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Abstract

Vu D.-D., Bui T.T.-X., Nguyen T.H.-N., Shah S.N.M., Vu N.-H., Zhu Y.-H., Zhang L., Zhang Y., Huang X.-H. (2018): 
Isolation and characterization of polymorphic microsatellite markers in Toxicodendron vernicifluum. Czech J. Genet. 
Plant Breed., 54: 17−25.

A total 20 074 230 sequencing reads were generated by Illumina HiSeq™ 2500 from three different Toxicodendron 
vernicifluum tissue samples. In total, 48 693 unigenes with an average length of 703.34 bp were obtained by de novo 
assembly. 3392 potential EST-SSRs (expressed sequence tag-simple sequence repeat) were identified as potential 
molecular markers from unigenes with lengths exceeding 1 kb. A total of 80 pairs of PCR primers were randomly 
selected to validate the assembly quality and develop EST-SSR markers from genomic DNA. Of these primer 
pairs, 14 primer pairs successfully amplified DNA fragments and detected significant amounts of polymor-
phism within the lacquer tree population in Langao, Shaanxi province, China. There was high genetic diversity 
(number of alleles per locus (A) = 2.93, polymorphic information content (PIC) = 0.53, observed heterozygosity 
(Ho) = 0.62 and expected heterozygosity (He) = 0.85) in the lacquer tree natural population. The four loci deviated 
significantly from the Hardy-Weinberg equilibrium. These results suggested high homozygosity in the population 
and low or missing heterozygosity (inbreeding coefficient (Fis) = 0.27). These polymorphic EST-SSR markers 
will provide the base for further studies of genetic structure and breeding in T. vernicifluum.
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Toxicodendron vernicifluum (Stokes) F.A. Barkley 
(syn. Rhus verniciflua), commonly known as Chinese 
lacquer, is a deciduous tree of the family Anacardi-
aceae, which is native to Korea, Japan and China. It 
is an important plant species both economically 
and culturally. The tree is the main source of varnish 
used in handicraft industry (Hashida et al. 2014). It 
is also used as food additive, natural dye or in herbal 

medicine to improve the blood circulation and to 
prevent blood stasis, while the methanolic extract of 
the leaves has neuroprotective and anti-inflammatory 
activity (Cho et al. 2012). A T. vernicifluum extract 
has antiproliferative and apoptotic activities in various 
human cancer cell lines via activation of caspase-9 
and inhibition of the PI3KAkt/PKB pathway, as well 
as antioxidant effects (Kim et al. 2015), suppresses 
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the proliferative capability of B lymphoma cells (Lee 
et al. 2004). The genetic and structural diversity of 
the wild populations was rarely explored due to the 
lack of reliable and informative molecular markers 
of T. vernicifluum. Recently the genome of Toxico-
dendron radicans has been sequenced (Hsu et al. 
2013). There are limited genomic resources available 
for the lacquer tree. Up to now, only 549 expressed 
sequence tags (ESTs) of Toxicodendron have been 
deposited in dbEST (http://www.ncbi.nlm.nih.gov/
dbEST/) of GenBank (as of 30/9/2016), including 
495 ESTs from T. vernicifluum, 42 from T. radicans, 
12 from Toxicodendron succedaneum. Therefore, the 
EST-SSRs of Toxicodendron are not yet sufficient to 
explore the genetic diversity and for breeding.

Simple sequence repeat (SSR) markers are useful 
tools to study the diversity of allelic sequences as 
they are abundantly dispersed within the genome 
and have a high polymorphism level, co-dominant 
inheritance, high reproducibility, and good genome 
coverage (Li et al. 2004; Kalia et al. 2011; Vieira et 
al. 2016). The EST availability increased the possibility 
of SSR identification in some woody species (Kaur et 
al. 2012). As a functional molecular type of markers, 
EST-SSR markers have the potential for the functional 
diversity analysis of germplasm collection and may 
prove to be more useful for marker-assisted selection 
(Aggarwal et al. 2007). The Illumina sequencing 
technology has been proven to be an efficient option 
for the discovery of genome-wide EST-SSR markers 
(Wei et al. 2011; Liu et al. 2012, 2013).

