three-month-old Pueraria plants were col-
lected and flash frozen in liquid nitrogen and stored
at —80 C. All 44 germplasm collections, inclu-
ding 40 P. lobata and four P. thomsonii, were col-
lected from the Guangxi area (Table 1).
1.2 Methods
1.2.1 Total
RNA was isolated using Trizol reagent (Invitro-
gen, CA, USA). RNA integrity was assessed u-
sing the RNA Nano 6000 Assay Kit on the Agilent
Bioanalyzer 2 100 system. A total of 1.5 g RNA

RNA extraction and sequencing

per sample was used for ¢cDNA library construc-
tion. The transcriptome libraries were constructed

{.M, The library prepara-

according to Zhang et a
tions were sequenced on an Illumina Hiseq 4 000
platform, and 150 bp paired-end reads were gener-
ated. Clean reads were obtained by removing reads
containing adapters, reads containing runs of poly-
Ns (unknown bases), and low quality reads from
the raw data. Transcriptome assembly was per-

f12]

formed with Trinity software using the clean,
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Table 1 Pueraria germplasm collections used in this study and their geographical origins in China

No. Species Origin No. Species Origin

1 P. lobata Jinchengjiang, Hechi 23 P. lobata Wuming, Nanning
2 P. lobata Tianyang, Baise 24 P. lobata Guangxi

3 P. lobata Duan, Hechi 25 P. lobata Guangxi

4 P. lobata Pingle, Guilin 26 P. lobata Yanshan, Guilin

5 P. lobata Lipu, Guilin 27 P. lobata Laoshan, Baise

6 P. lobata Zhongshan 28 P. lobata Laoshan, Baise

7 P. lobata Tianlin, Baise 29 P. lobata Laoshan, Baise

8 P. lobata Tianlin, Baise 30 P. lobata Huixian, Guilin

9 P. lobata Beiliu, Yulin 31 P. lobata Huixian, Guilin

10 P. thomsonii Tengxian, Wuzhou 32 P. lobata Huixian, Guilin

11 P. lobata Yangsuo, Guilin 33 P. lobata Pingle, Guilin

12 P. lobata Tengxian, Wuzhou 34 P. lobata Longan, Nanning
13 P. thomsonii Tengxian, Wuzhou 35 P. lobata Dongxin, Fangchenggang
14 P. lobata Cenxi, Wuzhou 36 P. lobata Fangchenggang

15 P. lobata Wuming, Nanning 37 P. lobata Pingle, Guilin

16 P. lobata Pingle, Guilin 38 P. lobata Rongshui, Liuzhou
17 P. lobata Jinxiu, Laibing 39 P. lobata Luocheng, Hechi
18 P. thomsonii Tengxian, Wuzhou 40 P. thomsonii Nanning

19 P. lobata Tengxian, Wuzhou 41 P. lobata Tengxian, Wuzhou
20 P. lobata Bobai, Yulin 42 P. lobata Tengxian, Wuzhou
21 P. lobata Guangxi 43 P. lobata Pingle, Guilin

22 P. lobata Wuming, Nanning 44 P. lobata Pingle, Guilin

high quality reads. To analyze the transcriptome sults'™ . Predicted protein sequences of the 170

without a reference genome, the sequences were
assembled into transcripts, which could then be hi-
erarchically clustered with the Corset program®’.
After Corset clustering, the longest cluster se-
quence is chosen from a group of isoforms genera-
ted for further analysis.
1.2.2 Evolutionary analysis of protein sequences
The coding sequences (CDS) were detected. The
genomic and GTF (gene transfer format) se-
quences from nine species, alfalfa (Medicago sati-
va) , peanut (Arachis hypogaea), and Arabidop-
sis et al , were downloaded from the Ensemble da-
tabase, and the corresponding CDS were obtained
for comparative phylogenetic analysis.

Predicted protein sequences of the 170 shared
single-copy genes were aligned using Muscle 3. 8.

