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A microsatellite enrichment libraries construction colony hybridization strategy was used for large-
scale isolation of microsatellites from the whole genome of the turbot (Scophthalmus maximus L.).
Using 14 different probes, paired-end sequencing of 952 clones resulted in 753 positive and individual
clones. Using Vector NTI Suite 8.0 and tandem repeats finder software, 1004 tandem repeat sequences
were found, including 831 microsatellites and 173 minisatellites, which accounted for 82.77 and 17.23%
of the total repeat sequences, respectively. From the microsatellites, 158 polymorphic microsatellite
markers were developed. A detailed analysis of the different nucleotide units across the whole genome
of turbot was also presented, the dinucleotide unit was the dominant repeat unit among the six repeat
unit types (as represented by number of repeats and the repeat unit cumulative length), while the
pentanucleotide type was the most frequently found. The AGG (126.11) motif was the most variable
repeat unit type in this research with a coefficient of variation value of 126.11. In this study, a negative
correlation between the length of repeat units and the average copy number was detected (r = -0.5, P=

0.072).
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INTRODUCTION

Microsatellites, also called simple sequence repeats
(SSRs), are tandemly repeated sequences of 1 to 6
bases in length. They are ubiquitous in prokaryotes and
eukaryotes (Toth et al., 2000). Analysis of SSRs has
suggested that such repeats are important in genomic
function and might be associated with some diseases
(Subramanian et al., 2003; International Human Genome
Sequencing Consortium, 2001). Simple sequence
repeats reveal high levels of polymorphism and their
convenient amplification by polymerase chain reaction
(PCR) assays make them excellent molecular markers
(Powell et al., 1996). Among DNA markers, micro-
satellites perform better than other PCR-based methods,
such as random amplified polymorphic DNA (RAPD)
(Williams et al., 1990) and amplified fragment length
polymorphism (AFLP) (Vos et al., 1995), because they
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show Mendelian inheritance and co-dominance. Pre-
sently, in fishery and aquaculture, SSRs are widely used
in the construction of molecular maps, in evolutionary
studies (Danzmann and Gharbi, 2001; Kenchington et al.,
2006), genetic diversity analysis (Coughlan et al., 1996),
the identification of parentage (Blouin, 2003; Norris et al.,
2000; Selvamani et al., 2001), the analysis of disease-
linkage and in marker-assisted breeding programs
(Chistiakov et al., 2006). SSRs have become one of the
most commonly used molecular markers. Moreover, the
relative conserved flanking sequences of SSRs widened
the opportunity of universal application of SSRs among
different researchers and laboratories.

The turbot (Scophthalmus maximus L.) is a marine
flatfish of great commercial value. This flatfish is found
along virtually the entire European coast, from Norway to
Morocco and across the northern coasts of the Mediter-
ranean, up to the Black Sea (Blanquer et al., 1992). Due
to its easy domestication, commercial value and appea-
ling taste, turbot represents one of the most promising
marine species in European aquaculture and was
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introduced into China in 1992. Accompanied by certain
key technological breakthroughs, especially artificial
breeding, the turbot farming industry developed rapidly
and turbot has become one of the most flourishing
marine species in the coast of Northern China in the last
10 years (Lei and Liu, 1995, Lei and Zhan, 2001, Lei,
2002 and Lei et al., 2003). In 2006, according to official
statistical data, its domestic production was 50000 tons
and its export value was more than three billion yuan. At
the same time, genetic breeding and improvement did not
receive enough attention, which could be observed in the
loss of genetic diversity, increased inbreeding and the
appearance of albino turbot in culture stocks (Lei et al.,
2005; Shen et al., 2004). Thus, some measures must be
taken to avoid inbreeding depression and effective bree-
ding programs should be carried out to increase the
turbot yield in China. Although traditional pedigree tracing
based on physical targeting could avoid inbreeding
depression, it is currently not practical for large-scale fish
farming. However, highly informative SSR markers could
facilitate pedigree tracing and parentage determination.
Moreover, marker assisted selection (MAS) technologies
effectively complement traditional pedigree tracing. Highly
informative SSRs could facilitate MAS progress of turbot
through linkage mapping and quantitative loci (QTL)
analysis. Nevertheless, it is generally accepted that diffi-
culties in SSR development limit its widespread adoption.
Although a few SSR sequences of turbot have been
reported, it was only recently that an efficient and labor-
saving method was reported (lyengar et al., 2000; Bouza
et al., 2002; Pardo et al., 2005, 2006; Liu et al., 2006).
Prior to 2006, less than 40 microsatellite sequences were
reported and were available in GenBank for the turbot
(DQ365892-DQ365896, AYB41450-AY641453, AY697865,
AF182080-182100, and Z78097-278101). Recently, 12
polymorphic microsatellite sequences were developed
from a cDNA library from the turbot (Chen et al., 2007).
Two hundred and forty-eight novel microsatellite markers
were isolated from enriched genomic libraries in turbot,
constructed in accordance with the FIASCO (Fast
Isolation by AFLP of Sequences containing repeats)
protocol (Pardo et al., 2007).

