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ABSTRACT

Common carp (Cyprinus carpio. L) is the world’s oldest domesticated and the most
important aquaculture species. The overall objective of this thesis is to advance the
understanding of genetics of common carp with a special focus on Vietnamese

domesticated and wild populations.

The first part of the study demonstrated the potential of mitochondrial DNA for the
analysis of genetic diversity, origin, divergence and genealogy of carp strains and
populations. The second part, also using mitochondrial DNA sequences, examines
taxonomic questions and evolutionary hypotheses focussing on samples originating
from wild populations from across Eurasia. Overall, nucleotide divergence within
common carp and genetic analyses were not consistent with contemporary views on
the taxonomy of the species and, somewhat controversially, supports an Asian origin

for European carp populations.

The third and fourth parts of the thesis present an examination of genetic diversity in
introduced and indigenous domesticated stocks and wild populations of common carp
from Vietnam using DNA direct sequencing, single strand conformation
polymorphism analysis of the mitochondrial DNA control region and microsatellite
markers. Both mitochondrial and nuclear markers were effective in distinguishing
among experimental strains and showed high levels of diversity within most hatchery
stocks, consistent with the crossbreeding and dissemination of experimental lines.
The molecular genetic data sets showed a high level of concordance in the patterns of

relationships among populations and stocks. The genetic data indicates that some



Xiv

wild populations of Vietnamese common carp are genetically distinct indicating the

need for management strategies to preserve these gene pools.

The last part of the thesis presents a phylogenetic study of the taxonomic
classification and relationship within subfamilies of the family Cyprinidae, including
the subfamily Cyprininae to which common carp belong, using data from three

mitochondrial DNA gene regions.



Chapter 1.

General Introduction

1.1 Common carp

1.1.1 Distribution, taxonomy and translocation

Common carp (Cyprinus carpio L.) occur in water ways throughout Eurasia, from
Western Europe through to China, Korea, Japan and South East Asia and from
Siberia, south of latitude 60" N, to the Mediterranean and India (Kohlmann, Kersten,
1999). The actual origin and natural distribution of common carp is disputed by some
authors due to its long history of domestication in both Europe and Asia which have
led to many translocations over a significant period of time (Balon, 1995). Because of
the long documented cultivation history of common carp in China, some scientists
considered that the ancestor of European domestic carp were derived from Asian
common carp stocks, during ancient Greek and Roman periods (Chiba et al., 1966;
Vooren, 1972). Others consider that the common carp is indigenous to Europe and in
fact postulate a European origin for wild carp and subsequent dispersal east to Siberia

and China (Balon, 1995; Kottelat, 1997).

Due to its popularity as an aquaculture and ornamental species, common carp has
been widely translocated, outside its European and Asian distribution. As a result of
these transfers and introductions, it is now perhaps the most widespread species of

freshwater fish in the world, with naturally reproducing populations established in
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many countries in both northern and southern hemispheres. FAO (1998) lists
introductions of common carp into 124 countries, of which 81 are recorded as having

established feral populations or viable aquaculture stocks.

Cyprinus carpio 1s taxonomically a most confusing species with over 30 synonyms
listed on FishBase (http://www.fishbase.org/search.php). Based on just recent
taxonomic treatments, opinions vary widely: Balon (2004) and Kirpitchnikov (1999)
recognised three subspecies: European common carp (Cyprinus carpio carpio
Linnaeus, 1758), Far Eastern common carp (C. carpio haematopterus Temminck &
Schlegel, 1845), and South East Asian common carp (C. carpio viridiviolaceus
Lacepede, 1803), whereas Kottelat (2001) recognised European common carp as
Cyprinus carpio Linnaeus, 1758 and Asian common carp Cyprinus rubrofuscus
Lacepede, 1803. These taxa are distinguished mainly by morphology, such as number
of gill rakers and scales, shape and color characteristics. However, there are often
overlaps in these traits which may be in part due to stock mixing and hybridization
which may have blurred taxonomic boundaries. Moreover, the domestication of
common carp has not only led to changes in body proportion, scalation and color, but

also in physiological characteristics (Balon, 1995; Barus et al., 2002).

The taxonomic uncertainties, compounded by translocations, and the development of
phenotypically distinctive domesticated lines, demands the use of molecular markers
to elucidate the taxonomy of common carp and genetic relationships among stocks
(Balon, 1995; Lever, 1996). There is also a clear need to examine the status of
possible wild common carp gene pools to determine if there is a need to conserve

genetic resources in this species. Lever (1996) considered that the wild ancestor of
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the common carp may be a single species, Cyprinus carpio, widely distributed from

the Danube to Amur Rivers. While the existence of several self-sustaining wild
populations of carp have been documented (Kohlmann, Kersten, 1999; Paaver,
Tammert, 1993), Komen (1990) believes that truly self-sustaining wild populations

of common carp are probably rare.

1.1.2 Biology of common carp

Common carp is a largely benthic species that prefers shallow water habitats covered
with aquatic weeds and grasses. It is an omnivorous fish that mostly feeds on the
bottom but can exploit all levels in the water column. The natural diet of carp is
dominated by chironomids, snails, young clams, shrimps and other benthic animals.
This species also consumes aquatic plants, filamentous algae, seeds of plants and
organic detritus. Under pond culture conditions, common carp takes soybean and

peanut cakes, rice and wheat bran (Zhong, 1989).

Common carp may be sexually mature as early as the end of its first year; however it
typically requires three to four years to reach sexual maturity (Cooper, 1987).
According to Linhart et al. (1995) common carp have a high fecundity for a
freshwater species producing 100,000 to 300,000 eggs per kg body weight with
reports of as many as 360,000 to 599,000 eggs per female. The eggs are sticky in

nature, and attach to aquatic weed and other material after spawning.

Common carp reach 0.6 to 1.0 kg body weight within one season in the polycultural
fish ponds of subtropical/tropical areas (FAO, 2004). Currently the world record for

the largest carp stands at 34.3 kg. In their natural range carp can live up to 15 years,
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however they have been reported in some areas living to over 24 years of age with

males often living longer than females (Balon, 1995).

1.1.3 Aquaculture

Common carp is the most extensively cultivated freshwater fish species in the world
(Chiba et al., 1966; Komen, 1990; Wohlfarth, 1984; Zhou et al., 2004b). This fish
has several advantages that make it popular for commercial culture: (1) very fast
growth rate, (2) high environment tolerance, (3) ease of handling, (4) ability to be
raised in high density, (5) ability to utilise artificial diet with relatively low protein
content, and (6) occurrence of highly productive strains and breeds produced from

long-term domestication and selective breeding (Kirpitchnikov, 1999).

Culturing and breeding of common carp has a long history dating back about 4,000
years in China and close to 2,000 years in Europe. Several special breeding centres
have been developed in different regions of Europe, like the Czech Republic,
Germany and Hungary, as well as Russia and Ukraine. China and Japan are the
ancient culturing centers in Asia, but during the last decades India, Indonesia and
Vietnam have started to culture common carp as a result of deliberate fish

importation and acclimatization activities (Bakos, Gorda, 2001).

Annual production of common carp worldwide is over three million metric tons
(FAO, 2003). In Asian countries, common carp contributed 17% to total carp
production from aquaculture in 2001 (Gupta et al., 2005). Li (2001) reported that

production of common carp reached 2.05 million tons in 1999 and accounted for 20%
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of total freshwater fish output in China. In Indonesia, common carp production

reached 178,362 tons in 1996, and accounts for 54.3% of total cultured freshwater
fish in that country (Hardjamulia etz al., 2001). In Europe, common carp is by far the
most important freshwater fish with annual aquaculture yield of about 220,000 tons
(Linhart ef al., 2002). Breeding and culture of common carp has been the backbone
of fish farming in many European countries. For example, in 2001 common carp
production reached 14,000, 10,500, 17,000 and 21,000 tons in Hungary, Germany,
Czech, and Poland respectively. Common carp are cultured in a wide range of
environments including ponds, cages, tanks, reservoirs and rice-fields, as

monoculture and polyculture with a variety of other species (FAO, 2001).

In addition to production for food, common carp have been selectively bred for a
variety of colors and color patterns for the ornamental fish market (Balon, 1995).
Best known varieties are Koi carps which are called “swimming flowers” and are
among the most expensive of ornamental fish species. Amano (1968) recorded an
annual production of some 10 million fish amounting 1,000,000,000 yen in Japan.
Although originally developed in Japan, Koi carps are now cultured in many parts of

the world, including China, Europe and America (Balon, 1995).

