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Growth Performance, Genetic Diversity and Morphometric Traits of an
Introduced Wild and Hatchery Population of Clarias macrocephalus
Giinther, 1864

Delfina A. Muiocha', Saowalak Onming2 and Uthairat Na-Nakorn?"

ABSTRACT

Clarias macrocephalus Giinther, 1864, is important as a female parent for the production of the
hybrid catfish widely cultured in SE Asia. A comparison was made between a hatchery strain (KU) which
was thought to have low genetic variation, and a wild population (NE) on genetic diversity, growth
performance, and morphometric traits. The information obtained will be used for decision making regarding
introduction of NE to expand genetic diversity of KU, which will be used as a base population for selective
breeding. Sixty day old fingerlings were stocked in 3 replicates of 1 x 2 m?, 0.8 m deep concrete tanks at
70 fish per tank. Fourteen morphometric parameters were measured at 150 days old (90 days of rearing),
and the data were SL-standardized prior to analysis using univariate (t-test) and multivariate (PCA and DA).
Genetic diversity was analyzed using four microsatellite loci (Cma-04, Cma-05, Cma-08 and Cma-17).
The overall growth trial results showed that KU performed better than NE (P < 0.05) based on body weight
(BW) and total length (TL) throughout the study; average daily growth (ADG) (P < 0.05) in 3 of 5 time
points, and specific growth rate (SGR) in the first and last month of the experiment. Survival rate was not
significantly different between populations (P > 0.05) except during 61-90 days of rearing (KU > NE).
Three morphometric parameters were significantly different and were capable to separate the two strains.
The two populations were genetically different based on allele frequencies, and genetic distance was 1.0395.
The genetic variation was not significantly different between strains (P > 0.05). It is recommended that an
introduction of NE would compromise the growth performance and some morphometric changes could also
occur, although it would increase genetic variation of KU.
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INTRODUCTION

Globally, Clarias catfishes are among
the economically important freshwater fish species
having an annual production ranging from 270,944 to
1,164,955.45 tonnes during 2004 to 2014. In Thailand,
Clariid catfish are among the most intensively cultured
fishes (Areerat, 1987), contributing approximately
15 % of total aquaculture production. This made

Thailand among the top five largest producers of this
commodity globally, ranked third following Nigeria
and Indonesia in 2014 (FishStatJ, 2014).

Clarias macrocephalus Giinther, 1864,
commonly known as bighead catfish, has a great
economic importance and long history of culture in
Thailand (Yuan ef al., 2006; Suanyuk et al., 2014).
Hence, due to its poor performance when compared
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with the commercial hybrid [female C. macrocephalus
x male introduced C. gariepinus (Burchell, 1822)],
culture of C. macrocephalus is less practiced nowadays.
However, stocks of C. macrocephalus are still essential
for producing the hybrid and for conservation.

In this context, the Department of
Aquaculture, Faculty of Fisheries, Kasetsart University
is among a few institutes that keep the broodstock
of C. macrocephalus. The genetically improved
KU (Kasetsart University) strain has been developed
by intercrossing two hatchery populations and a wild
population followed by five generations of mass
selection aiming to improve growth performance
(Na-Nakorn and Koonawootrittriron, 2015). However,
the loss of the majority of the brooders during the
devastating flood in Thailand in 2011 triggered the
need to introduce a new stock to rehabilitate the
existing stock.

Introduction of new populations is a
common practice to increase genetic variation of a
target population (Falconer and Mackay, 1996;
Allendorf and Luikart, 2007) for either conservation
or genetic improvement. However, in case of genetic
improvement, comparative performances of the
introduced and the original populations should be
studied beforehand (Fjalestad, 2005). Outbreeding
depression, a decline of performance resulting from
a mating between genetically diverted populations
(Frankham et al., 2002), should also be taken into
consideration. Moreover, morphometric traits of
each population are important because they affect
market value (Koumoundouros ef al., 1995; Loy et al.,
1999; Sara et al., 1999). Some of the traits relate to
adaptability of fish (e.g Blouin, 1992; Klingenberg,
2002; Von Cramon-Taubadel et al., 2005; Bracciali
et al., 2016, Pulcini ef al., 2016). Thus, these traits
should be studied and considered as criteria for
introduction.

Therefore, in an attempt to rescue the existing
hatchery population, a wild population was considered
for introduction aiming mainly at increasing genetic
variation of the hatchery population. The present study
was conducted to compare the introduced wild and
hatchery populations of C. macrocephalus on growth
performance, genetic variation within populations
as well as genetic distance, and morphometric traits.

The feasibility of such introduction is discussed
and recommendations given.

