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Abstract

Juniperus squamata, an endemic conifer of Asia, is an impor-
tant shrub ecologically and economically. Yet little is known 
about its genetic diversity and population structure due to 
lacking of highly polymorphic molecular markers. In this study, 
expressed sequence tag microsatellite markers (EST-SSR) were 
developed for Juniperus squamata. Illumina HiSeq data were 
used to reconstruct the transcriptome of this species by de 
novo assembly. Based on this transcriptome, 18 SSR markers 
were designed and successfully amplified. Just one locus was 
eliminated due to its detection of null alleles and the remai-
ning 17 loci were polymorphic, generating five to 14 alleles per 
locus in J. squamata. Markers cross-amplification tests were 
successful in two closely related species of J. squamata. These 
markers will serve as a basis for further studies to assess the 
genetic diversity and population structure of J. squamata. As 
well, they could be useful in promoting sustainable forest 
management strategies for this species in the face of global cli-
mate change.
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Introduction

Juniperus squamata Buch.-Ham. is an evergreen coniferous 
shrub or small tree belonging to the Cupressaceae family 
(Adams, 2014). This species is native to Asia and has been 
found to be widespread in China, Bhutan, North India, Myan-
mar, Afghanistan and Pakistan (Farjon, 2005; Adams, 2014). It is 
found in forests, thickets, valleys and roadsides of the moun-
tain areas at altitudes ranging from 1340 to 4850 meters a.s.l. 
(Farjon, 2005; Adams, 2014). Being frequently the only subalpi-
ne and alpine coniferous shrub species able to grow in semi-
arid environments, J. squamata presents an essential ecologi-
cal value in mountainous ecosystems, especially for soil and 
water conservation, as well as a shelter and food source to 
some birds and other animal species (Chen et al., 2015). Besi-
des its ecological importance, J. squamata showed a great eco-
nomical value as an ornamental shrub widely cultivated in 
Europe and North America (Farjon, 2005). Two varieties are 
recognized for this dioecious species, J. squamata var. squama-
ta, and J. squamata var. wilsonii (Rehder) R.P. Adams. Minor 
phenotypic variations were reported between these two varie-
ties, especially in their foliage and seed cones (Adams, 2014). 
To date, apart from some basic taxonomic data (Adams, 2014), 
little is known on the genetic diversity and population struc-
ture of this species. However, these genetic parameters are 
essential for a better understanding of the species’ response to 
climate change and for further sustainable management stra-
tegies. Pauls et al. (2018) showed that climate change may 
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affect genetic diversity; populations may suffer from habit loss 
and fragmentation, and become strongly inbred and prone to 
genetic drift due to smaller effective population size, causing 
dramatic increase in stress sensitivity and thus enhance extinc-
tion risk. It is clear that the overall level of genetic diversity will 
likely drop in many populations and species affected by clima-
te change events (Pauls et al., 2013), especially in mountainous 
areas with high elevation such as the Qinghai-Tibet Plateau 
(Pepin et al., 2015). In contrast, in some cases, climate change 
would potentially increase the genetic diversity in plants. In 
fact, environmental change was defined as an efficient force to 
hybrid formation and hybrid speciation due to its effect on the 
distribution ranges of plants (Vallejo and Hiscock, 2016; Klon-
ner et al., 2017; Chunco 2014; Gómez et al., 2015), leading to an 
increase in the genetic diversity.

In the last decade, simple sequence repeat (SSR) markers, 
also known as short tandem repeats or microsatellites, were 
largely employed in plant genetic studies (Vieira et al., 2016). 
Indeed, these markers were shown to be highly polymorphic 
which explains their great usefulness in population genetic 
analysis (Zhang et al., 2012; Jiang et al., 2015). Despite their 
importance, the biggest limitation of microsatellites resides in 
the traditional development of these markers for non-model 
species (Miah et al., 2013), which is the case of Juniperus (Dou-
aihy et al., 2011). Therefore, recent technologies such as 
transcriptome sequencing were demonstrated to be advanta-
geous tools (powerful and cost-effective) for molecular mar-
kers development including SSRs, particularly in non-model 
species (Ashrafi et al., 2012; Qi et al., 2016; Li et al., 2019).