318, OrthoMCL was used to search the ortholo-

gous genes for multiple sequence alignment re-

shared single-copy genes were aligned using Mus-
cle3. 8. 3171 The phylogenetic analysis was con-
ducted using the program MEGA7M,

1. 2. 3 SSR discovery and PCR primer design
SSRs were identified in the transcriptome using the
Perl script MlcroSAtellite (MISA) Chttp://pgrec.
ipk-gatersleben. de/misa/misa. html). SSRs con-
sisting of repeat units of 2 — 6 nucleotides were
considered for further development. The minimum
SSR length criteria were defined as five reiterations
of each repeat unit. Di-nucleotide motifs were re-
tained only when the numbers of repeats were no
less than ten and six, respectively. Primer pairs
for each SSR were designed using Primer3 software
(http://primer3. source. net/releases. php). The
criteria for primer design were as follows: length
of 18 — 23 bases with an optimum of 20 bases; a

primer annealing temperature range of 52— 60 C
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with an optimum of 55 C; and (G+C) content of
30% —70% with an optimum of 50%.

1.2.4 Plant genomic DNA extraction and SSR gen-
otyping
tissue of all 44 genotypes using the CTAB meth-
od",

eties in order to select the optimal markers. The

Genomic DNA was extracted from leaf

All SSR markers were amplified in six vari-

PCR reactions were performed in 20 pl. volumes
containing 2 pLL DNA (50 ng/pL) . 10 L 2X TAQ
Mix (0.5 U Tag DNA polymerase per pl), 1 uL
left primer, 1 pL right primer, and 6 pL sterile dd
H,0O. The PCR cycling conditions were: initial de-
naturation at 94 C for 5 min, followed by 30 cy-
cles of 30 s at 94 C, 30 s at 55 C, and 30 s at 72
‘C, with a final extension for 10 min at 72 C. The
PCR products were examined by electrophoresis on
6% non-denaturing PAGE gels and silver stained
as described by Zhang et al. .

The
highly polymorphic SSR markers were used to gen-

1.2.5 Genetic diversity and cluster analysis

otype the 44 Pueraria germplasm accessions. The
genetic diversity parameters were established using
POWERMARKER V3. 25, and the NTSYS-PC
program was used to evaluate the genetic relation-

ships among the 44 accessions.

2 Results and analysis

2.1
sonii Benth,

A cDNA library was constructed from RNA
‘No. 17

quenced on an Illumina Hiseq 4 000 instrument,

Assembly of transcriptome contigs in P. thom-

extracted from P. thomsonii and se-
yielding a total of 9.2 Gb raw read data. After re-
moving reads containing adapter sequences, poly
A/T or G/C tracts, and low-quality reads, a total
of 8.9 Gb of clean read data remained for de novo
assembly. Using Trinity, all the sequencing reads

were first assembled into 137 629 transcripts (11. 12

Gb) with an average length of 808 bp, and N50
and N90 values of 1 424 and 305, respectively (Ta-
ble 2). The largest clustered sequences obtained
after Corset hierarchical clustering were assembled
into unigenes, yielding 83 811 unigene sequences
(9.5 Gb) with a mean length of 1 142 bp (Table
2). The N50 and N90 values for the unigenes were
1 676 bp and 529 bp, respectively; the lengths ranged
from 201 to 13 577 bp, which was the same as that of
the transcript data set (Table 2).
2.2 Evolutionary analysis of the CDS

A total of 79 535 CDS extracted from the uni-
genes provided information for phylogenetic analy-
sis. The phylogenetic tree analysis was conducted
based on the predicted protein sequences of 170
single-copy genes shared in P. thomsonii, alfalfa
(Medicago sativa) ,and peanut et al.. For compar-
ison, P. lobata and M. sativa clustered together in
a single clade, suggesting that this species is phyloge-
netically closest to M. sativa (both are in the botanical
family Fabaceae; Fig. 1).
2.3 Frequency distribution of the different types of
SSR loci

The 83 811 unigenes were scanned by MISA,
which identified a total of 25 452 SSR motifs in 21 052
unigene contigs. Among these, 5 023 contained
tri-nucleotide repeats and were the most abundant.,
followed by 4 735 di-nucleotide repeats (Fig. 2).

Sorghum bicolor

Oryza sativa

Manihot esculenta Crantz
Vitis vinifera L.

