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Abstract
Simple sequence repeat (SSR) markers are commonly used for many genetic applications, such as map construction, fingerprinting,
and genetic diversity analyses, due to their high reproducibility, polymorphism, and abundance. Endogenous miRNAs play essential
roles in plant development and gene expression under diverse biotic and abiotic stress conditions. In the present study, we predicted
110 miRNA-SSR primer pairs from 287 precursor miRNAs. Among 110 primer pairs, 85 were successfully amplified and examined
for transferability to other Gramineae and non-Gramineae species. The results showed that all 82 primer pairs yielded unambiguous
and strong amplification, and across the 23 studied Cleistogenes accessions, a total of 385 alleles were polymorphic. The number of
alleles produced per primer varied from 3 to 11, with an average of 4.69 per locus. The expected heterozygosity (He) ranged from
0.44 to 0.88, with an average of 0.74 per locus, and the PIC (Polymorphism Information Content) values ranged from 0.34 to 0.87,
with an average of 0.69 per locus. Furthermore, 1422 miRNA target genes were predicted and analyzed using the GO (Gene
Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) databases. In conclusion, the results showed that an
miRNA-based microsatellite marker system can be applicable for genetic diversity and marker-assisted breeding studies.
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Introduction

Cleistogenes songorica (C. songorica), which belongs to the
Gramineae family, is an important perennial forage and eco-
logical grass in Northwest China, including in Inner
Mongolia, where the average annual rainfall is 110 mm
(Yang et al. 2001). It exhibits high feeding value, cold resis-
tance, and drought tolerance (Zhang et al. 2014) and has been
domesticated as a turf grass cultivar, C. songorica (Roshev.)
cv. Tenggeli. Thus, C. songorica has the potential to play a
critical role in landscaping, vegetation, and desert ecosystem
restoration. To study the drought tolerance mechanism of C.
songorica, leaf and root expression sequence tag (EST) re-
sources have been used to investigate its drought stress-
responsive genes (Zhang et al. 2011). Some of these genes
have been transferred into Arabidopsis thaliana and alfalfa
to confirm their contribution to the stress tolerance of these
plants (Duan et al. 2015; Zhang et al. 2016).

Simple sequence repeat (SSR) markers, also known as
microsatellites, are one of the most variable types of short
repetitive elements of 1–6 bases (Chen et al. 2009; Sujatha
2013) and are found in prokaryotic and all eukaryotic ge-
nomes (Schlötterer 2000). SSRs have many important biolog-
ical functions, such as the regulation of chromatin organiza-
tion, DNAmetabolic processes, gene activity, and RNA struc-
ture (Haasl and Payseur 2012; Li et al. 2004; Li et al. 2002).
SSRS exhibit high polymorphism, abundance, and genetic di-
versity and tend to be codominant (Liu et al. 2016; Liu et al.
2010; Ni et al. 2002; Noli et al. 2008; Parveen et al. 2016). In
plants, SSRs are widely used, for example, in genetic diversity
analysis, germplasm identification, comparative genetics anal-
ysis, phylogenetic analysis, QTL analysis, linkage mapping,
and marker-assisted selection (Cavagnaro et al. 2010; Liu
et al. 2010; Mondal et al. 2015; Rakoczy-Trojanowska and
Bolibok 2004; Saha et al. 2006). With the identification of
increasing numbers of SSRs, SSRs are widely used to over-
come the restrictions associated with other types of markers
for genome mapping, fingerprinting, and population genetics
studies as well as in molecular breeding.

MicroRNAs (miRNAs) are a class of noncoding RNA 18–
24 nucleotides in length. Endogenous small RNAs play essen-
tial roles in plant development, phase transition (Khraiwesh
et al. 2012), and gene expression under diverse biotic and
abiotic stress conditions and in different developmental stages
of the life cycle (Ganie and Mondal 2015; Singh et al. 2017).
Like small nucleolar RNAs (snoRNAs), short interfering
RNAs (siRNAs), and piwi-interacting RNAs (piRNAs),
miRNAs are involved in the regulation of gene expression
(Lin et al. 2008; Neilson and Sharp 2008). miRNAs are highly
conserved in both plants and animals and have been found in
plants, green algae, viruses, fungi, and older lineages of ani-
mals (Bartel and Bartel 2003; Saini et al. 2008). In addition,
some species-specific miRNAs exist, regulating various

