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ABSTRACT

Background: Astragali Radix is regarded as an important traditional medicinal plant and has been widely
used as a Qi-Invigoratin medicine for more than 2000 years. However, the mechanism of its medicinal
and nutritional components in different accessions is unexplored. Moreover, the lack of SSR markers
for Astragali Radix has stalled genetic breeding and variety identification. To develop EST-SSRs, transcrip-
tome sequencing was performed based on the Illumina platform.

Results: Approximately 99.6 million raw data points were collected, and 296,618 unigenes with an aver-
age length of 1,459 bp were obtained. A total of 71,207 SSR loci within 56,097 SSR-containing unigenes
were identified. Of these SSR-containing unigenes, 26,188 (46.7%), 16,736 (29.8%), and 8,858 (15.8%) were
related to items in the GO database, KEGG database, and COG database, respectively. The motifs A/T, AG/
CT, AT/AT, and AAT/ATT were the most common types, accounting for 39.78%, 19.14%, 10.12%, and 4.60%,
respectively, and the average length of the EST-SSRs was 17.16 bp. We acquired 8 functional markers
linked to key genes correlated with the biosynthesis of flavonoids. The genetic similarity among the 60
AR varietal resources ranged from 0.2692 to 0.8077, with an average of 0.5742. The dendrogram results
indicated that the 60 AR samples tested had high levels of genetic similarity.

Conclusions: The 71,207 EST-SSR loci identified here offer valuable source of DNA markers for the genetic
diversity identification of 60 Astragali Radix varieties. These results will facilitate genetic map
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construction, functional gene identification, variety identification, molecular marker-assisted breeding,
and genetic diversity analysis in Astragali Radix.
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1. Introduction

Astragali Radix (AR) is a traditional Chinese medicinal herb
belonging to the Legume family that has been widely used as a
Qi-Invigoratin medicine for more than 2000 years; its first record
is from the book “Shen Nong’s Herbal Classic” [1]. AR shows high
medicinal value and is widely used in the treatment of cardiovas-
cular, cancer, immune, respiratory, blood sugar, and hepatic dis-
eases [2]. Extracts from the stems/leaves, flowers, and roots are
rich in active saponins, flavonoids, and polysaccharides, which
have pharmacological functions such as immunity regulation,
antiviral activities, liver and kidney protection, and antitumor
activity [3,4,5].

AR contains two accessions in the Chinese Pharmacopoeia, Astra-
galus membranaceus (Fisch.) Bge. var. mongholicus (Bge.) Hsiao (A.
mongholicus), and Astragalus membranaceus (Fisch.) Bge. (A. mem-
branaceus) [6]. The commercial medicinal materials of AR were
mainly collected from wild resources before the 1970s and were
mainly distributed in Heilongjiang, Jilin, and Inner Mongolia Pro-
vinces. With the deterioration of the ecological environment and
the increasing demand for artificial mining, the natural population
and distribution of wild AR herbs have decreased sharply. Thus, AR
has been included on the level 3 national protected endangered
and rare plant list [2]. In recent years, the demand for cultivated
AR has increased rapidly not only due to the development of medic-
inal decoctions and new drugs in China but also due to its inclusion
in functional products in the United States [7]. Therefore, the artifi-
cial cultivation of AR has produced several different accessions that
show unstable phenotypic traits, low levels of active ingredients,
and poor quality. The utilization of AR as an important medicinal
resource is restricted by the lack of genetic information.