MATERIALS AND METHODS
Growth performance
Fish populations

The experiment was conducted at the
Laboratory of Fish Genetics, Department of
Aquaculture, Faculty of Fisheries, Kasetsart University,
Bangkok, Thailand. The strain/population used in
this study was composed of: 1) KU strain which
originated from crossing two hatchery populations
(Pan Panpla Farm, Amphur Muang, Nakornpathom
province; Si Roy Farm, Amphur Viset Chaicharn,
Angthong province) and a wild population collected
from Amphur Muang, Uthai Thani province, and
exposed to mass selection for growth for five
generations (Na-Nakorn and Brummett, 2009; Na-
Nakorn and Koonawootrittriron, 2015); and, 2) a wild
population collected from Udon Thani province in
North-East Thailand (NE; n = 45). This population
gave the highest percentage of traits with favoring
heterosis after hybridizing with C. gariepinus
(Koolboon et al., 2014). The NE population was
brought to the Department of Aquaculture 2 weeks
prior to the experiment.

Selection of broodfish and induced breeding

Ripe brooders (10 individuals/sex/strain or
population) were selected based on swelling of the
urogenital pappillae of both sexes and swelling
bellies of females. The female fish were injected
with 30 pg/kg LH-RH analogue (Buserellin acetate,
Suprefact®) plus 5 mg/kg Motilium® (Domperidone)
while the males were injected with 20 pg/kg LH-RH
analogue and the same dosage of Motilium®. Nine
hours after injection, eggs were stripped from the
injected females while the males were sacrificed for
their gonads. Their testes were removed and then
minced. Single pair mating was performed within
each strain. Then the fertilized eggs were spread on
a fine-mesh nylon net immersed in hatching fiber
glass tanks (70 x 170 cm?, 60 cm in depth) fitted with
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a water flow-through system. To avoid confusion
the 3 days post hatching larvae were considered as
0 day old larvae.

Larval rearing

After hatching, the larvae of each group were
reared in two rectangular fiber tanks (70 x 170 cm?,
60 cm in depth) filled with 40 cm water depth at
approximately 2,000 larvae/tank. They were fed to
satiation with Moina sp. for 14 days followed by 7
days of Moina sp. + 30% protein commercial catfish
feed (Charoen Phokphand Co. Ltd.), and 39 days of
artificial feed alone. Feeding was done twice daily.
Water exchanged was at 30% daily. In total, the larvae
were reared for 60 days. Then they were pooled within
groups and the survivors were enumerated. Body
weight (BW) and total length (TL) were measured
in 50 fish/group (BW=0.71 £ 0.28 and 0.48 + 0.18 g
for KU and NE, respectively; P < 0.05; TL=4.1 £ 0.61
and 3.75 + 0.48 cm for KU and NE, respectively; P
< 0.05; Survival rate= 65.03+1.87 and 64.88+2.05%;
P >0.05). The fingerlings were used in the growth
trial described below.

Rearing conditions and experimental design

The growth trial started after stocking the 60
day old fingerlings in 3 replicates of 1 x 2 m?, 0.8 m
deep concrete tanks at 70 fish per tank following a
complete randomized design. The fish were fed 25%
protein commercial catfish feed (Charoen Phokphand
Co. Ltd.) at 5% of the total biomass throughout the
experiment which lasted for 150 days.

Growth parameters

Measurement was done monthly on 25-
30 fish/replicate. Fish samples were individually
weighed to the nearest 0.1 g with an electronic balance,
and total body length was measured to the nearest
millimeter using a ruler. Fish survival was noted at
the end of the month. Then the survivors were pooled
within groups and reallocated at random to each
pond with equal stocking density across groups. Fish
were not fed for 24 hours before the samples were
collected. The growth performance parameters were
estimated according Steffens (1989) and De Silva
and Anderson (1995) as shown below:

(number of fish at xth
+Y days/ number of
fish at X' days) *100

Condition Factor (K) 100 x W/L?

Daily Weight Gain or Average Daily Growth (ADG)
[g.day!'] = (Weight of fish at xth+y days - Weight
of fish at X' days) * t!

Survival Rate (SUR) [%] =

Instantaneous or Specific Growth Rate (SGR) [%
day!] = 100 * [Ln (Weight of fish at xth+y days)
— Ln (Weight of fish at xth days)] * t!

Where,

W = body weight (g); L = total body length (cm);
Ln = Natural logarithm; t"! = rearing days; xth day
= the 1% day of experiment or the day when the fish
were reallocated after each measurement, and Y =
rearing period

Morphometric traits

At 90 days of rearing, five fish were randomly
taken from each replicate and 14 morphometric
characters were measured to an accuracy of 0.01 mm
(Figure 1). Measurement was done using a digital
caliper on the left side of the specimens. To remove
the bias due to size difference, the data of each trait
were standardized as percentages of standard length
(Agnese et al., 1997; Cakmak and Alp, 2010).

