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Abstract Taxodium ‘zhongshansa’, an extremely flood-
tolerant tree species, has been widely planted in eastern
China due to its environmental attributes. Although much
progress has been made in understanding its physiological
response to flooding stress, as well as its rapid propagation
and variety selection, little is known regarding its molecular
genetics due primarily to a lack of reliable molecular markers.
In this paper, 108,692 expressed sequence tags (ESTs) with a
total size of 69.3 Mb derived from T. ‘zhongshansa’ were
analyzed. And 10,038 simple sequence repeat (SSR) loci were
identified from 8137 SSR-containing EST sequences. The av-
erage SSR frequency in the transcriptome was one in 6.90 kb
of EST sequences. The most abundant repeat type was mono-
nucleotide (6581, 65.56 %), followed by trinucleotide (2246,
22.37 %) and dinucleotide (1080, 10.76 %). After filtering
unqualified SSR loci, loci with mononucleotide repeats and
compound SSRs, 1958 EST-SSR loci were selected to design
SSR makers. To validate this set of SSR markers, 503 primer

pairs were randomly selected to amplify across 12 genomic
DNA templates from three Taxodium species. Two hundred
fifty-seven (51.09 %) out of 503 primer pairs amplified the
expected products, of which 81 and 176 could amplify poly-
morphic and monomorphic bands, respectively. The function-
al categorization of EST sequences containing randomly se-
lected markers revealed that 264 (52.49 %) had homology
with known proteins. This set of EST-SSR markers will pro-
vide a valuable genetic and genomic tool for further genetic
research in Taxodium, such as genetic map construction, quan-
titative trait loci mapping, and marker assisted selection.

Keywords Transcriptome . EST-SSRmarkers .

Polymorphism . Transferability . Gene ontology . Taxodium

Introduction

The genus Taxodium is well known for its extreme tolerance
to waterlogging, thus having great ecological and economic
potential (Qi et al. 2014). Taxodium ‘zhongshansa’ are inter-
species hybrid clones generated from three Taxodium species,
Taxodium mucronatum, Taxodium distichum, and Taxodium
ascendens (Yu et al. 2011). T. ‘zhongshansa’ are versatile trees
for ornamental use in urban areas, ecological use in wetlands,
and economic use for timber production (Ying and Yu 2005;
Hu et al. 2012; Zhang et al. 2012; Xu et al. 2013). Until now,
progress has been made on understanding the physiological
response to flooding stress, as well as superior clone selection
and rapid propagation of T. ‘zhongshansa’ (Ying and Yu
2005). Several hybrid clones, such as ‘zhongshansa 302’,
‘zhongshansa 118’, and ‘zhongshansa 405’, have been select-
ed and widely planted in eastern China (Yu et al. 2011).
Nevertheless, little is known about the molecular genetics
due primarily to a lack of reliable molecular markers in
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Toxadium. This greatly hinders exploring the underlying
mechanisms of economically important traits and molecular
breeding. Hence, there is an urgent need to develop reliable
molecular makers for Taxodium.

DNA-based molecular markers provide powerful tools for
constructing genetic linkage maps, assessing the genetic di-
versity of germplasm, quantifying population genetic struc-
tures, relatedness, evolution, determining quantitative trait loci
(QTLs), and comparative genomics (Siongng et al. 2009;
Koelling et al. 2012; Varshney et al. 2005; Cavagnaro et al.
2011). Microsatellite markers or simple sequence repeats
(SSRs) are short units of 1–6 nucleotide tandem repeat se-
quences, occurring in both coding and noncoding regions of
eukaryotic genomes (Tautz and Renz 1984). Due to their high
level of polymorphisms, transferability, reproducibility, co-
dominant inheritance, and the ease of detection, SSRs are
the best choice for molecular markers in genetics research
(Powell et al. 1996; Gupta et al. 2003).

Currently, there are two types of SSRs based on their origin:
genomic SSRs (gSSRs) and expressed sequence tag derived
SSR (EST-SSRs) (Yang et al. 2013). Traditional methods of
developing SSRs from genomic DNA are costly and time-con-
suming, involving the construction of genomic DNA libraries,
probe hybridization, cloning, and sequencing. EST-SSRs, also
called gene-based SSRs or genetic markers, can be developed
efficiently and cost-effectively with advent of Next Generation
Sequencing (NGS) systems (Zhai et al. 2014). Using the
Illumina system, the short reads-based de novo assembly of
contigs does not require a reference sequence and a large num-
bers of SSR markers can be developed using this method
(Iorizzo et al. 2011). Compared with the SSR markers derived
from the large-scale cloning and sequencing of DNA or insuf-
ficient public EST libraries, the development of EST-SSRs
from transcriptome sequences provides adequate resources for
mining large numbers of SSR markers quickly in non-model
organisms (Barbará et al. 2007; Mardis 2008).

EST-SSR markers have many advantages in molecular ge-
netics research. (1) They can detect variation in the expressed
portion of the genome, allowing gene tagging to bridge be-
tween significant genetic traits and genes; (2) they can be
developed at low cost and high speed from EST databases;
(3) once developed, these markers, unlike genomic SSRs, may
be used across a number of related species (Gupta et al. 2003);
and (4) they are codominant and reproducible (Saha et al.
2004). Therefore, EST-SSR markers have been developed in
many important plant, animal, and microbial species, such as
wheat (Nicot et al. 2004), shrimp (Franklin et al. 2004), and
Auricularia polytricha (Zhou et al. 2014).