Presently, five methods and strategies have been used
to isolate microsatellite sequences: PCR screening;
colony hybridization; microsatellite enrichment libraries
construction; FIASCO; EST database mining. Among
these, EST database mining has proven to be an efficient
and low-cost approach; however, the small number of
ESTs (3656 sequences) in turbot and low ratio (2.2%) of
microsatellite-containing ESTs hampers the isolation of a
large numbers of markers (Chen et al., 2007). Recently,
Zhan et al. (2007) reported that, the method of modified
screening SSR enriched libraries was also efficient and
suitable for isolating a large amount of microsatellite
markers for the target species of interest. This method
has been used in many species, such as bay scallop (Li
et al., 2007), sand lance (Ren et al., 2009) and sea

cucumber (Hu et al., 2007). In this work, we isolated and
characterized microsatellite markers of turbot according
to the methods of Zhan et al. and investigated the base
composition and distribution of tandem repeats.

MATERIALS AND METHODS

A total of turbot individuals sampled from Haiyang City (Shandong
30Province) in China, were employed for polymorphism assessment.
DNA was extracted using the method of Zou et al. (2001). DNA
quantity was determined with UV spectrophotometry. Microsatellite
DNA enrichment was performed essentially according to the
methods of Karagyozov et al. (1993), Edwards et al. (1996) and
Zhan et al. (2007), with some modifications. The genomic DNA was
digested with Haelll and the fragments (400 and 1200 bp) were
recovered from agarose gels. The products were ligated to
oligonucleotide adaptors (21-mer: 5-CTCTTGCTTGAATTCGGA
CTA-3' and phosphorylated 25-mer: 5-pTAGTCCGAATTCAA
GCAAGAGCACA-3') with T4 DNA ligase at 16°C for 12 h. Ligation
products were amplified by PCR using 21-mer adaptor, then
microsatellite-containing fragments were captured on nylon mem-
branes (Hybond N*) bound with different probes. After hybridization
at 37°C for 24 h, the captured DNA was eluted by washing the
nylon membrane and the DNA fragments were re-amplified. The
PCR products were ligated into pMD18-T Easy-vector (Takara) and
the ligation product was transformed into competent Escherichia
coli DH5a cells. The clones were screened with probes and labeled
by the ECL system (Amersham). Hybridization, stringency of
washing, membrane blocking, antibody incubation, signal gene-
ration and detection were all performed according to the
manufacturer’s protocol. Considering nucleobase mutual partner-
ships and the order difference of recording the first base of repeat
units and similar repeat types could be sorted into a single type. In
this study, the libraries were screened with 14 probes, they were
(AC)1s, (AG)1s, (AAG)s, (ACT)s, (AAC)s, (ATC)s, (AGG)s, (ACC)s,
(AAT)s, (AGC)s, (AAAT)4, (AACC)4, (ACGC)4 and (AGAC), (Table 1).

After library screening, all clones were sequenced using BigDye
chemistry with M13 forward and reverse primers on an Applied
Biosystems ABI PRISM 3730 genetic analyzer. All developed
clones in this study were compared with 1080 previously published
sequences in GenBank using Vector NTI Suite 8.0, and all the
duplicate sequences were deleted.

The SSR clones that had enough suitable flanking sequence
were selected to design primers. The forward and reverse primers
were designed with primer premier 5.0 software (Premier Biosoft
International). The parameters used in the primer design were as
follows: (1) primer length between 18 and 30 bp; (2) percentage of
GC between 40 and 60%; (3) Tmvalues of the primers between 55
and 75°C; (4) PCR products from 100 to 450 bp.