1.1.4 Common carp culture in Vietnam

Common carp (Cyprinus carpio L) is thought to be indigenous to northern Vietnam,
and translocated to southern Vietnam (Nguyen, Ngo, 2001). Eight local varieties
have been recognised in Vietnam: white carp, Bac Kan carp, high body carp, Ho Tay
carp, South Hai Van carp, red carp, violet carp, and reduced scale carp. These

varieties differ in morphology, color, distribution, and some other biological
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characteristics (Tran, 1983). The white carp is one of the most popular and

important fish in aquaculture in Vietnam. In the study by Tran (1983) it was found
that indigenous strains of common carp have poor growth rates and highly variable
color and scale phenotypes. For example, the Bac Kan strain is usually elongated in
shape and is morphologically distinct from other strains. It commonly attains a
weight of only 70-80 g in first year in polyculture and 160-200 g in the second year
when grown in low input rice-field. Nevertheless, it is an important strain as it is
adapted to the rice-field environment and farmers can maintain broodstock that do
not depend on wild seeds. The most important traits of the Bac Kan strain are that it
can be cultured in shallow water and is tolerant of fluctuations of water temperature
that characterises this environment. Another useful trait for culture in terraced rice-
field, in which water flows from terraced field to the next below, is that the fish
rarely leave the fields even during flooding when water spills across dikes (Edwards
et al., 2000). The local “rice field” common carp strains are called “resident fish” or

“fix- home fish” because of this useful characteristic (Tran, 1983).

In general, Vietnamese common carp is considered a good aquaculture species
because it exploits natural pond productivity, has good survival rate and the flesh has
low fat content (Bakos, Gorda, 2001). There are however concerns about wild carp
stocks which are thought to be in decline because of excessive harvesting and

crossbreeding with introduced carp stocks (Nguyen, Ngo, 2001).

A government supported common carp selective breeding program has been in place
in Vietnam for over 30 years with the aim of developing and disseminating strains

with high growth and survival rates to fish farmers (Tran, Tran, 1995). For these
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reasons, Hungarian and Indonesian carp were imported in Vietnam in the 1970s.

Three hybrid lines of common carp were obtained by crossbreeding among three
lines (Vietnamese white, Hungarian scale and Indonesian yellow carp) which were
also used as the initial material for a common carp selective breeding program in
Vietnam. Three different hybrid lines called “three blood” carp were made by
crossing (1)®Hungarian X “ (Indonesian X Vietnamese), (2) ®#Vietnamese X *

(Indonesian X Hungarian), (3)®Indonesian X “ (Hungarian X Vietnamese).

Mass selection of three blood carp was carried out at the Research Institute for
Aquaculture No. 1 (RIA1), Bac Ninh, Vietnam for six generations. In the first
generation the number of fish obtained for mass selection ranged from 1,720, to 400.
For the second generation the number of fish in each stock was reduced to 250,
however the selection differential in the second generation was higher than that in the
F1. In the F3 generation the total number of fish obtained for selection was reduced
further, due to poaching of some of the fish stocks. Generally around 20% of fishes in
each stock were selected and progressively the selection intensity and the selection
differential declined. The fifth generation showed a 33% increase in growth rate in
compared to the base population. However, the realized heritability (h?) of the body
weight of fish gradually declined from 0.20 in first generation to nearly zero in the
sixth generation (Nguyen et al., 2005; Tran, Nguyen, 1992). In addition, the
distribution of seed stock to farmers was only partly successful due to mixing of
stocks in hatcheries and on farms. Inbreeding depression and undesirable genetic
effects may be a problem as many farmers report carp growth is slow and fish mature

when they are a small size. Furthermore, pure stocks of experimental common carp
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strains kept in separate ponds at RIAl may have been mixed (A. T. Pham

pers.comm).

There are a number of important issues that need to be addressed concerning
Vietnamese common carp stocks including their genetic status and history, the extent
of dissemination of selectively bred stocks and the conservation status of wild stocks.
These issues can be addressed by obtaining molecular genetic information which can
provide insights into genetic diversity and therefore, inbreeding and the extent of
stock mixing in both cultured and wild stocks. In addition, molecular genetic data can
contribute to the resolution of issues relating to the taxonomy, evolution, and
biogeography of common carp and help identify genetically divergent wild stocks of

conservation significance.

1.2 Molecular markers

1.2.1 Molecular techniques

Molecular genetic data can be generated using a variety of techniques. The data
generated, representing a range of different loci, are now commonly referred to as
molecular markers and are applied to a wide range of problems and issues in a variety
of fields (Hillis et al., 1996a; Liu, Cordes, 2004). The techniques used to generate
molecular markers for the research documented in this thesis and the relevant fields

of genetic research are outlined and discussed in the following sections.



1.2.1.1 Mitochondrial DNA Sequencing

Nucleotide sequence differences among individuals can be examined directly by
DNA sequencing. The technique is now becoming a routine, albeit still relatively
expensive procedure since the development of the dideoxy chain termination method
(Sanger et al., 1977). In combination with the Polymerase Chain Reaction (PCR)
(Mullis et al., 1986; Saiki et al., 1988), this method provides a means for collecting
precise data from short DNA fragments, and it has proven to be especially powerful
when applied to the analysis of various regions of the animal mitochondrial genome

(Parker et al., 1998).

Techniques using mitochondrial DNA (mtDNA) sequence information have been
widely employed for investigating the taxonomy, genealogical relationships, origins
and diversity of domesticated animal species because this molecule has several useful
characteristics. Firstly, mtDNA is maternally inherited. It is especially sensitive to the
detection of reduced population size and recent population isolation (Avise, 1994).
Secondly, the rate of mtDNA mutation appears to be as much as 10 times faster than
that of nuclear DNA, and it is non-recombining making it effective for detecting
recent population isolation and for establishing genealogical relationships between
populations within species (Avise, 2000). Direct DNA sequencing has been
successfully used to analyse relationship of domesticated animal species including,
fish (Wang, Li, 2004; Watanabe et al., 2005), shrimps (De Francisco, Galetti, 2005),
pigs (Kim et al., 2002), rabbits (Long et al., 2003), buffalo (Kierstein et al., 2004),
goats (Manjunath et al., 2004) and deer (Cronin, 2003; Kuznetsova et al., 2005). The
following sections review how these markers are generated and applied to population,

aquaculture, conservation, taxonomic and evolutionary studies.
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1.2.1.2 Single Strand Conformation Polymorphism (SSCP)

Single strand conformation polymorphism (SSCP) analysis allows the detection of
nucleotide difference in short DNA fragments (100-300bp) (Thomas, Robert, 1996)
due to mobility differences of single strand DNA molecules (ssDNA) with secondary
structure. A DNA sample, usually a PCR product, is denatured by heat or chemical
denaturants allowed to form a single strand conformation and electrophoresied in a
non-denaturing gel. Intra-strand base pairings cause folding of the fragments into
stable conformations and nucleotide differences between fragments result in different
conformations. Mobility differences among folded strands can be detected under the

appropriate electrophoretic condition (William ef al., 1998).

The use of the SSCP technique for examining genetic variation in mtDNA fragments
in population and conservation genetic studies is becoming increasingly popular
(Sunnucks et al., 2000; Thomas, Robert, 1996). Indeed, it offers a sensitive but
inexpensive and rapid method for determining which DNA samples in a set differ in
sequence, and so can greatly reduce the amount of sequencing (Durand et al., 2005;
Hayashi, 1992; Hayashi, Yandell, 1993; Weder et al., 2001). SSCP studies have been
conducted to investigate mitochondrial CR sequence variations among population of
a range of fish species (Bernal-Ramirez et al., 2003; Hoarau ef al., 2004; Julie, Louis,
2003; Turgeon, Bernatchez, 2001), New Zealand greenshell mussel (Apte, Gardner,
2002; Apte et al., 2003) and the donkey (Ivankovic et al., 2002). It has also been used
to investigate genetic divergence in inbred lines of horses (Kavar et al, 1999;
Marklund et al., 1995; Mirol et al., 2002a). The SSCP technique has also been used

for identification of fish products in the market places (Rehbein, 2005; Rehbein et al.,
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1999; Weder et al., 2001). To date, no studies of common carp populations using

the SSCP technique have been reported.

1.2.1.3 Microsatellites

Microsatellites, are simple sequence repeats of 1-6bp (SSRs) with great variability
among individuals, and exhibiting large numbers of alleles (Cross, 2000). Once
isolated and characterised, microsatellites can be amplified by PCR (Cross, 2000).
Compared to other popular marker systems, microsatellites offer the advantages of

codominant inheritance and high polymorphism (Li, 1997; Liu, Cordes, 2004).

