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Pterocarya stenoptera C. DC. (Juglandaceae) is a deciduous broad-
leaved tree that is native to China and the Korean Peninsula. The 
species is cultivated as an urban landscaping tree because of its large 
crown and graceful drooping racemes. Previous studies on this plant 
have focused on its cultivation physiology (Yang et  al., 2013; Xu 
et al., 2015; Yang and Li, 2016). To date, there have been no reports 
of the genetic diversity and population structure of P. stenoptera. 
Fan et al. (2013) developed 22 microsatellite loci for P. stenoptera 
using primer pairs from Cyclocarya paliurus (Batal.) Iljinsk. This 
number of microsatellite loci is insufficient for landscape genetic 
studies, which require the molecular markers to be distributed 
within the genome with high density (Hall and Beissinger, 2014). 
As an important urban landscaping tree, it is necessary to develop 
a large number of reliable molecular markers for the assessment 
of wild germplasm resources and the development of molecular-
assisted breeding.

Next-generation sequencing makes it possible to rapidly isolate 
a large number of microsatellite markers (Kumar et al., 2014). Here, 
we report the isolation of transcript-based microsatellite markers 
for P. stenoptera using Illumina shotgun sequencing. The transcript-
based microsatellite markers are more suited to locating adaptive 
loci in landscape genetic studies. Although loci identified through 
neutral markers can be linked to adaptive genes, microsatellites 

found within genic regions can provide a clearer link to a causal 
gene.

METHODS AND RESULTS

A total of 60 individuals of P. stenoptera were sampled from 
three wild populations in Henan and Shandong provinces 
(Nanzhao, Henan Province [HNNZ]; Jigong Mountain, Henan 
Province [HNJG]; Meng Mountain, Shandong Province [SDMM]; 
Appendix 1). Twenty individuals of P. hupehensis Skan were sam-
pled from one natural population in Henan Province (Yaoshan, 
Henan Province [HNYS]; Appendix  1). Vouchers were deposited 
at the herbarium of the College of Forestry, Henan Agricultural 
University, Zhengzhou, China (Appendix 1).

Total RNA was extracted from fresh leaves of one cultivated 
P. stenoptera individual in Henan Agricultural University using 
a Quick RNA Isolation Kit (BioTeke, Beijing, China) according 
to the standard protocol of the manufacturer. RNA concentra-
tion was estimated using the UV-Vis spectrophotometer (catalog 
no. ND5000; BioTeke). The construction of a cDNA library and 
transcriptome sequencing were completed by the Biomarker 
Biotechnology Corporation (Beijing, China). Sequencing was 
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heterozygosity varied from 0.000 to 1.000 and 0.000 to 0.718, respectively. Furthermore, all of 
the 15 loci were successfully cross-amplified in another congeneric species (P. hupehensis) and 
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CONCLUSIONS: The microsatellite loci described here can be used for future population 
genetic and landscape genetic studies on P. stenoptera.
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performed on an Illumina HiSeq 2500 system (Illumina, San Diego, 
California, USA). We obtained a total of 20,410,837 paired-end 
reads of 150 bp (6.10 Gbp; GenBank Sequence Read Archive ac-
cession no. SRP154982). The raw reads were subsequently cleaned 
by removing adapter sequences using Trimmomatic version 0.35 
(Bolger et al., 2014) and then assembled using Trinity version 2.6.6 
with the default parameters (Grabherr et al., 2011), resulting in a 
total of 83,674 unigenes. Microsatellites from the unigenes were 
identified using MISA (Thiel et al., 2003). The filtering conditions 
of microsatellites are as described in Shi et al. (2018). Parameters 
were designed for dinucleotides with a minimum of six repeats, and 
for tri-, tetra-, penta-, and hexanucleotides with a minimum of five 
repeats. Of these unigenes, 2452 containing microsatellites were 
selected and deposited in GenBank (MH676104–MH678555). 
The first 100 microsatellites were selected to design amplifica-
tion primer pairs using Primer3 (Rozen and Skaletsky, 1999). The 
primer design parameters were set using the default values except 
product size = 100–400 bp. These primers were then tested in two 
steps. First, the 100 primer pairs were tested on four randomly se-
lected P.  stenoptera individuals. PCR was conducted in a 20-μL 
PCR reaction mixture consisting of 20 ng of genomic DNA, 10 mM 
of PCR buffer, 0.2 mM of each dNTP, 0.2 μM of each primer, and 1 
unit of Taq polymerase (Tiangen, Beijing, China). In a Mastercycler 
Nexus thermocycler (Eppendorf, Hamburg, German), PCR was 
started with an initial denaturation at 94°C for 5 min; followed by 
35 cycles at 94°C for 40 s, locus-specific annealing temperature for 
40 s, and 72°C for 40 s; a final extension at 72°C for 5 min; and 
hold at 4°C. PCR products were visualized on 1.5% agarose gel 
with a DL2000 DNA ladder (TaKaRa Biotechnology Co., Dalian, 
Liaoning, China). Of the 100 primer pairs, 43 were unsuccessful 
or had off-target amplification and 57 were retained for second 
step validation. The remaining 57 primer pairs were then tested 
on 12 P. stenoptera individuals each from populations HNNZ and 
SDMM. PCR reaction conditions were the same as above. PCR 
products were separated by gel electrophoresis on 8% native po-
lyacrylamide gel and visualized by silver staining. The band size 
was reported using a 50-bp DNA ladder (TaKaRa Biotechnology 
Co.). Of the 57 primer pairs, 42 were not considered further due 