The polymerase chain reaction mixture contained 90 ng genomic
DNA, 1 U Taqg polymerase (TaKaRa), 1x PCR buffer, 250 yM of
each dNTP, 3.0 mM of Mg®* and 0.2 uM each forward and reverse
primer. Thermal cycling was performed in a PCR system
(Eppendorf) and consisted of an initial denaturing at 95°C for 5 min,
followed by 30 cycles each of 30 s denaturing at 95°C, 30 s
annealing at locus-specific temperatures, 45 s extension at 72°C
and concluding with a final extension at 72°C for 5 min (Zhan et al.,
2007). PCR products were separated on 8% denaturing poly-
acrylamide gels (acrylamide: bisacrylamide, 29:1) using 1x Tris
borate EDTA (TBE) buffer. The bands were visualized using silver
staining. The lengths of the PCR products were analyzed using
UVP Biolmaging Systems and VisionWorkLS software.

The tandem repeats were initially identified using the tandem
repeat finder (TRF) software (Version: 2.02) (Benson, 1999), with
the following parameters: alignment parameters (match, mismatch,
indels), (2, 7, 7); minimum alignment score to report repeat, 50;
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Table 1. Types of 2, 3, and 4 bp probes and their corresponding targeting repeat

units.

Types of probe

Corresponding targeting units

>>>
o)
0od

8

Di-nucleotide ® (AG)1s AG, GA, TC, CT
(AC)is | AC, CA, TG, GT

Tri-nucleotide (AAT)s AAT, ATA, TAA, TTA, TAT, ATT
(AAC)s AAC, ACA, CAA TTG, TGT, GTT
(AAG)s AAG, AGA, GAA, TTC, TCT, CTT
(ATC)s ATC, TCA, CAT, TAG, AGT, GTA
(ACT)s ACT, CTA, TAC, TGA, GAT, ATG

AGC, GCA, CAG, TCG, CGT, GTC
AGG, GGA, GAG, TCC, CCT, CTC
ACC, CCA, CAC, TGG, GGT, GTG

Tetra-nucleotide ° (AAAT)s | AAAT, AATA, ATAA, TAAA, et al.
(AACC)s | AACC, ACCA, CCAA, CAAC, et al.
(ACGC)s | ACGC, CGCA, GCAC, CACG, et al.
(AGAC)4 [ AGAC, GACA, ACAG, CAGA, et al.

&, Probes of (AC)ss and (AG)ss occupied 50% of the four types of di-nucleotide repeats; b
the type of tri-nucleotide probe used in this research occupied 80% of the ten types of tri-
nucleotide repeats; °, The type of tetra-nucleotide probe used in this research occupied
12.1% of the 33 types of tetra -nucleotide repeats.

Table 2. Fate of 952 clones obtained from the enrichment library.

The number of clones 952

!

Negative clones
Positive clones

66 (6.93%)
886 (93.07%)
!

Duplicate
Non-redundant

133 (15.01%)
753 (84.99%)

1
repeat sequences

1004

1
Microsatellite sequences

Minisatellite sequences

831 (82.77%)
173 (17.23%)

maximum period size, 500. Subsequently, all independent tandem
repeats in this study were analyzed using the excel macro software
designed by our group, which could calculate the length, percen-
tage and so on. Considering nucleobase mutual partnerships and
the order difference of recording the first base of repeat units,
similar repeat types could be sorted into a single type (Gao and
Kong, 2005), such as AG (AG/ GA/ TC/ CT), AC (AC/ CA/ TG/ GT)
(Table 1). According to the analysis principle, the number of types of
2 and 6 bp repeat sequences was 4, 10, 33, 102 and 350,
respectively.

For statistical analysis, SAS was used for windows and
coefficient of variation (CV) as a measure of SSR variation (see
equation) (Luan et al, 2007).

SD

X

cv = X 100 %

SD, Standard deviation; X , mean.

RESULTS AND DISCUSSION

As shown in Table 2, 952 clones were obtained through
microsatellite enrichment libraries construction-colony
hybridization. The number of positive clones was 886,
accounting for 93.07% of the total clones. All these
tandem sequences were analyzed using Vector NTI Suite
8.0 with the following parameter: Minimum length of any
overlap (50). As a result, 753 independent clones were
obtained that were different from the repeats reported in
GenBank. The tandem repeats were initially identified
using the TRF software. Each of the independent clones
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Figure 1. Relative abundance of the various sized repeat sequences in this study.

contained one or more repeat sequences. A total of 1004
sequences were obtained from 753 individual clones,
including 831 microsatellites and 173 minisatellites,
accounting for 82.77 and 17.23% of all tandem repeats,
respectively.