Microsatellites have been extremely useful in fish, crustacean, and mollusc
population genetic and aquaculture studies, and has become the marker of choice for
a variety of applications (Baranski et al., 2006; Karsi et al., 2002; Liu, Cordes, 2004;
Xu et al., 1999) (see 1.2.2.2). However, disadvantages of microsatellites are that
identifying these regions from a genome library for new species can be time-
consuming and expensive. Known primers are not usually effective in amplifying the
same locus across related taxa unless the flanked regions are conserved (Ellegren,
1992). Genotyping of microsatellite loci can be time consuming and expensive.
However, multiplexing of loci using different fluorescent dyes coupled with the use
of automated genetic analyser or sequencers can increase the efficiency microsatellite

genotyping (Dzialuk et al., 2005; Hailer ef al., 2005; Tommasini ef al., 2003).
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1.2.2 Applications of molecular markers

1.2.2.1 Population genetics

The field of population genetics encompasses the description of the distribution of
genetic variation within and between populations, thereby providing indirect
information on population isolation or structure. Populations may exhibit different
kinds of genetic structure, and determining the appropriate structure is of critical
importance for understanding population biology and history (Baverstock, Moritz,
1996). More broadly, population genetics provides information on genetic diversity
that can be used to measure levels of inbreeding, gene flow, population subdivision,
and migration rates (Ward, Grewe, 1995; Weir, 1990). Information of this kind is

essential for sustainable exploitation of fish species (Ward, Grewe, 1995).

With respect to population genetic structure studies, in the most extreme case of no
genetic variation, a species may consist of only a single population unit (i.e.
panmixia), or many isolated subpopulations but with no genetic differences. However,
genetic subdivision of species into multiple populations is common and can be of
several different kinds (Johnson, 2000). Thus, a species can consist of a series of
subpopulations in which genes are likely to be exchanged with adjacent populations
(the stepping-stone model), or each subpopulation is equally likely to exchange genes
with any other subpopulation (the island model), or a series of isolated
subpopulations within which individuals exchange genes but the more isolated the
subpopulations are, the less the likelihood of gene flow between them (the isolation-
by-distance model). These three different models of population structure result in
different patterns of genetic differentiation within and between geographic localities

(Richardson ef al., 1986).
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Molecular genetics has proven useful in assessing the extent and patterns of
population subdivision as well as for investigation of the forces that change
population structure (Avise, 1994; Hillis et al., 1996a). The general advantages of
molecular markers for the study of population structure are their ready availability,
genetic simplicity, comparability across taxa, and ease of use with population genetic
models (Johnson, 2000). Various molecular genetic techniques have been employed
to address population related issues, including allozyme electrophoresis (Avise, 1994;
Richardson et al., 1986) and DNA-based markers, e.g. nucleotide data (Hillis et al.,
1996a) and microsatellite DNA (Queller ef al., 1993) which provide a source of

highly polymorphic nuclear genes for the study of fine-scale population structure.

Evaluation of the amount of genetic variation within and between populations is one
of the main tasks of population genetics. Allele frequencies provide a very simple
description of the amount of genetic variation in a populations in the case when there
are only two alleles at a locus (Page, Holmes, 1998). However, because many
techniques generate multiple-allelic data, dealing with their frequencies becomes
cumbersome. Therefore, a more useful measure of genetic diversity is frequency of
heterozygous individuals in the population, otherwise known as heterozygosity (Nei,
1978). It is also possible to calculate the average heterozygosity (H) across all loci,
which can also be thought of as the average fraction of heterozygous individuals per

locus.

Once allele frequencies and heterozygosities have been calculated, the next task

commonly undertaken is to determine whether populations are under Hardy-



14
Weinberg equilibrium. This can be performed by testing the null hypothesis of

equal observed and expected numbers of genotype within each population by using ¥

? goodness-of-fit tests. When sample size is small, G tests or Fisher’s exact tests are
more appropriate (Zar, 1984). If the null hypothesis is rejected, at least one of the
following assumptions of Hardy-Weinberg equilibrium breaks down. These are: (i)
diploid, (i1) sexual reproduction, (iii) random mating, (iv) infinitely large population,
(v) no mutation, (vi) no natural selection and (vii) no migration (Richardson et al.,
1986). Looking for deviations from what is predicted by Hardy-Weinberg is therefore
a good starting point for studying the evolution of genes in population. Several
additional ways of assessing genetic diversity within populations are often used. The
most commonly used parameters are: (i) average number of alleles per locus, (ii)
number of polymorphic loci, (iii) Shannon index (Shannon, Weaver, 1949), and (iv)

gene diversity of Nei (1973) (Yeh et al., 1999).

The major question in population genetic studies is the extent of population
subdivision and the significance of isolation, inbreeding and gene flow in shaping
genetic structure of populations in the species under study. This can be done by
assessing how the observed levels of heterozygosity differ from those expected under
the Hardy-Weinberg theorem. The most common strategy is the F-statistic approach
of Wright (1969). This measure 0, or the fixation index, is considered most important
as it estimates the reduction of heterozygosity due to population subdivision. Several
other estimation of Wright’s (1969) F-statistics have been developed (e.g. Fst, and
Gst in an analysis of molecular variance framework), where the notation “st” refers
to comparisons being made among subpopulations relative to the total population.

Other F-statistics include f (Fis), which used to measure the reduction in
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heterozygosity of individual relative to their own subpopulation due to local

inbreeding, and F (Fit) which measures the effect of both inbreeding and population
subdivision (Page, Holmes, 1998). The null hypothesis that the allele frequencies in
different populations are not significantly different can be tested by measuring the
significance of divergence of the observed data from that predicted by the null
hypothesis. This procedure is undertaken by using % test of homogeneity. For small
sample size, Fisher’s exact probability test or Yate’s correction for continuity can

also be adopted (Richardson ef al., 1986).

A more general measure of genetic variation between populations is the use of
similarity derived from allele frequencies. This reduces relationships among samples
to pairwise distances derived from all sampled loci in the form of a single matrix. A
number of algorithms have been developed for calculating genetic distance but the
most commonly used are probably those that have been implemented in the most

popular software packages (Page, Holmes, 1998).

Genetic relationships are most commonly inferred from a pairwise distance matrix
subject to one of a number of clustering methods. However, these methods
sometimes fail to represent relationships accurately, especially those involving
samples that are genetically intermediate. Alternatively, the methods such as
Principle Component Analysis (PCA) or Multidimentional Scaling (MDS) that allow
the examination of the proximity of samples in multivariate space can be effective in

this context (Kohlmann et al., 2005; Winans et al., 2004).
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Mitochondrial DNA data have also been widely used to investigate genetic

population structure (Apte et al., 2003; Duran et al., 2004; Gross et al., 2002). The
Fst method is generally used to estimate differentiation among populations, while the
number of haplotypes, halotype frequencies, haplotype diversity, and nucleotide

diversity are used to evaluate within population genetic variation.

General applications of population genetics to aquaculture species are discussed in
section (1.2.2.2). A special and increasingly important application concerns the study
of the escape of domesticated fish species and their mixing and interaction with

conspecific wild populations.

Hatchery or farmed raised and wild fish can differ in many traits. When fish are
removed from the natural environment and placed in the culture environment gene
frequencies are altered and a reduction of genetic variation occurs especially after a
number of generations. The process of domestication reduces genetic variation in fish
through both unintentional selection processes and random genetic drift (Koljonen,
1989; Primmer et al., 1999). Breeding programs often aim to produce specific
phenotypes though intensive artificial selection (Ferguson, 1995b) add to the
differentiation of domestic stock. Translocation and dissemination of domesticated
breeds adds further to the potential genetic differences between farmed and wild

populations at a particular location.

Through flooding or other mechanisms domesticated fish often escape, leading to the
mixing of domesticated and wild populations. The genetic impact of exogenous fish

on wild populations are summarized by Hindar ef al. (1991) and include:
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interbreeding, introgression, and competition. In general, the consequences of the

mixing of domestic and wild population is not well understood. If domesticated fish
do not survive or reproduce or if their progeny do not survive in the wild, no effect
on gene frequencies of the wild populations will be observed. Alternatively, if large
numbers of domesticated fish survive and reproduce relative to wild fish, much of the
genetic variation of wild population may be lost due to genetic swamping (Cross et
al., 2005; Koljonen, 1989). If both domestic and wild fish reproduce, genetic
variation of the fish in the affected natural environment may increase, but it may be
maladaptive (Dunham, 2004). Empirical studies of the interaction of hatchery raised
or domesticated fish and wild populations include Atlantic salmon (Clifford et al.,

1998; Hansen et al., 2000) and shrimp (Xu et al., 2001).

