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Abstract.- Lactate dehydrogenase (LDH) enzyme activities in muscle was significantly related with burst
swimming speed and endurance swimming capacity in a variety of fish. Quantitative trait loci (QTLs) associated with
LDH were analyzed based on F1 family crossed by Hebao and Heilongjiang carp. A total of seven QTLs (qLDHZ1,
gLDHS6, qLDH7, qLDH21 qLDH22, qLDH45a and qLDH45b) were detected on six linkage groups (LG1, LG6, LG7,
LG21, LG22, LG45), and the explained variances of LDH activity by these QTLs was more than 36%. Confidence
intervals ranged from 2.0 to 10 cM in the present study. To increase the intensity of QTL mapping, four new
microsatellite markers (CAFS02457, CAFS02458, CAFS02460, and CAFS02461) were developed from common carp
genomic fragments. Intensity of candidate QTL intervals was increased (by > 5 cM) in four of the seven QTLs. The p-
value of qLDH7 was 0.0007 analyzed by an ANOVA and explained 42.0% of the variance suggesting this QTL maybe

a major QTL.
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INTRODUCTION

Swimming ability is considered as a main

character, determining survival in many species of
fish. Thus, it is suggested that swimming capability
is a major trait affecting fitness (Reidy et al., 2000;
Plaut, 2001). Generally, oxygen uptake occurs at the
critical swimming speed. It is also relatively close
measure of maximum aerobic capacity of the fish
and gives a good estimate for swimming ability. In
general, it includes aerobic and anaerobic swimming
(Hammer, 1995; Tudorache and Viaenen, 2008).
Physiology, predation pressure, and natural variation
influence the stress response of prey species. The
level of response also may be related to aspects of
individual antipredator performance, such as escape
speed, defense, or locomotor performance
(Guderley, 2004; Kaufman and Gunn, 2006;
Monclus et al., 2009; Selch and Chipps, 2007; Slos
and Stoks, 2008; Sullivan and Somero, 1983). In
fish, myotomes contain two basic types of muscle
fiber, red and white muscle (George, 1962; Ogata,
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1958; Ogata and Mori, 1964). White muscle is
mainly involved in short-duration vigorous
swimming movement and red muscle is for slowly
swimming movement.

Muscle glycolytic lactate dehydrogenase
(LDH) enzyme activities have been shown to be
correlated with burst swimming speed and
endurance swimming capacity in a variety of fish
(Garenc and Couture, 1999; Martinez and Guderley,
2003). LDH, an anaerobic cytosolic enzyme that is
involved in glycolysis, provides a continuous supply
of NAD+ oxidized during anaerobic glycolysis, thus
maintaining redox balance. LDH activity is
significantly and consistently correlated with the
overall morphology of fish (Anders, 2005). The
lactate generated in white muscle during bursts of
high-speed swimming is generally believed to be
transported via the circulatory system from muscle
to tissues such as the heart, gill, and liver, where
aerobic metabolism dominates (Bilinski, 1974;
Driedzic and Hochachka, 1978). Activity of LDH
reflects the increased glycolytic capacity of the
white myotomal muscle of large animals, which
allows fish to produce more power per gram muscle
during sprint swimming (Childress and Somero,
1990). Activities of metabolic enzymes have been
studied using qualitative trait loci (QTL) analysis in
various plants and animals. For example, ATPase
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enzyme activities have been examined in the pig Sus
scrofa using this technique (Klaus et al., 2006).
Post-feeding related enzyme activities, such as those
of a-hydroxybutyrate dehydrogenase isocitrate,
citrate synthase, LDH, aspartate amino transferase,
glutamine synthetase, and Na+/K+ ATPase, have
been studied in the dogfish shark (Squalus
acanthias) using QTL analysis (Patrick and Walsh,

2006). QTL analysis also has been used to
investigate primary carbohydrate metabolism
enzymes, including hexose phosphate pool,

fructose-6-phosphate, a-D-glucose-6-phosphate
(G6P), and a-D-glucose-1-phosphate, in the mouse-
ear cress Arabidopsis thaliana (Joost et al., 2008;
Saeed-ul-Hassan et al., 2012).

