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Abstract

Background: This study aimed to develop a set of perfect simple sequence repeat (SSR) markers with a single copy
in the cotton genome, to construct a DNA fingerprint database suitable for authentication of cotton cultivars. We
optimized the polymerase chain reaction (PCR) system for multi-platform compatibility and improving detection
efficiency. Based on the reference genome of upland cotton and 10× resequencing data of 48 basic cotton
germplasm lines, single-copy polymorphic SSR sites were identified and developed as diploidization SSR markers.
The SSR markers were detected by denaturing polyacrylamide gel electrophoresis (PAGE) for initial screening, then
fluorescence capillary electrophoresis for secondary screening. The final perfect SSR markers were evaluated and
verified using 210 lines from different sources among Chinese cotton regional trials.

Results: Using bioinformatics techniques, 1 246 SSR markers were designed from 26 626 single-copy SSR loci.
Adopting a stepwise (primary and secondary) screening strategy, a set of 60 perfect SSR markers was selected
with high amplification efficiency and stability, easy interpretation of peak type, multiple allelic variations, high
polymorphism information content (PIC) value, uniform chromosome distribution, and single-copy
characteristics. A multiplex PCR system was established with ten SSR markers using capillary electrophoresis
detection.

Conclusions: A set of perfect SSR markers of cotton was developed and a high-throughput SSR marker
detection system was established. This study lays a foundation for large-scale and standardized construction
of a cotton DNA fingerprint database for authentication of cotton varieties.
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Background
Cotton is one of the most important economic crops in
the world. Its fiber is a renewable textile raw material,
and its seeds can be used for the production and pro-
cessing of cottonseed oil. In recent years, excellent new
varieties have been developed and promoted, and the
seed market has flourished. At the same time, brand in-
fringement and the production and sale of fake and in-
ferior seeds have continued to occur, and this has
severely dampened the enthusiasm of innovators, in-
creased the risks for farmers, and affected agricultural

production safety, which has severely restricted the devel-
opment of China’s seed industry (Wu et al. 2015). Variety
identification can effectively ensure the quality of seeds in
agricultural production and reduce the risk of using fake
and/or inferior seeds. Among DNA molecular fingerprint-
ing methods, simple sequence repeat (SSR) molecular
marker technology is widely used in rice (Sundaram et al.
2008; Singh et al. 2004), wheat (Zhu and Jia 2003; Shi
et al. 2006), maize (Wang et al. 2003, 2017), soybean
(Guan et al. 2003; Sheng et al. 2010), rape (Li et al. 2010)
and other major crops because of its advantages such as
high polymorphism, codominant inheritance, and easy
statistics (Guichoux et al. 2011). There have numerous re-
ports on SSR molecular detection technology in cotton
(Pan et al. 2008; Kuang et al. 2011a, b; Wang 2009; Wang
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et al. 2009; Bai et al. 2012; Liu et al. 2009). However, in
previous studies, most of the SSR primers were from
public databases. The quality of primers was uneven,
and the number of screening and evaluation materials
tested was relatively small. Using the existing
methods, it is difficult to meet the needs of identifica-
tion, standardization, and large-scale detection of cot-
ton varieties currently planted in China.
Wang et al. first proposed the concept of excellent

SSR markers in maize and provided several important
evaluation indicators: (1) based on the development
of resequencing data, the primer flanking sequence
should be highly conserved; (2) suitable markers can
effectively remove abnormal peak shapes such as N +
1 peaks and continuous peaks; (3) multiplex polymer-
ase chain reaction (PCR) can be combined to improve
detection efficiency; (4) data integration should be
available using different platforms (Wang et al. 2016).
For cotton cultivars, the complexity of the polyploid
genome (Yang 2001; Wolfe 2001) and the reproduct-
ive characteristics of cross-pollination pose difficulties
for the development of high-quality markers and ac-
curate genotyping among different varieties.
In recent years, with the completion of the cotton