1.2.2.2 Aquaculture

Molecular genetic approaches began to be used in fish genetic research in the 1950°s
(Ward, Grewe, 1995). The development of DNA-based genetic markers has had
revolutionary impact on animal genetics in general, including a large number of
commercial fish species (Liu, Cordes, 2004). The popular genetic markers in
aquaculture genetic research include allozymes, mitochondrial DNA (mtDNA),
Restriction Fragment Length Polymorphism (RFLPs), Random Amplified
Polymorphism DNA (RAPD), Amplified Fragment Length Polymorphism (AFLP),
microsatellites (SSR), Single Nucleotide Polymorphism (SNP) and Expressed
Sequence Tag (ESTs) (Liu, Cordes, 2004) (Table 1.1). The application of DNA
markers has allowed significant progress in aquaculture investigation of genetic
variability, inbreeding, parentage assignments, species and strain identification and

the construction of high resolution genetic linkage maps for aquaculture species
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(Davis, Hetzel, 2000; Ferguson, Danzmann, 1998; Liu, Cordes, 2004; Ward, Grewe,

1995).

Genetic identification of species or strains is often required in an aquaculture setting.
This is because it is important to determine if fish stocks are pure species (or strains)
or are hybrids or mixed stocks, a problem seen in common carp (Lehoczky et al.,
2005), and tilapia (Bardakci, Skibinski, 1994). RAPD, AFLP, and microsatellite data
can provide a rapid solution. For instance, microsatellites were used to detect pure
stock of common carp in live gene bank in Hungary (Lehoczky et al., 2005) and
strain identification in channel catfish (Waldbieser, Wolters, 1999). The AFLP
approach has been utilised to identify strains of common carp (David et al., 2001)

and channel catfish (Mickett et al., 2003).

Molecular genetic markers are extremely useful for monitoring levels of genetic
variation within and between populations of aquaculture species. In the past,
allozyme and mtDNA have been most frequently used in fishes but the more recently
developed microsatellite, AFLP and RAPD teachniques are now more commonly
used (Liu, Cordes, 2004). The microsatellite method has been used to investigate
genetic diversity of black bream (Jeong et al., 2003), tiger shrimp (Xu et al., 2001),
tilapia (Rutten et al., 2004), and oyster (Yu, Guo, 2004). The AFLP approach has
been successfully used to evaluate genetic variation among channel -catfish
populations (Simmons et al., 2006), while the RAPD approach has been used to

estimate genetic structure of black tiger shrimp (Tassanakajon et al., 1998).
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With the advent of powerful genetic markers and an emerging mathematical

framework to calculate parentage, it is now possible to analyse relatedness and
inheritance in aquaculture species with a high degree of precision (Hastein et al.,
2001). Microsatellites provide the best result in parentage assignment tests due to
high levels of polymorphism. For example, paternity and reproductive contribution in
natural populations of bluegill sunfish were determined successfully by Neff (2001)
using 11 microsatellite loci. The paternal and maternal genotype of squid have been

reconstructed successfully using five microsatellite loci (Emery et al., 2001).

Recently, one of the major benefits of molecular genetic techniques is their
integration with traditional breeding methods for faster genetic improvement in
aquaculture species. One very powerful application of new DNA-based technologies
is to identify nuclear marker loci which are associated with loci that control
economically important traits such as body weight (Reid et al., 2005), disease
resistance (Rodriguez et al., 2004) cold tolerance (Sun, Liang, 2004), and salinity
tolerance (Lee, 2003). The identification of quantitative trait loci and directly
associated or linked molecular markers for them facilitate marker-assistance selection
(MAS) in aquaculture species (Davis, Hetzel, 2000; Dunham, 2004; Lande,
Thompson, 1990). Microsatellite and AFLP markers are the most reliable, efficient
and abundant markers for detailed genetic linkage mapping in catfish (Liu et al.,
2003), and scallop (Li et al., 2005). Currently, medium density framework linkage
maps are available for salmon (Stein et al., 2001), rainbow trout (Sakamoto et al.,
2000; Young et al., 1998), brown trout (Gharbi et al., 2006), catfish (Liu et al., 2003),
tilapia (Agresti et al., 2000; Kocher et al., 1998; McConnell et al., 2000), oyster (Li,

Guo, 2004), shrimp (Wilson et al., 2002), and common carp (Sun, Liang, 2004).
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Where fish breeding is targeting multiple traits together it is usually found that family
selection (where the best performing families are selected as parents) or
modifications thereof, is more effective than mass selection (where the best
performing individuals are selected) (Cross et al., 2003). Family selection, however,
means that progeny must be identifiable as to family throughout life. Marking by
physical methods is usually feasible in later stages, but is often impossible with fry.
Thus large numbers of individual family tanks must be maintained until the fish are
old enough to mark and mix. Usually 50-100 tanks per select strain are required, with
a similar number of unselected control families. The reason for using so many
selected families, is to allow sufficiently strong selection to achieve substantial
genetic gain (the increase in the mean value of the target trait/s per generation) while,

at the same time, minimizing inbreeding.

The use of molecular markers as genetic tags to achieve family identification allows
for communal rearing throughout the life cycle including the juvenile stage.
Moreover, these markers can be used to identify individual and family groups so that
they can be reared together, thus simplifying experimental designs. This approach
also reduces the environmental variation between tanks, which can reduce the
veracity of the selection program. Furthermore, as less physical space is required,
more families can be used allowing the application of stronger selection, while

preventing inbreeding (Cross et al., 2003).
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1.2.2.3 Conservation genetics

Conservation genetics is the application of genetics to preserve species as dynamic
entities that can evolve to cope with environmental changes and thus minimize their
risk of extinction (Frankham, 2003). Many factors impact negatively upon local
biodiversity including over-exploitation of natural resources, habitat destruction,
pollution, and the introduction of exotic species or non-native strains causing

competition or interbreeding with resident species (Sala et al., 2000).

The loss of genetic variation is not only an issue with cultured stocks but is probably
more significant for wild populations. Without retaining genetic diversity, the cost
and effort expended in breeding programs for targeted species may be lost, as stocked
individuals into the natural environment may fail to survive and reproduce due to
reduced fitness (Waples, 1991). Utilising selection for genetic diversity, aquaculture
breeding programs have and continue to be established for threatened and endangered

species, with the aim of restocking the natural environment (Cross ef al., 2003).

A large amount of molecular data have been applied in recent years to address
questions related to conservation genetics, including genetic diversity, population
isolation, divergence and interaction between cultured and wild populations using a
range of molecular markers (Bouza ef al., 1997; Hansen et al., 2000; Mjolnerod et al.,
1997; Simmons et al., 2006; Xu et al., 2001). Molecular markers are also used to
identify species and investigate cryptic speciation (see 1.2.2.2) essential for the

management and conservation of species.
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1.2.2.4 Taxonomy and evolution

Molecular genetic information is now increasingly being used to resolve taxonomic
issues including the delimitation of species boundaries in morphologically variable or
conservative groups of organisms (Hillis ez al., 1996a). In fact, some scientists have
proposed that genetic information in the form of sequences of the mitochondrial
DNA (mtDNA) COI gene region should be the primary information in taxonomic
classification and identification. However, the DNA-Barcoding approach to
biological classification has both strong advocates and opponents (Hebert et al., 2003;

Miya, Nishida, 2000; Schander, Willassen, 2005).

Irrespective of one’s position on DNA barcoding it is widely agreed that taxonomic
classification at all levels should reflect evolutionary relationships (Blaxter, 2004;
Hebert et al., 2003; Schuh, 2000). Further, it is considered essential that any
taxonomically recognized group of organisms should be monophyletic on the basis of
rigorous phylogenetic analyses. While this has been traditionally achieved though an
analysis of morphological data, the availability of nucleotide sequences from a range
of genes coupled with powerful methods of phylogenetic estimation using various
software packages means that more and more classifications are constructed or tested
using molecular data (Steinke er al., 2005). The next section briefly reviews
contemporary approaches to the recognition of species using molecular data and the

principles of phylogenetic estimation.

One can not satisfactorily study a species or relationships or diversity within and
among them without a conceptualisation of what species are (Cracraft, 2000).

However, no single issue in biodiversity related studies has been as controversial as
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the nature of species and how they should be defined and delimited (Avise, 2000;

Claridge et al., 1997; Mayr, 2000; Shaw, 1998; Wheeler, Meier, 2000). The species
problem, as it is commonly known, has a large and complex literature dedicated to
the topic. This problem is largely due to the inability of biological scientists
(systematists and speciation biologists) to agree on what fundamentally constitutes a
species, resulting in a proliferation of species concepts, of which there is no less that

24 modern definitions species according to Mayden (1997).

From a practical viewpoint the morphological species concept has been and continues
to be the most commonly used approach to defining and identifying species based on
phenotypic differences (Blackwelder, 1967). However, this approach has significant
conceptual and operational problems when dealing with phenotypically plastic

species or morphological conservatism (cryptic speciation) (Mayr, 2002).