The aim of this study was to develop EST-SSR markers as
genomic tools for T. ‘zhongshansa’. The transcriptome data of
‘zhongshansa 406’ were obtained by Illumina sequencing (Qi
et al. 2014). MIcroSAtellite (MISA) was used to detect SSR
loci in the ESTs (Thiel et al. 2003), and Primer3.0 was used for

designing primers to amplify EST-SSR molecular markers
(Cardle et al. 2000). Moreover, the characteristics of EST-
SSRs were analyzed, and the polymorphisms and cross-
species transferability of a subset of EST-SSR primers had
been estimated. To our knowledge, this study is the first to
develop SSR markers in the genus of Taxodium.

Materials and Methods

Plant Materials

Altogether, 12 genotypes from three Taxodium species were tak-
en as plant materials, of which five genotypes came from
Taxodium mucronatum Tenore (TM01, TM02, TM03, TM04,
and TM05), four genotypes from Taxodium distichum (L.) Rich
(TD01, TD02, TD03, and TD04), and two genotypes from
T. ascendens Brongn (TB01 and TB02), and one hybrid clone
T. ‘zhongshansa405’ (TA 405), which is an interspecies hybrid
clone generated from the cross of T. mucronatum (♀)×
T. distichum (♂). The plant samples were collected from
NanjingBotanical Garden inApril 2014. Young leaves, collected
from each tree, were transported to the laboratory in an ice box
and stored in a refrigerator at −80 °C prior to DNA extraction.

Identification SSRs in ESTs and Primer Design

MIcroSAtellite (http://pgrc.ipk-gatersleben.de/misa/misa.
html) was used to identify SSR loci in the transcriptome
data. The criteria were set for the detection of mono-, di-, tri-
, tetra-, penta-, and hexa-nucleotide motifs with a minimum
unit size of ten, six, five, five, five, and five repeats, respec-
tively. When the distance between the two microsatellites was
less than 100 bp, they were considered as a composite micro-
satellite. The output data included unigene IDs, repeat motifs,
number of repeats, and start and end positions. Primers were
designed using Primer 3.0 software (available online at http://
www.genome.wi.mit.edu/genome_software/other/primer3.
html). Region 50 bp from each end of the repeat was excluded
from primer site consideration. All primers were designed to
have similar annealing temperatures to allow for uniform
polymerase chain reaction (PCR) cycling conditions. The
range of optimal primer sizes was 17–25 bp, of PCR product
sizes was 100–300 bp, and of the GC content was from 40–
60 %, with 50 % as the optimal.

DNA Extraction and PCR Amplification

DNAwas isolated from the fresh leaves following the CTAB
method (Doyle and Doyle 1987). PCR reactions were carried
out in a 10 μL reaction mix consisting of 3.75 mmol L−1

MgCl2, 0.4 mmol L−1dNTPs, 0.75 μmol L−1 of each primer,
0.5 U of TaqDNA polymerase, and 20 ng of genomic DNA.

Plant Mol Biol Rep (2015) 33:1804–1814 1805

http://pgrc.ipk-gatersleben.de/misa/misa.html
http://pgrc.ipk-gatersleben.de/misa/misa.html
http://www.genome.wi.mit.edu/genome_software/other/primer3.html
http://www.genome.wi.mit.edu/genome_software/other/primer3.html
http://www.genome.wi.mit.edu/genome_software/other/primer3.html


The PCR amplification protocol consisted of an initial dena-
turation at 94 °C for 3 min, followed by 30 cycles of 30 s at
94 °C, 45 s at the annealing temperature of 59 °C, and 45 s at
72 °C, ending with a final extension at 72 °C for 7 min.
Amplification products were separated on 12 % polyacryl-
amide gels and stained with ethidium bromide for SSR band
detection.

Polymorphism and Transferability Detection of EST-SSRs

To verify the effectiveness of this set of SSR markers, 503
primer pairs were randomly selected to amplify across 12
genomic DNA templates from three Taxodium species. The
primers were considered polymorphic when a locus had at
least two alleles at any frequency. The SSR marker diversity
index (Na, observed number of alleles; Alleles freq, Alleles
frequency) was estimated by POPGENE version 1.31 (Yeh
et al. 1999). Polymorphism information content (PIC) was
calculated using the formula developed by Anderson et al.
(1993). Additionally, the selected EST-SSR markers were
assessed across three closely related species of Taxodium.
The amplification ratios and polymorphic parameters (Pa,
the number of polymorphic loci; Na, observed number of
alleles; and Ho, observed heterozygosity of polymorphic
SSRs) across three species were summarized to analyze their
transferability and polymorphic variation.

Functional Annotation of EST-SSRs

An overview of the functional categories of the 503 EST-SSRs
was produced by a Gene Ontology (GO) analysis using
Blast2GO v2.5 software. The GO analysis assigned the se-
quences into three categories, ‘molecular function (MF)’, ‘bi-
ological process (BP)’, and ‘cellular component (CC)’. The
terms in each category were further analyzed.

Results

Frequency and Distribution of EST-SSRs in Taxodium
‘zhongshansa’

A total number of 108,692 EST sequences with a total size of
69.309123 Mb were examined in T. ‘zhongshansa’. Ten thou-
sand thirty-eight SSR loci were identified by MISA in 8137
(7.49 %) SSR-containing sequence found in the EST data-
base. The frequency of occurrence for SSR loci was one in
6.90 kb of EST sequences in T. ‘zhongshansa’. In 8137 SSR-
containing ESTs, 6761 (83.09 %) ESTs contained one SSR
locus and 1376 (16.91 %) contained two loci or more. In
addition, 943 (9.39 % of 10,038 SSRs) SSR loci were consid-
ered as compound formation according to the predefined
criteria (Table 1).