reference genome sequence (Wang et al. 2012; Li
et al. 2014; Zhang et al. 2015), the foundation has
been laid for the development and application of
high-quality markers for the whole genome. In this
study, we used 10× resequencing data from 48 upland
cotton genotypes. Concerning the evaluation index of
excellent SSR markers in maize (Wang et al. 2016),
combined with the polyploid characteristics of cotton,
a batch of single-copy SSR markers was developed.
Denaturing polyacrylamide gel electrophoresis and
fluorescent capillary electrophoresis were used for pri-
mary screening and re-screening of primers, respect-
ively. We successfully developed a set of single-copy
excellent SSR primers that combines high efficiency
and stability, easy-to-read peak shapes, multiple allelic
variations, high polymorphism information content
(PIC) values, and uniform chromosome distribution.
Combining multiplex PCR amplification technology
and capillary electrophoresis detection enabled a ten-
fold capillary electrophoresis procedure. In this way, a
high-throughput SSR marker detection system was
established, laying the foundation for constructing a
large-scale database of DNA fingerprints for cotton
variety identification and authentication.

Methods
Experimental materials
This study used 689 cotton cultivars, including 395
core germplasm lines (Ma et al. 2018), 210 lines
from national trials in different regions, 48 basic

germplasm lines, and 12 sets of triplet materials
comprising male parent, female parent, and F1 gen-
eration (Table 1).

SSR primers
The common primers used in this study were syn-
thesized by Dalian Bao Biological Company, China,
and the fluorescent primers were synthesized by Ap-
plied Biosystems, USA. For each pair of fluorescent
primers, one of them was selected to be labeled with
a fluorescent dye PET, NED, VIC, or FAM at the 5′
end.

DNA extraction
Genomic DNA was extracted from dry seeds of each culti-
var using the method described by Kuang et al. (2010).

SSR amplification
Amplification system: 20 � L reaction volume comprised
10 � L of 2× Taq Plus Master Mix, 0.4 � mol·L� 1 SSR pri-
mer, and 80 ng DNA template.
Amplification procedure: pre-denaturation at 94 °C for

5 min; denaturation at 94 °C for 45 s, annealing at 60 °C
for 45 s, extension at 72 °C for 45 s, for a total of 32 cy-
cles; extension at 72 °C for 7 min.

Denaturing polyacrylamide gel electrophoresis (PAGE)
Denatured PCR products were separated on a 6% poly-
acrylamide gel and electrophoresed at 90W for 1 h
and then stained with silver nitrate (Kuang et al. 2011b).

Fluorescence capillary electrophoresis
A mixture of 1 � L PCR amplification product, 8.5 � L
deionized formamide and 0.5 � L Liz-500 molecular
standard was denatured at 95 °C for 5 min, cooled at
4 °C for 10 min, and then separated using an ABI
3130XL gene analyzer. The fluorescent capillary elec-
trophoresis detection procedure was pre-
electrophoresis at 15 kV for 3 min, 2 kV injection for
2 s, electrophoresis at 15 kV for 20 min.

Statistical analysis
The numbers of alleles, genetic diversity, and poly-
morphism information content (PIC) of SSR molecu-
lar markers were analyzed using PowerMarker 3.25
software. The discrimination ability of SSR primers is
expressed by the PIC value: the larger the PIC value,
the stronger the discrimination ability. The formula
is: PIC = 1 � � Pi

2, where Pi refers to the frequency of
the i-th allelic variation. Cluster analysis was per-
formed on the similarity coefficient matrix and gen-
etic distance matrix using the unweighted pair-group
method with arithmetic means (UPGMA).
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Results
Screening of single-copy SSR
Bioinformatics methods were used to evaluate 10×
resequencing data of 48 cotton genotypes, and 26 266
single-copy SSR loci were obtained. Of these, 5 712
loci with conserved flanking sequences were suitable
for designing SSR primers. Analyzing the number of
alleles of each SSR primer sequence in 48 cotton
germplasm lines, we found that the more alleles, the
stronger ability of the primers to identify different
varieties. At the same time, the smaller amplified
product, the higher efficiency of PCR amplification,
which is more beneficial for constructing a multiplex
PCR system. Considering the above conditions and
the chromosome distribution of the SSR primers,
1 246 pairs were selected from the 5 712 loci for fur-
ther screening.