In this study, we aimed to develop a set of expressed 
sequence tag (EST) SSR markers for J. squamata through 
transcriptome assembling for further population genetic stu-
dies. Also, we tested the transferability of these markers to 
closely related Juniperus species, J. tibetica Kom. and J. saltuaria 
Rehder & E. H. Wilson. 

Materials and Methods

Plant material
Leaf samples from 113 individuals of J. squamata, 11 individu-
als of J. tibetica and 13 individuals of J. salutaria were collected 
from three populations of each species (Appendix 1). For each 
individual, fresh leaves were collected and dried immediately 
in silica gel and then stored at room temperature. For transcrip-
tome sequencing, fresh leaves of one individual from Kang-
ding, Sichuan Province, China (geographic coordinates: N 
30°00.31’, E 101°52.12’) were collected and frozen immediately 
in liquid nitrogen, and then stored at -80°C until analysis. The 
geographic coordinates and elevations of all studied populati-
ons were measured using an Etrex GIS (Garmin, Taiwan, China).

Transcriptome sequencing and SSR markers 
detection 
Around 10 μg of total RNA was extracted from fresh leaves of 
one J. squamata individual using TRIzol Reagent (Invitrogen, 
Carlsbad, California, USA). This was followed by the isolation 

and fragmentation of mRNA using the magnetic oligo (dT) 
beads (Illumina, San Diego, California, USA) and the Ambion 
RNA Fragmentation (Ambion, Austin, Texas, USA) Kits, respec-
tively. The first-strand cDNA was synthesized using reverse 
transcriptase (Invitrogen) and random primers, whereas, the 
second-strand was elaborated by RNase H and DNA Polymera-
se I (Invitrogen). Transcriptome sequencing was performed on 
an Illumina HiSeq 2000 system at Novogene (Beijing, China). 
Sequences were filtered and clean reads were de novo assem-
bled by Trinity v2.8.5 software (Grabherr et al., 2011).

Microsatellite markers were detected using the Perl script 
MISA (Thiel et al., 2003) with motifs of one to six nucleotides 
and the threshold repeat unit defined as eight for mono-, four 
for di- and tri- and three for tetra-, penta-, and hexanucleotides. 
On this basis, primer pairs were designed for detected markers 
using Primer3 v.2.3.6 (Rozen and Skaletsky, 2000; Untergasser 
et al., 2012) implemented in the QDD software (Meglecz et al., 
2014). The following tasks are completed by QDD software: tag 
sorting, adapter/vector removal, elimination of redundant 
sequences, detection of possible genomic multi-copies (dupli-
cated loci or transposable elements), stringent selection of tar-
get microsatellites and customizable primer design. After a 
random browsing across the output files, 40 markers were 
selected based on the length (19-20 bp), GC content (40-65 %) 
and annealing temperatures (53-57°C) of their primer sets. 
Detected loci were filtered through BLAST with an E-value of 
1E−40 to remove redundancy. 

SSR markers amplification and characterization
The genomic DNA was extracted from dried leaves of all samp-
led J. squamata, J. tibetica and J. salutaria individuals following 
the modified cetyltrimethylammonium bromide (CTAB) 
method (Doyle and Doyle, 1987; Tsumura et al., 1995). PCR 
reactions were executed in a final volume of 25 μL. Each reac-
tion contained 12.50 uL 2× PCR buffer, 300 μM of each dNTPs, 
0.3 μM of each forward and reverse primer, 1.25 unit of Taq 
DNA polymerase (Vazyme Biotech, Nanjing, China), and ca. 50 
ng of genomic DNA. PCR amplifications were performed using 
the cycling parameters: initial denaturation step at 98°C for 
3min, followed by 40 cycles at 98°C for 10s, annealing tempera-
tures of the primer pair for 30s, 72°C for 45s; and a final extensi-
on step at 72°C for 10 min. The PCR products were checked for 
their success on 1 % agarose gel and then sent for microsatelli-
tes genotyping. Each forward primer used in this study was 
labeled with either FAM, TAMRA, HEX, and ROX (Applied Bio-
systems, Foster City, California, USA) at the 5’ extremity (Table 
1) to allow fragment detection on the ABI PRISM 3100 genetic 
analyzer. The microsatellite genotype at each locus for each 
individual was determined using GeneMapper v.4.1 (Soft 
Genetics, State College, Pennsylvania, USA). For each locus, 
allele sizes were scored and checked for genotyping errors 
such as stuttering, large allele dropouts and null alleles, using 
CERVUS3.0 software (http://helios.bto.ed.ac.uk/evolgen) (Mar-
shall et al.,1998; Dakin and Avise, 2004). Using this software, 
allele frequency analysis module can carry out Hardy-Wein-
berg equilibrium detection and invalid allele frequency calcu-
lation. The software uses the method proposed by Summers 
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Table 1 
Characteristics of the 18 microsatellite markers developed for Juniperus squamata.