In the present study, we have developed micro-
satellite markers for T. vernicifluum. On the basis 
of EST-SSR information, the EST resources were 
characterized. Then the genetic diversity of natural 

populations of T. vernicif luum was studied using 
genetic information derived from the microsatel-
lites. The present study will help in future studies 
on the genetic diversity and population structure of 
T. vernicifluum and related species.

MATERIAL AND METHODS

Plant material. For Illumina sequencing, plant 
samples were collected from roots, leaves and stems 
(Figure 1A) of lacquer tree in a nursery, Northwest 
A&F University, Yangling, Shaanxi province, China. 
All sampled tissues were immediately frozen in liquid 
nitrogen and stored at –80°C till RNA extraction.

To explore the genetic variation in the T. vernicifluum 
population, mature leaves from 120 living individu-
als were randomly collected in Langao (32018'59''N, 
109001'46''E, 946.3 m a.s.l.), Shaanxi province, P.R. 
China (Figure 1B). The samples were placed in labelled 
plastic bags containing a silica gel desiccant and then 
transported to the laboratory for further analysis. The 
samples were stored at –40°C till DNA extraction. 

DNA/RNA extraction, cDNA sequencing and 
microsatellite loci identification. For Illumina 
sequencing, the total RNA was isolated from each 
sample using the OmniPlant RNA Kit (DNase I) 
(www.cwbiotech.com). Both the quantity and quality 
of RNA were checked through a Nanodrop ND-2000 
spectrophotometer (Thermo Electron Corpora-
tion, USA) and Agilent 2100 Bioanalyzer (Agilent 
Technologies, USA). Equal amount of total RNA 
from each sample was pooled together and sent to 
Breeding Biotechnologies Co., Ltd., for cDNA library 
construction and transcriptome sequencing using Il-
lumina HiSeq™ 2500. SSRs were detected in the Simple 

Figure 1. The tissues in nursery (A) and 
adult tree (B) of Toxicodendron verni-
cifluum in Langao, Shaanxi province, 
China(A) (B)
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Sequence Repeat Identification Tool program (SSRIT, 
http://www.gramene.org/db/markers/ssrtool). Only 
unigenes that were longer than 1 kb were included 
in the EST-SSR detection. The parameters were set 
for the detection of perfect mono-, di-, tri-, tetra-, 
penta- and hexa-nucleotide motifs with a minimum 
of 6, 5, 5, 5, and 5 repeats, respectively. Microsatellite 
loci identification showed simple sequence repeats 
and they were deposited in GenBank. The ETS-SSR 
primers were designed for using Primer 5.0 (Clarke 
& Gorley 2001).

For SSR validation, total genomic DNA was ex-
tracted using the plant DNA isolation kit (Norgen-
biotek, Canada). Both the quantity and quality of the 
DNA were checked through a Nanodrop ND-2000 
spectrophotometer (Thermo Electron Corporation, 
USA) and 1.2% agarose gel electrophoresis.

EST-SSR amplification. Ten individuals were used 
to evaluate the ability of 80 randomly selected primer 
pairs to produce monomorphic or polymorphic PCR 
products. PCR reactions were carried out in 25 µl vol. 
containing 1× PCR buffer, 2.5 µl MgCl2, 2 µl dNTP, 
0.1 µl of each primer, 1.25U Tag DNA polymerase 
and 1.5 µl of template DNA. The PCR cycling con-
ditions were as follows: pre-denaturation at 94°C 
for 3 min, followed by 40 cycles of denaturation at 
94°C for 45 s, annealing at 55°C for 45 s, extension at 
72°C for 10 min. The PCR products were separated 
by a Sequi-Gen® GT DNA electrophoresis system in 
8% polyacrylamide gels in TAE buffer and Gelred™ 

10000x stain. Banding patterns had been visualized 
under UV light, and then they were photographed 
with GenoCapture. The sizes of PCR products were 
determined and analysed by Gel Analysis software 
to the GenoSens1850 Gel Doc System (Clinx Science 
Instruments Co., Ltd., China). A 50 bp DNA ladder 
(Invitrogen, USA) was used as standard.