Preliminary screening by denaturing PAGE platform
For preliminary screening, 48 germplasm lines from
three cotton-growing regions were used to screen
1 246 pairs of primers by denaturing polyacrylamide
gel electrophoresis. A total of 398 polymorphic
primers were screened and were distributed across
the 26 chromosomes. Among them, 145 primers had

high amplification efficiency, good reproducibility,
clear main bands, and had no non-specific amplifica-
tion, and single bands when tested in known cultivars.
Some example electrophoresis bands are shown in
Fig. 1.

Rescreening by fluorescence capillary electrophoresis
For secondary screening, 395 cotton core germplasm
lines (Ma et al. 2018) representing a broad range of
genotypes were used to analyze the allelic variation of
145 pairs of candidate SSR primers (selected from the
preliminary screening) using fluorescence capillary
electrophoresis as the detection platform. Twelve sets
of triplets comprising male parent, female parent, and
F1 generation were used as materials to analyze the
heterozygosity of the 145 pairs of candidate SSR
primers in the hybrids. From the results of capillary
electrophoresis, we selected primers with sharp single
peaks, no interference peaks, no continuous peaks,
and stable and easy-to-read peak shapes. Combining
the above indicators, 60 pairs of excellent SSR
primers with high allelic variation, strong discrimin-
ation ability, uniform chromosome distribution, high
heterozygosity in hybrids, and easy-to-read peak shape
were selected.