Common carp is widely distributed in China
and is cultured many strains including tolerance
cold temperature and low oxygen level, activity of
LDH, various body shape and color, different kind
of meat etc (Sun and Liang, 2004; Mao et al., 2009;
Liu et al., 2009; Li et al., 2009; Zhang et al., 2011,
2013; Zheng et al., 2011; Jin et al., 2012; Wang et
al., 2012; Laghari et al., 2013a,b,c). The Hebao carp
(Cyprinus carpio var. wuyuanensis) is a major strain
cultured in China, and it is well known for its high
growth rate, tolerance to low oxygen levels, and red
color (Sun et al., 1994; Sun and Zhang, 1994; Zhang
and Sun, 1994). Heilongjiang carp (Cyprinus carpio
haematopterus) is slow growing, with steel-gray
color and spindle-shaped body, distributes in
Heilongjiang River of china (Hu et al., 2010).
Moreover, a genetic linkage map of the common
carp (Cyprinus carpio L.) was constructed using 307
markers covering 51 linkage groups with a marker
interval of 11 cM in the consensus map (Zhang et
al., 2013). This linkage map provides the necessary
tool for Quantitative trait locus (QTL) analysis of
LDH enzyme activity. In the present study, we used
the genetic linkage map to identify QTLs affecting
LDH activity within the F1 family. This study will
contribute to the development of marker-assisted
selection in common carp. There are no previous
studies that investigated the QTL analysis associated
with LDH activity in fish. However, further research
is required to elucidate the functional basis of the
genes related to LDH activity based on QTL
information.

MATERIALS AND METHODS

F1 family of common carp (female Hebao
carp X male Heilongjiang carp) was produced at the
Aguaculture Experimental Station, Harbin, China. A
total of 92 F1 individuals were transferred in to 120
L rectangular tanks with water circulation system
and all conditions in the tanks were maintained
constantly, i.e. water temperature was 20°C and fish
were fed four times per day at 8:00 a.m., 12:00 p.m.,
4:00 p.m. and 8:00 p.m. at satiation. We discouraged
fish from resting to motivate them for short duration
swimming constantly.

White muscle tissue (10.0 g) from 92 F1
individuals were homogenized for 10 s in a 1:50
(wt/vol) dilution of LDH extraction buffer
containing 50 mM TriszHCI, 0.3 mM sucrose, 0.1
M KCI, 1 mM EDTA, 5 mM MgCl,, and 0.5 mM
phenylmethylsulfonyl fluoride at pH 7.4 with a
polytron homogenizer. Homogenates were then
centrifuged at 4°C for 5 min at 600 RPM. The
resulting supernatant produced an enzyme sample
that was decanted and assayed for LDH activity.
The LDH activity was measured spectrophoto-
metrically using a Monotest LDH kit (Jiancheng
Bioengineering Institute, Nanjing, China). The
reaction mixture was composed of 50 mM
phosphate buffer (pH 7.5), 0.6 mM sodium
pyruvate, and 0.18 mM NADH. After pre-
incubation at 30 °C for 10 min, the enzyme reagent
was added to the reaction mixture and the reaction
was carried out at 30°C. The average decrease in
absorbance of NADH at 365 nm was measured. The
extinction coefficient of 9,118 was used to convert
the absorbance change to the molar concentration of
the product formed, and the values obtained were
converted to those at 25°C using a conversion factor
of 0.75. One unit of enzyme activity was defined as
1 mmol of NADH reduced per minute at 25°C. Each
sample was analyzed three times. Fin clips of the
parents and 92 progeny were collected for DNA
isolation. DNA was isolated by the standard phenol-
chloroform protocol method (Sambrook and
Russell, 2001). The quality of DNA was checked on
1% agarose gel, and the quantity measured using
Nanodrop 2000 (Thermo Fisher, USA).