Data analysis. The parameters of genetic diversity 
such as number of alleles per locus (A), observed het-
erozygosity (Ho) and expected heterozygosity (He) were 
calculated by the GenAlex 6.5 programs (Peakall & 
Smouse 2006). Hardy-Weinberg equilibrium (HWE) 
was estimated by Arlequin 3.1 (Excoffier et al. 2005), 
FSTAT version 2.9.3 (Goudet 1995) was used to 
calculate the inbreeding coefficient (Fis). The poly-
morphic information content (PIC) value of each 
locus was estimated based on the following formula:

PICi = 1 – ∑Pij
2

where:
Pi  frequency of the ith allele in the genotypes

RESULTS AND DISCUSSION

Annotation and functional characterization of 
lacquer tree unigenes. The clean reads were as-
sembled by Trinity program (Table 1) and 95 316 
transcripts were generated with an average length of 
1022.1 bp and an N50 length of 1659 bp. A total of 
48 693 unigenes was obtained with a mean length of 
730.34 bp and an N50 value of 1347 bp. The results 
show high coverage of transcriptome in the spe-
cies. The overall functional annotations are shown 
in Table 2. A total of 28 722 (58.96%) unigenes of 
Chinese lacquer were identified. Our result is in line 

Table 1. Overview of de novo sequence assembly for To-
xicodendron vernicifluum (the percentages are shown in 
brackets)

Length range 
(bp) Unigenes Contigs Transcripts 

200–300 18 891 
(38.80)

2 005 195 
(98.35)

22 699 
(23.81)

300–500 11 115 
(22.83)

13 185 
(0.65)

16 801 
(17.63)

500–1000 7 700 
(15.81)

8 976 
(0.44)

19 735 
(20.70)

1000–2000 7 196 
(14.78)

7 530 
(0.37)

23 066 
(24.20)

2000 3 791 
(7.79)

3883 
(0.19)

13 015 
(13.65)

Total number 48 693 2 038 769 95 316

Total length 35 562 406 132 942 209 97 422 706

N50 length 1 347 63 1 659

Mean length 730.34 65.21 1 022.10

Table 2. Functional annotation of the Toxicodendron 
vernicifluum transcriptome

Annotated database Annotated No. 300–1000 
 (bp)

≥ 1000 
 (bp)

COG_Annotation 8 820 2 691 4 474

GO_Annotation 18 057 6 398 7 242

KEGG_Annotation 6 343 2 146 2 750

KOG_Annotation 16 604 5 895 6 955

Pfam_Annotation 19 104 6 527 9 401

Swissprot_Annotation 17 340 63 99 7 265

Nr_Annotation 28 722 10 898 1 0753

All_Annotated 28 877 10 946 10 754
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with previous studies in which sequences deposited 
in non-redundant protein (Nr) database were ho-
mologous 67.5% in bamboo (Liu et al. 2012), 71.8% 
in alfalfa (Liu et al. 2013) and 53.91% in sesame 
(Wei et al. 2011)

Based on 28 722 non-redundant protein (Nr) an-
notations, 18 057 (37.08%) unigenes were assigned to 
Gene Ontology (GO). The GO-annotated unigenes 

belonged to the biological process, cellular com-
ponent, and molecular function clusters and were 
distributed across 51 categories with the dominant 
group of 46.53% in biological processes, followed by 
cellular components of 32% and 21.47% in molecular 
functions (Figure 2). These results also confirm pre-
vious studies in alfalfa (Liu et al. 2013) and sesame 
(Wei et al. 2011)

Figure 2. Gene ontology (GO) classification of assembled unigenes in Toxicodendron vernicifluum

Figure 3. Clusters of orthologous groups (COG) classification in Toxicodendron vernicifluum

