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Abstract

The Chinese fir (Cunninghamia lanceolata) is a very
important plantation species that is mainly distributed
in Southern China. However, genomic analyses of
C. lanceolata have lagged significantly behind those of
other conifer species due to a lack of suitable markers.
To address this issue, we examined 27,666,670 reads
from C. lanceolata transcriptome sequences recorded in
the SRA database. Assembly produced 35,633 contigs,
1,822 (5.11%) of which contained one or more SSRs. In
total, 2,156 SSRs were identified, giving an average SSR
density of 68.4 SSRs/Mb. The most common SSR types
were tri-SSRs (41.7%), followed by hexa-(29.8%),  penta-
(12.7%), di-(11.1%) and tetra-(4.7%) SSRs. EST-SSR
markers based on the 1,822 SSR-containing contigs
were developed using the CMiB pipeline and primer
pairs were designed to target 35 loci. Polymorphism was
observed in 28 of these loci, for which the number of
alleles per locus ranged from 3 to 12 over 16 plus-tree
individuals. The observed heterozygosity (Ho), expected
heterozygosity (He) and fixation index (FIS) values for
the targeted loci ranged from 0.125 to 0.938, 0.225 to
0.891 and –0.368 to 0.456, respectively. The corres -
ponding PIC values ranged from 0.210 to 0.881, with an
average of 0.573. Some of these markers have since been
used in our ongoing genetic diversity analyses of
C. lanceolata. To our knowledge, this is the first analysis
of SSRs and EST-SSR markers in C. lanceolata, and the
identified EST-SSR markers will be useful in future
genetic analyses of C. lanceolata and related species.
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Introduction

The Chinese fir (Cunninghamia lanceolata) is an
allogamous, long-lived, evergreen conifer that is mainly
distributed in Southern China. It is one of the most
important plantation species in this region and is widely
used to restore degraded land and as a source of com-
mercial timber in China. However, genetic analyses of
this species have lagged behind those of other conifers
due to a lack of suitable markers. To date, only a few
studies have examined the genetic diversity and phy-
logeny of C. lanceolata and related species, typically by

analyzing dominant DNA markers using techniques
such as RAPD (YOU and HONG, 1998), ISSR (QI, 2008;
YANG et al., 2009) and AFLP (CHUNG et al., 2004). To the
authors’ knowledge, no microsatellite markers have yet
been developed for C. lanceolata, which has seriously
impeded its genetic analysis and the development of
breeding programs.

Genetic studies based on microsatellite markers (also
known as simple sequence repeats, or SSRs) have a
number of advantages over those based on random fin-
gerprinting approaches (JARNE and LAGODA, 1996;
SELKOE and TOONEN, 2006), including the co-dominant
inheritance of the markers according to Mendelian laws,
their high information content, and their ready detec-
tion by PCR amplification. EST-SSR markers offer fur-
ther advantages over genomic SSRs in that they directly
reflect gene expression. However, to develop new
species-specific microsatellites, it is necessary to study
their flanking sequences using traditional approaches,
which is costly and time-consuming (ZANE et al., 2002;
SQUIRRELL et al., 2003). With the advent of second gener-
ation sequencing technologies, very large amounts of
DNA sequence data have been generated and deposited
in public databases such as the Sequence Read Archive
(SRA), which include high-throughput transcriptome
sequences from different taxa. These data are valuable
genomic resources that can be used to develop new and
specific SSR markers for target species (ZALAPA et al.,
2012). In this work, we mined SSRs to develop and char-
acterize a set of EST-SSR markers for C. lanceolata from
publically-available transcriptome sequences.

Materials and Methods

Plant materials

In order to evaluate the polymorphism of the candi-
date EST-SSR markers, we selected 16 plus tree individ-
uals from two seed orchards in Southern China. Twelve
of these individuals (Y6, Y18, J5, J80, Ht14, Ht16, Jh10,
Jh16, Y26, J18, Y110, Y1116) were obtained from the
Youxian seed orchard in Hunan province (N27°18',
E113°47') and the remaining four were obtained from
the Lechang seed orchard in Guangdong province (Lc6,
Lc12, Lc18, Lc418) (N25°12', E113°28'). Leaves from the
selected individuals were dried over silica gel and their
DNA was extracted using a modification of the CTAB
method (TSUMURA et al., 1995). 

SSR mining and primer design 

Transcriptome sequences for C. lanceolata (Accession:
SRX151872) were downloaded from the NCBI’s SRA
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database (http://www.ncbi.nlm.nih.gov/sra/SRX151872).
CLC Genomics Workbench (http://www.clcbio.com) was
used to trim and assemble sequence reads, and the

recently-developed CMiB pipeline (UENO et al., 2012)
was used to mine SSRs and design PCR amplicon
primers for contigs that contained SSRs. The CMiB

Table 1. – Basic properties of the 28 polymorhphic EST-SSR markers developed for C. lanceolata.

Note: N No hits found; 4 universal primers sequence (5'-3') and their PCR fluorophore:
Tail A (FAM), GCCTCCCTCGCGCCA; Tail B (HEX), GCCTTGCCAGCCCGC; 
Tail C (NED), CAGGACCAGGCTACCGTG; Tail D (PET), CGGAGAGCCGAGAGGTG.
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pipeline is based on a combination of the CD-HIT-EST,
MISA, ipcress and BlastCLUST packages, and produces
non-redundant SSR sequences along with corresponding
primer pairs. 35 di- and tri-nucleotide microsatellite loci
containing SSRs with nine or more repeats each were
selected for further evaluation.