Mayr (1963) developed the biological species concept to address these limitations.
The biological definition of species, as reproductive communities genetically isolated
from other assemblages, became the dominate species concept for most of the last

part of the last century.

An advantage of the biological species concept is that for putative species in
sympatry, reproductive isolation can be tested by using molecular data to determine
genetic relationships. The finding of genetic differences generally provides strong
indirect evidence for reproductive isolation and the existence of separate gene pools

and the presence of two biological species.
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While the biological species concept provided a more rigorous basis for

determining species difference, especially when there is access to information from
molecular markers, it also has a number of limitations. These include various
operational aspects (Sokal, Crovello, 1970), hybridization (Wu, 2001) determination
of the status of allopatric populations (Avise, 2000), asexual species and fossils. The
development of the phylogenetic approach in biodiversity studies has resulted in a

reconceptualisation of what species are and how they can be identified and delimited.

In fact, a confusing diversity of phylogenetic species concepts have now been
developed (Avise, 2000; Nixon, Wheeler, 1990; Shaw, 1998; Shaw, 2001; Wheeler,
Meier, 2000). Collectively they all emphasise the importance of shared historical
relationships and agree that species are lineages with individuals united by genealogy.
It is also widely agreed that species satisfying phylogenetic criteria are also
reproductive communities (Templeton, 2001) consistent with the Biological Species
Concept (BSC) as proposed by Mayr (2000). Because distinct species are
reproductively incompatible it allows individuals within each species to establish
independent sets of genealogical relationships. The processes of hybridization and
gene flow between incipient species will disrupt the acquisition of reproductive

isolation and the establishment of species specific gene trees.

When conducting an analysis of genetic relationships within and between closely
related species using phylogenetic analysis of nucleotide sequences a phylogenetic or
genealogical approach to the recognition of species is a necessity. Operationally,

phylogenetic species are identified on the basis of reciprocal monophyly (Avise,
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2000; Baum, Shaw, 1995). Importantly, the testing of species boundaries using

nucleotide data under this criterion can be placed within a statistical framework using
bootstrap and other methods of establishing reliability and hypothesis testing (Wiens,
Penkrot, 2002). As a consequence the collection of nucleotide data, most commonly
derived from mitochondrial gene regions, allows existing taxonomic hypotheses to be
tested using explicit criteria which represents a major advance in taxonomic
methodology (Sites, Crandall, 1997; Templeton, 2001; Wiens, Penkrot, 2002).
Nevertheless, a potential problems associated with this approach is that individual
gene genealogies do not always correspond to species genealogies, especially in the
case of recently speciated taxa and the commonly used mt markers represent only one
locus. Access to nuclear molecular makers, reliable morphological traits, information
on ecological differences or reproductive compatiblity would provide important
ancillary data on the biological validity of potential species defined on the basis of a

geneaological analysis of one or more mitochondrial gene regions.

Molecular phylogenetics is the study of evolutionary relationships among organisms
by using molecular data such as DNA and protein sequences or other molecular
markers (Graur, Li, 2000). Phylogenetics is concerned with genealogy and
reconstructing evolutionary history of species and higher taxonomic groupings.
Relationships among species or groups are depicted in branching diagrams or
evolutionary trees that represent historical speciation events, and are now considered
to provide essential information for the establishment of reliable classifications
(Hillis et al., 1996¢). Some of the earliest molecular data to be used in phylogenetic

studies were derived from immunological techniques (Maxson, Maxson, 1990; Sarich,
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Wilson, 1967) and protein sequencing (Zuckerkandl, Pauling, 1962). Allozyme

electrophoresis, until relatively recently the predominant method for assaying genetic
variation within and between species, has also been utilised for phylogenetic studies
(Avise, 1974; Avise, 1983; Buth, 1984; Hillis et al., 1996b; Richardson et al., 1986).
Emphasis, however, has now shifted to methods of DNA analysis, primarily through
the use of restriction enzymes and direct sequencing, and a number of PCR-based
techniques which allow increased direct access to the phylogenetic information
content of DNA sequences from both nuclear and mitochondrial genes (Avise, 1994;
Avise, 2000). As a result, an enormous amount of molecular data, especially in the
form of nucleotide sequences, is now accumulating and being used to resolve
systematic relationships of organisms at various levels, ranging from populations to

kingdoms (Hillis ez al., 1996b).

The most commonly used methods useful for phylogenetic reconstruction are
distance, maximum parsimony, maximum likelihood and Bayesian analysis. Distance
methods involve the calculation of a matrix of genetic or evolutionary distance values
between all pair of taxa or samples, and constructing phylogeny based on these
values (Nei, Kumar, 2000; Page, Holmes, 1998). The calculation of genetic or
evolutionary distances is a reflection of the mean number of nucleotide changes per
site that have occurred between a pair of sequences since their divergence from a
common ancestor. Distance methods are dependent upon the selection of an
appropriate model of nucleotide evolution for the calculation of distance values

(Posada, Crandall, 1998).
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Maximum parsimony is based on the underlying principle that the simplest

explanation, involving the least assumptions is always preferable. Parsimony
methods were originally developed for the analysis of character evolution by
morphological systematists and have since been modified for molecular systematic
analyses (Nei, Kumar, 2000). The basic principle for the construction of maximum
parsimony trees based on analysis of DNA sequence data is the identification of the
phylogeny that requires the smallest number of nucleotide substitution (evolutionary

steps) for a given set of data (Nei, Kumar, 2000).

The maximum likelihood approach involves finding the optimal tree that is the most
likely to have occurred given the observed data and an assumed model of evolution.
The statistical properties of maximum likelihood analysis make this an attractive
method for phylogenetic analysis using nucleotide data, because it allows robust
statistical tests to be performed (Steel, Penny, 2000). However, the computationally
intense nature of likelihood calculations means that, especially for large data sets, it is

difficult to ensure that the optimal tree is found.

More recently, Bayesian approaches to phylogenetic inference have been gaining
popularity (Reed et al., 2002; Reeder, 2003; Vicario et al., 2003). Bayesian inference
is based on the likelihood function and can use the same models of evolution, so
therefore has similar statistical properties to the maximum likelihood method.
However the Bayesian method differs from others in that it enables prior information
about phylogeny to be specified. Bayesian phylogenetic inference utilize Monte

Carlo Markov chain methods to explore possible phylogenetic trees (Huelsenbeck et
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al., 2002). Baysian methods are attractive due to their relative speed, which allows

complex and realistic evolutionary models to be examined (Buckley et al., 2002).

It is now considered essential to assess the reliability of tree constructed from
nucleotide data using any phylogenetic method (Graur, Li, 2000). Significant
difficulties are associated with determining accuracy and reliability of phylogenetic
trees because the true tree representing the actual evolutionary relationships between
taxa, is rarely known (Page, Charleston, 1997). Bootstrap analysis, congruence, and
testing of phylogenetic hypotheses are the most common approaches to reliability
estimation in phylogenetic studies (Graur, Li, 2000; Hillis et al, 1996c; Page,

Holmes, 1998).

The bootstrap (Felsenstein, 1985) is a computational technique that is frequently used
to estimate the confidence level of phylogenetic hypotheses. The technique belongs
to a class of methods termed resampling and reuse the nucleotide data from the
original data set. Pseudoreplicates (usually 100-1,000) are generated by resampling
the nucleotide sites in the data with replacement. Each pseudoreplicate is then used to
generate a phylogenetic tree. The frequency at which pseudoreplicate data sets

suggest a given relationship is termed “bootstrap support™.

Congruence is the agreement between estimates of phylogeny based on different data
sets. Because there is only one true set of evolutionary relationships for a particular
group of taxa, congruence among independent data sets provides support that the true
set of relationships has been inferred. The probability of recovering the same

phylogeny from two independent data sets by chance is extremely small (Page,
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Holmes, 1998). Consequently, the use of multiple data set is considered highly

advantageous for phylogenetic studies (Hillis et al., 1996a).

Another way of gaining confidence in any resultant trees is to test the probability that
they provide a better explanation of the relationship than other possible tree
topologies. Often referred to as phylogenetic hypothesis testing (Goldman et al.,
2000; Huelsenbeck, Crandall, 1997), this process generally involves testing the
optimal tree (derived from phylogenetic analyses) against alternative hypothesised

topologies.

There are a number of statistical procedures for testing phylogenetic hypotheses.
Non-parametric methods such as Templeton’s (1983) test and the KH test (Kishino,
Hasegawa, 1989) are not valid for test of a posteriori hypotheses, and should only be
used for testing a priori hypotheses where there is no reason to think that one tree is
better than the others. These two procedures have been generally criticised due to
their conservativeness and have been recently superceded by the SH-test (Shimodaira,

Hasegawa, 1999), which is appropriate for testing a posteriori hypotheses.