developmental and biological processes (Fahlgren et al.
2010). Molecular markers or DNA markers have become ef-
ficient tools for identification of polymorphisms among dif-
ferent genotypes or genes (Jiang 2015) and are increasingly
used in plant molecular research. For example, DNA finger-
printing can be used to detect polymorphisms among individ-
uals and has become a fundamental tool for crop improvement
via plant breeding methods (Ahmad et al. 2010). DNA
markers can be categorized into two types: non-polymerase
chain reaction (PCR)-based markers that identify restriction
fragment length polymorphisms (RFLPs) and PCR-based
markers. The latter type includes single nucleotide polymor-
phism (SNP) markers (Jin et al. 2003), intron length polymor-
phism (ILP) markers (Zhang et al. 2017), random amplified
polymorphic DNA (RAPD) markers, amplified fragment
length polymorphism (AFLP) markers (Bandelj et al. 2004),
and SSR markers (Wu et al. 2016) (Baraket et al. 2011; Min
et al. 2017; Zhang et al. 2012). All of these DNA-based
markers have been used in various genetic studies. The selec-
tion of the appropriate markers depends on the study objec-
tives. The abundance, low cost, high polymorphism, heritabil-
ity, multiallelic nature, reproducibility, distribution throughout
the genome, ease of use, and generally codominant nature of
SSR markers make them highly suitable for genetic diversity
studies (Cloutier et al. 2011; Kessuwan et al. 2016; Smulders
and De Klerk 2011; Wassom et al. 2008; Wiesner et al. 2001).
The potential significance of SSRs in the miRNA gene, i.e.,
miRNA-SSRs, has been considered in the development of
miRNA-associated markers to study traits in C. songorica
and other species. In the present study, we identified
miRNA-SSRs in full genomic sequences of C. songorica
pre-miRNAs. The previous report on C. songorica surveyed
44 late embryogenesis abundant (LEA) family genes in the
C. songorica genome and analyzed the responses of four se-
lected LEA genes to heat stress or abscisic acid (ABA) treat-
ment in leaves and shoots (Muvunyi et al. 2018). Based on the
morphological structure of the flower,C. songorica is a dimor-
phic plant that can produce both chasmogamous (CH) and
cleistogamous (CL) flowers. This study examined miRNAs
and target to illuminate the potential miRNA-mediated regula-
tory mechanism on CH and CL in C. songorica (Xu et al.
2020); in addition, miRNAs and mRNA were expressed in
the flowering processes (Wu et al. 2018). Moreover, in
C. songorica, a coexpression network based on the
lncRNAs, miRNAs, protein-coding (PC) genes, and transcrip-
tion factors under water stress and during recovery was con-
structed. lncRNAs, miRNAs, PC genes, and transcription fac-
tors constitute a complex transcriptional regulatory network in
which lncRNAs can regulate PC genes and miRNAs under
water stress and recovery (Yan et al. 2019).

The aim of this study is (i) the generation of an miRNA-
derived PCR-based marker set carrying polymorphic SSR lo-
ci, (ii) validation of this set to a reference germplasm, and (iii)
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analysis of its transferability to other related and unrelated
germplasms, including reference Gramineae and non-
Gramineae species. The development of miRNA-SSR
markers based on C. songorica and their transferability to
other species has not been reported so far, and they have great
potential for studies on genetic diversity and transferability of
miRNA-SSR to other Gramineae and non-Gramineae species.
This study will be helpful for marker-assisted genetic im-
provement, for genotyping applications and in QTL analysis,
and molecular-assisted selection studies for plant breeders and
other researchers.