As shown in Table 2, the most frequent repeat motifs were
mononucleotide repeats (6581, 65.56 %), followed by trinu-
cleotides (2246, 22.37 %) and dinucleotides (1080, 10.76 %).
Tetranucleotide (98, 0.98 %), pentanucleotide (17, 0.17 %),
and hexanucleotide (16, 0.16 %) occurred less frequently.
Table 2 also showed the distribution of repeat units. About
30.40 % (3052) of the EST-SSRs contained 10 repeat units,
followed by 5 (15.03 %, 1509), 11 (14.72 %, 1478), and 6
(10.36 %, 1040). The least representative repeat units were 9
(0.88 %, 88). Moreover, there were 1324 potential EST-SSRs
containing more than 13 repeat units of mononucleotide
repeats.

EST-SSR Marker Development in Taxodium
‘zhongshansa’

Finally, 1958 EST-SSR markers were developed from 10038
SSR loci in T. ‘zhongshansa’ by Primer3.0 software. The SSR
primers were named as TAxxxx, where TA denotes Taxodium.
The remanent 8080 SSR loci were excluded from designing
primers due to their inappropriate sequence structures such as
short flanking sequences, SSR loci with mononucleotide re-
peats (easily leading to high mismatch ratio during DNA am-
plification), and compound SSRs. Their detailed information
is shown in Additional file 1.

Polymorphism and Cross-Species Transferability
Detection of EST-SSR Markers

A sample of 503 selected SSR primer pairs was applied to
polymorphism detection across 12 genomic DNA using the
optimized SSR-PCR system. Two hundred fifty-seven primer
pairs (51.1 % of the sample) amplified the expected bands,
while the remaining 246 pairs of primers amplified no product
or products with unexpected size. Eighty one (Table 3) of the
257 primer pairs could amplify polymorphic (alleles of differ-
ent size) and the other 176 (Addition file 2) amplified mono-
morphic products. Figure 1 showed the typical polymorphic
bands and monomorphic band amplified by three of the 257
primer pairs. Finally, 174 alleles were found in 81 polymor-
phic SSR loci. The range of alleles detected on each locus was

Table 1 Summary of EST-SSRs analysis in T. ‘zhongshansa’
transcriptome

Searching item Numbers

Total number of ESTs examined 108,692

Total size of ESTs examined (bp) 69,309,123

Total number of SSR loci identified 10,038

Number of SSR-containing ESTs 8137

Number of ESTs containing more than one SSR loci 1376

Number of SSR loci present in compound formation 943
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1–4 with the average of 2.148. The allele frequency for all
primers varied from 0.042 to 0.958 with the average of
0.466. The mean value of polymorphism information content
(PIC) was 0.323, with a maximum of 0.66 and a minimum of
0.08. And the scope of the size about 81 polymorphic SSR
loci is 12 to 36 bp; however, 80.25 % (65) of them varied from
12 to 20 bp (Table 3).

Meanwhile, all 81 polymorphic SSR markers developed
from T. ‘zhongshansa’ could amplify clear bands in the other
three species, indicating a 100 % cross-species transferability
ratio. The polymorphic variations of 81 primer pairs in the
three species were further valued with three parameters of
Pa,Na, andHo (Table 4). The data of polymorphic parameters
revealed weak interspecies differences among the three inves-
tigated species of Taxodium.

Functional Annotation for SSR-Containing EST
Sequences

The original ESTs of the 503 EST-SSRs in T. ‘zhongshansa’
were annotated with gene ontology (GO), 264 (52.49 %) out
of which had significant matching annotations in Nr (NCBI
non-redundant protein sequences) and protein family (Pfam)
on the basis of sequence similarity (Additional file 3). Studies
on gene ontology focused on three categories, biological pro-
cess (BP), molecular function (MF), and cellular component
(CC) and the number and percentage for each category was
BP (98, 37.12 %), MF (31, 11.74 %), and CC (135, 51.14 %).
BP was further subdivided into eight groups represented by
cellular process (60, 61.22 %), metabolic process (13,
13.27 %), localization (12, 12.24 %), signaling (5, 5.10 %),
response to stimulus (3, 3.06 %), single organism process (2,
2.04 %), multicellular organismal process (2, 2.04 %), and
developmental process (1, 1.02 %) (Fig. 2a). The detected
matches for MF were binding (18, 58.06 %), catalytic activity

(10, 32.26 %), channel regulator activity (2, 6.45 %), and
enzyme regulator activity (1, 3.23 %) (Fig. 2b). Organelle
(63, 46.67 %), cell (50, 37.04 %), membrane (15, 11.11 %),
virion (6, 4.44 %), and extracellular region part (1, 0.74 %)
constitute the groups in CC (Fig. 2c).