A linkage map of common carp, constructed
by Zheng et al. (2011), was used for QTL analysis.
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Generally, map is consisted of 307 markers
including 109 Simple Sequence Repeats (SSRs), 31
Expressed Sequence Tag-SSR (EST-SSR), and 167
Single Nucleotide Polymorphism (SNP) markers
derived from ESTs, which were mapped into 51
linkage groups (Zhang et al., 2013). The linkage
map was constructed using JoinMap 4.0 (Stam,
1993) with default significance levels ranging from
4.0 to 10.0 LOD. Athreshold of 4.0 was set to detect
linkages that may have resulted from allele-coding
errors. QTL analysis was carried out using the
MapQTL 4.0 program (Van Ooijen et al., 2002).
Multiple interval mapping was employed to detect
any significant associations between LDH activity
and marker loci in the data sets. The LOD score
significance  thresholds were calculated by
permutation (n=10,000) tests in MapQTL 4.0.

A one-way ANOVA was carried out to
characterize the QTL allele substitution effects, to
evaluate the differences among the genotypes of
markers that were nearest to each QTL. The
genotypes of the marker locus lying closest to the
peak in each of the QTL-containing genomic
regions were defined as mlfl, mif2, m2fl, and
m2f2, where ml, m2 and fl, f2 denote the
genotypes of the father and mother, respectively.

Since abundant genomic resources had been
developed in the past years in our research center,
including BAC library, BAC end sequences,
transcriptome data and draft genome of common
carp (Xu et al., 2011, 2012; Ji et al., 2012). These
resources provide more chance to develop new
microsatellite markers in the region where QTL was
located. To fulfill the purpose, we compared the
sequences of QTLs markers into common carp
genome draft, and then find microsatellite sequence
by software Msatfinder VV 2.0.9 (Thurston, 2010).
Thus, new SSR markers were developed and
genotyped in the mapping family to further reduce
the distance of the QTL interval. PCR reactions of
SSR genotyping were conducted with the following
thermo-profile: an initial step at 94°C for 2 min,
followed by 30 cycles of 94°C for 30 sec, annealing
at Tm temperature for 30 s, and extension at 72°C
for 30 s, with a final step of 72°C for 10 min. Each
PCR reaction consisted of 1x PCR buffer (Takara,
Dalian) with 1.5 mm MgCl,, 200 nm of each PCR
primer, 50 mm of each dNTP, 10 ng genomic DNA

and 1 unit of Tag DNA polymerase (Takara, Dalian).
PCR products were analyzed using 6% PAGE gels
on a Genetic Analyzer (ABI 377, Applied
Biosystems, Foster City, CA). Genotypes were
determined by using a molecular size standard
GSROX-500 (Applied Biosystems) with the
software GENESCAN 2.1 (Applied Biosystems)
(Shen et al., 2005).

RESULTS AND DISCUSSION

A total of four new microsatellite markers
were developed to increase marker intensity of the
QTL intervals. These new markers, with GenBank
accession numbers  CAFS02457  (X523660),
CAFS02458 (JX523661), CAFS02460 (JX523663),
and CAFS0261 (JX523664), were grouped in LG6,
LG7, LG22, LG45 (Fig. 1). Unfortunately we could
not found available microsatellite markers in LG1
and LG21 respectively. These QTLs intervals were
significantly reduced after adding new markers, that
gLDH6 interval was reduced from 13.0 into 7.0,
gLDH?7 interval was reduced from 17.0 into 10.0,
gLDH22 interval was reduced from 15.0 into 10.0
and gLDH45b interval was reduced from 6.8 into
2.0 (Fig. 2). Hence, increased markers enhanced the
QTL strength and provided the opportunity for gene
prediction based on QTL information.

The average value of LDH activity of 92
offspring of the F1 individuals was calculated
2740.54+£1037.27 mmol. A total of seven QTLs
(QLDH1, gLDH6, gLDH7, gLDH21, qLDH22,
gLDH45a and gLDH45b), were found localized on
LG1, LG6, LG7, LG21, LG22 and LG45 (Table I).
All LGs were found with individual QTL except
LG45 that consist on multi QTLs. LOD threshold,
by permutation test, was calculated as 4.3, 3.8, 5.5,
4.2, 4.9, 6.0 and 6.0 for each QTL separately. The
LOD score was detected 4.6, 4.2, 5.8, 4.5, 5.5, 6.1
and 6.3 corresponding to each QTL. These QTLsS
covered less than 10 cM with confidential interval
ranged from 2.0 to 10 cM. Explained variances of
LDH activity by these QTLs were more than 36%,
i.e. 49.4, 44.30, 42.0, 40.40, 41.60, 38.2 and 36.1%
separately.