Materials and methods

Plant material and DNA extraction

The plant materials contained Gramineae and non-Gramineae
species. The Gramineae species were Cleistogenes Keng,
wheat (Triticum aestivum), ryegrass (Lolium perenne), rice
(Oryza sativa), and maize (Zea mays), while the non-
Gramineae species were Arabidopsis thaliana, Medicago
truncatula, alfalfa (Medicago sativa), yellow sweet clover
(Melilotus officinalis), common vetch (Vicia sativa), and soy-
bean (Glycine max). All 11 species were used to examine the
transferability of Cs-miRNA-SSR primers, and the 23
Cleistogenes accessions were used to analyze genetic diversi-
ty. In the 23 Cleistogenes accessions, one was cultivated type
and the other 22 were wild types. There were 19 accessions of
Cleistogenes songorica, one accession of Cleistogenes
caespitosa, one accession of Cleistogenes hackelii, one acces-
sion of Cleistogenes hancei, and one accession of
Cleistogenes squarrosa. Twenty-two accessions were obtain-
ed from China (Gansu, Inner Mongolia, and Shandong), and
one was obtained from Mongolia (Table S1).

Young leaves from one plant per accession (~ 1 g) were
collected and bulked as one sample. The samples were packed
in aluminum foil, frozen in liquid nitrogen, and stored at − 80
°C until DNA extraction. Genomic DNA was extracted from
the young leaf tissues using the sodium dodecyl sulfate (SDS)
method (Shan et al. 2011). The extracted DNAwas detected by
agarose gel electrophoresis; then, the DNA samples were dilut-
ed with ddH2O and stored at − 20 °C. The DNA quality and
quantity were checked by 2% agarose gel electrophoresis and
spectrophotometric measurement using a NanoDrop ND 1000.

Identification of SSRs, miRNA-SSR primer design for
C. songorica, and chromosome mapping

A total of 287 pre-miRNAs of C. songorica were extracted
from the Cleistogenes songorica local genome and used for
the identification and extraction of SSRs using a Perl 5 script
(MISA, MIcroSAtellite identification tool). Among the 287

pre-miRNAs, 110 pre-miRNA sequences were selected and
used as queries for designing primers flanking repeats.
Primers were designed using Primer3 software and Perl 5
interface modules. To design the SSRs in this study, pre-
miRNA sequences with 100% nucleotide identity to the
C. songorica genome sequence were extracted from the ge-
nome assembly with 500 bp of flanking regions (Fig. S1). The
minimum length criteria were as follows: 10 repeat units for
mononucleotides, 6 for dinucleotides, and 5 for tri-, tetra-,
penta-, and hexa-nucleotides (Table S2). The designed
miRNA-SSR primers were synthesized by Shanghai Sangon
Biological Engineering Technology (Shanghai, China). The
primer design parameters were as follows: amplicon size,
100–350 bp; primer length, 18–27 bases with 20 as the opti-
mum; annealing temperature, 57–63 °C with the optimum of
60 °C; GC content, 45–50% (Liu et al. 2015). C. songorica
markers were mapped to the genome assembly using TBtools
(https://github.com/CJ-Chen/TBtools).

Prediction of miRNA target genes and GO analysis

The pre-miRNA sequences and miRNA target genes were pre-
dicted in accordance with previous study methods (Wu et al.
2018). Small RNA tags were aligned to the C. songorica ge-
nome sequence using Bowtie software to find miRNA.
Conserved miRNAs and pre-miRNA were identified through
Blast against the miRNA database, miRBase 19.0 (http://www.
mirbase.org/). The miRNA sequences found were used as
queries by using plant small RNA target analysis server to
predict miRNA target genes with the following values and
parameters (http://plantgrn.noble.org/psRNATarget/): (1) trans-
lational inhibition range from 10–11 nucleotides, (2) maximum
expectation value: 5, (3) maximum mismatches at the comple-
mentary site: ≤ 1, (4) multiplicity of target sites: 2, (5) length for
complementarity scoring (HSP size): 19, and (6) maximum
energy to unpair the target site (UPE): 25.0. These target genes
were used for bioinformatics analysis, and the GO and KEGG
pathway analyses were performed using Biocloud software
(https://www.biocloud.net).