Discussion

Frequency, Type, and Distribution of SSRs in Taxodium
‘zhongshansa’

An EST database is an important resource for EST-SSRmark-
er development (Vidushi et al. 2015). Fortunately, enormous
quantities of EST sequences can now be generated from next-
generation sequencing (NGS) technologies effectively
(Ashrafi et al. 2012). But only a high quality transcriptome
can develop a large number of functional SSR markers. The
quality of transcriptome getting from Illumina platform could
be assessed by the number of assembled transcripts, total ba-
ses of transcripts, mean length of transcripts, N50 statistic, and
number of long transcripts (≥1 kb) (Wu et al. 2014; Jayasena
et al. 2014; O’Nei and Emrich 2013). Here, N50 statistic is
defined as the length of the shortest transcript in the set that
contains the longest transcripts whose combined length
reaches at least half of the sum of the lengths of all transcripts.
Transcriptomes with larger number of assembled transcripts
and total bases of transcripts are thought to be higher quality
(Zhao et al. 2011). In the transcriptome of T. ‘zhongshansa’,
143,636 transcripts with a total of 106.3 Mb were assembled,
of which 31,665 were long transcripts (≥1 kb). Besides, the
mean length and N50 length of all transcripts in Taxodium
transcriptome were 740 and 1324 bp, respectively, (Qi et al.
2014). Compared with the transcriptomes of pepper (Ashrafi
et al. 2012) and seashore paspalum (Jia et al. 2015), the

Table 2 Distribution of EST-
SSRs based on the number of re-
peat units and motif types

No. of repeat unit The nucleotide repeat types of motifs Total

Mono- Di- Tri- Tetra- Penta- Hexa-

5 0 0 1404 83 13 9 1509

6 0 501 517 14 1 7 1040

7 0 244 300 1 2 0 547

8 0 148 24 0 1 0 173

9 0 88 0 0 0 0 88

10 3002 50 0 0 0 0 3052

11 1432 45 1 0 0 0 1478

12 823 4 0 0 0 0 827

13 458 0 0 0 0 0 458

14 317 0 0 0 0 0 317

≥15 549 0 0 0 0 0 549

Total 6581 1080 2246 98 17 16 10,038
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Table 3 Characteristics of 81 polymorphic EST-SSRmarkers for Taxodiumwith allele number(Na), allele frequency (Allele freq), and polymorphism
information content (PIC)