Locus Primer sequence (5'-3') Repeats 
motif  

Allele size 
(bp) Ta (℃℃) a 

Fluorescent 
dye r 

GenBank 
accession no. Proteinb Organismc E-valued 

HEX-25 F:TGCTGGCTGTTGACATTCTC (TA)7 268 55 HEX 0.2121 BT107955 Unknown Picea glauca 1x10-144 
 R:GCCGCTCTTCAAACTAGCAC   

       
FAM-26 F:CATGATGTGTTCCCAACTGC (TA)7 399 55 FAM 0.0889 XM_022045498 XP_021901190.1 Carica papaya 1x10-125 
 R:GGAGGTCTTGGGTTCGAGTT   

       
FAM-36 F:AGTGTTGTTTTGACCCCAGC (CAT)7 257 55 FAM 0.2694  XM_010934704 XP_010933006.1 Elaeis guineensis 5x10-19 
 R:GGTTTTGGGATCAATGGTTG   

       
HEX-43 F:CTGCTGGATGCAAACTTCAA (ATA)6 314 55 HEX -0.0006 BT105738.1  Picea glauca 0 
 R:TCCGAAACAGAGCTTGGACT   

 
 

     
HEX-65 F:CACCATTTTTGCAGGGAGTT (TTG)6 358 55 HEX 0.0626 KJ664363.1 AIF28376.1" Thuja plicata 0 
 R:GGGGTTGTATAATGCCCAGA   

 
 

     
HEX-68 F:CTAAAACCATTGGACTGGCG (TTC)7 342 

55 HEX 0.0235 AK406832.1  
Cryptomeria japonica  

0 
 R:AAACAAAACCCTACAGGCCC   

 
 

     
FAM-71 F:GGGCATAGGTGTGACGATCT (AGG)5 375 55 FAM -0.0236 AK406949.1  

Cryptomeria japonica 0 
 R:ACGGCAAGGAGAAACAGAGA   

 
 

     
HEX-77 F:CCGTTCTCTTTTCCCATGAA (AGG)5 327 55 HEX 0.2784 Unknown Unknown   
 R:CTTGCACCACACTCCTCTGA   

 
 

     

*HEX-97 F:CTGAGTGCTCAGACTGCACC (TTTC)5 355 
57 HEX 0.4072 Unknown Unknown   

 R:CCCTAGTTTGAAGCAACCCA   
 

 
     

TAMAR-103 F:GATTTGCACGCATTACATCG (CT)9 140 53 TAMAR -0.0203 BT119739.1  Picea glauca 0 
 R:ATTGTCAAGAATGCTCCCCA   

 
 

     
TAMAR-116 F:TGAAACAGTTGCGAATGAGC (AGG)7 211 

55 
TAMAR 

0.1389 KY010977.1  
Chamaecyparis hodginsii 

0 
 R:GTCCTTTCCATCTTCTTGCG   

 
 

     
HEX-123 F:TGTTGCCCATTTGCTGATAA (TAT)9 202 55 HEX 0.0488 AK415837.1  Cryptomeria japonica 4*10-67 
 R:CAAGGCAACAATCCACACTG   

 
 

     
TAMAR-134 F:TCCCAAATGCATTCATCTCA (TAT)5 187 55 TAMAR 0.0351 Unknown Unknown   
 R:TGTGGACTAAGGACGCCAAT   

 
 