PCR amplification

PCR was performed in 10 μl reaction mixtures of 4.95 μl 2 ×
reaction mix (dNTPs at 500 μM each, 20 mM Tris-HCl,
100 mM MgCl2, 100 mM KCl2, and 3 mM MgCl2), 2.0 μl
ddH2O, 1.0 μl template DNA, 1.0 μg forward primers, 1.0 μg
reverse primers, and 0.05 μl Gold DNA polymerase.
Amplifications were performed with pre-denaturation for
3 min at 94 °C, 35 cycles of 30 s at 94 °C, 30 s at 60 °C,
30 s at 72 °C, 30 s at 94 °C, 30 s at 56 °C, and a final
elongation step of 7 min at 72 °C. The PCR products were
visualized on 2% agarose gels using Gel Red staining on 6%
non-denaturing polyacrylamide gel using silver staining.
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Statistical analysis

The SSR marker profiles were scored in a binary format,
where alleles were indicated as absent (0) or present (1) for
the corresponding bands among different Cleistogenes acces-
sions. Individual bands that could be clearly scored were used
for the genetic diversity analysis. A dendrogram was con-
structed from a genetic identity matrix using NTSYS-pc
V.2.1 software and the unweighted pair group method arith-
metic mean analysis (UPGMA) method. The significance of
each node was evaluated by bootstrapping data over a locus
for 1000 replications of the original matrix. The genetic sim-
ilarity analyses were performed using NTSYS-pc, and the
pairwise similarities were obtained using Jaccard’s coeffi-
cients. The matrices of the resemblance coefficients were sub-
jected to UPGMA to estimate the genetic similarity among the
accessions and arrange the dendrogram. The genetic structures
of twenty-three accessions were analyzed using Cs-miRNA-
SSR markers and STRUCTURE software. A principal com-
ponents analysis (PCA) was used to compare the overall
changes in the population structure of the accessions
(Varshney et al. 2017). Ordination was performed with the
“vegan” package and plotted with the “ggplot2” package of
R statistical software. We transformed binary data from the
amplified fragments of 23 accessions using Hellinger.

Validation of PCR products by sequencing

To confirm the purity and identity of the PCR amplification
product, according to the presence of single bands and high
amplification efficiency, we selected some PCR amplification
products sequenced by the Shanghai Sangon Biotech Company.
Chromas software (http://technelysium.com.au/wp/chromas/)
was used for manual curation of the chromatograms.

Results

The development and frequencies of miRNA-SSRs in
the C. songorica genome

A total of 287 pre-miRNAs were predicted from the
C. songorica local genome database, and 110 pre-miRNAswere
used as queries to identify SSRs, yielding 125 SSRs. The mi-
crosatellite search results revealed 0.88 kb distribution frequency
of one SSR per locus. Examination of the SSR motifs in the
SSRs containing pre-miRNA sequences revealed that 27 MIR
genes contained more than one SSRmotif. Among the 125 total
SSRs, 110 contained simple repeat motifs, whereas the remain-
ing 15 contained compound motifs. Among the simple repeat
motifs, mononucleotide motifs were most abundant (61,
48.80%), followed by dinucleotide motifs (46, 36.80%) and
trinucleotide motifs (3, 2.40%) (Table 1). No tetra-, penta-, or

hexa-nucleotide repeats were found in any of the C. songorica
pre-miRNA flanking sequences. In the 110 pre-miRNAs con-
taining SSRs, mononucleotides occurred at the highest frequen-
cy (59%), being present in 58 miRNA genes, followed by dinu-
cleotides (38%), present in 38 genes, and trinucleotides (3%),
present in only 3 miRNA genes (Fig. 1a, b).

The mononucleotide repeats shown were the most common
type of repeat; (A)27 occurred at the highest frequency (24.5%)
in miRNA genes, followed by (T)25 (22.7%), (C)5 (4.5%), and
(G)4 (3.6%). Among the dinucleotides, (CT)16 occurred at the
highest frequency (14.5%) in the SSR-containing miRNA
genes, followed by (TC)7 (6.3%), (AG)6 (5.4%), (TA)4
(3.6%), (GA)4 (3.6), (AT)3 (2.7%), (CA)2 (1.8%), (GT)2
(1.8%), and (TG)1 and (AC)1 (both 0.9%). Trinucleotide repeats
occurred at low frequencies in the miRNA genes in the
C. songorica genome, with (CCT)1, (TTG)1, and (AAT)1 each
occurring at a frequency of 0.9% (Fig. 1c). Our study showed
that mononucleotides were the most common type of repeat
motif, whereas trinucleotides were the least common.