PCR amplification and polymorphism testing

Genotyping was performed using fluorescently
labelled universal primers and a three-primer PCR
approach (BLACKET et al., 2012). Each locus-specific for-
ward primer was modified with a 5' universal primer
sequence tail (A, B, C or D; see Table 1). The primer
pairs were then tested against DNA from two sampled
individuals to verify that they afforded successful ampli-
fication. PCR was performed according to the protocol
supplied with the QIAGEN® Multiplex PCR kit, in a
10.0 µL reaction volume containing 1 � Multiplex PCR
master mix (Qiagen), 1 µL of 10 � primer mix, and
5–10 ng of template DNA. The 10 � Primer mix for each
marker in the multiplex contained 1.0 µM universal
 fluorescent primer, 1.0 µM tailed forward primer and
2.0 µM reverse primer. The PCR amplification condi-
tions were: 15 min at 95°C, then 35 cycles of 30 s at
94°C, 90 s at 60°C, and 60 s at 72°C, followed by a
30 min extension step at 60°C. The PCR products were
electrophoretically separated on 2% agarose gels stained
with ethidium bromide. For loci that were successfully
amplified, singleplex PCR amplification was performed
to investigate their polymorphism in the 16 sampled
individuals. The PCR amplification system and condi-
tions used in this second round of amplifications were
the same as those described above. Four fluorescently
labelled markers with different universal primers (A, B,
C or D) were pooled in a single lane for allele screening
and analyzed with an ABI3100 genetic analyzer using
the Liz 600 size standards. GENALEX6.3 (PEAKALL and
SMOUSE, 2006) was used to estimate a range of genetic
parameters for each locus, including the number of alle-
les per locus (Na), observed heterozygosity (Ho), expect-
ed heterozygosity (He), and fixation index (FIS). The
polymorphism information content (PIC) (BOTSTEIN et
al., 1980) was determined for each locus using MS-tools
(PARK, 2001). Exact tests of Hardy-Weinberg equilibrium
(HWE) and Linkage disequilibrium (LD) were assessed
using version 4.2 of the on-line GENEPOP tool (RAY-
MOND and ROUSSET, 1995; http://genepop.curtin.edu.au/
index.html). Null alleles were detected using Micro-
checker 2.2.3 (VAN OOSTERHOUT et al., 2004). In order to
identify putative functions for SSR-containing contigs,
they were blasted against the NCBI NR protein data-
base using Blast2GO (CONESA et al., 2005) with an e-
value cutoff of 1e-3. 

Results and Discussion 

SSRs mining of EST contigs  

We examined 27,666,670 reads of C. lanceolata
derived from transcriptome sequences. Assembly gener-
ated 35,633 contigs, of which 1,822 (5.11%) contained
one or more SSRs. In total, 2,156 SSRs were identified

with threshold repeat numbers of 6, 5, 4, 3 and 3 for di-,
tri-, tetra-, penta- and hexa-SSRs, respectively. The
average SSR density was 68.4 SSRs/Mb, which is much
lower than that observed in Cryptomeria japonica (UENO

et al., 2012), but higher than the values for loblolly pine
and spruce (BÉRUBÉ et al., 2006). Tri-SSRs were the
most common SSR type encountered (41.7%), followed
by hexa-(29.8%), penta-(12.7%), di-(11.1%) and tetra-
(4.7%) SSRs. The most common tri-SSR motif was AAG,
which was found in 239 (26.6%) of all tri-SSRs. The
most common di-SSR motifs were AG and AT, both of
which occurred 109 times (45.6% of all di-SSRs). With
the advent of high-throughput sequencing technologies,
several computational tools or pipelines have been
developed for SSR mining, including TROLL (CASTELO

et al., 2002), MISA (THIEL et al., 2003), CMiB (UENO et
al., 2012) and ESMP (SARMAH et al., 2012). CMiB is a
new method developed in our laboratories that empha-
sizes the identification of unique primer pairs targeting
specific genes and relies on a combination of widely-used
programs. It has previously been successfully used to
mine SSRs for Cryptomeria japonica. 

Characterization of selected EST-SSR markers

Of the 35 primer pairs designed, 29 (82.9%) produced
clear PCR fragment patterns with one or two bands, one
produced multiple (more than two) bands, and 5 (14.3%)
did not produce any fragments. Polymorphic genotypes
were obtained for 28 loci (Table 1 and Table 2) with the
number of alleles per locus ranging from 3 to 12 for the
16 studied individuals. The observed heterozygosity
(Ho), expected heterozygosity (He) and fixation index
(FIS) values for each locus ranged from 0.125 to 0.938,
0.225 to 0.891 and –0.368 to 0.456, respectively. Two loci
(contig4417_459B and contig16147_262A) showed sig-
nificant deviation from Hardy-Weinberg equilibrium
(HWE) due to heterozygote deficiency or null alleles.
The PIC values for the loci ranged from 0.210 to 0.881,
with an average of 0.573. These values indicate that the
identified EST-SSR markers exhibit a high degree of
polymorphism. Significant linkage disequilibrium was
observed for eleven of the 378 possible pairs of the 28
EST-SSR markers (p<0.05). Possible null alleles were
identified in two loci (contig4417_459B and con-
tig3078_1424A), with null allele frequencies of 0.22 and
0.11, respectively. 

In order to assess the power of these markers, Princi-
pal Coordinates Analysis (PCA) was performed using
GENALEX6.3. The four individuals from the Lechang
seed orchard formed a small cluster based on the PCA
results (data not shown), indicating that they were
closely genetically related, while the 12 individuals from
the Youxian seed orchard formed looser clusters because
they were collected over a broader range in Hunan
Province. Since their identification, some of the markers
developed in this work have been used in our ongoing
analysis of genetic diversity in C. lanceolata. To our
knowledge, the results presented herein represent the
first analysis of SSRs and EST-SSR markers in C. lance-
olata. The newly-established EST-SSR markers will be
very useful in future genetic analyses of C. lanceolata
and closely related species.
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