Genetic diversity is an important variable for wild plant conser-
vation, and also a way to investigate the evolution of species in dif-
ferent habitats [8,9]. Plants have several variations of
morphological features and quality in the actual production, such
as stem color, flower color of AR. Thus, studying the genetic diver-
sity of plants is necessary and will provide genetic background evi-
dence for AR germplasm resources. In the past decade, many
studies have employed molecular techniques to measure genetic
diversity based on nucleotide information. Molecular markers are
considered the most effective technique for evaluating and catego-
rizing different germplasm resources [10]. Owing to their abun-
dance, stability, cost-effectiveness, and ease of use, various DNA
molecular markers have been used in the analysis of genetic diver-
sity in traditional medicinal plants [11,12,13]. Different kinds of
molecular markers were checked for their discrimination of AR
types. A total of 25 ISSR (intersimple sequence repeat) primers
were selected to differentiate 95 AR samples [14]. Dong et al.
[15] discovered that A. membranaceus and A. mongholicus shared
the most similar genetic information based on ITS (internal tran-
scribed spacer region) sequences. Cheng et al. [16] analyzed Astra-
galus raw materials from stores in Taiwan on the basis of RAPD
(random amplified polymorphic DNA) molecular markers. SCAR
(sequence-characterized amplified region) markers were designed
to differentiate Korean AR from Chinese AR based on cpDNA and
ISSR sequences [17].
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Compared to other types of DNA markers, SSR (simple sequence
repeat) markers, also named microsatellite markers, are abundant,
highly polymorphic, reproducible, codominant, reliable, and cost-
effective [18]. SSRs are generally acquired from ESTs (expressed
sequence tags); however, this process has previously required
much time. In traditional medicinal plants, ESTs are regarded as
an effective system for gene mining, genetic mapping, gene expres-
sion analysis, phylogenetic and diversity studies, variety identifica-
tion, and molecular marker-assisted breeding. The use of ESTs for
discovering DNA molecular markers and hence genetic diversity
analysis among related accessions has been an effective pathway.
With the steady decrease in time and cost for deep sequencing
and high throughput methods, next-generation sequencing has
been proven to be a powerful method for SSR identification. Thus,
excavating genic SSRs based on a high-throughput transcriptome
with its large scale and high efficiency has been considered to be
the most appropriate technique. To date, many genetic diversity
studies have been performed on traditional Chinese medicinal
plants [19,20]. However, few studies of the genetic diversity of
AR based on SSR markers have been published to date. The purpose
of this study was to identify genic SSR molecular markers in a Chi-
nese medicinal plant that has been widely applied for thousands of
years in a number of countries and areas around the world and to
estimate the genetic diversity of different AR accessions. Hence, in
the present study, identification novel and highly polymorphic SSR
markers from high through-put transcriptomic data and their suc-
cessful application for genetic diversity evaluation of different AR
natural populations will not only enrich the existing SSR molecular
markers but also develop massive genotyping research to expand
molecular marker-assisted breeding strategies of this medicinal
plant.

2. Materials and methods
2.1. Plant materials and RNA/DNA extraction

Samples of A. mongholicus and A. membranaceus, a very famous
Chinese traditional herbal plant, were used for this study. Three
whole fresh plants of A. membranaceus were collected 120 days
after sowing, frozen in liquid nitrogen immediately, and trans-
ferred to -80°C for RNA extraction. Then, total RNA was pooled
using the TRIzol method based on the manufacturer’s instructions
and used for Illumina sequencing. Sixty different AR resources
were collected representing eight natural populations, including
Gansu, Shanxi, Heilongjiang, Shaanxi, Qinghai, Ningxia, Hebei,
and Inner Mongolia Provinces of China (Table 1). Fresh leaves were
used for DNA extraction based on the manufacturer’s instructions
for the DNA kit (TransGen Biotech, Beijing).

2.2. ¢cDNA library construction, sequencing, SSR-containing unigene
detection, and annotation

[llumina analysis was performed based on the HiSeq™ 2000
platform by Novogene Bioinformatics Technology (Beijing, China).
Before assembly, the empty reads, low-quality reads, and
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Table 1
Resources of the test samples.

Source Species Sample Number
China Gansu A. mongholicus 6

China Shanxi A. mongholicus 4

China Heilongjiang A. mongholicus, A. membranaceus 12

China Shaanxi A. mongholicus 2

China Qinghai A. mongholicus 1

China Ningxia A. mongholicus 1

China Hebei A. mongholicus, A. membranaceus 2

China Inner Mongolia ~ A. mongholicus 32

adaptor-containing reads were deleted from the raw data. Then, de
novo assembly was performed with these screened high-quality
reads using Trinity [21]. The processed SSR-containing unigenes
were screened and aligned to different databases, including the
KEGG (Kyoto Encyclopedia of Genes and Genomes), COG (Cluster
of Orthologous Groups), and GO (Gene Ontology) databases, to
determine their annotation information.

2.3. Development of SSR primers

MISA software (http://pgrc.ipk-gatersleben.de/misa/) was uti-
lized to identify the SSR loci in the SSR-containing unigenes. The
parameters for motif repeat identification and default criteria for
SSR locus calling were based on Li et al. [22]. After detecting
microsatellites, primers were designed based on the sequence
information with Primer 5.0. The standard conditions for the
expected product lengths, melting temperatures, GC contents,
and primer lengths can be found in Mishra et al. [23]. A total of
50 SSR primer pairs were selected randomly and used to study
the genetic diversity.