ID No. Repeat motif Primer (5′-3′) Tm (°C) Na Allele freq PIC value

comp55924_c0 TA01 (CT)7 F: CCAGATCCTTGCAAACCCCT
R: TTTTCCGCCCCAACTACTCC

60.0 3 0.167 0.792
0.042

0.343

comp65366_c0 TA02 (CCA)7 F: CTTCTCCTTCTTCAGCCCGG
R: AGGGGAAGCATAATGTGGGC

60.1 2 0.958
0.042

0.080

comp73669_c0 TA03 (GGC)8 F: ACAATACGATCCCCACTCGC
R: GGATGGCGTGAAATCGAAGC

59.9 2 0.05
0.95

0.095

comp54254_c0 TA04 (GCA)5 F: ATGTGCCAGCAGAGAAGCAT
R: CATGGGGCAGTGTCTGTCAT

60.0 2 0.90
0.1

0.180

comp29588_c0 TA05 (CTC)7 F: GCTGCAGCTACAATGGCTTC
R: GCCACTGGAGCTTCTTCCTT

59.9 2 0.818
0.182

0.298

comp61117_c0 TA06 (GCG)5 F: AGGAAGCAGACAGAATGGGC
R: TTGGGCATCATCCTGGACAC

60.0 2 0.75
0.26

0.370

comp71090_c0 TA07 (GAA)5 F: TGGCTCGTCTCCTTTGTTCC
R: GGTTTATGCGCGAACTCGAC

60.0 2 0.708
0.292

0.413

comp58950_c0 TA08 (GGA)5 F: GCCTTGGGAGTGTTAGTGCT
R: GGTATCCCACTGAGGACCCT

60.0 2 0.125
0.875

0.219

comp68375_c0 TA09 (CCT)5 F: GCAGAAAGGGGGTAGTGACC
R: CTGGTGGTATTCCGGGTCAC

60.0 2 0.143
0.857

0.245

comp48907_c0 TA10 (GGA)5 F: ATCAAGGCAGAGGTGTGGTG
R: TCTTGCGGATTCTGGTGGTC

60.0 3 0.083
0.208
0.708

0.449

comp61605_c0 TA11 (ACC)5 F: ACCTCTACCACCACCTCCTC
R: GGATGGGAAAGGCTTCAGCT

60.0 2 0.571
0.429

0.490

comp59372_c0 TA12 (CTT)7 F: GCTGGGATCCTTCGATACGG
R: TCCTCCTCTTCCTCTTCCGG

60.0 2 0.083
0.917

0.152

comp70735_c1 TA13 (CGG)6 F: GGATGGTGGTCCTGAAGTGG
R: CCGAGATGATAGTGGACGCC

60.0 2 0.833
0.167

0.278

comp71044_c0 TA14 (GA)6 F: ACTCTCATTCGCCATTGCCA
R: TTCCACTTCGCCATTCCTCC

60.0 3 0.222
0.611
0.167

0.550

comp75439_c0 TA15 (TGA)5 F: TGGAGGCAGCAGTGAGAAAG
R: TCGCGTTGTGAACTCCATCA

60.0 2 0.042
0.958

0.080

comp65275_c0 TA16 (CCG)6 F: CATTGAAGCGAAGGCGGAAG
R: AGTACCGGAATCTCCAGGCT

59.9 2 0.091
0.909

0.165

comp73759_c0 TA17 (TCG)7 F: ATCGTCATCGTCATCGTCCG
R: TTGTTGAACCGGTGCTGGAT

60.0 4 0.2
0.5
0.1
0.2

0.660

comp67054_c0 TA18 (CT)6 F: GCCTCAATGGGTGCAAATGG
R: CGCTGCCTCTCATGTTCTGA

60.1 2 0.182
0.818

0.298

comp45268_c0 TA19 (AGA)6 F: CCGATTTCCCGTCAACATGC
R: CCCGAGCTTCAAACCCTTCT

59.9 2 0.045
0.955

0.086

comp123102_c0 TA20 (TTTC)5 F: CCATGCGTCAGCTTCTCAGA
R:GCAGAGGGAAGGAAAAGGCA

60.1 3 0.182
0.727
0.090

0.430

comp1414396_c0 TA21 (AG)7 F: TGTGTGGAAAAGACGTGCCT
R: CCCCATGCGCTCACATTTTC

60.1 2 0.136
0.864

0.235

comp55411_c0 TA22 (AAG)7 F: AGGAATCGTTTATTGCCCCCA
R: GTTGAGCTTTTGGATCCGCC

59.7 2 0.167
0.833

0.278

comp69412_c0 TA23 (ATG)7 F: CACCCGGTCGGCATTGTATA
R: GCAGGTTCCCTTCCATGACA

60.0 2 0.125
0.875

0.219

comp41469_c0 TA24 (TCC)5 F: TCCACAGGAGACTAGGCCTC
R: ATGAGTGTTTGGGGCGTCTC

60.1 2 0.5
0.5

0.500

comp50695_c0 TA25 (TGC)6 F: CCCTGATGATTTCCAGGCGT
R: TGAGGTGGGGGAGGTTTGTA

60.1 2 0.136
0.864

0.235

comp63190_c0 TA26 (AAG)5 F: CGCACTCACGTATTCTGGGA
R: AGGGACACCAAAGCAGTCTG

59.9 3 0.417
0.542
0.042

0.531

comp66328_c0 TA27 (TG)6 F: TCCGGGAGCAGTCTATCCAA
R: TGGAATAGGGCCGCACAAAT

60.0 2 0.25
0.75

0.375

comp73215_c0 TA28 (TGAT)6 F: AGATTTTTCGGCGAGCGTTG 59.5 2 0.875 0.219
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Table 3 (continued)