1.2.2.5 Molecular genetic studies on common carp

Common carp have been the subject of numerous molecular genetic studies due to its
aquaculture importance. The foci of these studies have been questions relating to
phylogenetics, population structure, taxonomy, aquaculture, and the impact of

domestication.
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In the past, traditional protein markers had been used to study the genetics of

common carp populations on regional levels. For instance, allozyme information is
available for domesticated and wild population culture and samples in Hungary
(Csizmadia et al., 1995), Czech Republic (Desvignes et al., 2001; Slectova et al.,
2002), Uzbekistan (Murakaeva et al., 2003), Italy (Cataudella et al., 1987), Japan
(Macaranas et al., 1986), Indonesia (Sumantadinata, Taniguchi, 1990), Israel (Ben-
Dom et al., 2000), Estonia (Paaver, Gross, 1991), Poland (Anjum, 1995), Germany
(Kohlmann, Kersten, 1999) and Australia (Davis et al.,, 1999). More recently
mitochondrial DNA (Davis et al., 1999; Froufe et al., 2002; Mabuchi et al., 2005;
Zhou et al., 2003), microsatellite (Bartfai et al., 2003; David et al., 2001; Desvignes
et al., 2001; Lehoczky et al., 2005; Tanck et al., 2000), RADP (Bartfai et al., 2003;
Wang, Li, 2004), and AFLP data (David et al., 2001) have been used to examine

genetic variation in common carp populations.

To date, there are only few studies of common carp populations across its full
geographical range in Eurasia. These studies was not thorough, but nevertheless
suggest that carp may be divided into European and Asian groups (Brody et al., 1979;
Kohlmann et al., 2003; Kohlmann et al., 2005); although this interpretation is not

consistent with the actual data presented in some studies (Kohlmann et al., 2005).

The complete mitochondrial DNA nucleotide sequence of common carp was
described by Chang et al.(1994) (GenBank accession number: X61010). This
allowed the design of primers for sequencing mitochondrial DNA genes and
fragments to investigate relationships of common carp strains or populations. For

example, the molecular phylogeny of three subspecies of common carp in China was
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analysed by Zhou et al. (2004b) using sequence of Cytochrome b (Cyt b) and

control (CR) gene regions. Mabuchi et al. (2005) discovered a genetically divergent
form of common carps from Lake Biwa, using mitochondrial DNA CR sequence data.
Phylogenetic relationships of ornamental (koi) carp, Oujiang color carp and Long-fin
carp were analysed by Wang and Li (2004) using mitochondrial DNA Cytochrome c

oxidase subunit II (COII) gene sequences.

Currently there are several published studies of common carp involved the use of
microsatellites (Crooijmans et al., 1997; Sun, Liang, 2004; Yu, Guo, 2004). Thirty
two microsatellite markers of poly (CA) type in common carp were described by
Crooijmans et al. (1997). While these authors stated that these loci will be valuable
as genetic markers for use in population genetic, breeding and evolution studies, they
did not present any population genetic analyses (Kohlmann et al., 2005; Lehoczky et
al., 2005; Zhou et al., 2004a). Kohlmann et al. (2003; 2005) have presented the only
population genetic studies of common carp using four microsatellite loci and found

significantly greater variation than was apparent from allozyme studies.

Studies of QTLs in common carp are limited. There is only one gene linkage map of
common carp which mapped loci associated with cold tolerance (Sun, Liang, 2004),
using the segregation of 272 markers, including 105 gene markers, 110
microsatellites, and 57 RAPD markers. Despite the large number of genetic studies of
common carp, none have addressed genetic diversity and genealogical relationships
on a global basis. Taxonomy and origin of carp are questionable and require detailed
investigation. In addition, the study of common carp from certain regions have been

neglected, including Vietnam (south East Asia), which is home to indigenous
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common carp that have not been examined using modern molecular genetic

methods to any significant extent.

1.3 Research objectives and thesis format

The overall objective of this thesis is to advance the understanding of the genetics of
common carp with a special focus on Vietnamese domesticated and wild populations.
Following from this objective there are three major components to this study. First,
genetic diversity and relationships among common carp stocks and strains are
examined on a global scale using a phylogenetic analysis of mitochondrial DNA
sequences. By using samples representing major common carp strains obtained
throughout the species geographical range a global genealogy of common carp is
presented. A phylogenetic representation of nucleotide variation amongst populations
of common carp provides a new way of describing genetic variation within carp
stocks from different countries, establishing relationships among strains and
suggesting their possible origin. This phylogenetic study is then extended by using
more conserved gene regions to address questions relating to the taxonomy and
evolution of common carp. Second, this study quantifies genetic variation within and
between populations of Vietnamese common carp in detail using samples collected
from both the wild and hatcheries. The degree of strain mixing and the identification
of inbred populations is investigated using the Single Strand Conformation
Polymorphisms (SSCP) and microsatellite techniques. Lastly, an investigation of
phylogenetic relationships among a range of cyprinid species is undertaken to assess
the higher level taxonomic classification of this family using little known Vietnamese
species. This study also allowed an examination of the level of diversity within a

range of cyprinid genera for comparison with Cyprinus.
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More specifically in relation to the format for this thesis, the first research chapter

of this thesis (Chapter 2) investigates diversity and genealogical relationships within
common carp, using sequences from the mitochondrial CR and ATPase6/ATPase8
gene regions for samples of common carp representing a diversity of domesticated
strains from around the world. Chapter 3 extends this study using mitochondrial
DNA CR and Cyt b gene region sequences to examine taxonomic questions and
evolutionary hypotheses for common carp. This chapter analysed samples from
Vietnam, China and Europe and utilised common carp sequences available on
GenBank, focusing wherever possible, on specimens originating from wild

populations.

Chapter 4 presents an examination of genetic diversity in domesticated and wild
population common carp from throughout Vietnam using direct sequencing and
SSCP analysis of the mitochondrial DNA CR. In Chapter 5, the examination of
common carp is extended by examining variation in the same populations using four

highly variable microsatellite loci.

Finally, Chapter 6 extends the taxonomic and evolutionary question in Chapter 3 by
presenting a phylogenetic based testing of the taxonomic classification and
relationships within subfamilies of the family Cyprinidae, including the cyprininae,
the subfamily of common carp, using three gene regions (CR, 16S, Cyt b). This is the
first time that the relationships and taxonomic classification of Vietnamese cyprinids

has been investigated using molecular genetic data.
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Table 1.1. Type of DNA marker, their characteristics, potential applications  and cost*

Marker type Mode of inheritance Locus under Polymorphism Major applications Relative cost

Allozyme Mendelian, codominant Single Low Linkage mapping, population studies Low

Mitochondrial DNA Maternal inheritance Single High Maternal lineage Moderate-high

(mtDNA)

Restriction fragment Mendelian, codominant Single Low Linkage mapping Low

length polymorphism

(RFLP)

Microsatellites (SSR)  Mendelian, codominant Single High Linkage mapping, population High
studies, paternity analysis

Random amplified Mendelian, codominant Multiple Intermediate  Linkage mapping Moderate

polymorphism DNA

(RAPD)

Amplified fragment Mendelian, codominant Multiple High Linkage mapping, population studies Moderate

length polymorphisms

(AFLP)

Expressed sequence Mendelian, codominant Single Low Linkage mapping, physical map High

tags (EST)

Single nucleotide Mendelian, codominant Single High Linkage mapping High

polymorphism (SNP)

* The table was modified from Liu and Cordes (2004)



Chapter 2.

Using mitochondrial nucleotide sequences to investigate
diversity and genealogical relationships within common

carp (Cyprinus carpio L.)*

2.1 Introduction

Direct DNA sequencing is being increasingly used to investigate the taxonomy,
genealogical relationships, origins and diversity of domesticated animal species
including: rabbits, pigs, goats and buffaloes (Kierstein et al., 2004; Kim et al.,
2002; Long et al., 2003; Manjunath et al., 2004). In contrast, similar studies of
aquaculture species are rare (Nguyen et al., 2004), perhaps reflecting their more
limited relevance due to the short history of domestication for such species. A
notable exception is the common carp (Cyprinus carpio. L), the world’s oldest
domesticated and the most important aquaculture species (FAO, 2003). The
domestication of common carp commenced over 4,000 years ago in China
(Hollebecq, Haffray, 1999), and now nearly three million tonnes are produced

annually worldwide (FAO, 2003).