Screening of Cs-miRNA-SSR primers, analysis of their
transferability to other species, and sequencing of
PCR amplification products

All 110 Cs-miRNA-SSR primer pairs were screened for PCR
amplification from the genomic DNA of C. songorica.
Among the 110 primer pairs, 85 were successfully amplified,
and 25 failed to be amplified. The 85 successfully amplified
pairs were assessed for transferability to eleven Gramineae or
non-Gramineae species. More than 70% of them yielded am-
plification products of the expected size (150–300 bp); the
PCR products generated by the other primer pairs were shorter
or longer than predicted. PCR products were then selected
according to the presence of single bands and high amplifica-
tion efficiency. In addition, PCR amplicons of several Cs-
miRNA-SSR primers were amplified and sequenced. Primer

Table 1 A summary of SSR search results

Search items Numbers

Total number of pre-miRNA examined 287

Number of pre-miRNAs containing SSRs 110

Number of pre-miRNAs containing more than 1 SSR 27

Total number of identified SSRs 125

Number of SSRs present in compound formation 15

Number of SSRs containing a simple repeat motif 110

Repeat type

Mononucleotide 61

Dinucleotide 46

Trinucleotide 3

Frequency of SSRs One per 0.88 kb
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pairs Cs-miRNA-SSR-27, Cs-miRNA-SSR-82, Cs-miRNA-
SSR-108, and Cs-miRNA-SSR-67, which have trinucleotide
repeat (TTG)5, dinucleotide repeat (TC)11, and mononucleo-
tide repeats (A)9 and (T)4, respectively, were matched to the
locus used for marker development (Fig. S2).

The highest amplification percentage (98%) was observed
in Cleistogenes songorica, and the lowest (41.2%) was ob-
served in Glycine max. The average of transferability (ampli-
fication percentages of Cs miRNA-SSR markers in the
germplasms) across the various species was 55.93%
(Table 2). The amplification in Arabidopsis thaliana and
Vicia sativa, which are non-Gramineae species, was higher

than in Triticum aestivum and Zea mays, two Gramineae spe-
cies. C. songorica showed higher polymorphism of miRNA-
SSR markers than the other species analyzed in this study. A
total of 466 alleles were detected using 85 Cs-miRNA-SSR
loci ranging in frequency from 2 to 10 per locus. The three
primer pairs numbered 33, 43, and 92 yielded the highest
number of alleles (10), and the lowest numbers of alleles were
obtained from ten primer pairs (nos. 7, 8, 11, 12, 17, 20, 23,
24, 28, and 36). The expected heterozygosity (He) ranged
from 0.44 to 0.88, with an average of 0.74 per locus, and the
PIC values ranged from 0.34 to 0.87, with an average of 0.69
per locus (Table S3).

Genetic diversity, cluster, and structure analyses of
Cleistogenes accessions

To evaluate the application potential of the Cs-miRNA-SSR
markers to the study of genetic diversity among 23
Cleistogenes accessions, the 82 transferable primer pairs were
analyzed. The results showed that all 82 primer pairs yielded
unambiguous and strong amplification, and across the 23 ac-
cessions, a total of 385 alleles were polymorphic. The number
of alleles produced per primer varied from 3 to 11, with an
average of 4.69 per locus. Cs-miRNA-SSR 45 and Cs-
miRNA-SSR 75 had the lowest PIC values (both 0.41), and
Cs-miRNA-SSR 43 had the highest PIC value of 0.86. The
average PIC value was 0.62 (Table S4), and values greater
than 0.5 indicate a high level of polymorphism of these
markers and suggest their potential for genetic diversity and
genetic mapping analyses. Due to the genetic closeness of

Table 2 Transferability of the 85 Cs-miRNA-SSR markers to the 11
Gramineae and non-Gramineae species

No. Genus/species Transferability (%)