Genetic Diversity
Fin-clip collection and DNA extraction

A caudal fin clip from the broodfish, with
approximately 50 mg was taken from 50 individuals
per population; the tissue was then kept in 70%
alcohol until DNA extraction. Total genomic DNA
was extracted from individual fin clip using phenol/
chloroform protocol (Taggart ef al., 1992). Then the
DNA was precipitated in cold ethanol, re-suspended
in TE buffer (10 mM Tris, | mMEDTA, pH 8.0),
and stored at 4°C until PCR amplification. The
quality of the DNA was tested using 1% agarose gel
electrophoresis and the quantity was determined
via spectrophotometry (NanoDrop™ ND-2000c
spectrophotometer, Thermo Fisher Scientific, Inc.).
Then the DNA concentration was adjusted to 10 ng/uL.
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Figure 1. Schematic illustration of morphometric characters measured on Clarias macrocephalus, (a) Body measurements:
SL, standard length; PDL, pre-dorsal length; PAL, pre-anal length; PPL, pre-pelvic length; PPEL, pre-pectoral
length; DFL, dorsal fin length; AFL, anal fin length; CPD, Caudal peduncle depth; MBD, Maximum body
depth; (b) Head measurements: HL, head length; IOW, inter-orbital width; OPL, occipital process length; OPW,

occipital process width

Polymerase chain reaction

Four microsatellite loci (Cma-04, Cma-05,
Cma-08 and Cma-17) developed from DNA of
C. macrocephalus were selected based on their high
degree of polymorphism in other studies (Na-Nakorn
et al., 1999; Sukmanomon et al., 2003). The genomic
DNA was amplified in PCR reactions with a total
reaction volume of 10 puL consisting of 20 ng of
genomic DNA (2 uL), 1x PCR buffer [(NH,),SO,],
1.5-2.5 mM MgCl,,100 pL of each dNTPs, 0.25 uM
of forward and reverse primer, 0.2U of Tag DNA
polymerase and sterile deionized water to adjust to
final volume. The thermal cycler (Takara PCR
Thermal Cycler Dice™, TP600) was used and the
temperature profile was as follows: 94°C for 5 min
of an initial denaturing cycle followed by 35 cycles of
94°C denaturation for 30 s, a 50-60°C annealing for
30 s (varied according to primers), a 72°C extension
cycle for 1 min; followed by a final extension step at
72°C for 5 min. Then the PCR products were kept
at 4°C until used. Then the PCR products were
separated on polyacrylamide denaturing gels along
with an M 13 sequence ladder and the bands were
visualized by silver staining (Bassam et al., 1991).

Statistical analysis
Growth trial and morphometric data

Descriptive statistics (means and standard
deviations) of each trait were calculated. The
homogeneity of variances of means was tested by
Levene’s test. When data were normally distributed,
one-way analysis of variance (ANOVA) was
performed (Steel and Torrie, 1980). When significant
difference between treatments was found (P < 0.05),
the means were compared using Student’s ““t” test
(Steel and Torrie, 1980). All analyses were performed
using the statistical package SPSS 21.0 (IBM SPSS
Version 21.0).

Morphometric data were subjected to
univariate and multivariate statistical analyses using
the statistical package SPSS 21.0 (IBM SPSS
Version 21.0). The SL-standardized data of the 14
morphometric measurements of the two strains
were compared using Mann-Whitney test (Steel and
Torrie, 1980). Characters that presented significant
differences between populations was retained for
Principal Component Analysis (PCA). PCA was used
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to estimate morphometric variation among strains
and to identify variables contributing substantially to
the variation. Discriminant Factorial Analysis (DFA)
was run to test the effectiveness of the characters
for predicting morphological differences between
populations using stepwise analysis to reduce the
number of traits (Jain et al., 2000; Poulet et al., 2005)
and to identify the combinations of traits that best
separate the populations.

Microsatellite data

Genetic diversity was analyzed within and
among populations. The computer program Micro-
checker 2.2.3 (Van Oosterhout ef al., 2004) was used
to identify the presence of genotyping error due to
the presence of null alleles, stuttering or large allele
drop out. The average number of alleles per locus
(N, effective number of alleles per locus (4,) and
observed (H,) and expected (H,) heterozygosity
were analyzed using Popgene 1.32 (Yeh ef al., 2000).
Allelic richness (AR) was calculated using FSTAT 2.9.3
(Goudet, 2001). Deviations from Hardy-Weinberg
equilibrium (HWE) and linkage disequilibrium and
population differentiation were estimated using
Genepop 4.5 (Raymond and Rousset, 1995; Rousset,
2008) using Markov chain method with dememorization
=1000, batches=1000, iterations per batch=1000.
Meanwhile the Bonferroni correction was used to adjust
probability level for multiple tests. The F-statistics
(Fs, Fgp, and F7) and Nei’s unbiased genetic distance
between populations (Nei, 1978) were estimated using
the software Popgene 1.32 (Yeh et al., 2000).

RESULTS

Growth Performance

Mean £ SD of body weight (BW), total
length (TL), average daily weight gain (ADG), specific
growth rate (SGR) at each time point are in Table 1,
wherein BW and TL of KU was significantly greater
(P <0.05) than NE throughout the rearing period.
At harvest (150 days of rearing, 210 days old), BW
of KU was 103.85 + 21.06 g, and that of NE was
69.48 +16.92 g, and TL was 23.71 £+ 1.42 cm for KU
which was longer than that of NE (20.91 £ 1.66 cm).