100

Cucumis sativus L.
Solanum tuberosum

100|100 Arabidopsis
Arachis hypogaea
0.10 100 Medicago sativa
100 Pueraria lobata
Fig. 1 Analysis of phylogeny of P. lobata

(P. thomsonii Benth. ‘No. 17) and other species

Table 2 P. thomsonii transcriptome assembly parameters

Ttem Minimum length/bp Maximum length/bp Mean length/bp N50 N90 Total nucleotides/bp
Transcripts 201 13 577 808 1424 305 111 168 494
Unigenes 201 13 577 1142 1676 529 95 710 590

Note: N50/N90 indicate that the length of the assembly transcript is added to the length of the spliced transcript when it is no less than

50%/90% of total length
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The tetra-, penta-, and hexa-nucleotide SSRs were
309, 64, and 21, respectively (Fig. 2). Also, SSR
loci with fewer than five repeats were not expected
to be included in the investigation. Among all the
(AAG),, (AAC),,
and (AAT), were the most common types with
frequencies of 27. 87% (1 400), 15.93% (800),
and 16. 44 % (826), respectively (Table 3). Of all
the AAG/CTT motifs with five repeat units, 726
(51.86%), were of the most abundant type. The

tri-nucleotide repeat units,

AG/CT di-nucleotide repeat motif was the most a-
bundant, and accounted for 71.68% (3 394) of all
di-nucleotide repeats. The AC/GT repeat motif

6000
5023

5000 4735

4000
2
£ 3000
=
Z

2000

1000

309
0 . . mm 04 21
Di- Tri- Tetra-  Penta-  Hexa-
SSR motif type
Fig. 2 The frequency of the SSR motifs in the

P. thomsonii Benth. “No. 1’ transcriptome

accounted for 20. 76% (983) of the di-nucleotide
repeats. Moreover, the AG/CT motif with six re-
peats represented the largest number of all the di-
nucleotide repeats (Table 3), with a frequency of
33.71% (1 144).

2.4 SSR primer design and validation of SSR marker

A total of 16 574 pairs of primers were de-
signed by Primer3 from the unique sequences flan-
king 25 452 SSR loci, with three pairs being de-
signed for each SSR-containing sequence. The SSR
motif loci longer than 18 bp and with PCR product
sizes between 80 and 200 bp were selected for
primer synthesis. Ultimately, one pair of primers
for each SSR-containing sequence, 229 pairs of
SSR primers in total, were synthesized for the ge-
netic polymorphism test.

Initially, the 229 SSRs were scored for ampli-
con size polymorphism in six Pueraria collections.
We found that 28 SSRs gave highly polymorphic
and bands after PCR amplification. Fig 3 is shown
the allelic variation of PtSSR144 in some P. lobata
resources. These markers were used to determine
the polymorphic information content (PIC) values
and to estimate the genetic similarity of the 44 Pu-

eraria germplasm collections (Table 4). A total of

Table 3 Frequency distribution of the number of di- and tri-nucleotide motif repeat units

Number of motif repeats

Repeat Total
5 6 7 8 9 10 11 12 12+

AG/CT — 1144 817 584 423 291 129 5 1 3394

AT/AT - 390 199 193 157 131 54 2 — 1126
AC/GT — 398 255 140 107 40 29 14 — 983
CG/CG — 6 - 2 — — - - — 8

AAG/CTT 726 461 206 6 1 — — - - 1400
AAT/ATT 408 261 150 5 1 - - - 1 826
AAC/GTT 443 239 105 11 — 2 - - — 800
ACC/GGT 371 153 88 7 — — — - - 619
ATC/ATG 346 189 75 2 - — — — — 612
AGG/CCT 270 128 51 6 — — — — — 455
AGC/CTG 254 96 47 6 — - - - - 403
CCG/CGG 234 81 29 1 - - — — - 345
ACG/CGT 75 55 29 1 — - - — 1 161
ACT/AGT 67 27 13 1 — — - — — 108

Total 3194 3628 2 064 965 689 464 212 21 3 11 240
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90 bands were amplified using the 28 SSRs in the
44 accessions, consisting of 89 alleles which gave a
polymorphism rate 98. 9%. The average number of
alleles per SSR locus was 3. 178 6. The PIC of the
28 markers ranged from 0. 083 0 to 0. 774 2 with
average of 0.455 7. When PIC > 50% , the mark-
er was highly polymorphic; when 25% < PIC <C
50%, the marker was moderately polymorphic;
when PIC << 25% ., the marker had a low level of
polymorphism‘ . In this study, 10 SSRs, such as
PtSSR108 and PtSSR122, were highly polymor-
phic, only PtSSR222 showed little polymorphism,
and the remaining 17 markers were moderately