     
CMJ-206 F:CTGCCTTTTCAAAGCAGGTC (TCT)5 397 55 FAM 0.0256 XM_023129194.1 XP_022984962.1" Cucurbita maxima  4*10-

45 
 R:CTCCTGGCACTTCGAATCTC   

 
 

     
CMJ-214 F:GCAGCTACAACAGCAGCAAG (CAG)6 339 55 HEX -0.2761 XM_007012516.2 XP_007012578.2" Theobroma cacao 0 
 R:GATGGGGCATCTGTTTCAGT   

 
 

     
CMJ-230 F:GATCCATCGTAGGCGTTGTT (AAC)7 161 55 FAM 0.018 BT115719   Picea glauca 0 
 R:GAGGGAGAGCTGCTGAAAGA   

 
 

     
CMJ-231 F:TTGTAAACCTCAACCTCCCG (GCA)7 374 55 FAM 0.0268 Unknown Unknown   
 R:CGATTTCCAGTAAGCAAGGC   

 
 

     
CMJ-241 F:CTTGAGGGATTGAAATTGCC (TTC)5 347 53 ROX -0.0379 KY011071.1  Chamaecyparis hodginsii 0 
  R:TTGCAAGAGCACCATCTGAC                  

Note: r = frequency of null alleles. 

a The annealing temperature for each primer is listed, and the final annealing temperature for each PCR reaction is given as the average annealing.  

b Id of the most matching protein to the EST. The data were collected from BLAST analysis. 

c Species from which the BLAST match was obtained. 

d E-value linked to the BLAST match. 

* Locus presenting a frequency of null alleles higher than 0.4. 
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and Amos (1997) to calculate invalid allele frequencies through 
the maximum likelihood method. Finally, we used GenAlEx v.6 
(Peakall and Smouse, 2012), to estimate the average number of 
alleles per locus, the observed heterozygosity (Ho), the expec-
ted heterozygosity (He), and the deviation of loci from Hardy 
Weinberg equilibrium (HWE).

Results and discussion

The transcriptome of J. squamata was successfully sequenced 
and assembled. A total of 3693 SSR motifs were identified by 
MISA, where trinucleotide repeats were the most abundant 
type with a frequency of 69.22 %, followed by dinucleotide 
(27.21 %) and tetranucleotide (3.91 %). We randomly selected 
20 individuals, and 50 trinucleotide, 40 dinucleotide and 10 
tetranucleotide motifs, for a pilot screening of SSR markers. A 
total of 18 SSR markers were selected based on PCR success 
rate (amplification success greater than 85 %) and degree of 
polymorphism (difference in band length) (Table 1). In total, 
just one locus (HEX-97) presented null alleles (null allele fre-
quency [r] > 0.4) and the remaining 17 loci were shown to be 
high‐quality polymorphic markers (Table 1 and 2). For these 17 
loci, the mean value of observed heterozygosity (Ho) was very 
close to the expected heterozygosity (He) with 0.422 and 0.420, 
respectively. These polymorphic loci presented five to 14

 alleles per locus, the observed and expected heterozygosity 
were ranged from 0.000 to 1.000 and from 0.000 to 0.798, res-
pectively (Table 2), when considering all three sampled popu-
lations. However, when considering only the largest sampled 
population (Litang County, N=100), the polymorphic loci dis-
played four to 12 alleles per locus, the He and Ho showed valu-
es from 0.112 to 0.798 and from 0.093 to 0.980, respectively. 
The Polymorphism Information Content (PIC) values ranged 
from 0.120 to 0.801, with an average of 0.489 (Table 2). Among 
these polymorphic loci, three loci (TAMAR-103, TAMAR-116, 
andCMJ-214) displayed significant deviation from Hardy Wein-
berg equilibrium. Besides, we noticed that the loci showing a 
lack of polymorphism were limited to the studied populations 
with a small sampling size (Shangri la Town and Huguonongba 
populations) (Table 2).