A slight decrease in body weight and total length was
observed during 150 days of rearing (210 days old).

The average daily gain (ADG) varied
from 0.25 + 0.03 g. day™! and 0.50 + 0.07 g. day™!
in first 30 days (61-90 days old) for KU and NE
respectively to negative values during day 121-150
of rearing (-0.35 + 0.06 g. day™' for KU and -0.02 +
0.07 g. day’! for NE) (Table 1). The ADG was
significantly different (P < 0.05) in the first two months
of rearing (KU > NE), becoming not significantly
different in the 90 and 120 days of rearing (150 and
180 days old, respectively) (P > 0.05), and it became
again significantly different (P < 0.05) in the 150 days
(210 days old).

Specific growth rate (SGR) declined as the
fish grew, from a maximum of 10.32 + 0.37% day™'
during the first month of study to as low as -0.32
+0.04 % day™ in KU and 9.35 to -0.04 % day! in
NE (Table 1). The SGR of KU and NE strain was
significantly different (P < 0.05) for the 30 and 150
days of rearing (90 days and 210 days old, respectively)
but during the experiment it showed no significant
difference (P > 0.05) assuming the same perceptual
growth performance between the strains during this
period of experiment.

Condition factor (K) was always lower than
1 in all growth period for both populations except for
NE strain at 60 days of trial (Table 1). No significant
differences (P > 0.05) were observed for K during
the trial except for 90 days (150 days old) and 150
days of rearing (210 days old).

Survival rate was not significantly different
between populations (P > 0.05) with values above
95%, except between 91-120 days when a big mortality
was observed and decreased survival rate of NE to
less than 75% (Table 1).

Strain differences based on morphometric traits

The mean values and standard deviations
of 14 standardized morphometric traits measured on
C. macrocephalus are presented in Table 2. Overall,
the KU strain showed higher mean value in head
morphometric parameters than NE except for occipital
process length (OPL). For body measurements, the
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KU strain had smaller fins than NE strain except for
fins close to head such as pre-pectoral length (PPEL)
and pre-dorsal length (PDL). KU strain also showed
robust bodies with higher measurements for caudal
peduncle depth (CPD) and maximum body depth
(MBD). The two tails t-test showed that five of the
traits, namely, inter-orbital width (IOW), occipital
process width (OPW), pre-pectoral length (PPEL),
dorsal fin length (DFL) and maximum body depth
(MBD) were significantly different (P < 0.05) between
strains (Table 2). The KU strain showed higher
mean values in all but one of the five morphometric
parameters (NE > KU for DFL).

Two components explain 62.65% of the
variance of which 41.10 and 21.55% were accounted
for by the component 1 (PCA1) and 2 (PCA2)
respectively (Figure 2). The four traits loaded in the
PCA1 comprised IOW, OPW, MBD and PPEL. The
PCA2 was loaded with only DFL. These five traits
can separate most individuals of these two strains
(Figure 2), however with some overlapping. By the
results of PCA analysis, it is also possible to see that
the shape of NE wild strain was more variable than
KU domestic strain.

The discriminant analysis (DA) selected
three of the five morphometric traits (P = 0.000 -
0.006) to separate the two strains of C. macrocephalus.
The Wilk’s Lambda values were moderate (0.524 -
0.678) and thus showed that each trait moderately
contributed to the difference between the strains
based on these three traits. The tolerance values
were high (0.804 - 0.944) which meant that there
was no problem on collinearity of the three most
discriminating traits. The discriminant equation that
can be used to identify individuals was as follows:

Dscore = 6.063 + 1.2440PW + 1.039PPEL
—0.558DFL

The discriminant scores undertake the same
task as multiple linear regression by predicting an
outcome. The linear equation will predict which
group each individual belongs to. The box plot
showing discrimination of the two strains based on the
three most discriminating traits is shown in Figure 3.
Each represents the variables selected in stepwise
analysis in each population; the central line indicates
the central tendency or location (i.e. the mean of
each population; box indicates variability around the

Table 2. Descriptive statistics of morphometric measures of the introduced wild (NE) and the domestic (KU) strains
of Clarias macrocephalus (n = 15 fish/strain), including mean + SD, ranges, SL-standardized ratios (as
percentage of standard length or head length) and ANOVA P-value; Standard length and weight measures are
unstandardized. Note: Morphometric variables abbreviations are explained in Figure 1.