In addition to investigate the association
between the LDH trait and genotype, ANOVA was
performed from the nearest marker of each QTL.
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Fig. 2. Mapping of QTL for LDH trait detected with genome wide threshold in Cyprinus carpio. Red line
indicates original QTL region: Blue line shows increased QTL intensity after adding new microsatellite markers: QTL
region on each chromosome are related with LDH trait. (LG1, LG6, LG7, LG21, LG22 and LG45).



L.
TA
LE

HAI

PUN

L.

388

ined
expla TL
and is Q
7 d th m
000 Ste fro
0.C gge: leles
was it su le allel
DH7 %, and Fema ctivity. kers
f qL 42'0A)'|e ). LDH a d mar of
e trait was Tab ith L ore 54) C
P-valu e trait TL ( iated w neighb SNP14 This
varianc major QeasSOCI TLs, 34 and alleles. carp,
o _s be wer se Q JE3 two bao 6
584 may carp the HLJE: ed f he 18.6,
2 S E a0 g 82, tain 0 8+3
Sy Heb AmOnSNp12 ly con parent 3212.4 148.4).
= +
—ex S3 e 1105, as on kers as alue (332'84_38 and
FEE ces (SNP TLs, wa enotypic. v and 3 MLIESS3 and
& o = » = : i
z 2E5i8 = $2% fourofygos'sh phenlol+465'?H|_J483’Was with ¥
= =) = 2 3 3 hom hlg 27.11+ rs TLs fl in
Y = &2 = d 32 rke om Ls
i g2 e E Sho\év$430'5'earest nr::r threeleSWaS fgven Q:;Iained
a5 2 05“\3 438+ r, n ot a||e-'dS €X ere
z8 & =83 3 2o3) of the g e i
S % 228 Mor ) O dvan ide w ark als,
] =N =005} o 63 . a we a ’ m H terv
g % E K g i -§ HLJ5 which mary, ge m \F;el SSRTL !n ervals.
|oas R 293 alleles, e linka - TovelS %TL intiation
@ &g r tiv into . ini
) S ggd Inces of L DH a;%ped I::]and'dateuSe‘cul IVigorous
{=By=| : . e .
22 e . el com nces o nd m ity of rovid with
17 % E = 2% var loped ¢ Intensity ot ssocia arpio.
5 o E =8 ! de"easing.t-h q QT"S that ftsin C. c
LI g EZ3 increa vbring wene d trai s
g =33 5 553 his id b ol ENT igh-
£ 23 (3 55 T discov ability DGEM ol ngof
2 SRR E 3|3 8¢ o imming NOWLE the Natg)rogramthe
2z g & 9 d I3 2 8= SwW K d t
2 S -—"’|+"°~. =z S § C rte en :
g 19 & % = == 9 3 =R A Suppo ve|°pm1004.01)ce and
St Sl 85 R S 8 a5 dy Waﬁ and D%_ollAA | &‘»C'enspec'aI
E ni';:rﬁﬁ” = S~;> is stu fch anc icultura d fit
PR s = =Y Thi esea am; ricu ) an -pro
&8 S |E é“,a y R rogr d ag G12 Non es
& %S 85 g nolog 3 p nce 2011- tral cienc
. a8 I8 282 Tech (86 adVa} ts ( Cen ry S
. ST 3 A =5 iy ina | of ojec for ishe
= 58n =% o g Chi tion pr ds fF
RS Q8= = C n 0
= 349 QY g = o 8 ® o . introdu gy keyarch Fu demy
= @i‘\!c?gft\'m S 2L hnolo Rese Aca
= & ASEER 3 s g tecl ntific Chinese he
o N S ® g =) o 5 cle , S to t
e St E g ;2 > P acoiay ENCE e elle o the
NN $3 IS e 8§38 In 2C0 FER ferenc morh iol
=| 25 S T8 E g 2= E (201 RE ture pre (Gadulfﬂarine 8
Fgq 4 258 eratu od :
E = 0= 2 TE g § § Does tim'oﬂlantlchcenotype, ing. Ind
@S ) 053 zdewomm‘) sh switming
8| eg P £ E RS, D, ic capa hemog of fis Ma L pp.
S S |E 2 E: NDE naerob erent shec o D'Ck vol- 1
2 382 |55 552 A it ifren | el apects York .
“ < S z o o ” wit 1: 411 iochem b|0logy New oma
2 PR 85 2y b Res., 1074 o arine ic Press, of myotssoc-'
£ 25 ;5 g c LE., 1 al in cademi 0 types biol. A
a = |5 g s S g g il |NSK- hysic t), A he tw Mar.
g 3 Zad 28 E 2 ié Z_% BIL Biop sargent), tion Oftfish- J A new
£ AP o SRS ZBE £ g GR. 8. e func branch 990. ivities.
= o ggm:{gm %522 SHES 239'866 On the Tunct e anavme 2t
8 q\.,\_wo — < -E:—R 9; in ’_nZ
2 23| 2 Bl iz Esxs S8 NE O oMEROContIC )
. 5} - ; . .
": EE bR gé g%;b\ﬂg@& 465 J.J. ﬁSCallgg,
g |S @00@8; .£¢~;'Sw‘5é’§ RES’tiv‘eo.el—1
< [Va) sl g — = 5 2.5 = =l = ILD ec 0:1
£ Ogmmﬁé% ;wggﬁo“§ CH pers'ozool..3
" = = Z. = 50 g g = 5 ]
@ 25 33 gz T 2858 Am
) o2 Q‘—’:"’ S .2 Q‘Q-;.Q"‘
5 ’% 2= CREE é@@i%@%ﬁ
R . seaagﬁﬁa
T_e = < n —9 o -E E é ]
8 |2 FEEE hEk
TETZ {17 Cal
:Egﬁé@
: gl A e
Yt wJ £ 'é_ =)
= |2 g
= o=
<
=