ID No. Repeat motif Primer (5′-3′) Tm (°C) Na Allele freq PIC value

R: CCTTGCCCGTGACAAAAACA 0.125
comp62092_c0 TA29 (AG)6 F: GTGCCGGTTTGGGAAATCAC

R: ACCCCAAATCCACCTGCAAA
60.1 3 0.083

0.833
0.083

0.292

comp49797_c0 TA30 (TA)6 F: AGGAACTGACGCGGTTACAA
R: TCCGCAAAGCTGGGAATCAT

60.0 2 0.1
0.9

0.180

comp59300_c0 TA31 (AG)8 F: AGAGCTTTCTCCAGCGGAAC
R: GCCAGCGCTATAAGCTTCCT

60.1 2 0.333
0.667

0.444

comp65162_c0 TA32 (GGA)7 F: TGTTCAAGTGGGCGGTGAAT
R: TGCTGATCCGTTCCTTTGCA

60.1 2 0.375
0.625

0.469

comp29305_c0 TA33 (TCC)5 F: CACATATGACAGCGTTCGCG
R: ACGGACGAAGAATGGGCATT

60.0 2 0.042
0.958

0.080

comp52298_c0 TA34 (ATG)6 F: GCCTTTTCTTCTCCCACCCT
R: CACACCACCCACATTTGCAG

60.0 2 0.792
0.208

0.329

comp50595_c0 TA35 (GGA)5 F: GCTTGGAGGTGTTCGAGGAA
R: GACCCCAGAGTGACAGTTGG

60.0 2 0.375
0.625

0.469

comp642374_c0 TA36 (GA)6 F:AGGGGATTGGAAGGAGACGA
R: ACGTATGTCACCATCCGCTG

60.1 2 0.292
0.708

0.413

comp55774_c0 TA37 (CCTCTG)6 F: TGCTCGGACCGCTAAATCTC
R: CGCTCCAGGCCTTGCTATTA

59.9 2 0.333
0.667

0.444

comp57448_c0 TA38 (AAG)5 F: GGGTCCCTGATTGCCTTGAA
R: CTTCCTGCCCTCCCCAAAAA

60.1 2 0.5
0.5

0.500

comp50167_c0 TA39 (CTC)5 F: GGTGTTGGAGGAAGGCAAGA
R: TAATGCCAGATGGTGCTGCA

60.0 2 0.542
0.458

0.496

comp72630_c0 TA40 (TCCCGT)6 F: TCTTCTTCACCTACCCCCGT
R: ACCGCCAAAATATCACCCGT

60.0 4 0.042
0.458
0.458
0.042

0.577

comp76406_c0 TA41 (TGA)7 F: GCCAAAGATGTCAAGCCTGC
R: CCCAATCAAATGGCCTGTGC

60.1 2 0.083
0.917

0.152

comp54890_c0 TA42 (AC)6 F: GCCCTGTCCAACAACAATGG
R: AGCTGTGCGGATGGATTAGG

59.9 2 0.65
0.35

0.455

comp70936_c0 TA43 (ATC)6 F: GACCGTGTGACTCTCCTGTG
R: GGAACTCTTCTCCACAGCCC

60.0 2 0.357
0.643

0.459

comp65826_c0 TA44 (TCT)5 F: TGAGCATGCATCCGTGGAAT
R: TACTGTGGCGCACATACCTG

60.1 2 0.042
0.958

0.080

comp63640_c0 TA45 (TCC)5 F: CAAGCAGAGTCCAAGCCAGA
R: TGCCTTCACCATGGCCTTAC

60.1 2 0.875
0.125

0.219

comp72731_c0 TA46 (ATT)6 F: GCCAAAGTATCCGTCCCGTT
R: CGCTGGACACCACATAAGCA

60.1 2 0.167
0.833

0.278

comp58657_c0 TA47 (CTC)5 F: CAGCGGATCCTCTCGATGAC
R: ATCTAACCGGCAAACCTGGG

60.0 2 0.042
0.958

0.080

comp71549_c0 TA48 (GTCC)6 F: AACATCAGGTCTGCGTGGAG
R: ATAGCGCTGCTACACACAGG

60.1 2 0.667
0.333

0.444

comp58627_c0 TA49 (TAA)5 F: ACCCCACAAATCGGTGACAT
R: CTCTGTGGTGATGGAGTCGG

59.8 2 0.125
0.875

0.219

comp58888_c0 TA50 (AAG)7 F: TCAAATCCCACCGAAGAGGC
R: CCATTCGTTTCGTCAGCTGC

60.1 3 0.042
0.75
0.208

0.392

comp70251_c0 TA51 (GGC)6 F: TCTGCTCCGTAAAAAGCCGT
R: CCCTGTCATCGCTATCCACC

60.0 2 0.083
0.917

0.152

comp58152_c0 TA52 (GAGAA)5 F: ACCAACGAGTGTTTGTATCGGA
R: TTCTTACCAAAGCCGGTGCA

60.1 2 0.136
0.863

0.237

comp62141_c0 TA53 (CAG)5 F: ACAAGCCCCTCTCCAACTTG
R: AACGGAATTGTGGCTGCCTA

60.0 2 0.214
0.786

0.336

comp71210_c0 TA54 (ATA)6 F: GAATGTTCCTCATTGGCCGC
R: AAAACGGAATCGCGTACCCT

60.0 2 0.083
0.916

0.154

comp66160_c0 TA55 (GA)9 F: TGCTATGGTTTGCCCGATGT
R: CGTCTGATAAACCCCACGCT

60.1 2 0.25
0.75

0.375

comp557608_c0 TA56 (TGA)6 F: ACGGCAGCTTTGAATTGCAG
R: TTGACGGCAATGCATAACGC

60.1 3 0.375
0.583
0.042

0.518
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transcriptome in T. ‘zhongshansa’ contained larger number of
transcripts and total bases of transcripts, indicating a higher
quality of Taxodium transcriptome.

In addition to the quality of transcriptome, the frequen-
cy and density of SSRs were also affected by the search
criteria set to identify SSRs, SSR search tools, datasets for
the database mining, and the nature of species (Durand
et al. 2010).

In comparison with former investigations, the number of
SSR-containing ESTs (7.49 %, 8137) in T. ‘zhongshansa’was
higher than that in some other plants, such as citrus (5.83 %)
(Chen et al. 2006), Jatropha curcas (6.8 %) (Yadav et al.
2011), Rosaceae (4 %) (Jung et al. 2005), grape (2.5 %)
(Scott et al. 2000), wheat (1.72 %), rice (1.92 %), maize
(0.88 %), and soybean (1.45 %) (Gao et al. 2003). These
differences in the number of SSR-containing ESTs can be

Table 3 (continued)