NE

KU

t P-value
Min Max Mean S.D. Min Max Mean S.D.
Standard length (SL) (mm) 146 210 1823 18.23 195 255 2233 1823 0.567 0.000
Head length (HL) (%SL) 21.15 2490 2298 0.84 21.56 23.89 23.15 0.93 -0.521 0.607
Head width (%HL) 1.35 142 1385 0.01 129 141 1388 0.03 -0.330 0.744
Inter-orbital width (%HL) 895 1046 9.566 0.35 899 10.34 9.886 0.39 -2.357 0.026
Occipital process width (%HL) 8.54 11.01 9514 0.67 9.42 10.61 10.059 0.47 -2.560 0.016
Occipital process length (%HL) 1.86 2.87 2293 032 142 2.83 2113 043 1.296 0.205
Pre-pectoral length (%SL) 1442 17.26 15.632 0.64 1542 1690 16.218 0.52 -2.745 0.010
Pre-dorsal length (%SL) 2522 28.25 26.999 0.98 25.87 28.25 27.336 0.69 -1.083 0.288
Pre-pelvic length (%SL) 36.10 40.02 38.366 1.63 35.15 40.75 37.423 147 1.662 0.108
Pre-anal length (%SL) 42.78 48.04 46.197 1.63 41.88 48.24 45.087 1.84 1.747 0.092
Dorsal fin length (%SL) 59.54 64.85 63.218 1.46 59.02 64.82 61.437 1.77 3.006 0.006
Anal fin length (%SL) 39.34 44.84 42336 1.76 39.10 45.67 41.722 1.83 0.938 0.356
Maximum body depth (%SL) 12.65 16.23 13.823 0.94 13.69 1643 14.799 0.84 -3.005 0.006
Caudal peduncle depth (%SL) 3.48 481 4247 044 348 371 4406 0.32 -1.140 0.264
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Figure 2. Principal component analysis biplot based on five morphometric traits IOW, OPW, PPEL, DFL and MBD)

of the introduced wild (1 = NE) and domestic (2

= KU) strains of Clarias macrocephalus

Figure 3. The box plot showing discrimination of the introduced wild (NE) and the domestic (KU) strains of Clarias
macrocephalus based on the three most discriminating traits (DFL, OPW and PPEL)

central line (standard deviations) and the whiskers
around the box indicate the range of variable.

In summary, the variables that better
contributed substantially to the morphometric variation
were DFL and MBD, with PPEL, IOW and OPW
having minor effect (Figure 2). Although, DFL and
MBD were the variables that better contributed to the
morphometric variation in PCA, MBD was found
not favorable discriminant variable in predicting the

morphological differences between populations.
Genetic diversity

Departure from the Hardy—Weinberg equilibrium and
linkage disequilibrium

The test based on original data showed
that both populations were not in Hardy-Weinberg
equilibrium (HWE) towards heterozygous deficiency.
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Therefore, the test for presence of null alleles was
performed and detected at Cma-05 and Cma-08 in NE,
and Cma-05 and Cma-17 in KU. Then the genotypic
data were adjusted according to the suggestion from
the program. However, after the adjustment, both
populations still deviated from HWE (P < 0.025,
Bonferroni correction) towards heterozygous deficiency
and the deviation was showed in a majority of loci
(3 of 4 loci in each population). There was no linkage
disequilibrium between loci in NE, while significant
disequilibrium was observed between Cma-08 and
Cma-05 in KU (P = 0.000).

Allele frequencies

Regarding the original data, before null
allele adjustment, all loci showed polymorphism in
both populations, with number of alleles ranging
from 5 to 16 in NE and 5 to 8 for KU strain (Table 3).
The population differentiation test which based on
allele frequencies showed that the two populations

were significantly different (P < 0.025). Private
alleles were observed in all loci being KU with 11
and NE with 19 private alleles. Differences of allele
frequencies between populations were significant
for all loci.

Genetic variation within populations

The number of alleles per locus (N, ) tended
to be higher for 2 of the 4 loci (Cma-05, Cma-08)
in NE wild population and the other two for KU
domestic strain (Cma-04, Cma-17). However, the
overall average N, across loci showed non-significant
difference (P > 0.05) between populations/strains
(8.00 £5.47 for NE and 6.75 £1.50 alleles/locus for
KU). Similarly, effective number of alleles per locus
(A,) which is numbers of alleles/locus weighed with
allele frequencies, and allelic richness (A,) which is
average number of allele/locus based on smallest
sample size showed the same trend with that of N,
(A,=5.31=4.44 for NE, 3.85 + 0.51 for KU; A, =

Table 3. Genetic variation based on four microsatellite loci of the introduced wild (NE) and the domestic (KU) strains of
Clarias macrocephalus, N = Sample size; N = number of alleles per locus; Np; = Number of private alleles, 4,
= effective number of alleles, 4,. = allelic richness; H, = Observed heterozygosity; H, = expected heterozygosity;
Fjs = Fixation index; *P g = P-value for Hardy-Weinberg Equilibrium (Bonferroni correction P < 0.025)