2.4. Amplification of SSR markers

Sixty different AR accessions were collected and used to assess
genetic diversity. The PCRs were performed in a volume of 20 pl
containing 2 pl 10x PCR buffer, 0.8 pl (10 mmol/L) dNTPs, 1.0 pul
(7.5 pmol/L) of each reverse and forward primer, 1 U DNA poly-
merase (TransGen Biotech, Beijing, China), 150 ng genomic DNA
template, and 12 pl deionized distilled water.

The PCR amplification program was as follows: an initial step of
95°C for 5 min, followed by 35 cycles of 95°C for 30 s, 59°C for 60 s,
and 72°C for 60 s, with a final extension step of 72°C for 10 min and
a cooling step of 4°C for 5 min. The PCR products were examined
and analyzed based on the method of Meng et al. [24] (Table S1).

2.5. Genetic diversity analysis

A genetic similarity matrix for 60 AR varietal resources was cal-
culated according to the theory of “proportion of shared alleles”
using NTSYS-2.1 software [25]. We further used the genetic simi-
larity matrix to construct the unweighted pair group method with
arithmetic mean (UPGMA) algorithm tree based on the illustration
of genetic distances using MEGA 4.0 software [26].

3. Results
3.1. High-throughput sequencing and assembly

The transcriptome reads of Astragali Radix were sequenced
using the Illumina HiSeq-2000 platform, and 99.6 million raw data
were collected and used for analysis. The obtained data contained
296,618 unigenes with an average length of 1,459 bp. Among these
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sequences, there were 90,893 unigenes (30.6%) with a length of
less than 500 bp, 92,235 (31.1%) with a length between 501 and
1,000 bp, 77,906 (26.3%) with a length between 1,001 and 2,000
bp, and 35,584 (12.0%) with a length greater than 2,000 bp.

3.2. Annotation and classification of SSR-containing unigenes

A total of 56,097 SSR-containing unigenes were detected across
three public databases, 26,188 (46.7%) were related to items in the
GO database, 16,736 (29.8%) to those in the KEGG database, and
8,858 (15.8%) to those in the COG database. A total of 26,188 uni-
genes were identified with GO functional classifications and
related to known proteins based on BLAST results. Most of these
annotated unigenes were assigned to the biological process group,
followed by the molecular function and cellular component
groups, and were divided into 43 classes at level 2 (Fig. 1a). Among
the biological process categories, cellular process (28.6%) and
metabolic process (25.3%) were the most abundant categories. In
the molecular function group, binding (44.4%) and catalytic activity
(37.0%) were the two major represented classes. The cellular
anatomical entity (46.8%), intracellular (26.4%) and protein-
containing complex (20.1%) classes within the cellular function
category accounted for the largest proportion, followed by virion
(2.9%) and virion part (2.9%).

To further understand the biological functions of these SSR-
containing unigenes, the KEGG database was searched. A total of
16,736 unigenes were divided into 129 relevant metabolic path-
ways on the basis of the enrichment results. Among these unige-
nes, carbon metabolism (ko01200) and plant hormone signal
transduction (ko04075) were the most abundant categories
(Fig. 1b).

A total of 8,858 unigenes were matched to entries in the COG
database, and 26 subgroups were identified (Fig. 2). The largest
category was posttranslational modification, protein turnover,
chaperones (1,231), followed by general function prediction only
(1,136), signal transduction mechanisms (792) and intracellular
trafficking, secretion, and vesicular transport (684).

3.3. Frequency and distribution of SSRs

SSRs were found to be highly abundant in all 296,618 clustered
unigenes, and 56,097 unigenes containing 71,207 SSR loci were
validated in this study. The frequency of occurrence in AR was
one SSR per 4.34 kb of unigene sequence. Among all these unigene
sequences, 5,641 SSRs showed a compound pattern, and 11,668
sequences contained more than one SSR locus. Among all repeat
types, the mononucleotide motif was assessed to be the most
abundant (30,381, 42.67%), followed by dinucleotide (23,689,
33.27%), trinucleotide (14,860, 20.87%), hexanucleotide (1,554,
2.18%), tetranucleotide (443, 0.62%), and pentanucleotide (280,
0.39%) motifs (Table 2).