2 3 45 6 78

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

polymorphic (Table 4).
The in-group similarity coefficient (0. 58) was
observed in the 44 germplasm accessions, and all

could be

groups; the first group included 32 accessions, and

accessions clearly divided into two
the second group included 12 (Fig. 4). Further in-
group analysis revealed that the first group of 32
accessions contains five subclusters at a genetic
similarity of 0. 77; the second group of 12 acces-
sions was divided into three subgroups., of them;
accessions 36 and 25 in group 1 defined two sub-
clusters that contained only a single individual. In

group 2, accession number 14 was also in a unique

Line 1—32 indicated the 32 P. lobata resources; M indicated the DL.2000 marker
Fig.3 The marker PtSSR144 detecting 32 P. lobata
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DS—= TR
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4
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39

0.37 0.53 0.69 0.84 1.00
Coefficient

The number is as the same as in Table 1

Fig. 4 Cluster analysis of the 44 Pueraria accessions calculated from the 28 polymorphic genic-SSR marker alleles
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Table 4 Analysis of polymorphic information content (PIC)

and allele numbers in 28 Pueraria genic-SSR markers

sRID- R O e P
PtSSR36 2.000 0 3.000 0 0.772'7 0.289 6
PtSSR59 2.000 0 3.000 0 0.602 3 0.364 3
PtSSR98 2.000 0 3.000 0 0.681 8 0. 365 6
PtSSR99 3.000 0 6.000 0 0.818 2 0.291 2
PtSSR104 6.000 0 7.000 0 0.738 6 0.410 2
PtSSR108 8.000 0 7.000 0 0.284 1 0.774 2
PtSSR109 3.000 0 4.000 0 0.613 6 0.468 5
PtSSR121 3.000 0 4.000 0 0.363 6 0.586 8
PtSSR122 8.000 0 8.000 0 0.295 5 0.758 4
PtSSR130 3.000 0 4.000 0 0.409 1 0.583 2
PtSSR135 5.000 0 4.000 0 0.340 9 0.629 5
PtSSR144 4.000 0 5.000 0 0.465 9 0.610 4
PtSSR155 2.0000 3.000 0 0.602 3 0.364 3
PtSSR165 4.000 0 6.000 0 0.420 5 0.622 4
PtSSR168 3.000 0 5.000 0 0.750 0 0.326 6
PtSSR169 3.000 0 4.000 0 0.397 7 0.574 2
PtSSR172 2.000 0 3.000 0 0.613 6 0.3618
PtSSR174 3.000 0 4.000 0 0.704 5 0.365 0
PtSSR175 3.000 0 4.000 0 0.636 4 0.427 8
PtSSR186 3.000 0 5.000 0 0.590 9 0.504 8
PtSSR187 5.000 0 6.000 0 0.500 0 0.593 3
PtSSR190 2.0000 3.000 0 0.693 2 0.334 9
PtSSR191 4.000 0 4.000 0 0.738 6 0.354 1
PtSSR196 3.000 0 5.000 0 0.522 7 0.470 3
PtSSR201 3.000 0 5.000 0 0.625 0 0.4415
PtSSR205 3.000 0 4.000 0 0.602 3 0.430 4
PtSSR217 2.0000 3.000 0 0.534 1 0.373 8
PtSSR222 2.0000 2.000 0 0.954 5 0.083 0

Mean 3.178 6 4.428 6 0.581 2 0.4557

cluster. Based on the genetic similarity coefficient
of 1. 00, some accessions, such as numbers 7, 8,
10, 11, 17 and 18, were clustered together. An-
other six accessions (numbers 26, 27, 29, 30, 31,
and 32) were also clustered together, indicating
that there are no differences between them in this
analysis. The same was for accessions 42, 43, and
44 (Fig.4). It is indicated that the 44 germplasm
resource did not show clear correlation to their ge-

ographic origin.