Population Cma-04 Cma-05 Cma-08 Cma-17 All Loci
NE N 40 34 34 30
Ny 5 16 7 4 8.00 +5.47
Npy 1 16 3 1
Ae 2.8752 11.7556 4.6468 1.9527 531+4.44
A, 4.580 16.000 6.920 3.847 7.84 +5.60
Ho 0.7179 0.7391 0.6800 0.5000 0.66 £0.11
H, 0.6607 0.9353 0.8008 0.4944 0.72+£0.19
Fis -0.088 0.213 0.154 -0.012 0.090
Pwe 0.0974 0.0000 0.0145 0.3001 High. sign
KU N 39 27 41 38
Ny 6 8 5 8 6.75 £ 1.50
Nps 2 8 1 5
Ae 3.3092 4.5217 3.9253 3.6443 3.85+0.51
A, 5.500 7.643 4.676 7.760 6.39 £ 1.55
Hop 0.5250 0.7308 0.6176 0.6000 0.62 +£0.09
H., 0.7066 0.7941 0.7564 0.7404 0.75+£0.04
Fis 0.259 0.081 0.186 0.193 0.258
Puwe 0.0000 0.0822 0.0240 0.0036 High. sign.

*Markov chain method (dememorization=1000, batches=1000, iterations per batch=1000)
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7.84 £5.60 for NE, 6.39 = 1.55 for KU). The average
observed heterozygosity per locus (H,) was moderate
for both populations (0.66 £ 0.11 for NE and 0.62 £
0.09 for KU) and they were significantly lower than
the expected heterozygosity (H,) (0.72 = 0.19 for NE
and 0.75 £ 0.04 for KU) (Table 3).

Genetic diversity between populations

The overall Fg was 0.184. However, the
small numbers of populations did not allow for the
significant test. The Fig and F; were 0.130 and 0.290
respectively. Among loci, Cma-08 contributed little
to differentiation while Cma-04 and Cma-05 showed
moderate differentiation and Cma-17 indicated large
differentiation among populations. Likewise, the
test for population differentiation was not allowed
due to small number of loci studied. Genetic distance
between the two populations was 1.0395.

DISCUSSION
Growth performance

Overall growth of the fish in the present
study was comparable with the results of previous
studies (Coniza ef al., 2003). The present results
showed that growth performance of KU and NE was
different. This could be due to difference in genetic
background (e.g. Besnier et al., 2011; Arechavala-
Lopez et al., 2013; Benhaim et al., 2013; Bicskei
etal., 2014). A decrease at 180 days in body weight
in both populations caused the ADG and SGR values
to be negative. A slight decrease was also observed
for total length that could be mainly caused by
sampling errors.

The KU strain had better overall growth
performance than the NE strain. This is not surprising
because KU has been domesticated, and as such, it
already adapted well to captive environments. Many
other studies reported that domesticated strains usually
perform better in the aquaculture environment than
wild strains (Burnside et al., 1975; Fleming and
Einum, 1997; Thodesen ef al., 1999; Handeland
et al., 2003; Glover et al., 2009; Wolters et al., 2009).
This is due to natural and artificial selection (either

intentional or un-intentional) occurring during
domestication processes (Doyle, 1983; Einum and
Fleming, 2001; Fraser ef al., 2010) that enhance
adaptability of the domesticated population to captive
environment. Nevertheless, domestication may
lead to unfavorable traits (e.g. slow growth rate), if
the broodstock were not properly managed (e.g.
Brummett ef al., 2004), or no alteration of traits (e.g.
Osure and Phelps, 2006). Moreover, the KU strain
was subjected to mass selection to improve growth
for five generations. Even though the selection
response of the KU strain has not been evaluated,
mass selection has been effective in improving growth
of many fish species, e.g. Atlantic salmon (Wolters
et al., 2009), Nile tilapia (Hulata et al., 1986; Huang
and Liao, 1990), shrimp (Goyard ef al., 2002; De
Donato et al., 2005), common carp (Ankorion et al.,
1992), channel catfish (Dunham et al., 1987) and so
on. Therefore, mass selection could have contributed
to the improved growth rate of the KU strain.

It should be noted that the initial weight of
KU was greater than NE, and hence may affect growth
difference. Owing to the fact that the environment
during the nursing period (e.g. stocking density,
feeding and water quality management) was the same
for both groups, it was surmised that the size difference
was accounted mainly by genetic difference.

The growth rates (ADG and SGR) of the
two strains followed a normal pattern, high in the
early life stages and decline as the fish grew. High
initial specific growth rates that decrease with
increasing age and individual fish biomass (and
consequent increased metabolic cost) followed typical
pattern of fish growth (Kerby et al., 1987). Overall,
similar results were observed for ADG and SGR
throughout the experiment, except for the period
of 61-90 days of rearing when ADG showed the
difference between strains but not for SGR. In fact,
ADG could be biased by different initial sizes of the
experimental fish. This was the case in our study
where initial weight of KU was greater than NE.
However, the SGR which is standardized with the
initial weight, supported the ADG results. Thus, this
verified the faster growth rate of KU over NE during
the early stage. The unexpected sharp decline of
growth rate of KU comparing to NE in the last 3
months of rearing eventually led to significant lower
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ADG and SGR of KU than NE. The last 4 months of
the experiment was in winter (November — February)
when daily temperature was occasionally lower than
normal (mean= 28°C; range = 18.5-34.5°C, Thai
Meteorological Department, 2015). Therefore, the
slower growth rate of KU than NE might indicate the
different temperature tolerance of these two strains.
The NE strain which originated from northeastern
Thailand where winter is much colder (mean =
24.4°C; range = 18.7 - 30.6°C, Thai Meteorological
Department, 2015) may have better ability to tolerate
low temperatures than KU. Furthermore, despite
limited supporting evidence, it is also possible that
cold tolerance of the KU strain might have been
compromised by selection for growth as has been
reported for Nile tilapia (Rezk and Kamel, 2011).
Nevertheless, controversial result was reported in
rainbow trout whereas selection for growth either
increased (Molony et al., 2004) or compromised
(Roze et al., 2013) heat tolerance in rainbow trout.
Although it is not conclusive, this factor should not
be overlooked.