Across all SSR loci, 156 different motif types were checked. The
most common mononucleotide type was A/T (28,323, 39.78% of all
SSRs), and AG/CT was the most abundant dinucleotide type
(13,593, 19.14%), followed by AT/AT (7,203, 10.12%) and AC/GT
(2,866, 4.02%). Among the trinucleotides, AAT/ATT was the most
frequent type (3,264, 4.60%), followed by AAG/CTT (3,174, 4.47%)
and ATC/ATG (2,446, 3.44%). Of the tetranucleotides, the AAAT/
ATTT (407, 0.57%) motif was the most common type, followed by
AAAG/CTTT (208, 0.29%) and AGAT/ATCT (179, 0.25%). The most
abundant penta- and hexanucleotide types were AATAT/ATATT
(35, 0.05%) and ACCTCC/AGGTGG (18, 0.03%) (Fig. 3). Overall, the
number of repeats for the SSRs ranged from 5 to 20. Of the dinu-
cleotides, 6 to 15 repeats were found for the most common type
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Fig. 2. KOG classification of Astragali Radix SSR-contained unigenes, and 26 subgroups were identified.

Table 2

Description of SSR in transcriptome of Astragali Radix.
Type Number
Total unigene number 296,618
SSR loci 71,207
SSR-contained unigenes 56,097
Unigenes contained more than one SSR 11,668
Number of SSRs presented a compound formation 5,641
SSR motif of mononucleotide 30,381
SSR motif of dinucleotide 23,689
SSR motif of trinucleotide 14,860
SSR motif of tetranucleotide 1,554
SSR motif of pentanucleotide 443
SSR motif of hexanucleotide 280

(18,555, 78.32%), while 5 to 8 repeats were the most abundant type
for the trinucleotides (12,790, 86.07%). The majority of the SSR
lengths ranged from 12 to 18 bp (28,153, 39.64%), followed by 19
to 25 bp (8,962, 12.62%), and 7,277 (10.25%) were longer than 30
bp.

3.4. SSR primer design and quality assessment

Of the 71,027 SSR loci, 5,461 were found at the end position of a
sequence and could not be used to design appropriate primers for
amplification. Thus, we designed 200 primers for the analysis of
randomly selected unigenes. We selected 50 (HQ001-HQO050) pri-
mer pairs for PCR usability verification. Successful amplification
was confirmed when a single fragment was found and/or a frag-
ment with an accurate length was found when several different
fragments were amplified for one primer. After validation, 23 pairs
were amplified successfully. Among these primers, 10 amplified
single fragments, and 13 produced multiple fragments.
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3.5. Genetic diversity analysis

The genetic similarity among the 60 AR varietal resources ran-
ged from 0.2692 to 0.8077, with an average of 0.5742, based on
the SSR data from the 23 different primer pairs. Based on UPGMA
analysis, the genetic distance matrix was used to construct a den-
drogram for evaluating the genetic relationships of accessions
(Fig. 4). The dendrogram results showed that AR resources from
the same area did not form the same subgroup, yet accessions from
different regions were clustered in the same group. For instance,
the seven resources from the city of Hohhot were dispersed and
not clustered together in line with the sample collection regions.
The samples with the highest similarity coefficient of 0.8077 were
the A. mongholicus accessions MG-BT1 and MG-BT6, which are
from the city of Baotou, Inner Mongolian region of China, as well
as MG-BT6 and MG-GY (from the city of Guyang, Inner Mongolian
region). The resources with the lowest coefficient of 0.2692 were A.
mongholicus variety MG-BT1 and A. membranaceus variety MJ-
DXAL3 from the Daxing’an Mountains area, Heilongjiang Province.
These results indicated that the 60 AR samples tested had high
levels of genetic similarity.

4. Discussion

SSRs are widely developed and well-used in research on the
genetic diversity of non-model species [10,27]. The lack of SSR
information for AR was regarded as a challenge for genetic map-
ping and variety identification. In this study, 71,207 SSR loci were
identified from 56,097 SSR-containing unigenes based on tran-
scriptome information. The type of mononucleotide was calculated
in total loci in order to research the most abundant SNPs in future
study. A total of 200 primer pairs were designed, 50 SSR primer
pairs were amplified to assess quality, and 23 pairs ultimately pro-
duced amplicons (46%). The other 27 primer pairs failed mainly
because these SSR loci were positioned at splice sites or in introns
of the target fragments. Of the 23 EST-SSRs, 10 primer pairs pro-
duced a single fragment, showing that 43.5% of the effective SSRs
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Table 3
Summary statistic for different types of SSR in Astragali Radix
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Repeat type EST-SSR Length (bp)