Function class
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A: RNA processing and modification
B. Chromatin structure and dynamics
C: Energy production and conversion
D. Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism
F: Nucleotide transport and metabolism
G: Carbohydrate transport and metabolism
H: Coenzyme transport and metabolism
I: Lipid transport and metabolism
J: Translation, ribosomal structure and biogenesis
K: Transcription
L: Replication, recombination and repair
M: Cell wall/membrane/envelope biogenesis
N: Cell motility
O: Posttranslational modification, protein turnover, chaperones
P: Inorganic ion transport and metabolism
Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only
S: Function unknown
T: Signal transduction mechanism
U: Intracellular trafficking, secretion, and vesicular transport
V: Defense mechanism
W: Extracellular structures
Y: Nuclear structure
Z: Cytoskeleton
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In addition, all 48 693 unigenes were subjected to 
a search against the Cluster of Orthologous Groups 
(COG) database. The 28 722 unigenes showed sig-
nificant similarity to non-redundant proteins, 8820 
(18.11%) were assigned to COG classifications (Fig-
ure 3). Among the 25 COG categories, the cluster for 
general function prediction represented the largest 
group, followed by replication, recombination and 
repair, etc. (Figure 3). To further analyse the lacquer 
tree transcriptome, all 48 693 unigenes were analysed 
on Kyoto Encyclopaedia of Genes and Genomes 
(KEGG) pathway tools. This process predicted a total 
of 117 pathways that were represented by 7301 uni-
genes (Table S1 in Electronic Supplementary Material 
(ESM) – for the ESM see the electronic version). 

EST-SSR identification. All 48 693 unigenes that 
were identified in the present study were used to the 
mining of microsatellites which are defined as di- to 
hexa-nucleotide SSRs with a minimum of five repeats 
for all motifs. The 10 987 unigenes with lengths 
greater than 1 kb were screened. Using the SSRIT tool, 
a total of 3392 potential EST-SSRs were identified, 

numbers of SSR containing sequences (2843), of which 
599 (21.07%) sequences contained more than one 
EST-SSR, in which 486 sequences contained simple 
sequence repeats. The mononucleotide repeats were 
a rich (53.04%) type of SSR, di- and tri-nucleotide 
repeats were 16.77% and 22.29%, respectively, while 
tetra-, penta- and hexa-nucleotide repeats had a 
small percentage of the total SSR motif with 1.06%, 
0.32% and 0.35%, respectively (Table 3). After the 
most common SSR motif type, i.e. mononucleotide 
repeats, trinucleotide repeats were the most frequent 
SSR motif type. While in the Kumpatla and Muk-
hopadhyay (2005) study mononucleotide repeats 
and dinucleotide repeats were the most frequent SSR 
motif type in Vitis vinifera (37.5%; 39%), Arabidopsis 
thaliana (7.5%; 42.5%), Arachis hypogaea (10%; 49%), 
Glycine max (20%; 41.5%) and Helianthus annuus 
(18%; 40%).

The dominant motif in mononucleotide repeats was 
A/T (99.22%), AG/TC (64.7%) in dinucleotide repeats, 
followed by AT/TA (30%) and AC/TG (5.3%). In the 10 
types of trinucleotide repeats, the four most frequent 

Table 3. Summary statistics for the different types of SSRs identified in Toxicodendron vernicifluum transcriptome (the 
percentages are shown in brackets)

Repeat type
Repeat numbers

Total No. 
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Mono- 0 0 0 0 0 641 328 184 124 83 65 33 50 50 76 75 56 25 9 1799 (53.04)

Di- 0 223 114 84 55 53 37 3 0 0 0 0 0 0 0 0 0 0 0 569 (16.77)

Tri- 441 199 96 16 1 3 0 0 0 0 0 0 0 0 0 0 0 0 0 756 (22.29)

Tetra- 31 2 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 36 (1.06)

Penta- 11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11 (0.32)

Hexa- 8 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12 (0.35)

Compound form 212 (6.24)

Figure 4. Percentage of different motifs in dinucleotide (a), trinucleotide (b), and tetranucleotide (c) repeats in 
Toxicodendron vernicifluum