to single or excessive bands, and the remaining 15 primer pairs 
exhibited polymorphism (Table 1). To further assess the polymor-
phism of these microsatellites, genotyping was performed on all 
sampled individuals of P. stenoptera. The forward primers were 5′ 
labeled with FAM, HEX, or TAMRA. All reaction conditions were 
the same as above. PCR products were analyzed on an ABI 3730 
DNA Analyzer (Applied Biosystems, Foster City, California, USA) 
at BGI (Beijing, China). PCR product size was measured accord-
ing to GeneScan 500 ROX Size Standard (Applied Biosystems). 
The peaks of the microsatellite loci were read using GeneMarker 
2.2.0 (SoftGenetics, State College, Pennsylvania, USA). Observed 
heterozygosity (Ho), expected heterozygosity (He), and Hardy–
Weinberg equilibrium (HWE) were obtained using GENEPOP 4.2 
(Rousset, 2008). Number of alleles (A) and inbreeding coefficient 
(FIS) were estimated using FSTAT 2.9.3.2 (Goudet, 1995).

TABLE 2.  Genetic diversity parameters for 15 polymorphic microsatellite loci in three populations of Pterocarya stenoptera.a

Locus

HNNZ population (N = 20) SDMM population (N = 20) HNJG population (N = 20)

A He Ho FIS A He Ho FIS A He Ho FIS

Ps2 2 0.050 0.050 0.000 2 0.053 0.053 0.000 2 0.056 0.056 0.000
Ps13 2 0.482 0.500 −0.016 4 0.405 0.474 −0.174 3 0.398 0.333 0.167
Ps23 6 0.441 0.421 0.046 4 0.468 0.250* 0.472 4 0.486 0.611 −0.268
Ps27 6 0.653 0.700 −0.075 3 0.417 0.389 0.070 2 0.143 0.143 0.000
Ps28 4 0.483 0.300 0.385 3 0.465 0.421 0.097 5 0.718 0.882* −0.237
Ps29 4 0.388 0.150* 0.620 5 0.579 0.400* 0.315 3 0.300 0.222 0.265
Ps31 4 0.645 1.000* −0.573 4 0.562 0.737 −0.323 5 0.592 0.778 −0.326
Ps53 2 0.235 0.158 0.333 5 0.579 0.350* 0.402 6 0.450 0.316* 0.303
Ps59 3 0.199 0.211 −0.059 1 0.000 0.000 — 2 0.056 0.056 0.000
Ps65 5 0.658 0.800* −0.223 3 0.642 0.750 −0.173 4 0.684 0.632 0.079
Ps69 3 0.304 0.300 0.013 3 0.152 0.158 −0.038 3 0.383 0.412 −0.077
Ps70 2 0.475 0.611 −0.299 2 0.422 0.368 0.131 2 0.513 0.800* −0.583
Ps75 4 0.633 0.667 −0.054 3 0.411 0.421 −0.025 6 0.504 0.600 −0.197
Ps82 1 0.000 0.000 — 4 0.191 0.100* 0.483 1 0.000 0.000 —
Ps83 2 0.286 0.222 0.227 3 0.465 0.474 −0.019 2 0.059 0.059 0.000