In the last decade, microsatellite markers were used for 
studying the genetic diversity of junipers, such as J. thurifera L., 
J. phoenicea L., J. excelsa M. Bieb., and J. communis L. (Michal-
czyk et al., 2006; Opgenoorth, 2009; Douaihy et al., 2011; 
Rumeu et al., 2012; Sertse et al., 2013; Bettencourt et al., 2015; 
Liu et al., 2019). Despite the ecological importance of J. squa-
mata, no population genetic studies have been conducted to 
date. The 17 polymorphic SSR markers developed in this study 
will be very advantageous for these purposes. 

However, the SSR markers reported in this study revealed 
a relatively low level of genetic diversity compared to other 
studies. For example, Michalczyk et al. (2006) developed five 

Table 2 
Genetic diversity of the 17 developed polymorphic microsatellite loci assessed across three popu-
lations of Juniperus squamata. The locus exhibiting null alleles was not included in this table.a

   Zhituo, Litang (N=100)   Shangrila, Daocheng (N=6)   Huguonongba, Litang (N=7) Total (N=113) 

Locus A Ae Ho He   A Ae Ho He  A Ae Ho He A PIC 

HEX-25 5 1.942 0.421 0.485   3 1.674 0.167 0.403   3 1.556 0.413 0.357 8 0.569 

FAM-26 8 3.375 0.636 0.704  4 2.057 0.333 0.514  3 2.649 0.413 0.622 8 0.651 

FAM-36 5 1.410 0.213 0.291  1 1.000 0.000 0.000  1 1.000 0.000 0.000 5 0.250 

HEX-43 4 1.401 0.283 0.286  2 1.180 0.167 0.153  2 1.508 0.429 0.337 5 0.264 

HEX-65 7 1.126 0.093 0.112  1 1.000 0.000 0.000  3 1.342 0.286 0.255 8 0.116 

HEX-68 8 1.415 0.283 0.293  4 2.400 0.500 0.583  2 1.153 0.143 0.133 10 0.286 

FAM-71 4 1.148 0.135 0.129  2 1.180 0.167 0.153  1 1.000 0.000 0.000 5 0.120 

HEX-77 7 1.423 0.230 0.297  4 1.714 0.500 0.417  3 1.556 0.429 0.357 8 0.424 
TAMAR-

103 8 3.480 0.717 0.713*  3 1.674 0.333 0.403  3 2.085 0.714 0.520 8 0.654 
TAMAR-

116 8 3.451 0.548 0.710*  3 2.182 0.333 0.542  3 2.390 0.714 0.582 8 0.673 

HEX-123 11 4.952 0.750 0.798  4 3.273 0.667 0.694  4 2.579 0.714 0.612 13 0.801 
TAMAR-

134 10 3.627 0.687 0.724  3 2.571 0.833 0.611  1 1.000 0.000 0.000 10 0.659 

CMJ-206 10 3.746 0.724 0.733  4 2.880 0.667 0.653  3 1.782 0.429 0.439 11 0.702 

CMJ-214 11 2.472 0.980 0.595*  4 2.769 1.000 0.639  2 2.000 1.000 0.500 11 0.500 

CMJ-230 8 3.085 0.667 0.676  4 2.880 0.833 0.653  3 1.556 0.429 0.357 8 0.628 

CMJ-231 12 2.178 0.535 0.541  4 2.400 0.500 0.583  3 1.782 0.429 0.439 14 0.526 

CMJ-241 8 2.127 0.596 0.530  4 3.130 0.667 0.681  3 1.342 0.286 0.255 9 0.485 

Mean 7.611 2.492 0.482 0.492   3.056 2.116 0.426 0.427   2.556 1.663 0.357 0.340 8.765 9.143 

Note: N =sample size; A = number of alleles; Ae = effective number of alleles; Ho= observed heterozygosity; He = expected heterozygosity. 

PIC=Polymorphic information content 

* Deviation from Hardy-Weinberg equilibrium (P<0.05). 

a Locality and voucher information are provided in Appendix 1. 
 