Primer design from the SSR libraries

A total of 30 turbot individuals were employed for
polymorphism assessment. In total, 360 SSR markers
were developed in this study and 158 SSR markers were
polymorphic, the percent of polymorphic microsatellite
markers was 44%. These sequences can be retrieved
with the following accession numbers: FJ965547-
FJ965554; GQ121160-GQ121250; GQ132059-GQ132118
(Ruan et al., 2010). The number of alleles (A) observed
heterozygosity (Ho), expected heterozygosity (He), P-
value and conformance to Hardy-Weinberg (HW) expec-
tations were estimated using the program POPGENE
version 1.31. Null allele frequencies were obtained with
the algorithm implemented in CERVUS 3.0 program
(Marshall et al., 1998). Parts of the data were showed in
Appendix 1.

SSR markers, in addition to their co-dominant character
and abundant genetic variety, are selectively neutral and
are widely distributed throughout genomes (Chistiakov et
al., 2006); therefore, except for the difficulty in developing
them, these molecular markers are suitable for genetic
linkage mapping (Shimoda et al., 1999; Wang et al.,
2007) for the turbot. These SSR markers can also serve
as bridges for comparative mapping in other species and
are more easily transferable across populations or even
across species (Thomas and Scott, 1993).

Repeat sequence types, humbers and distributions

To construct microsatellite enriched libraries with higher
efficiency, we characterized the published repeat
sequences of turbot before this study, following which 14
different probes were designed and used in present
study. The results obtained validated the effectiveness of
our probe design protocol. The sequence data of the
microsatellites detected in GenBank for the turbot are
shown in Appendix 2. According to the rule of base
mutual partnership, the two probes, (AC)is and (AG)is,
accounted for 50% of the four types of dinucleotide
repeat. (AAG)s, (ACT)g, (AAC)s, (ATC)s, (AGG)s, (ACC)s,
(AAT)g and (AGC)s, accounted for 80% of the 10 types of
trinucleotide repeat. (AAAT)4, (AACC),, (ACGC), and
(AGAC), accounted for 12% of the 33 tetra-nucleotide
repeats (Table 1). In this study, 831 microsatellites of
turbot were isolated from several enrichment libraries
constructed using 14 probes. These present findings
provided important information about the genomic organi-
zation of 2 to 4 repeat sequences in turbot. As shown in
Figure 1, the proportions of the various types of SSRs
(mono-, di-, tri-, tetra-, penta- and hexanucleotide
repeats) were not evenly distributed. The estimates of
SSR-type frequency calculated here were similar to the
published database (Figure 2), which suggested that,
dinucleotide repeats were the most common followed by
tetra-, tri-, hexa- and pentanucleotide repeats, respec-
tively.

Characteristics and abundance of SSR types in the
present research was showed in Table 1. Mono-
nucleotide repeats were not identified in this study. And it
is evident that dinucleotides were the most common type
of repeat, accounting for 73.17% of the total number of
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Figure 2. Relative abundance of the various sized repeat sequences registered in GenBank.

tandem repeats (831) and 53.50% of the total length of
SSRs (75882 bp) in this work. Within these dinucleotide
repeats, the unit AC (390) was the most abundant,
followed by AG repeats (218). This result was similar with
the analysis of the public turbot database in GenBank
(Appendix 1) and the units of AT and GC were compara-
tively rare. This tendency could also be observed in some
other species, such as the Takifugu rubripes genome (Cui
et al., 2006). In contrast, other species (Marsupenaeus
japonicus and Fenneropenaeus chinensis) contained
more AT repeats, followed by AC, AG and GC (Gao and
Kong, 2005). GenBank data did not include any GC
dinucleotide microsatellite sequences for the turbot, so no
GC probe was used in this research. According to pre-
vious reports, the GC repeat unit is rare in genomes of
many organisms (To6th et al., 2000). One explanation of
this GC suppression might be that methylation of CpG
represents a mutational hot spot through deamination of
methylcytidine to thymidine (Schorderet and Gartler,
1992). In this research, eight types of trinucleotide repeat
probes were used, accounting for 80% of the 10 types of
trinucleotide repeats. The result showed that only 38
repeats were found (Table 1). SSR sequences constitute
a large fraction of non-coding DNA and are relatively rare
in protein coding regions. However, the disease-asso-
ciated trinucleotide repeats are mostly found in coding
regions in certain species. For example, abnormal expan-
sions (= 39) of CAG repeats, which translated into
polyglutamine stretches, cause Machado-Joseph disease
(Rubinsztein et al., 1995). Metzgar et al. (2000) sug-
gested that, such excesses of trinucleotide coding
repeats were controlled primarily by mutation pressure.
Most trinucleotides are not extensively conserved, even
when they form parts of protein coding sequences,
because some mutations may be deleterious for species
and long stretches of trinucleotide repeats can be
unstable during meiosis or gametogenesis. Each of the