3 Discussion

Here, we investigated genetic diversity in a
panel of 44 Pueraria accessions collected from the
Guangxi area using SSR markers developed from
RNA-seq data. SSR markers derived from a tran-
scriptome database have some advantages over ge-
nomic SSRs, such as low cost and rapid develop-
ment time. In addition, transcriptome sequencing
data provides abundant gene function information,
and genic SSRs are linked to the transcribed re-
gions of the genome. For example, tri-nucleotide
repeat units are associated with Huntington’s dis-

20J (CT), repeats are closely

ease in humans
linked to the waxy gene in rice, which encodes a
granule-bound starch synthase and is correlated
with grain amylose content™®. Also, since genic-
SSR markers are associated with transcribed re-
gions of the genome, they are ideally suited for use
in marker-assisted breeding.

In this study, tri-nucleotide SSR loci were
found to be the most frequent (19. 74%) followed
by dinucleotide repeats (17.19%). This finding is
similar to previous reports in cotton, pummelo,
eggplant, and Zanthoxylum bungeanum™ !, but
contrasts with the distribution of genic-SSRs in
Gardenia

pigeonpea, and jasmi-

. -2,
noides™*

spruce,
(AAG), were the most common type
of tri-nucleotide repeat units, and the AG/CT mo-
tif was the most abundant of the di-nucleotide re-
peat motifs, similar to result found in pepper and
coffeel® 0,

Jing et al®™ and Zhou et al'™ used RAPD
markers to evaluate the genetic diversity of twelve
Pueraria collections from the Chongqing area and
eight from Jiangxi and Hunan provinces, and
found polymorphism ratios for the two groups of
65. 65% and 64. 41%, respectively™. Chen et
al.'™ analyzed the genetic relationships within 18
accessions of P. thomsonii Benth. using 22 pairs of
SRAP markers, and found an average polymor-
phism ratio of 63. 9%. The genetic distances
ranged from 0. 004 7 to 0. 265 8. Eleven Pueraria

accessions were genotyped with 12 polymorphic IS-
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SR primers'”!. The genetic relationships within a

group of 127 Pueraria accessions were analyzed
with ISSR markers™’.
polymorphism rate to be 98. 9% for our SSR mark-

In this study, we found the

ers, which is much higher than that found for
RAPD, ISSR, and SRAP markers in the studies
mentioned above. This suggests that SSR marker
is a powerful tool for the analysis of genetic diver-
sity in P. lobata germplasm.

Pueraria accessions are mainly produced in
the Guangxi area, especially in Tengxian and
Wuzhou, and the varieties and quantity of germ-
plasm resources are abundant in Guangxi. Our re-
sults show that there is no distinct boundary be-
tween P. lobata and P. thomsonii, which is con-

t*, For instance,

sistent with the previous repor
accession number 40 shares a close relationship
with numbers 42, 43, and 44, and both numbers
10 and 18, classified as P. thomsonii, have the
same genetic background as four P. [lobata acces-
sions (7, 8, 11, and 17).

The genetic relationships between the 44 Pu-
eraria accessions used in this study showed some
correlations with geographic origin, although they

were not absolute. For example, accession num-

bers 1 and 3 from Hechi, 7 and 8 from Baise, and

30, 31, and 32 from Huixian clustered together,
although number 39 from Hechi was not included
in this cluster. The Pueraria collections from
Tengxian, numbers 12, 13, 14, 18, and 19, did
not form a single cluster; this may be due to intro-
ductions from different regions, resulting in a cer-
tain degree of inconsistency between actual germ-
plasm sources and clustering results!'’. In addi-
tion, we observed that the genetic similarities be-
tween most of the Pueraria accessions is greater
than 0. 73 in this study (Fig. 4), which suggests a
narrow genetic base for these Pueraria accessions.
Thus, it is urgent and necessary to increase the
collection of Pueraria germplasm resources from
other provinces in China to introduce diversity and
broaden the genetic background of cultivated Puer-
aria.

In conclusion, using RNA-seq, we developed
and validated 28 highly polymorphic SSR markers
in a panel of 44 Pueraria accessions. Our work
provides an informative and reproducible set of mo-
lecular markers for the evaluation of genetic rela-
tionships in kudzu, which will be useful for the es-
tablishment of a core germplasm collection of Pu-

eraria species in the future.
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