120

polymorphic nuclear SSR for J. communis, where the number of 
alleles per locus ranged from nine to 23 and the expected hete-
rozygosity (He) ranged from 0.693 to 0.948. In addition, Zhang 
et al. (2008) reported nine polymorphic nuclear SSR for J. prze-
walskii Kom., the number of alleles per locus ranged from three 
to six, and the expected heterozygosity (He) ranged from 0.58 
to 0.70 across loci. For J. tibetica, 10 polymorphic nuclear SSR 
markers were developed; presenting two to 15 alleles per locus 
(A), and expected heterozygosity (He) ranged from 0.20 to 0.90 
across loci (Opgenoorth, 2009). Geng et al. (2017) developed 
eight nuclear SSR for J. sabina, where alleles per locus ranged 
from two to 27 and expected heterozygosity (He) ranged from 
0.276 to 0.939. The relatively low genetic diversity found in this 
study for J. squamata would be related to a recent bottleneck 
and range expansion of this species. However, further demo-
graphic analyses are needed to test this hypothesis.

Besides, these markers showed successful cross-amplifica-
tion in studied individuals belonging to J. tibetica (17/17 SSR 
loci) and J. salutaria (15/17 SSR loci) (Table 3). The successful 
transferability of nearly all developed SSR markers from J. squa-
mata to these species may be explained by their phylogenetic 
closeness (same clade in section Sabina (Miller) Spach)) (Mao 
et al., 2010; Adams, 2014). In general, the transferability of SSR 
markers among Juniperus studied species has been found 

to be relatively limited. However, in these studies, the cross-
amplification was tested between species separated phyloge-
netically, either from different sections or from different clades 
(Douaihy et al., 2011; Sertse et al., 2013; Bettencourt et al., 
2015). This limitation could be due to the deviance in the geno-
mic structure of non-close species (Sertse et al., 2013). In this 
study, we proved that the transferability of SSR markers in Juni-
perus could be very successful while dealing with closely rela-
ted species. 

Conclusion

We developed 17 polymorphic EST-SSR markers for J. squama-
ta, and at least 15 of which were transferable to J. tibetica and J. 
salutaria. These markers will promote further investigations to 
assess the genetic variation pattern of J. squamata. This study 
opens new avenues towards the development of forest 
management strategies for these juniper species.

Table 3 
Characterization of the 17 developed EST-SSR markers for J. squamata in two closely related 
speciesa.

Locus 
Juniperus tibetica (N=11)   Juniperus saltuaria (N=13) Ta(℃)a 

A Ae Ho He   A Ae Ho He 

HEX-25 3.000 1.906 0.455 0.475  4.000 2.380 0.462 0.580 55 

FAM-26 3.000 1.847 0.636 0.459  — — — — 55 

FAM-36 1.000 1.000 0.000 0.000  4.000 2.315 0.308 0.568 55 

HEX-43 3.000 1.449 0.364 0.310  — — — — 55 

HEX-65 4.000 1.984 0.364 0.496  1.000 1.000 0.000 0.000 55 

HEX-68 5.000 1.820 0.545 0.450  4.000 1.380 0.231 0.275 55 

FAM-71 1.000 1.000 0.000 0.000  1.000 1.000 0.000 0.000 55 

HEX-77 4.000 1.766 0.545 0.434  5.000 2.793 0.692 0.642 57 
TAMAR-

103 3.000 1.322 0.273 0.244  3.000 1.888 0.615 0.470 53 
TAMAR-

116 5.000 3.408 0.727 0.707  4.000 2.195 0.692 0.544 55 

HEX-123 6.000 3.103 0.727 0.678  5.000 2.641 0.615 0.621 55 
TAMAR-

134 3.000 1.766 0.364 0.434  4.000 2.126 0.615 0.530 55 

CMJ-206 5.000 1.635 0.455 0.388  3.000 1.266 0.231 0.210 55 

CMJ-214 3.000 2.180 0.909 0.541  7.000 4.829 1.000 0.793 55 

CMJ-230 3.000 1.582 0.455 0.368  5.000 3.314 0.538 0.698 55 

CMJ-231 4.000 1.467 0.364 0.318  4.000 3.219 0.462 0.689 55 

CMJ-241 2.000 1.936 0.636 0.483   2.000 1.080 0.077 0.074 53 
Note: — = failed amplification; N=sample size; A=number of alleles; Ae=effective number of alleles; Ho=observed heterozygosity; 
He = expected heterozygosity 

a Locality and voucher information are provided in Appendix 1. 
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