1 Cleistogenes songorica 98.00

2 Oryza sativa 64.70

3 Lolium perenne 60.00

4 Triticum aestivum 51.76

5 Zea mays 49.41

6 Arabidopsis thaliana 55.30

7 Vicia sativa 52.94

8 Medicago sativa 48.23

9 Medicago truncatula 44.70

10 Melilotus officinalis 47.00

11 Glycine max 41.20

Mean 55.93

Fig. 1 Number of miRNA genes
with SSR motifs and abundance
of miRNA-SSR motifs in
Cleistogenes songorica. a
Number of miRNA genes
possessing SSR motifs. b
Frequency of different repeat
motifs in miRNA genes. c
Number of repeats having the
most abundant miRNA-SSR
motifs
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Cleistogenes songorica with other Cleistogenes accessions,
the genetic marker array between Cleistogenes songorica
and other Cleistogenes accessions could be evaluated and fur-
ther used for its genetic diversity analysis. The banding pat-
terns of 23Cleistogenes accessions obtained with Cs-miRNA-
SSR-50 and Cs-miRNA-SSR-84markers are portrayed in Fig.
S3. As SSRs are highly polymorphic markers, miRNA-SSRs
were studied, and they produced 8-11 alleles (Fig. S4).

In the cluster analysis, the twenty-threeCleistogenes acces-
sions were grouped and divided into three clusters: cluster I
had one accession (Acc01), cluster II contained 19 accessions
(Acc02 to Acc20), and cluster III contained three accessions
(Acc21, Acc22, and Acc23) (Fig. 2). In the population struc-
ture analysis, which examined K = 1–10, the optimal number
of groups was three based on the maximum likelihood and
delta K (ΔK) values, consistent with the cluster results that
indicating that the 23 accessions belonged to three groups
(Fig. 3). Among the three groups, group I includes eighteen
accessions (Acc01 and Acc03-Acc19), group II includes one
accession (Acc02), and group III contains 4 accessions
(Acc20-Acc23).

The PCA showed that 5 Cleistogenes accessions, in-
cluding Acc02 and Acc20, were outside the group of other
C. songorica accessions. However, the remaining 18 clus-
tered together into one group, and some of the accessions
are densely displayed in Fig. 4 because of the closeness of
their genetic relationships. Moreover, accession 1, which is
C. caespitosa, was in the group (Fig. 4). Although
C. hackelii and C. hancei clustered in the same group, their
genetic distance was large.

Distribution of miRNA-SSRs on Cleistogenes
songorica chromosomes

Among the 110 pre-miRNAs of the C. songorica genome, all
110 Cs-miRNA-SSRs were identified. Although the 110 Cs-
miRNA-SSR markers were expected to physically map to 20
chromosomes, only 90 Cs-miRNA-SSRs were mapped to 19
chromosomes. The remaining 20 Cs-miRNA-SSR markers
were located on scaffold regions, and no marker mapped to
chromosome 3. Chromosome 12 contained the highest num-
ber of markers (12; 13.33%), whereas chromosomes 19 and
20 contained the lowest numbers of markers (1 each; 1.11%)
(Fig. S5).

Gene ontology and KEGG pathway analysis

To examine the potential functions of the miRNA target
genes, GO and KEGG analyses were performed.
Annotations of the 1422 predicted target genes were analyzed,
and 1235 genes were annotated and classified based on GO
terms. The target genes were classified into three categories:
biological processes (22 GO terms), cellular components (15
GO terms), and molecular functions (15 GO terms) (Fig. 5).
Out of the 1422 miRNA target genes and 54,383 of all genes
found inCleistogenes songorica genome, 1235miRNA target
genes and 37,025 of all genes in the genome were annotated
and classified into biological processes, cellular components,
and molecular functions (Fig. 5). Generally, the number of
miRNA genes has been represented with a high percentage
of genes compared with the number of genes in the three

Fig. 2 Dendrogram of the unweighted pair group method arithmetic mean analysis (UPGMA). Acc01 = C. caespitosa, Acc03 to Acc20 = C. songorica,
Acc21 = C. hackelii, Acc22 = C. hancei, and Acc23 = C. squarrosa. The numbers denote bootstrap values
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categories. However, in the biological processes category, de-
toxification, and biological adhesion where the GO terms that
were represented with a higher number of genes than the
miRNA genes of all genes in the genome. The organelle parts,
cellular junction, and extracellular region GO terms represent-
ed a high percentage of all genes versus miRNA target genes
contained in cellular components. In the molecular function
category, all genes had a greater percentage than miRNA

genes, as revealed in the antioxidant activity, molecular func-
tion regulator, signal transducer activity, molecular transducer
activity, transcription factor activity protein binding, and nu-
trient reservoir activity. In the biological process category, the
twomost overrepresented GO terms were metabolic processes
(648 genes) and cellular processes (634 genes), followed by
single-organism processes (497 genes). In the cellular compo-
nent category, the most overrepresented GO terms were cell