(a) (b) (c)

http://www.agriculturejournals.cz/uniqueFiles/218332.xlsx
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motifs were AAG/TTC (31%), ATC/TAG (15.4%), ACC/
TGG (13.4%) and AAT/TTA (11.7%). The most com-
mon motif type of tetranucleotide repeats was AAAG/
TTTC (22.5%), followed by AAAT/TTTA (15%) and 
AATC/TTAG; AATT/TTAA (7.5%) (Figure 4). The 
percentages of different motifs in each SSR were 
similar to previous studies in woody plants such as 
Salix, Populus, Eucalyptus (He et al. 2015).

SSR marker validation and analysis of genetic 
diversity. The 6429 pairs of EST-SSR primers were 
designed by Primer 5.0 based on 3392 EST-SSRs. 
Of the 80 pairs randomly tested (Table S2 in ESM), 
14 pairs produced PCR products of the expected 
size and revealed polymorphisms which were used 
to investigate genetic variation in the lacquer tree 
population in Langao, Shaanxi province, China. PIC 
value at each locus ranged from 0.38 to 0.65 with an 
average of 0.53 (Table 4, Figure 5). Botstein et al. 

(1980) indicated that PIC value higher than 0.5 is 
considered a highly informative marker, while 0.5 > 
PIC > 0.25 is a moderately informative marker. In 
our study, the mean value of PIC (0.53) indicated 
high polymorphism of loci. In total 41 alleles were 
identified across the 14 loci, each polymorphic locus 
possessing 2–4 alleles with average value of 2.93. 
Ho ranged from 0.17 to 0.82 with average value of 0.62. 
He ranged from 0.77 to 0.89 with average value of 0.85. 
There were 4 loci out of the 14 analysed loci that sig-
nificantly deviated from Hardy-Weinberg equilibrium 
(P < 0.05) due to an excess of homozygosity (Table 4). 
This result showed that the natural populations of 
T. vernicifluum maintain a high genetic diversity level. 
Whereas Hsu et al. (2013) reported the lower genetic 
diversity levels in Toxicodendron diversilobum (A = 1 
to 10; He = 0.1 to 0.87) and Toxicodendron pubescens 
(A = 2 to 8; He = 0.26 to 0.83). The inbreeding coef-

Figure 5. Gel pictures of 120 Toxicodendron vernicifluum genotypes produced with some SSR primer pairs (A: c26938, 
B: c23254, C: c23578 and D: c23770; lane M is a 50 bp ladder and lanes 1 to 24 represent different genotypes) 

http://www.agriculturejournals.cz/uniqueFiles/218333.xlsx


24

Original Paper Czech J. Genet. Plant Breed., 54, 2018 (1): 17–25

doi: 10.17221/183/2016-CJGPB

ficient ranged from 0.01 (c26949) to 0.79 (c22876), 
the mean heterozygote deficit (Fis = 0.27). In the 
studied population, there were positive values of the 
fixation index, indicating an excess of homozygotes 
and inbreeding. Generally, the heterozygosity excess 
is caused by small reproductive population size, over-
dominance, negative associative mating, or asexual 
reproduction (Stoeckel et al. 2006),

CONCLUSIONS

In the present study, the Illumina HiSeq™ 2500 
platform was used for the profile of T. vernicifluum 
transcriptome. A total of 48 693 unigenes were iden-
tified from a de novo assembly and 486 microsatel-
lite loci were isolated (GenBank code: KU947470 to 
KU947955). There were 80 pairs in the determined 
SSR loci that were selected to test the primer am-
plification efficiency. Among them 14 primer pairs 
yielded polymorphic and single locus amplification 
products. Using these SSR primers, it was revealed 
that natural populations of T. vernicifluum main-
tained a high level of genetic diversity. Microsatellite 
markers for T. vernicifluum developed in the present 
study will provide a platform for the study of genetic 
diversity, species identification, understanding of the 
population structure, conservation and breeding of 
T. vernicifluum. 
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