QTL FOR VIGOROUS SWIMMING MOVEMENT IN CARP 389

DRIEDZIC, W.R. AND HOCHACHKA, PW, 1978.
Metabolism in fish during exercise. In: Fish physiology
(eds. W.S. Hoar and D.J. Randall), Academic Press,
New York, vol. 7, pp. 503-543.

GARENC, C. AND COUTURE, P, 1999. Metabolic correlates
of burst swimming capacity of juvenile and adult three
spine stickle-back (Gasterosteus aculeatus). J. comp.
Physiol., 169:113-122.

GEORGE, J.C., 1962. A histophysiological study of the red and
white muscles of the mackerel. Am. Midl. Nat., 68: 487-
494,

GUDERLEY, H., 2004. Locomotor performance and muscle
metabolic capacities: impact of temperature and
energetic status. Comp. Biochem. Physiol., 139: 371-
382.

HAMMER, C., 1995. Fatigue and exercise tests with fish.
Comp. Biochem. Physiol., 112: 1-20.

HU, X.-S., LI, C.-T., XU, W,, CAO, D.-C, JIA, Z.-Y. AND
SHI, L.-Y., 2010. The preliminary study on growth
performance and over wintering weight loss of
Heilongjiang carp, selective line of German mirror carp
and the cold- resistant line of Hebao red carp. J. Fish.
China, 8: 1182-1189. (article in Chinese).

JI, P, ZHANG, Y, LI, C., ZHAO, Z., WANG, J., LI, J., XU, P.
AND SUN, X., 2012. High throughput mining and
characterization of microsatellites from common carp
genome., Int. J. mol. Sci., 13: 9798-9807.

JIN, S., ZHANG, X, JIA, Z,, FU, H., ZHENG, X. AND SUN,
X., 2012. Genetic linkage mapping and genetic analysis
of QTL related to eye cross and eye diameter in
Common carp (Cyprinus carpio L. using
microsatellites and SNPs. Aquaculture, 358-359:176-
182.

JOOST, J.B., KEURENTIJES, R.S., YVES, G. AND MARIE,
C.S., 2008. Integrative analyses of genetic variation in
enzyme activities of primary carbohydrate metabolism
reveal distinct modes of regulation in (Arabidopsis
thaliana). Gen. Biol., 9: 8-129.