twenty nucleic acids were encoded by three bases, such
as Ala (GCA), Ser (AGC) and Met (AUG), out of the four
bases (A, U, C and G). The composition of codons is
similar to the SSR repeat unit (Table 3), thus some
trinucleotide repeats might disturb the function of codons.
For instance, nucleic acid sequences around start codons
contain fewer AUG trinucleotides due to negative
selection against disruptive trinucleotides that could
disturb the accurate detection of true start codons (Saito
and Tomita, 1999). With further understanding of trinu-
cleotide repeat mutation and evolution, the genetic patho-
genesis of some diseases that have appeared recently in
turbot farming, including albinism, could be clarified,
which will no doubt speed the MAS progress in turbot
farming.

Among the 167 tetranucleotide classes, all our enrich-
ment libraries were separately screened with four
oligonucleotide probes. The results showed that, aside
from AACC (15), ACGC (51) and AGAC (78), other SSR
unit types (ATCT (5), AATC (2) and AGTG (3)) were occa-
sionally found. Little data about tetranucleotide repeat
sequences are available for turbot, thus further studies
will be required to analyze the frequency of each tetra-
meric repeat type. However, four classes of penta-
nucleotide repeats and six classes of hexanucleotide
repeats were occasionally found in this study.

The correlation between the copy number of repeat
units and the length of repeat sequence

In this research, the copy number of repeat units ranged
from 5 to 245. The average copy number of dinucleotide
repeats was 33.46 and the copy number ranged from 13
to 242. For trinucleotide repeats, these parameters were
36.35 and 8 to 245, respectively. For tetranucleotide
repeats, they were 42.36 and 6 to 141. For pentanucleotide
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Table 3. Characteristics and abundance of SSR types in this study.

Types of No. of No. SSRs” | Length | Length of | Total length of No. of repeats Average CVi%
repeats SSRs (%) SSRs” (%) tandem times No. of
repeats® (%) in range repeat times

AC 390 46.93 26187 34.51 23.95 13-166 33.65 71.58
AG 218 26.23 14409 18.99 13.18 13-242 33.26 89.60
Subtotal 608 73.17 40596 53.50 37.13 13-242 33.46
AGC 14 1.68 1007 1.33 0.92 8-52 23.87 57.17
ATC 4 0.48 222 0.29 0.20 9-32 19.32 55.70
AGG 8 0.96 1410 1.86 1.29 12-245 61.30 126.11
AAG 9 1.08 1293 1.7 1.18 9-142 48.22 87.86
ACC 1 0.12 45 0.06 0.04 15-15 15.30 0
AAC 1 0.12 57 0.08 0.05 19-19 19 0
CGG 1 0.12 33 0.04 0.03 11-11 11 0
Subtotal 38 4.57 4067 5.36 3.71 8-245 36.35
ACAG 78 9.39 17494 23.05 16.00 6—141 56.28 67.1
AATC 2 0.24 161 0.21 0.15 14-27 20.15 46.67
ATCT 5 0.60 739 0.9 0.68 6-114 36.98 120.46
ACGC 51 6.14 3210 4.23 2.93 8-34 15.81 42.40
AACC 15 1.81 3415 4.50 3.12 8-124 57.33 65.44
AGTG 3 0.36 270 0.36 0.25 17-26 22.53 20.32
Subtotal 167 20.10 28187 37.07 25.78 6—-141 42.36
ACACA 1 0.12 25 0.03 0.02 5-5 5 0
GAGGA 1 0.12 207 0.27 0.19 4242 42.40 0
CAACG 1 0.12 224 0.30 0.20 45-45 44.80 0
ACAGT 1 0.12 39 0.05 0.04 8-8 7.60 0
Subtotal 4 0.48 495 0.65 0.70 5-45 24.95
CAGAGA 1 0.12 146 0.19 0.13 24-24 24.30 0
GAAGAA 1 0.12 299 0.39 0.27 50-50 49.80 0
AGGAAG 1 0.12 322 0.42 0.29 54-54 53.70 0
GAGGAG 1 0.12 278 0.37 0.25 46-46 46.30 0
GCTGTT 1 0.12 160 0.21 0.15 2626 25.70 0
TGCTGC 2 0.24 313 0.41 0.29 25-26 26.05 1.36
TGCTGA 2 0.24 460 0.61 0.42 17-60 38.30 79.39
GTGTGC 2 0.24 123 0.16 0.1 10-11 10.10 8.40
GACGAG 1 0.12 214 0.28 0.20 36-36 35.80 0
TGTGTG 1 0.12 141 0.19 0.13 24-24 23.5 0
AGAGAG 1 0.12 81 0.1 0.07 14-14 13.5 0
Subtotal 14 1.68 2537 3.34 2.31 10-60 30.11
Total 831 75882 69.63