Total number  Percentage of total SSRs

10-11  12-13 14-15 16-17 18-19 20-21 22-23 24-25 26-27 28-29 >30
Mono-nucleotide 22837 4136 1255 579 310 185 195 202 132 99 451 30381 42.7%
Di-nucleotide 0 4782 3082 2334 1816 1268 1380 1524 840 791 5872 23689 33.3%
Tri-nucleotide 0 0 6835 0 3175 1558 0 1246 364 0 1682 14860 20.9%
Tetra-nucleotide 0 0 0 0 0 871 0 430 0 123 130 1554 2.2%
Penta-nucleotide 0 0 0 0 0 0 0 329 0 0 114 443 0.6%
Hexa-nucleotide 0 0 0 0 0 0 0 0 0 0 280 280 0.4%
Total 22837 8918 11172 2913 5301 3882 1575 3731 1336 1013 8529 71207 100.0%
% 0.32 0.13 0.16 0.04 0.07 0.05 0.02 0.05 0.02 0.01 0.12

were of high value. Thirteen primers amplified nonspecific ampli-
cons, mainly due to the highly repetitive characteristics of the
plant genome. Compared to genomic SSRs, although EST-SSRs are
less abundant, they can form functional DNA markers with the
advantages of lower cost and greater efficiency. Based on position
information, we acquired 8 markers linked to key genes correlated
with the biosynthesis of flavonoids (Cluster-8005.151416 linked to

anthocyanidin ~ 3-O-glucoside  2’"-O-xylosyltransferase, Cluster-
8005.168708 linked to flavonoid 3’-monooxygenase, Cluster-
8005.218030 linked to flavonoid 3’5’-hydroxylase, Cluster-

8005.117575 linked to shikimate O-hydroxycinnamoyltransferase,
Cluster-8005.149780 linked to chalcone isomerase, Cluster-
8005.128384 linked to trans-cinnamate 4-monooxygenase, Cluster-
8005.162143 linked to isoflavone 2’-hydroxylase, and Cluster-
8005.114594 linked to isoflavone-7-O-methyltransferase), which is
one of the most important active ingredients in Astragali Radix.

The 4.34-kb interval per SSR found in this research indicated
that the frequency of EST-SSRs in AR was higher than that in most
other medicinal plants, such as Gardenia jasminoides and Lycium
barbarum, which had intervals of 2.9 kb and 3.5 kb, respectively
[28,29]. However, this value is lower than that for Epimedium sagit-
tatum, which was 6.9 kb [25]. Among the repeat motifs, the
mononucleotide repeat type was the most abundant (42.67%), fol-
lowed by di- (33.27%) and trinucleotides (20.87%). Tetra- (2.18%),
penta- (0.62%), and hexanucleotides (0.39%) only represent a small
percentage of EST-SSR repeat types. Excluding mononucleotide
repeats, the EST-SSRs with 6 repeats were the most abundant
(20.81%), followed by those with 5 (20.02%), 7 (11.72%), 8
(8.91%), 9 (5.45%), and 10 (3.98%) repeats. The relationship
between repeat number and abundance showed a significant neg-
ative correlation. The motifs A/T, AG/CT, AT/AT, and AAT/ATT were
the most common types, accounting for 39.78%, 19.14%, 10.12%,
and 4.60%, respectively. The analysis results indicated that the
average length of AR EST-SSRs was 17.16 bp, while the shortest
and longest lengths were 10 and 83 bp, respectively. The differen-
tiation between diverse medicinal plants based on EST-SSR length
has been performed [25], and the EST-SSRs found in this study
mainly ranged from 10 bp to 17 bp, with only 11.98% being larger
than 30 bp. The results showed that SSRs in this medicinal plant
had shorter rather than longer repeat lengths (Table 3).

The 23 primer pairs developed here were utilized to detect
genetic diversity and relationships among 60 AR varieties. The 60
accessions were divided into 2 subgroups containing both species,
A. mongholicus and A. membranaceus, from different origins, which
were named “Meng-Gu-Huang-QI” and “Mo-Jia-Huang-Qi” in Chi-
nese, respectively. MG-BT (1, 5, 6, 7, 13), MG-BYZR4, and MG-
HHHT4, which were collected from the same province, were clus-
tered into one group, suggesting that AR had the high genetic sim-
ilarity. The seeds of AR that have been planted every year were
mainly from self-preserved collections or were bought from the
same area; the lack of breeding for fine accessions breeding may
have caused the low genetic distance between types [14]. And
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some accessions are introduced to different places, so the relation-
ship between accessions shows no good geographical isolation. In
general, the results suggested that the EST-SSRs obtained in this
study showed high value and could be used for effectively evaluat-
ing genetic relationships. Therefore, the 71,207 identified EST-SSR
loci offer a valuable basis for DNA markers that will facilitate
genetic map construction, genetic diversity analysis, molecular
marker-assisted breeding, and functional gene identification in AR.
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