Table 1 Information on 48 base materials and 12 triplet materials

No. Cultivars No. Cultivars No. Cultivars No. Cultivars

1 TM-1 22 Jiangsumian 3 43 Liaomian 3 64 Zhongmiansuo 66-male

2 Renhe 39 23 Shanmian 4 44 Dezimian 531 65 Zhongmiansuo 66-female

3 Yinshuo 1 24 Simian 5 45 Jinmian 2 66 Zhongmiansuo 66

4 Yinshuo 19 25 Zhongmiansuo 4 46 Zhongmiansuo 12 67 Zhongmiansuo 70-male

5 Jimian 169 26 Jimian 1 47 G. raimondii 68 Zhongmiansuo 70-female

6 Zhongmiansuo 75-male 27 Xinluzao 31 48 Shiyaxi 69 Zhongmiansuo 70

7 SGK zhong 156 28 Xinluzao 42 49 Zhongmiansuo 47-male 70 Zhongmiansuo 72-male

8 Chuang 0712 29 Xinluzhong 47 50 Zhongmiansuo 47-female 71 Zhongmiansuo 72-female

9 Guoxinmian 3 30 Jinzimian 51 Zhongmiansuo 47 72 Zhongmiansuo 72

10 Zhongmiansuo 72-female 31 Heishanmian 1 52 Zhongmiansuo 48-male 73 Zhongmiansuo 75-male

11 Zhongmiansuo 80-female 32 Xinluzao 33 53 Zhongmiansuo 48-female 74 Zhongmiansuo 75-female

12 Aoshi 3 503 33 Xinluzao 45 54 Zhongmiansuo 48 75 Zhongmiansuo 75

13 Zhongmiansuo 94-male 34 Xinluzao 48 55 Zhongmiansuo 51-male 76 Zhongmiansuo 76-male

14 Zhongzhimian 2 35 Xinluzao 36 56 Zhongmiansuo 51-female 77 Zhongmiansuo 76-female

15 Zhongmiansuo 2 36 Xinluzhong 37 57 Zhongmiansuo 51 78 Zhongmiansuo 76

16 Zhongmiansuo 3 37 Lanbulaite GL 58 Zhongmiansuo 52-male 79 Zhongmiansuo 80-male

17 Dianzimian 14A 38 Daizimian 16 59 Zhongmiansuo 52-female 80 Zhongmiansuo 80-female

18 Daizimian 15 39 Zhongmiansuo 10 60 Zhongmiansuo 52 81 Zhongmiansuo 80

19 Jiangsumian 2 40 Jinyu 3 61 Zhongmiansuo 63-male 82 Zhongmiansuo 94-male

20 Jinmian 1 41 Jinyu 9 62 Zhongmiansuo 63-female 83 Zhongmiansuo 94-female

21 Dongting 1 42 Guannong 1 63 Zhongmiansuo 63 84 Zhongmiansuo 94
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Polymorphism analysis of SSR markers
The selected 60 excellent SSR primers were all dip-
loid single-copy primers and were evenly distributed
on the 26 chromosomes of cotton A and D genomes.
The primer amplification was efficient and stable. In
the capillary electrophoresis detection platform, 88.3%
gave sharp single peaks with easy-to-read peak shape.
There are many allelic variations among the primers,
the 60 pairs of excellent SSR primers contained 247
single-copy polymorphic alleles among 431 cotton
lines. Each primer contained an average of 4.12 allelic
variations, with a range of 2–13. Among them, primer
PC07 had the most allelic variations, with 13 muta-
tions, indicating that the site has a high frequency of
mutation and rich genetic diversity. The average PIC
value was 0.48, with a range of 0.2–0.8. The results
of 12 sets of triplets showed that there were 24 pairs
of primers with heterozygosity greater than 50%;
among them, primer PC06 had the highest heterozy-
gosity at 75%. Primer information is shown in
Table 2.

Construction of a multiplex PCR system and ten-fold
capillary electrophoresis
Primer Premier 5.0 software was used to analyze the in-
teractions between the primers. Concerning the range of
amplified fragments, 60 pairs of primers were divided
into 18 combinations for multiplex PCR amplification.
According to the different fluorescent colors of the
primers, six groups of ten-fold primer combinations
were constructed for capillary electrophoresis detection
(Table 3).
Taking cotton variety Zhongmiansuo 49 as an ex-

ample, the results of six ten-fold capillary electro-
phoresis detection are shown in Fig. 2. Ten pairs of
SSR primers in each combination were labeled with
four types of fluorescence. All the primers showed
stable amplification, no interference between primers,

clear bands and sharp peaks, making the results easy
to interpret.

Application of perfect SSR markers in the construction of
a DNA fingerprint database of cotton varieties
The selected 60 pairs of primers and the multiple
combination method described above were used to
construct fingerprints of 210 lines from national trials
in different regions from 2016 to 2018. PowerMaker
3.25 software was used to calculate the genetic dis-
tance using Nei’s 1973 algorithm to construct a
UPGMA clustering map. As shown in Fig. 3, samples
No. 1–97 came from the Yellow River Basin; samples
No. 98–146 came from the Yangtze River Basin; sam-
ples No. 147–210 came from the northwest inland re-
gion. The cluster analysis showed that: (1) the perfect
SSR primer combinations were able to identify all 210
regional trial varieties; (2) regional trial samples from
the same cotton-growing area were preferentially
grouped.

Discussion
In recent years, molecular marker detection technolo-
gies have been continuously developed. Among such
technologies, SSR and SNP molecular markers were
written into the molecular testing guidelines by the
International Union for the Protection of New Var-
ieties of Plants (UPOV) in 2005 (UPOV 2005). At the
same time, relatively mature SSR molecular markers
have become the first choice for constructing DNA
fingerprint databases of crops. The diploid crop maize
is in a leading position in the construction of a stand-
ard fingerprint database of varieties using SSR mo-
lecular markers. The SSR fingerprint database and
management system for certification of maize varieties
have been constructed and applied to the national
seed inspection system in China (Wang et al. 2017).

Fig. 1 DNA fragments amplified by selected SSR primers. Electrophoresis results obtained for 48 germplasm lines from three cotton-growing
regions. Denatured PCR products were separated on a 6% polyacrylamide gel and then stained with silver nitrate. a primer PC44; b primer PC37;
c primer PC25; d primer PC49
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