ID No. Repeat motif Primer (5′-3′) Tm (°C) Na Allele freq PIC value

comp75394_c0 TA57 (AAAT)6 F: TCGGCACTCCCATCCATTTC
R: AGCTTGCTATACCGCTCTGC

60.1 2 0.625
0.375

0.469

comp56127_c0 TA58 (TA)8 F: CAAGACGTGTTCATTGCCACA
R: GCCTGTTAACCCGGAGTTGA

60.0 2 0.417
0.583

0.486

comp73910_c0 TA59 (AGC)5 F: GGTAGCAACACAAACTGGGC
R: TTCATCTTGGCTTCCCCCAC

60.0 2 0.042
0.958

0.080

comp75369_c0 TA60 (AT)6 F: GGGTTTGGGTTTCCTCTGGA
R: AGTCTGTGCATGTCAGTCCTG

60.0 2 0.167
0.833

0.278

comp66299_c0 TA61 (TTC)5 F: CTGCAGAGGAGGAATCTCGG
R: TCATGGCTCCACCTGCAAAT

60.0 2 0.4
0.6

0.480

comp39545_c0 TA62 (TA)6 F: TGAGGTGAGTTCTCACAGCTG
R: AGGCTCATCAGAAGCGCTAC

59.9 2 0.227
0.773

0.351

comp52271_c0 TA63 (TG)7 F: CAGAAGCTGCAATGTTCGCA
R:TCGAAAGATTGAACTCCGCTCT

59.8 2 0.042
0.958

0.080

comp67800_c0 TA64 (TCA)6 F: ATGGACCCATTTGCGGATGT
R: TGACCCTCCCATATCCACGT

60.0 2 0.667
0.333

0.444

comp70505_c1 TA65 (TCT)5 F: TCTTCTTCCTCCTCCTCTTTCTCT
R: AGGAAGGAGAAAACGGCTGG

60.0 2 0.25
0.75

0.375

comp71148_c0 TA66 (GGC)5 F: TGGCTGACAACAACGGTAGT
R: TCAGAAACGCACTCCTGGAC

60.0 2 0.773
0.227

0.351

comp63941_c0 TA67 (GAA)5 F: TCTTGACGGGATCAACGGTC
R: GGCCTGCACTTACATGTCCT

60.0 2 0.042
0.958

0.080

comp50531_c0 TA68 (AAG)5 F: TAGAAAATTCGCCGCCCTCA
R: CTGCAGAGATCGCTCCTGTT

59.8 2 0.136
0.864

0.235

comp61229_c0 TA69 (GGA)5 F: GGGTGTACGCAGGAACATCA
R: GATTCCCTTGCTGGACTCCC

60.1 2 0.958
0.042

0.080

comp63978_c0 TA70 (TTG)5 F: TGCAATGCATTTGAGGCTGAC
R: TGGGCCAAGATGCTTGCATA

60.0 2 0.833
0.167

0.278

comp68935_c0 TA71 (GAA)5 F: GCAAGTTACGCCGAGCTTTC
R: AGGCCCGTTTAATGCAGAGG

60.1 2 0.636
0.364

0.463

comp63376_c0 TA72 (CCT)5 F: GCAAACAAGGCACGTCCATT
R: TACTGCGGGCAAGGCTAAAA

60.0 2 0.636
0.364

0.463

comp67608_c0 TA73 (AGA)5 F: TGGCCCGACATTTTGAGGAT
R: CTGTGCTTCCTCTTCCTGGG

60.0 2 0.167
0.833

0.278

comp66620_c0 TA74 (CCTT)5 F: CCGTTGTCTGCACGCAAAAT
R: AATACCGGAAACCGCTCTGG

60.1 2 0.5
0.5

0.500

comp75488_c0 TA75 (ATT)6 F: GCCGTACCCTTTTCAGCTCT
R: CCATGCCGAGACTTACCAGG

60.1 2 0.458
0.542

0.496

comp76182_c0 TA76 (TC)6 F: AGATTGCTGGTACCTTGGGC
R: ATTGGGCCCTCAGGATCTGA

60.1 2 0.545
0.454

0.497

comp71511_c0 TA77 (CT)10 F: CCATGGCAGGCGCAAATATC
R: TTTTGGATTCAACGCTGCCG

60.0 2 0.083
0.917

0.152

comp71592_c2 TA78 (GT)6 F: CCTTTGCAGCTTCCGATTCG
R: ACTGCCCAGCTGAACAAACT

60.1 2 0.292
0.708

0.413

comp54167_c0 TA79 (GAA)5 F: ATAATAAGGATGCCCGGGCG
R: GTCAACCTCAGCAGAACCGA

60.0 2 0.458
0.542

0.496

comp45414_c0 TA80 (TTC)5 F: CGCCCACGACTCTTCTTCTT
R: CAATGGCTGCAGCGTATGTC

60.0 2 0.917
0.083

0.152

comp53238_c0 TA81 (AGCAA)5 F:GCACATCGAATGAACATTCCGA
R: GCTCTTAAACCCGGGGCATA

59.8 2 0.364
0.636

0.463
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partly attributed to SSR search criteria and the characteristics
of the EST database analyzed in (Yadav et al. 2011). The SSR
search criteria can also change relative estimates of frequency
of EST-SSRs (Yadav et al. 2011). The average SSR frequency
is one in 6.9 kb of EST sequences in T. ‘zhongshansa’, which
is lower than that in citrus (one in 5.2 kb) (Chen et al. 2006),
J. curcas (one locus in 6 kb) (Yadav et al. 2011), and rosa (one
in 5.5 kb) (Jung et al. 2005), but higher than that in wheat (one
in 17.42 kb), rice (one in 11.81 kb), maize (one in 28.32 kb),
and soybean (one in 23.80 kb) (Gao et al. 2003), showing that
different microsatellite frequencies exist in diverse plants.

The highest proportion of mononucleotide repeat se-
quences in Taxodium ‘zhongshansa’ is in accordance with
the results from J. curcas L. (Kumari et al. 2013) and wheat
(Asadi and Monfared 2014), but in contrast to those from
citrus (Chen et al. 2006), lily (Du et al. 2014), pineapple

(Ong et al. 2012), and arabidopsis (Cardle et al. 2000), in
which trinucleotides were identified as the most numerous
repeats. A potential explanation for the high ratio of mononu-
cleotide SSR loci in this study was that mononucleotide SSRs
would be amplified rapidly after interspecific hybridization
(Gao et al. 2011). The repeat units of 10, 5, 11, and 6 about
SSR sequences account 69.73 % of the total SSRs, thus a
rough trend could be discerned where the size of SSRs mainly
ranged from 10 to 18 bp (Table 2). Cardle et al. (2000) dem-
onstrated that short SSRs with size less than 20 bp have high
polymorphic. The SSR motifs were also compared with the
previous studies on pines (Chagné et al. 2004; Echt et al.
2011) and spruce (Rungis et al. 2004). The (A)n, (T)n, and
(AT)n were also found to be the most motifs in these conifer-
ous species. Lagercrantz et al. (1993) reported that the A/T
richness of microsatellites was thought to be high in the ge-
nomic sequences of plants. AndAT repeats were preferentially
found at the 3′ end of the EST sequences (Rungis et al. 2004).

EST-SSR Polymorphisms and Cross-Species
Transferability

This is the first report on the development and characterization
of a set of functional SSR markers in Taxodium. The rate of
primer amplification is 51.1 %, which is slightly lower than
that in grape (Scott et al. 2000) and J. curcas L. (Yadav et al.