KAUFMAN, S.D. AND GUNN, J.M., 2006. Muscle enzymes
reveal walleye (Sander vitreus) are less active when
larger prey (cisco, Coregonus artedi) is present. Can. J.
Fish. aquat. Sci., 63: 970-979.

KLAUS, W., ILSE, F. AND TORSTEN, H., 2006. QTL for
microstructural and biophysical muscle properties and
body composition in pigs. BMC Genet., 7-15.

LAGHARI, M.Y., LASHARI, P., ZHANG, X., XU, P, XIN, B.,
ZHANG, Y. AND SUN, X., 2013a. Mapping
quantitative trait loci (QTL) for body weight, length and
condition factor traits in backcross (BC1) family of
common cap (Cyprinus carpio L.). Mol. Biol. Rep.,
41:721-731.

LAGHARI, M.Y,, ZHANG, Y., LASHARI, P., ZHANG, X., XU,
P., XIN, B. AND SUN, X, 2013b. Quantitative trait loci
(QTL) associated with growth rate trait in common carp
(Cyprinus carpio L.). Aquacult. Int., 21:1373-1379.

LAGHARI, M.Y.,, LASHARI, P, ZHANG X. XU, P,
NAREJO, NT., XIN, B., ZHANG, Y. AND SUN, X,
2013c. QTL mapping for economical traits of common
carp (Cyprinus carpio L.). (Under review).

LI, O., CAO, D.,, ZHANG, Y., GU, Y., ZHANG, X, LU, C.
AND SUN, X., 2009. Studies on feed conversion ratio
trait of Common carp (Cyprinus carpio L.) using EST-
SSR marker. J. Fish. China, 33:624-631

LIU, J., ZHANG, Y., CHANG, Y., LIANG, L., LU, C., ZHANG,
X., XU, M. AND SUN, X., 2009. Mapping QTLs
related to head length, eye diameter and eye cross of
common carp (Cyprinus carpio L.). Hereditas (Beijing)
31:508-514 (Article in Chinese)

MACINTOSH VERSION, 1997. Genescan and genotyper
computer programs.

MAO, R.X,, LIU, FJ., ZHANG, X.F.,, ZHANG, Y., CAO, D.C,,
LU, C.Y., LIANG, L.Q. AND SUN, X.W., 2009. Studies
on quantitative trait loci related to activity of lactate
dehydrogenase in Common carp (Cyprinus carpio L.).
Hereditas (Beijing) 31:407-411 (Article in Chinese)

MARTINEZ, M. AND GUDERLEY, H., 2003. Condition,
prolonged swimming performance and muscle
metabolic capacities of cod Gadus morhua. J. exp.
Biol., 206:503-511.

MONCLUS, R., PALOMARES, F. AND TABLADO, Z., 2009.
Testing the threat-sensitive predator avoidance
hypothesis: physiological responses and predator
pressure in wild rabbits. Oecologia, 158: 615-623.

OGATA, T., 1958. A histochemical study of the red and white
muscle fibres. Activity of the succinoxydase system in
muscle fibres. Acta Med. Okayama, 12: 216-227.

OGATA, T. AND MORI, M., 1964. Histochemical study of
oxidative enzymes in vertebrate muscles. J. Histochem.
Cytochem,, 12: 171-182.

PATRICK, J. AND WALSH, M., 2006. Metabolic organization
and effects of feeding on enzyme activities of the
dogfish shark (Squalus acanthias) rectal gland. J. exp.
Biol., 209: 2929-2938.

PLAUT, I, 2001. Critical swimming speed: its ecological
relevance. Comp. Biochem. Physiol., 131: 41-50.

REIDY, S.P,, KERR, S.R. AND NELSON, J.A., 2000. Aerobic
and anaerobic swimming performance of individual
Atlantic Cod. J. exp. Biol., 203: 347-357.

SAEED-UL-HASSAN K, MUHAMMAD N. R, GHAFFAR,A
AND MUHAMMAD F. U., 2012. Calpastatin (CAST)
Gene Polymorphism and its Association with Average
Daily Weight Gain in Balkhi and Kajli Sheep and Beetal
Goat Breeds. Pakistan J. ZOOL., 44 (2) 377-582.