Fig. 3 Histogram structure of the Cs miRNA-SSR molecular markers data set for the model (showing the highest delta K). The colors represent the 3
groups clustered, the x-axis denotes 23 Cleistogenes accessions, and the y-axis K = 3

Fig. 4 Grouping of geographical
origin and genetic distributions of
23 Cleistogenes accessions using
82 pairs of miRNA-SSR markers.
In the principal component
analysis (PCA) plot, each
accession is represented by a
vertical bar, and the length of each
colored segment in each vertical
bar represents the proportion
contributed by ancestral
populations. 1 = C. caespitosa, 2
to 20 = C. songorica, 21 =
C. hackelii, 22 = C. hancei, and
23 = C. squarrosa. Red dots, blue
triangles, and the green square
denote Cleistogenes songorica;
the yellow asterisk denotes
Cleistogenes caespitosa; purple
plus signs denote Cleistogenes
hackelii and Cleistogenes hancei;
and the orange box with an x
denotes Cleistogenes squarrosa
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parts (786 genes) and cells (784 genes), followed by organelle
(584 genes). In the molecular function category, the most
frequent terms were catalytic activity (614 genes) and binding
(600 genes) (Table S5).

The KEGG pathway analysis showed that 1422 miRNA tar-
get genes were annotated in the 20 most represented pathways.
The enrichment analysis of the differentially expressedmiRNAs
identified five signaling pathways with q values < 1.00. Each
enriched pathway is displayed in a scatter diagram, with points
representing the enrichment level, and the color corresponds to
the number of genes enriched for the given pathway. A small q
value (red) indicates the high significance of the pathway.Many
genes were assigned to carbonmetabolism, with others assigned
to pyruvate metabolism, phagosome, glycolysis/gluconeogene-
sis, and other pathways (Fig. S6).

Discussion

In several studies, the flanking regions of pre-miRNA se-
quences, ranging from 300 to 1 kb, have been used to analyze
various parameters of miRNA genes. To understand the origin
and evolution of miRNA genes of ten different plants, includ-
ing rice, Nozawa et al. 2012 used the 300-bp flanking region
at either end of the pre-miRNA sequences. Similarly, to iden-
tify the SNPs in rice miRNA genes, Liu et al. 2013 used the 1-
kb flanking region from both ends of the pre-miRNA genes.
The flanking length used in this study is similar to the lengths
used in other studies targeting pre-miRNA sequences. To
date, we identified a total of 110 miRNA-SSRs from the 287
pre-miRNAs, and 110 pre-miRNA sequences were selected
and used as queries for designing primers flanking repeats.

Fig. 5 The gene ontology analysis of identified and predicted miRNA
target genes in Cleistogenes songorica. The relative frequencies of
miRNA target genes assigned to the GO function in 3 categories. Red,
green, and blue represent biological processes, cellular components, and
molecular functions, respectively. The x-axis indicates the category name
of the GO annotation. The right y-axis (blue) indicates the number of