2 Total Number of SSR was 831; °, total length of the SSR sequences was 75880 bp; °, total length of repeat sequences was 109336 bp; No., number.

repeats, they were 24.95 and 5 to 45. Moreover, for
hexanucleotide repeats, they were 30.11 and 10 to 60.
The distribution of copy number of SSR sequences is
summarized in Figure 3. The frequency distributions of
dinucleotides were parabola-like in shape. In addition, the
di- and tetranucleotides repeats were centralized in a
middle-leaning-left position. The frequency distribution of
tri-nucleotides was centralized in the domain composed
of low copy number. Due to the relatively lower copy
number of classes and frequencies, the figures for penta-

and hexanucleotide repeats were not clear. Among
dinucleotide repeat sequences, repeats with 15 copies
were the most common. The average copy number of
dinucleotide repeats was 33.46. Among trinucleotide
repeats, repeats with nine copies were the most common
and the average copy number was 36.35. The average
copy number was 24.95 for tetranucleotide repeats and
30.11 for hexanucleotide repeats.

The length of each repeat sequence was determined
by the copy number of its repeat unit. The cumulative
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Figure 3. Distribution of the number of SSR sequences.

length of dinucleotide repeats was the greatest, at 40596
bp, which accounted for 53.50% of the total length of
SSR repeats. In decreasing order of cumulative length,
the others were tetranucleotide, trinucleotide, hexa-
nucleotide and pentanucleotide repeats in turn. The
cumulative length of pentanucleotide repeats was the
shortest, only occupying 0.70% of the total length of
repeat sequences (Table 1). Thus, we concluded that, the
length of repeat sequences was determined by the copy
number and the dinucleotide repeats were absolutely
predominant, not only in the number of repeat sequen-
ces, but also in terms of cumulative length. In this study,
a negative correlation between the length of repeat units
and the average copy number was detected (r = -0.5, P
= 0.072). The result showed that, the frequency of
microsatellites decreases with increasing repeat unit
length. That is, the smaller the unit length, the higher
repeat number, possibly due to the greater selective pre-
ssure against longer unit lengths (Samadi et al., 1998).

In this study, the coefficient of variance (CV) was
introduced as a measure of SSR variation ability, where
the higher the repeated variation coefficient, the higher
the repeated variation ability of microsatellite. Within
dinucleotide repeats, the variance of AG was the highest,
with a CV value of 89.60. For trinucleotide repeats, AGG
had the highest CV at 126.11. For tetranucleotide
repeats, ATCT had the highest CV at 120.46 and for
hexanucleotide repeats; they were TGCTGA with a CV of
79.39. The average CVs of dinucleotides, tetranucleotide,
trinucleotide, hexanucleotide and pentanucleotide repeats
were, in decreasing proportions, 80.59, 57.43, 46.69,
8.10 and 0, respectively (Table 3). Hence, dinucleotides
repeats were the most variable among the different types

of repeat.

It is evident that dinucleotides were the most common
type of repeat, accounting for 73.17% of the total number
of tandem repeats (831) and 53.50% of the total length of
SSRs (75882 bp) in this work. The average CV of
dinucleotides was also the highest (Table 3). The
number, length and average CV of dinucleotides were
also the most prevalent in some other species, such as
the genomes of Chinese shrimp and Drosophila (Katti et
al., 2001). Only dinucleotides were found in the genome
of the prokaryote methanogenic archaeon (Samadi et al.,
1998). It could be concluded that the possibility of dinu-
cleotide repeats may be the basis of origin and evolution
of repeat sequences. In this study, the coefficients of
variance (CVs) of trinucleotide repeats ranged from 0 to
126.11. The variance of AGG was the highest, with a CV
value of 126.11. Therefore, some types of trinucleotides
may be more variable than others.