* Two peer reviewed publications have been derivered from this chapter: Thai, T. B., C.
P. Burridge, T. A. Pham and C.M. Austin (2005). Using mitochondrial nucleotide
sequences to investigate diversity and genealogical relationships within common carp
(Cyprinus carpio L.). Animal Genetics 36: 23-28, and Thai, T. B., T. A. Pham, U. D. Thai,
C.M. Austin (2006) Progress towards a global genealogy of common carp (Cyprinus
carpio L.) strains using mitochondrial nucleotide sequence data. NAGA 29 (3&4): 55-61.
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The species is cultured in many parts of the world both within and outside its
natural range as a result of wide-scale translocations. The species is
phenotypically plastic, which has led to an extensive and confusing taxonomic
nomenclature (Hollebecq, Haffray, 1999). Considering only relatively recent
taxonomic literature, Kirpichnikov (1967) recognised four subspecies of carp:
Cyprinus carpio carpio (Europe), C. c. aralensis (Central Asia), C. c.
haematopterus (East Asia), and C. c. viridiviolaceus. (South East Asia). In
contrast, Balon (1995) considered only two subspecies were worth recognising: C.
c. carpio (Europe) and C. c¢. haematopterus (East Asia). Subsequently,
Kirpichnikov (1999) questioned the validly of C. c. viridiviolaceus where as Li et
al. (2001) recognised four morphologically distinctive red carp strains from China,
which he refers to as C. c. xingguonensis, C. c. wannanensis, C. c¢. wuyanensis,
and C. c. color. In one of the most recent taxonomic treatments, Kottelat (2001)
considers the common cultured carp in southeast Asia to be a distinct species, C.
rubrofuscus, although this is disputed by Nguyen and Ngo (2001) who consider

this species to be quite rare.

A wide range of molecular marker systems have been used for the study of carp
including microsatellites (Crooijmans et al., 1997), RAPDs (Bartfai et al., 2003),
AFLPs (David et al., 2001), allozymes (Kohlmann, Kersten, 1999), RFLPs
(Kohlmann et al., 2003; Zhou et al., 2003) and direct sequencing of mtDNA
fragments (Froufe et al., 2002; Wang, Li, 2004). Techniques using mtDNA have
been widely employed for aquaculture and fisheries related genetic studies
because this molecule has several useful characteristics including a rapid rate of

mutation, making it effective for detecting recent population isolation (Ward,
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Grewe, 1995) and for establishing genealogical relationships among populations

within species (Avise, 2000).

This study was initiated to investigate genetic diversity and genealogical
relationships of common carp strains and the usefulness of two rapidly evolving
mtDNA regions, the CR region and the ATPase6/ATPase8 genes, for these
purposes. This paper presents mtDNA nucleotide sequences exceeding 1,500 bp
for each of 87 individual carp representing samples obtained from throughout the
world making it the most globally comprehensive set of DNA sequences

accumulated so far for this species.

2.2 Materials and Methods

2.2.1 Common carp samples

Common carp tissue samples were acquired from populations or strains in
Vietnam, Czech Republic, Hungary, Israel, China, India, Indonesia, Japan and
Australia. Tissue samples were taken as fin clips and preserved in 90 % ethanol.

Details of sampling locations and codes are provided in Table 2.1

2.2.2 DNA extraction and Amplification of Mitochondrial DNA

Total DNA was extracted as described by Crandall ez al. (1999). Between two and
six individuals were analysed from each population or strain. The mitochondrial
ATPase6/ATPaseS gene fragment was amplified using primers L8331 (5 AAA

GCR TTR GCC TTT TAA GC 3’) and H9236 (5> GTT AGT GGT CAK GGG
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CTT GGR TC 3’) (Lovette et al., 1998). Primers for the CR were designed from
common carp sequences on GenBank (AC: X61010): Carp-Pro (5° AAC TCT
CAC CCC TGG CTA CCA AAG 3’), and Carp-Phe (5 CTA GGA CTC ATC
TTA GCA TCT TCA GTG 3’). PCR was carried out in 50 pl reaction volumes (1
X reaction buffer, 2 mM dNTP, 1.5 mM MgCl,, 0.5 uM of each primer, 0.5 units
Taq polymerase, and approximately 200 ng DNA template). Thermal cycling
comprised 95 °C for 3 min, followed by 34 cycles of 95 °C for 30s, annealing at
55 °C for 30s, and an extension temperature of 72 °C for 1 min. This was then
followed by a final extension of 72 °C for 3 min. PCR products were purified
using the QIAGEN QIAquick PCR purification kit, sequencing followed ABI
PRISM BigDye Terminator protocols. For each individual, sequencing reactions

were performed using both primers.

2.2.3 Data Analysis and Phylogenetic Reconstruction

Sequences of carp from GenBank (Chang ef al., 1994) were included in the data
set for comparative purposes, and Carassius auratus (GenBank Accession

NC 002079) was used as the outgroup.

Control DNA sequences were aligned using the program Clustal X (Thompson et
al., 1997), while the ATPase6/ATPase8 sequences were aligned by eye.
Information content of each gene region was estimated using the method of Hillis
and Hillis (1992) based on the g/ statistic. Sequences were imported into PAUP*
4.0b.10 (Swofford, 2000) for phylogenetic analysis. The most suitable model of
evolution for the gene regions was obtained using Modeltest 3.06 (Posada,

Crandall, 1998). This model was used to calculate pairwise sequence distances for
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the construction of a neighbour-joining tree (NJ). Unweighted parsimony analyses
were carried out using the heuristic search option. Confidence levels in the
resulting relationship were assessed using the bootstrap procedure with 1,000
replications for NJ and maximum parsimony (MP). Nucleotide () and Haplotype

diversity (h) were calculated using DNASP 3.51 (Rozas et al., 2003).

2.3 Results

All sequences obtained in this study have been submitted to GenBank (accession
numbers: AY 597942-AY 597985 and AY 600150-AY600241). A total of 857 bp
of the ATPase6/ATPase8 genes and 745 bp of the CR were obtained for all
individuals. The level of nucleotide variation at both gene regions was low,
although the CR exhibited more variation than the ATPase6/ATPaseS. Excluding
the GenBank Cyprinus carpio which is of unknown origin, the two most divergent
ATPase6/ATPaseS8 haplotypes differed by 10 bp and the two most divergent CR
haplotypes differed by 14 bp. The CR and ATPase6/ATPaseS§ fragments yielded
29 and 17 parsimony informative sites respectively, and despite this relatively
limited information, the two gene regions possessed significant phylogenetic
signal (P <0.01) (Hillis, Huelsenbeck, 1992). The two fragments were largely

consistent in the patterns of variability within and relationships among samples.

Nucleotide diversity is low overall (0.000-0.009) but differences are apparent
between carp from Asian countries (mean 7t = 0.007) and carp of European origin

(m =0.000). These differences were most apparent in terms of haplotype diversity
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(h), which exceeded 0.80 for all carp from South East Asian countries but was

0.00 for European carp.

The genealogical analysis (Fig. 2.1) does not support a fundamental dichotomy
between European and Asian carp but instead reveals there are several divergent
haplotypes in carp from China and Indonesia. While the European carp are
genetically distinct they are placed in a relatively derived position as the sister
lineage to a lineage containing native white and red Vietnamese, Koi, Chinese

Color and Indonesian yellow carps.

Koi carp samples were invariant and identical to the Chinese Color (CL) carp
sample and this haplotype shows minimal divergence from Vietnamese carp (Fig.
2.1). Two of the Indonesian carp strains are very similar (Widan- WI and
Rajadanu- RJ) and the third strain (Majalaya- MA1&MA2) shows two divergent
haplotypes; one is similar to the Widan/Rajadanu strains, while the other is not
related to any of the other haplotypes. Furthermore, the two closely related
haplotypes found in the Indonesian strain maintained at the RIA1, Vietnam, are
quite divergent from all haplotypes obtained from the other three Indonesian carp
strains. While haplotype diversity was high among Vietnamese carp, nucleotide
diversity was low with all indigenous samples forming a single lineage with Koi

and Chinese Color carp.

Chinese carp showed considerable haplotype diversity and divergence. While no
differences were detected between the Xingguonensis (XI) and Wananensis (WN)

strains, their haplotype is highly differentiated from Chinese Color carp (CL) and
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Wuyuanensis (WU) carp; the latter possesses the most distinctive common carp
haplotype found so far. Lastly, the sample of Amur River carp (WA1 and WA2
maintained in India) is interesting as it contains two haplotypes, one close to
Chinese Color carp and therefore also Vietnamese carp, and one haplotype that is

identical to European carp.