The condition factor (K) normally reflects
the health and shape of fish, and hence it varies with
species. It is based on the assumption that heavier
fish of a given length are in better condition (Barnham
and Baxter, 2003; Froese, 2006). The K values of
C. macrocephalus in this study fall in a normal range
for this species (e.g. 0.8 to 0.9, Coniza et al., 2003).

The survival of the two strains was not
different throughout the study except during days
61-90 of rearing (survival of NE < KU) when both
groups were infected with disease. This implied that
KU strain was more tolerant to the disease than NE
strain. Our result was in line with some studies which
suggested that each strain was best adapted to its own
rearing environment; that is to say, hatchery strains
showed poor survival in natural environments and
wild strains in hatchery environment (Lachance and
Magnan, 1990; Reisenbichler and McIntyre, 1977).

Differences of morphometric traits between strains

Morphometric differences have been reported
among strains (stocks) (Corti et al., 1988; Shepherd,
1991; Haddon and Willis, 1995; Bembo et al., 1996)
and between domesticated and wild populations,

e.g. in salmonid fishes (Fleming and Gross, 1994;
reviewed by Araki et al., 2008; Blanchet et al., 2008;
Bailey et al., 2010), gilthead seabream, Sparus
aurata and European seabass, Dicentrachus labrax
(Arechavala-Lopez et al., 2011; El-Zacem et al.,
2012; Arechavala-Lopez et al., 2013), Atlantic cod,
Gadus morhua (Wringe et al., 2015). The changes
in the latter case were mainly the result of adaptation
to captive environments (Vehanen and Huusko, 2011;
Pulcini et al., 2013). In the present study, at least
three (DFL, OPW and PPEL) of 13 measured traits
after SL-standardization showed high discriminating
power between KU and NE strains.

The difference of these strains might have
been caused by different genetic backgrounds or
effects of domestication acting on the KU strain or a
combination of both factors. Effects of domestication
on alteration of morphometric traits have been
reported, e.g. bigger head of the domestic Atlantic
salmon strains than the wild strain (Balbontin ef al.,
1973; Blanchet et al., 2008); robust bodies and
smaller fins of domestic strain of the same species
than those of the wild strain (Fleming and Einum,
1997). These might be the result of adaptability to
hatchery environment. Although the differences of
these morphometric traits are useful for monitoring
morphometric changes resulting from the introduction
of NE to KU strain, they also raised concern on
slight retreat of adaptability that might occur after
the introduction.

Genetic diversity

Departure from the Hardy—Weinberg equilibrium
and linkage disequilibrium

Both NE and KU showed highly significant
departure from Hardy — Weinberg Equilibrium (HWE)
towards heterozygous deficiency, even after the
adjustment for presence of null alleles. This can be
attributed to population admixture (Wahlund effect)
or inbreeding (Chakraborty and Leimar, 1987; Li
et al.,2004). We observed a weak sign of population
admixture in KU (linkage disequilibrium at a loci
pair) but not in NE. This aligns with the history of
KU population which originated from crossing of
populations different origins (Na-Nakorn et al., 2004;
Na-Nakorn and Brummett, 2009; Na-Nakorn and
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Koonawootrittriron, 2015). Reports from other
studies also showed departures from HWE in natural
populations of a wide range of fish species (Castric
et al.,2002; Yue et al., 2004). The heterozygote
deficit in natural populations may emerge through
many other factors that differ from Wahlund effect,
such as inbreeding and nonrandom sampling (Castric
et al., 2002), genetic drift, null alleles, natural selection
against heterozygotes (Pérez-Ruzafa et al., 2006),
fishing pressure (Bergh and Getz, 1989), migration-
drift disequilibrium (Gillespie, 2010) or combined
impacts of the afore mentioned factors. Consequently,
due to limited available information in the present
study, the causes of deviation from HWE in the wild
population were beyond the capacity of our data.

Genetic variation within populations

It is well known that wild populations
represent the primary source of genetic variability
for aquaculture stocks. Therefore, it is always used to
rehabilitate deteriorated stocks (Beardmore ez al., 1997).
However, it is important to quantify genetic variation
within populations and also genetic differences
between the introduced and the original hatchery
populations for effective monitoring of the upcoming
genetic alteration (Hindar et al., 1991; Alarcon et al.,
2004).