Conclusion

A microsatellite enrichment libraries construction-colony
hybridization strategy was used in isolating the turbot (S.
maximus L.). Using 14 different probes, 831 micro-
satellites were detected and 158 polymorphic micro-
satellite markers were developed. And so far, about 316
SSR markers have been reported by other groups
(Coughlan et al., 1996; lyengar et al., 2000; Bouza et al.
2002, Pardo et al. 2005, 2006, 2007). All these highly
polymorphic microsatellite markers will be useful tools for
constructing genetic linkage maps of turbot and for
identifying quantitative trait loci (QTLs) in this species. To
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date, the full genome of turbot has not been determined,
due to limits on research outlays, therefore, analyzing the
different nucleotide repeat units across the whole
genome of turbot and provide information regarding the
repeat sequence characteristics of the turbot genome.
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Appendix 1. Characteristics of the 21 microsatellite loci of turbot (S. maximus L.).

Locus no. Primer sequence (5'-3') Repeat motif Size (bp) Ho He P-value Null
frequency

YSKr01 GQ121160 F: CGAGTCAACAGCCATCAAGC (GT)7?GC(GT)12 187-202 0.1250 [ 0.1215| 0.9952 -0.0348
R: AGGTGGTGGACCGTTCAAGT

YSKr18 | GQ121165 F: GCATCACACCACTCACAACAC (AC)20 153-170 1.0000 | 0.6950 | 0.0024" -0.2176
R: TCAATCATCCCACAGGCACAC

YSKr24 | GQ121168 F: GGTGAGCGACAATCCATCTG (AG)14 118-166 0.9000 | 0.7734 | 0.1059 -0.0878
R: GGTCACGCACAAGTGTCCTG

YSKr40 | GQ121175 F: GCCACTTACACGAGACCTG (GCA) 4GCG(GCA) 1o 76-103 0.5000 | 0.5922 | 0.0020" | +0.1740
R: AAGAGCAAACCAAGCACG

YSKr41 GQ121176 F: CCTCTCATTGGAAGACGG (CT)1e 140-208 0.8333|0.7261 | 0.0067 -0.0722
R: TGCCTGTCAGTGGAAGTAG

YSKr43 | GQ121177 F: TATGCCCTGGTTACGCTTC (CA)11 125-147 1.0000 | 0.7216 | 0.0000" | -0.1798
R: TCTGGTGATGTCTTCTGGAG

YSKr51 GQ121182 F: GAACGACCGACGGAAACTG (GA)7T(AT) 12 241-284 0.9167 | 0.7961 | 0.5057 -0.0793
R: TTCTAAACACCACCGACCCT

YSKr81 GQ121200 F: TGCTTCTCTGTAAAAGTCTG (TTGG)s...(TTGG)13...(TTGG)s 184-241 0.9333 | 0.8678 | 0.0313' -0.0459
R: ATGTCCCATCCTGCCAC

YSKr85 | GQ121201 F: TACTTACACTGTGTATGTGC (GTGC)e 252-304 0.7667 [ 0.8198 | 0.2053 +0.0424
R: GAGAACCGAAGAAATGAGA

YSKr09 | FJ965547 F:GTCTGGTGTCGTCTTGCTT (GT)sA(TG)zs...(GA)1s 203-256 0.6667 | 0.7463 | 0.2660 +0.0458
R:TGGAAACAGGTTGTAACTC

YSKr11 FJ965548 F: ATGTTTGCCACTATGCGT (GT)12 211-226 0.2759 | 0.3503 | 0.0003" | +0.0962
R: AACTGTTTATTGTGCTCGTC

YSKr12 | FJ965549 F: GGACAACAGACCGAAACC (GT)13TT(GA)s...(GA)11 128-187 0.7667 [ 0.7910 | 0.2120 +0.0070
R: ATGTACCTGCCTGGAATG

YSKr17 | FJ965550 F: GTGGGAATGAATCGGACAGG (ACAGAGAG)4(AG)s 196-234 0.8276 | 0.7447 | 0.0064" -0.0355
R: AACGCCTCCCCCTCATCTCT