Fig. 1 Typical polyacrylamide
gel electrophoresis patterns of
amplification results using three
EST-SSR markers. Note: a and b
show the polymorphic of Primer
TA 30 (two alleles) and 40 (four
alleles). c shows monomiphic of
Primer TA 163. M represents
DNA Maker (50 bp). Line 1~12
represent the amplification prod-
ucts across 12 genotypes (Line 1,
2, 3, 4, 5 stands for TM01, TM02,
TM03, TM04, and TM05, re-
spectively; Line 6,7, 8, 9 stands
for TD01, TD02, TD03, and
TD04, respectively; Line 10, 11
stands for TB01 and TB02, re-
spectively; Line 12 stands for
TA405)

Table 4 Variability parameters for SSRs of the three Taxodium taxa

Species Pa Na Ho

Toxadium mucronatum (TM) 58 1.60 0.21

Toxadium distichum (TD) 79 1.84 0.33

Toxadium ascendens (TB) 47 1.62 0.35

Pa, the percentage of polymorphic loci;Na, average number of alleles per
polymorphic loci; Ho, observed heterozygosity of polymorphic SSRs
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2011). The ratio of polymorphic primers (16.1 %) is also as
low as some typical coniferous trees (Postolache et al. 2014).
The coniferous trees with huge genomes have a very high
content of repetitive DNA, such as transposable elements,
which may lead to the low polymorphism rate (Kovach et al.
2010; Wagner et al. 2012). The PIC value, reflecting allelic
diversity and frequencies among the testing individuals, can
be used to evaluate the informativeness of each EST-SSR
(Bostein et al. 1980). Three levels of PIC (PIC>0.5, 0.5>
PIC>0.25, PIC<0.25) were generally used to judge the poly-
morphisms. Among 81 polymorphic primer pairs of
T. ‘zhongshansa’, only eight (9.88 %) primer pairs presented
high PIC value (>0.5), 43 (53.09 %) primer pairs presented
moderate PIC value, ranging from 0.25 to 0.5, while the re-
maining 30 (37.04 %) primer pairs presented low PIC value
(<0.25). The relatively lower polymorphism of EST-SSRs,
compared to genomic SSRs, was confirmed in the studies of
other plants (Cardle et al. 2000; Chagné et al. 2004).

The transferability of DNAmarkers was based on genomic
similarity, thus it could reflect the genetic relationship between

species (Zhang et al. 2014). Usually, EST-SSR markers have
higher transferability rates between species with closer genetic
relationships (Durand et al. 2010). Nevertheless, the actual
transferability was also affected by other factors, such as nu-
cleotide deletions, insertions, and substitutions at these SSR
loci (Decroocq et al. 2003). In this investigation, it revealed
that these EST-SSRmarkers developed from T. ‘zhongshansa’
were highly transferable across three closely related species.
In particular, the amplification rate was 100 % for the three
species belonging to Taxodium.

The polymorphic variation was not obvious between the
three Taxodium species (Table 4), this might be attributed to
the close relatedness and the extensive gene flow between the
three species. The close relatedness was showed in the similar
morphological features (Cheng 1983), the sympatric natural
distributions (Florin 1963), and the high crossing compatibil-
ity (Ying and Yu 2005; Yu et al. 2011) between the three
species. Indeed, Denny and Arnold (2007) treated these three
species of Toxadium as one species with three botanical vari-
eties. Besides the characteristics of high crossability, the open-
pollinated mating system and wind-dispersed pollen made the
extensive gene flow between the three Taxodium species pos-
sible. Undoubtedly, the long-term and frequent interspecies
gene flow could greatly dilute the genetic differentiation be-
tween species. Thus, although Taxodium maintained high ge-
netic diversity, little difference was found between the three
species.

The Functional Annotation for SSR-Containing EST
Sequences and its Potential Application

Gene ontology, the functional annotation schema for gene
and protein sequences, has been the de facto standard in
nearly all public databases (Götz et al. 2008). In this pa-
per, the specific function of important genes was shown in
more detail by GO terms. These sequences containing-
SSR were mainly related with intracellular part (21),
membrane (18), intracellular membrane-bounded organ-
elle (13), intracellular organelle lumen (12), nuclear part
(11), metabolism of macromolecular compound (10), and
immunity (7). Further analyses of these genes should pro-
vide information about cell metabolism and may help to
understand Taxodium’s resistance to waterlogging stress
(Palta, et al. 2012). It is noteworthy that 81 SSRs showing
high polymorphism mainly connected with cellular mac-
romolecule metabolic process, cellular response to stress,
hydrolase activity, and acting on glycosyl bonds, which
may help T. ‘zhongshansa’ produce and maintain ATP to
adapt to anaerobic environments (Qi et al. 2014). Thus,
these SSR loci might be applied as target genes to explore
the relationship between gene function and phenotype of
resistance in Taxodium.
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Fig. 2 Two hundred sixty-four gene ontology annotations based on
Blast2GO analysis (level 2). a Biological process; b molecular function,
c cellular component
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Conclusions

This paper reported the characteristics of SSRs in T.
‘zhongshansa’ EST sequences, including the frequency and
distribution of SSR repeat lengths and motifs. We also identi-
fied and characterized a set of EST-SSRs and evaluated their
polymorphism and cross-species transferability rates. This set
of EST-SSR markers may provide a useful tool for subsequent
studies in T. ‘zhongshansa’, such as construction of genetic
maps, QTL mapping, and marker assisted selection.
Furthermore, the functional categorization of T. ‘zhongshansa’
containing-SSR sequences revealed that these EST sequences
were transcribed from many functional genes involved in cel-
lular and molecular processes. Hence, this set of EST-SSR
markers may also be used to explore the relationship between
gene function and phenotype.
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rials: Support information.
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