target genes in miRNA and (black) the number of all genes contained
in the genome. The left y-axis indicates the percentage of a specific
category of genes in that main category. The solid bars show the target
genes of differentially expressed miRNAs while the hollow bars show
genes from all genome
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The previous studies demonstrated successful transferabil-
ity of microsatellites that were investigated in different species
(González-Martínez et al. 2004; Kijas et al. 1995; Decroocq
et al. 2003). For instance, research on the confamilial transfer-
ability of SSR markers from cotton (Gossypium hirsutum L.)
and jute (Corchorus olitorius L.) to 22 Malvaceous species
found that despite not finding good prospects for transferabil-
ity of SSR markers in Abelmoschus, Malvastrum, Sida, or
Urena from cotton and jute, the 30% transferability with a
high number of SSR markers in cotton and jute may also be
acceptable for building an initial SSR pool for genomic stud-
ies in species where sequence-based SSR development may
be problematic due to polyploidy or large genome size (Satya
et al. 2016). In the present study, all of the samples were
bulked and packed in aluminum foil to maintain the quality
of the sample and then stored at − 80 °C for further DNA
extraction experiments. In recent studies, the EST-SSR mark-
er was studied in transcriptome sequencing and cross-species
transferability in Arecaceae species, where among 145 EST-
SSRs, 144 were transferable in Acrocomia intumescens, 143
were transferable in Acrocomia totai, 117 were transferable in
the African oil palm (Elaeis guineensis) and peach palm
(Bactris gasipaes), 106 were transferable in the juçara palm,
and 105 were transferable in the hat palm (Sabal causiarum),
indicating that these newly developed EST-SSRs can be used
in future population genetic studies (Bazzo et al. 2018).
Furthermore, in a study of leguminous and non-leguminous
plants, high cross-species transferability of the Mt-miRNA-
SSR markers was reported in leguminous species; the trans-
ferability of 169Mt-miRNA-SSRmarkers in leguminous spe-
cies reached 77.51% in Glycine max, 89.35% in Vicia sativa,
88.76% inMelilotus, 90.53% in Lotus corniculatus, and 89.35
in Sophora alopecuroides (Min et al. 2017).

We have found good prospects for transferability in
C. songorica and other Gramineae species with a high per-
centage (more than 50%) compared with non-Gramineae spe-
cies. This finding showed that the transferability of miRNA-
SSR markers to Gramineae and non-Gramineae species may
facilitate molecular genetic studies, species conservation, eco-
logical studies, and genetic improvement. The 82 transferable
primer pairs were analyzed in 23 Cleistogenes accessions. All
82 primer pairs yielded unambiguous and high amplification
across the 23 accessions, and a total of 385 alleles were poly-
morphic. The number of alleles per primer varied from 3 to 11,
with an average of 4.69 per locus. The highest PIC value was
0.86, and the average PIC value was 0.62. PIC values greater
than 0.5 are considered to indicate informative markers, and
loci with PIC values greater than 0.7 are suitable for genetic
mapping (Bandelj et al. 2004). Of the 110 SSR-containing
miRNA genes, mononucleotide repeats occurred at higher
frequencies than did di- and trinucleotides. (A)27 mononucle-
otides occurred at the highest frequency (24.5%), and trinu-
cleotides occurred at the lowest (all 0.9%). Our results indicate

that the number of repeats is inversely related to repeat length
such that as the repeat length increases, the number and rela-
tive percentage of SSRs decrease (Ganie and Mondal 2015;
Rakoczy-Trojanowska and Bolibok 2004).

The comparative electropherogram analysis of the Cs
miRNA-SSR loci revealed similarity to the original locus
from which the marker was designed. In previous studies,
including those in Melilotus (Yan et al. 2017), on the devel-
opment EST-SSR of markers in Siberian wild rye (Elymus
sibiricus) (Zhou et al. 2016) and in Medicago truncatula
(Min et al. 2017), the sequenced alleles of SSR primers were
similar to the original locus in cotton (Jena et al. 2012). The
cluster analysis of the genetic relationships among the 23
Cleistogenes accessions, performed by UPGMA on the 82
polymorphic Cs-miRNA-SSR markers, clustered the 23 ac-
cessions into 3 clusters. There was no significant relationship
between the clustering pattern of members of cluster 1 and the
geographical location. This result may have been due to the
small number of markers or accessions from each geographi-
cal location. The populations of the germplasm clustered to-
gether, and the genetic similarity coefficient ranged from 0.64
to 0.96, indicating close genetic relationships among the 23
Cleistogenes accessions (Wang et al. 2007). Similar results
have been reported in other plant species (Singh et al. 2014;
Verma and Rana 2011; Wang et al. 2013; Zhou et al. 2014).

This study helps elucidate the transferability of miRNA-
SSR markers of Cleistogenes songorica in different species,
which can now be explored for further genetic and breeding
studies.
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