YSKr21 FJ965551 F: TGCCTCAGTTCAGAGTCAGC (CA)17 230-245 0.8667 | 0.6627 | 0.3320 -0.1487
R: GGGTGTCAGAGTAGGGTTGT

YSKr26 FJ965552 F: GCTCTGTAAGTCGGTGAAGGT (TC)14 228-242 0.7667 | 0.6723 | 0.9214 -0.0823
R: TAAACTGCCGCTGGATGAAG

YSKr27 | FJ965553 F: AAGTTGGAGGGTGAAGAGTT (TG)2s 277-340 0.7000 | 0.8232 | 0.0145 +0.0863
R: TATGTAAAGTGGCTTGCTGT

YSKr37 | GU997109 | F: GCAACATCACATAGGAGC (AC)23 74-101 1.0000 | 0.7828 | 0.0004 | -0.1377
R: AGGTGGCGGAGACAAAG
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YSKr57 GU997110 F: TGTTTGAAGTCGCACGCCT (AG) 19 174-180 2 [0.4348 | 0.4329 | 0.9824 -0.0511
R: ACACACTGGAGCCTTTGAGC

YSKr285 | GU997111 F: AGGAGGACGAGGTCAAACG (AC)20 122-137 | 4 | 0.2917 | 0.2642 | 0.9966 -0.0672
R: GAGACACAAACCAACAACAGACA

YSKr286 | GU997112 F: AGCATCAGCAACGGAGGAC (TC)o 201-284 7 10.8333|0.6667 | 0.9532 -0.1736
R: GGCAGCACATTGTTCTGT

YSKr287 | GU997113 F: TATCCTCATCCCTTTCATCT (CTGT)s 276-300 4 10.4583|0.5895| 0.1146 +0.2284
R: CAAACTGGAGCTTAGTAACA

no, GenBank Accession number; Ta, optimal annealing temperature; A, number of alleles; Ho, observed heterozygosity; He, expected heterozygosity; P-value, exact P value for Hardy—
Weinberg equilibrium test; * significant at the 5% level; ** significant at the 1% level; and *** significant at the 0.1% level.

Appendix 2. Characteristics and abundance of SSR types registered in GenBank.

Types of No. of No. SSRs® Length Length of Total length of No. of repeats Average no. of CVi%

repeats SSRs (%) SSRs® (%) tandem repeats® (%) | times in range repeat times
A 35 8.31 1255 5.63 4.99 25-77 35.86 34.32
Subtotal 35 8.31 1255 5.63 4.99 25-77
AC 276 65.56 14383 64.52 57.23 13-101 26.09 55.16
AG 26 6.18 1157 5.19 4.60 13-45 22.29 33.56
AT 6 1.42 232 1.04 0.92 14-24 19.33 19.40
Subtotal 308 73.16 15772 70.75 62.75 13-101 25.64
ATT 2 0.48 84 0.38 0.33 11-17 14 27.27
ATC 7 1.66 391 1.75 1.56 9-61 18.66 101.52
AGC 4 0.95 144 0.65 0.57 8-16 11.9 28.10
AAG 2 0.48 67 0.30 0.27 11-11 11.15 1.90
AAC 1 0.24 26 0.12 0.10 9-9 8.70 0
AGG 2 0.48 54 0.24 0.21 8-10 9 10.10
Subtotal 18 4.28 766 3.44 3.04 861 14.18
ACGC 7 1.66 250 1.12 0.99 8-13 9.04 20.03
ACCT 4 0.95 558 2.50 2.22 12-64 35.08 67.69
ACGG 1 0.24 27 0.12 0.11 7-7 6.80 0
ATCT 24 5.70 2161 9.69 8.60 8-68 22.59 72.29
AGAC 3 0.71 231 1.04 0.92 12-23 19.43 31.79
ATGT 10 2.38 650 2.92 2.59 7-50 16.31 76.87
CTTT 1 0.24 55 0.25 0.22 14-14 14 0
ACTC 2 0.48 224 1.00 0.89 18—40 28.80 54.02
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GTTT 1 0.24 30 0.13 0.12 8-8 7.5
Subtotal 53 12.59 4186 18.77 16.66 7-7 19.87
ACACA 1 0.24 57 0.26 0.23 12-12 12.2
CCGGA 1 0.24 39 0.17 0.16 8-8 7.80
TACAC 1 0.24 55 0.25 0.22 11-11 11
Subtotal 3 0.71 151 0.68 0.61 8-12 10.33
CAGATC 2 0.48 104 0.47 0.41 9-9 8.670
TGACCG 1 0.24 30 0.13 0.12 5-5 5
AATTCG 1 0.24 29 0.13 0.12 5-5 5
Subtotal 4 0.95 163 0.73 0.65 5-9 6.84
Total 421 22326 88.73

o

, Total Number of SSRs was 421; °, total length of the SSR sequences was 22291 bp;°, the total length of repeat sequences was 25,150 bp.