SAMBROOK, J. AND RUSSELL, D. 2001. Molecular
cloning: a laboratory manual, third Ed.

SELCH, T.M. AND CHIPPS, S.R., 2007. The cost of capturing
prey: measuring largemouth bass Micropterus
salmoides, foraging activity using glycolytic enzymes
(LDH). Can J. Fish. aquat. Sci., 64: 1761-1769.



390 L. PUNHAL ET AL.

SHEN, R., FAN, JB. AND CAMPBELL, D., 2005. High-
throughput SNP genotyping on universal bead arrays.
Mut. Res., 573: 70-82.

SLOS, S. AND STOKS, R., 2008. Predation risk induces stress
proteins and reduces antioxidant defense. Funct. Ecol.,
22:637-642.

STAM, P., 1993. Construction of integrated linkage maps by
means of a new computer package, Join map. Plant. J.,
3:739-44.

SULLIVAN, K.M. AND SOMERO, G.N., 1983. Size and diet
related variations in enzymic activity and tissue
composition in the sablefish, Anaplopoma fimbria. Biol.
Bull., 164: 315-326.

SUN, X., ZHANG, S.Y. AND WANG, J., 1994. Studies on the
hereditary property of Jian carp. J. Fish. China, 18:
205-213.

SUN, X. AND ZHANG, Y. 1994. Studies on induced
gynogenesis in common carp. Science Press, Beijing,
pp. 40-44.

SUN, X. AND LIANG, L., 2004. A genetic linkage map of
common carp (Cyprinus carpio L.) and mapping of a

locus associated with cold tolerance. Aquaculture, 238:
165-172.

THURSTON, M.l. AND FIELD, D., 2010. Msatfinder:
Detection and characterisation of microsatellites.
Available  online:  http://www.genomics.ceh.ac.uk/
msatfinder/.

TUDORACHE, C. AND VIAENEN, P., 2008. A comparison of
swimming capacity and energy use in seven European
freshwater fish species. Ecol. Freshwat. Fish., 17: 284-
291

WANG, J., HE, A,, MA, Y. AND WANG, C., 2012. Genetic map
construction and quantitative trait locus (QTL) analysis
on growth-related traits in common carp (Cyprinus

carpio L.). Afr. J. Biotechnol., 11:7874-7884

VAN, J.W.,, BOER, M.P,, JANSEN, R.C. AND MALIEPAARD,
C., 2002. MapQTL 4.0: Software for the calculation of
QTL positions on genetic maps. Plant Research
International. Wageningen, the Netherlands.

XU, J, Jl, P, ZHAQO, Z., ZHANG, Y., FENG, J., WANG, J., LI,
J., ZHANG, X., ZHAO, L., LIU, G, XU, P. AND SUN,
X., 2012. Genome-wide SNP discovery from
transcriptome of four common carp strains, PLOS ONE,
7:e48140.

XU, P, WANG, J., WANG, J., CUI, R, LI, Y., ZHAO, Z., JI, P,
ZHANG, Y., LI, J. AND SUN, X., 2011. Generation of
the first BAC-based physical map of the common carp
genome. BMC Genomics, 12:537.

ZHANG, Y., XU, P, LU, C., KUANG, Y., ZHANG, X., CAO,
D., LI, C.,, CHANG, Y., HOU, N., LI, H.,, WANG, S.
AND SUN, X., 2011. Genetic linkage mapping and
analysis of muscle fiber related QTLs in common carp
(Cyprinus carpio L). Mar. Biotech. (NY), 3:376-392.

ZHANG, Y., WANG, S. AND LI, J., 2013. Primary genome
scans for complex body-shape-related traits in the
common carp Cyprinus carpio L. J. Fish Biol., 82:125-
140.

ZHANG, J. AND SUN, X., 1994. Studies on the characteristics
of Jian carp. Science Press, Beijing 27-39.

ZHENG, X., KUANG, Y. AND ZHANG, X., 2011. A genetic
linkage map and comparative genome analysis of

common carp Cyprinus carpio L. using microsatellites
and SNPs. Mol. Gen. Genom., 286: 261-277.

(Received 7 October 2013, revised 30 December 2013)