The average number of alleles per locus
(N4) of NE was in a normal range for freshwater
fishes (N, = 7.5, DeWoody and Avise, 2000) while
that of KU was slightly lower. However, the t-test
did not show significant difference between N, of
the two populations which might be due to the large
variation of N at each locus and small number of
loci included in this study. A similar trend was
observed for effective numbers of alleles per locus
(Ne) and allelic richness (A;). It should be noted that
N, was much smaller than N, in both populations,
which implied that there were many alleles with low
frequencies in each population. Thus, they might be
easily lost in the succeeding generations. Observed
heterozygosities (H,) of the two populations were not
different and were slightly higher than the average
for freshwater fishes (H = 0.46, DeWoody and
Avise, 2000). The overall genetic variation of
C. macrocephalus revealed here fell within the ranges
reported in other studies based on microsatellites

[Ny,=8.42-13.6; A, =6.0-8.5;H,=0.64-0.73;
He = 0.84 — 0.89 (Sukmanomon, 2003); N, = 6.0 -
10; A,=3.6-6.0; H,=0.62-0.718; H, = 0.718 -
0.810 (Na-Nakorn et al., 1999)].

Although both populations showed similar
genetic variation within populations, there was
a remarkable number of private alleles in each
population. Therefore, the introduction of NE would
surely increase genetic variation especially in terms
of average number of alleles per locus which is very
important for population adaptability (Allendorf and
Luikart, 2009).

Genetic diversity between populations

Fgr is one of the most widely used measures
for evaluating genetic differentiation between and/or
among populations, which can provide important
insights into the evolutionary processes that cause
genetic differentiation among populations (Holsinger
and Weir, 2009). The longer the separation of the two
populations, the more variation could be observed
(Ardestani et al., 2014). Whilst the magnitude of Fgr
values is to some extent species- or even group-specific.
As a general rule Fqy values of 0 — 0.05 represent
little differentiation, values of 0.05 — 0.25 indicate
moderate differentiation, and values higher than 0.25
indicate very great differentiation among populations
(Wright, 1978). In the present study, the average
value of Fgy between two populations for all loci
was moderate. The genetic distance between the two
populations was very high but still within range of
the results reported in previous studies [0.230 - 0.535
among 4 populations (Na-Nakorn ef al., 1999);
0.2973 - 1.454 among 5 populations (Sukmanomon,
2003)]. All these parameters indicated sufficient
genetic differentiation between these populations.

Overall, based on genetic diversity data, NE
and KU were genetically different and possessed
sufficient genetic variation within populations.
Furthermore, they possessed remarkable allelic
differences. Therefore, an introduction of NE to
KU would surely enhance genetic variation of the
resulting population.

When outbreeding depression is considered,
the theory says that the best fitness peak is achieved
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at intermediate outcrossing distance between parents
(Neft, 2004). Although the results reported in literature
are inconclusive, with some studies reporting better
performance at intermediate genetic crossing distances
(Neff, 2004), others found performance to increase
with distance (Jagosz, 2011), decrease with distance
(Houde et al., 2011; Pekkala et al., 2012) or no effect
of genetic distance was observed at all (Hung et al.,
2012). Moreover, Clark et al. (2013) reported no
evidence of a relationship between genetic distance
based on Fgr and the expression of early-life history
traits. Therefore, the impact of outbreeding depression
following the cross breeding of KU and NE is not
known until the cross is made. As such, we recommend
the crossing between these two populations.

Feasibility of the introduction

Regarding the ultimate goal of this study,
which is to expand the genetic diversity of the hatchery
population-KU, we found that in terms of genetic
variation, introduction of NE to KU would increase
genetic variation. Despite the large genetic distance
between populations, the impact of outbreeding
depression is not yet conclusive for the cross between
KU and NE. However, in terms of growth
performance, such introduction may cause decline in
growth and survival in succeeding generations due to
poor performance of NE. This is a cost that should
be considered. However, it will be compensated by
enhancement of selection potential (Caro and Laurenson,
1994; Frankham et al., 2002; Frankham, 2005).

According to previous reports (Swain et al.,
1991; Blanchet et al., 2008; Vehanen and Huusko,
2011; Pulcini et al., 2013), hatchery populations
showed morphometric changes which are related to
adaptation to the captive environment. It is therefore
of concern that after the introduction of NE to KU
strain, the morphometric change towards less adapted
characters would occur and might affect the adaptability
of the new population. However, artificial selection
towards growth and survival enhancement would
solve the problem (Doyle et al., 2001; Tallmon et al.,
2004; Edmands, 2007; Tymchuk et al., 2007; Hill
et al., 2015). Therefore, we would recommend
introducing NE into KU population providing that the
impacts of outbreeding depression and morphometric
changes are closely monitored.
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