Note: A = number of alleles; F
IS
 = inbreeding coefficient; H

e
 = expected heterozygosity; H

o
 = observed heterozygosity; N = number of individuals tested.

aVoucher and locality information are provided in Appendix 1.
*Significant deviation from Hardy–Weinberg equilibrium (P < 0.05).

TABLE 3.  Cross-amplification of 15 polymorphic microsatellites developed for 
Pterocarya stenoptera in P. hupehensis.a

Locus Allele size (bp) A He Ho FIS

Ps2 260 1 0.000 0.000 —
Ps13 175–187 4 0.431 0.316* 0.273
Ps23 240–263 9 0.874 0.800 0.087
Ps27 217–229 6 0.359 0.350 0.026
Ps28 277–287 4 0.476 0.450 0.055
Ps29 114–150 3 0.278 0.056* 0.738
Ps31 213–234 5 0.628 0.800 −0.283
Ps53 114–139 7 0.740 0.556  0.254
Ps59 176–197 5 0.496 0.474* 0.047
Ps65 262–274 6 0.804 0.588 0.274
Ps69 247–250 2 0.328 0.300 0.088
Ps70 209–216 3 0.494 0.278 0.444
Ps75 249–270 5 0.675 0.556 0.181
Ps82 201–214 3 0.160 0.056* 0.660
Ps83 127–129 2 0.322 0.278 0.141

Note: A = number of alleles; F
IS
 = inbreeding coefficient; H

e
 = expected heterozygosity;  

H
o
 = observed heterozygosity; N = number of individuals tested.

aVoucher and locality information are provided in Appendix 1.
*Significant deviation from Hardy–Weinberg equilibrium (P < 0.05).
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In P. stenoptera, A, Ho, He, and FIS ranged from one to six, 0.000–
1.000, 0.000–0.718, and −0.583–0.620, respectively (Table  2). Of 
the 15 polymorphic microsatellite loci, three, four, and three loci 
showed significant deviations from HWE in populations HNNZ, 
SDMM, and HNJG, respectively (Table 2). The cross-amplification 
of these markers was tested in 20 individuals of P. hupehensis. All 
markers were successfully amplified, and A per locus ranged from 
one to nine (Table 3).

CONCLUSIONS

In this study, 2452 microsatellites were discovered in the P. 
stenoptera transcriptome. One hundred primer pairs were ran-
domly selected to verify the efficiency of amplification. Of these 
tested primer pairs, 15 displayed polymorphism. This is the 
first set of microsatellite markers developed specifically for P. 
stenoptera; it will be helpful for future population genetic and 
landscape genetic studies of the species. All markers were suc-
cessfully amplified in the related species P. hupehensis, suggest-
ing that they may also be used to study other related species in 
Pterocarya.
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APPENDIX 1. Voucher and locality information for Pterocarya species used in this study.a

Species Population code Voucher no. Collection locality Geographic coordinates N

Pterocarya stenoptera C. DC. HNNZ LiPS2017001 Nanzhao, Henan, China 33°35′24″N, 112°10′48″E 20
HNJG LiPS2017002 Jigong Mountain, Henan, China 31°48′36″N, 114°04′48″E 20
SDMM LiPS2017003 Meng Mountain, Shandong, China 35°33′36″N, 117°57′36″E 20

Pterocarya hupehensis Skan HNYS LiPH2018001 Yaoshan, Henan, China 33°42′22″N, 112°20′00″E 20

Note: N = number of individuals analyzed.
aAll voucher specimens are deposited at the herbarium of the College of Forestry, Henan Agricultural University, Zhengzhou, China.
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