2.4 Discussion

This study demonstrated that direct sequencing of variable mtDNA fragments has
the potential to provide useful insights into the genetic diversity, origin,
divergence and genealogy of carp strains and populations. A surprising result was
the low levels of divergence observed for what are generally considered to be the
most rapidly evolving vertebrate mtDNA fragments, the ATPase6/ATPase8 genes
and the control region (CR) (Verspoor, 1998), especially for a freshwater species
with such an extensive distribution across Eurasia. A second surprising result was
the complete absence of variation within two major strains of carp, the European
common carp and Koi carp. These findings are consistent with the long history of
domestication of this species which has undoubtedly involved significant founder
and population bottleneck events leading to localised loss of genetic variation

(Balon, 1995).

The origin and relationships of a number of forms of common carp is uncertain.
This is the case for Koi carp (Balon, 1995) with speculation that they have been
developed directly from carp stocks in Japan, Chinese Color carp or German pond
carp (Balon, 1995; Wang, Li, 2004). The results of this study suggest that Koi

carp have originated from Chinese Color carp, which have a history of
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domestication that can be traced back over 1,200 years (Wang, Li, 2004). Our
finding is consistent with the results of Wang and Li. (2004) based on mtDNA
COII sequence data, but contrary to those of Froufe et al. (2002) who sequenced
540 bp of the CR, and found that their sample of Japanese Koi (N = 4) had a
haplotype identical to European carp. This anomaly could be due to mixing of
stocks so that their line of Koi carp had acquired the European haplotype through
crossbreeding. Despite their substantial color polymorphisms, only a single
haplotype was detected among the 12 individual Koi carp (representing 6 strains)
sequenced. This result is consistent with Koi - Chinese Color carp having passed

through a substantial bottleneck during the domestication process.

The genetic makeup of Amur River carp represent an intriguing anomaly in that
while they occur over 5,000 km from northern Vietnam and 10,000 km from
Central Europe, they possess one haplotype that differs by only two bases from a
haplotype found at Tuyen Quang in northern Vietnam, and one haplotype
identical to the European carp. As the Amur River carp examined were originally
derived from a live gene bank line in the Fish Culture Research Institute Szarvas,
Hungary, presently maintained at Karnataka in India, this finding might be due to
accidental stock mixing in captivity. However, Froufe ef al. (2002) found a similar
result for a sample of Amur River carp obtained from the wild, with some
haplotypes being very close to European carp and others to Asian carp. They
interpreted this finding to indicate an Asian origin for European carp. However
the converse possibility, that European carp have been introduced to China, has

also been proposed (Balon, 1995) and is also consistent with the data.
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Carp from Europe all possessed the same haplotype and were divergent from all
other haplotypes detected. Nevertheless the degree of divergence from their most
closely related Asian strains is remarkably small (1%) given that the CR and
ATPase6/ATPaseS genes are the two most highly variable regions within the
mtDNA genome (Hurt et al.,, 2001). A remarkable feature of European carp
samples is the complete absence of any variation in CR and ATPase6/ATPase8
regions, which like the Koi carp, suggests a history of founder effects and small

effective population size associated with translocation and domestication.

Molecular genetic information, including mtDNA sequence data is very useful for
clarifying species boundaries (Avise, 1994; Avise, 2000) and so has considerable
potential for resolving the confusion and controversy over the taxonomy of
common carp (Kirpitchnikov, 1967; Kottelat, 2001; Nguyen, Ngo, 2001). Studies
using allozyme, microsatellite, and RFLP analyses of the mtDNA ND-3/4 and
ND-5/6 regions by Kohlmann et al. (2003) were interpreted as providing support
for Balon’s (1995) position for the existence of two subspecies, C. c. carpio and C.
¢. haematopterus, as the Asian and European samples formed two distinct clades.
While the results of this study are largely consistent with the results of the
Kohlmann et al. (2003) study in regard to the distinctiveness of the European carp
from Vietnamese/Amur carp/Koi carp. The finding that samples of carp from
China or of Chinese origin to be highly divergent and polyphyletic does not
support an independent origin for western and eastern common carp lineages and
their recognition as distinct subspecies (or species). It is clear that further

taxonomic studies on common carp are required and these would benefit from the
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parallel investigation of morphological and molecular variation and reproductive

relationships.

The findings of this study indicate that the establishment of genealogical
relationships among carp strains based on mtDNA sequencing can provide new
and useful information regarding the history and development of carp strains. For
example, this study has shown that Koi, Chinese, Indonesian yellow and
Vietnamese white carp are all closely related and that the other Indonesian and
some of the Chinese common carp are highly divergent (e.g Wuyuanensis).
Further, this approach can reveal carp stocks of mixed origin (e.g. Majalaya) and
others that appear to have been through genetic bottlenecks or subject to low
effective population size (e.g. Koi and European carp). Information on
relationships among strains can be used as a guide to the effective mixing of
strains as part of genetic improvement programs (Ferguson, 1995b). It can also
provide information on the historical origins of strains and if strains represent a
composite of different strains and also if strains have lost variation during the

process of domestication.
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Table 2.1. Sample code, collecting locality and number of individuals sequenced
(N) for each strain or population.

Strains or population Sample  Locality N
Xingguonensis X1 Jaing xi China 3
Wananensis WN Jaing xi China 3
Wuyuanensis wu Jaing xi China 3
Color CL Jaing xi China 3
Dor 70 D70 Gan-Shmuel, Israel 4
Nasice NA Gan-Shmuel Israel 4
White Koi WK Gan-Shmuel, Israel 2
Black Koi BAK Gan-Shmuel, Israel 2
Kohaku Koi KK Gan-Shmuel, Israel 2
Sanke Koi SK Gan-Shmuel, Israel 2
Showa Koi SHK Gan-Shmuel, Israel 2
Red Koi KO Komaki-shi, Japan 3
Hajduboszomeny HA Szarvas, Hungary 5
Szeged Sz Szarvas, Hungary 5
Tata TAT Szarvas, Hungary 5
Wild Amur WA Karnataka, India 3
Hungarian P3 P3 Karnataka, India 2
Blatna CZ Bohemia, Czech Republic 4
German X Bangkok LF Karnataka, India 2
Bhadra River LB Karnataka, India 2
Majalaya MA Sukamandi, Indonesia 2
Rajadanu RJ Sukamandi, Indonesia 2
Widan WI Sukamandi, Indonesia 2
Yen Bai YB Yen Bai,Vietnam 2
Tuyen Quang TQ Tuyen Quang, Vietnam 4
Bac Kan BK Bac Kan, Vietnam 4
Vietnamese (RIA 1) VN RIA 1, Vietnam 2
Indonesian yellow I RIAI, Vietnam 4
Hungarian scale H RIAI, Vietnam 2
Rockland Reservoir AU Victoria, Australia 2
GenBank (X61010) GB Taiwan | 1
Goldfish (outgroup)  Goldfish Unknown 1

! Origin of sample not provide
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Chapter 3.

Molecular taxonomy and evolution of common carp

3.1 Introduction

The common carp [Cyprinus carpio Linnaeus (1758)] is the oldest domesticated
species of fish. Culture of carp in China dates back to at least the 5™ century BC,
although domestication began later. Wild common carp range from Europe
throughout Eurasia to China, Japan and South East Asia (Baru$ et al, 2002).
However, due to its popularity as an aquaculture and ornamental species, common
carp has also been widely translocated, both within and outside its natural
distribution. As a result of many transfers and introductions, it is now one of the
most widespread species of freshwater fish, with naturally reproducing
populations established in many countries. FAO (1998) listed introductions of
common carp into 124 countries, of which 81 are recorded as having established

populations.

Cyprinus carpio is taxonomically one of the most confusing species (Balon, 2004).

Most of the confusion comes from giving quasi taxonomic names to
phenotypically unusual specimens or populations or domesticated strains.
Nevertheless, some authors consider Cyprinus to be a monotypic genus (Lever,
1996), while others consider it to be represented by multiple genera (Barus ef al.,

2002; Kottelat, 1997; Nguyen, Ngo, 2001; Zhou, Chu, 1986). An extreme
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example being Zhou and Chu (1986) who recorded 12 species from Yanan
Province, China, alone. Over 30 synonyms and 10 subspecies of carp were
documented by Barus et al. (2002); Kottelat (1997) gave names to 15 subspecies
and eight varieties and morphs. While Kottelat (2001), Nguyen and Ngo (2001)
reported five different Cyprinus species in Vietnam including: Cyprinus melanes
(Yen), Cyprinus quidatensis (Tu), Cyprinus multitaeniata (Pellegrin and Chevey),

Cyprinus exophthalmus (Yen), and Cyprinus hyperdorsalis (Hao).

Early studies based on an analysis of morphological differences between
European and Amur River carp led to recognition of two subspecies: Cyprinus
carpio carpio, found throughout Europe, the Caucasus and central Asia, and a far
eastern subspecies, Cyprinus carpio haematopterus, from the Amur basin and the
lakes and rivers of South-Eastern China (Nikolyukin, 1956). It is assumed that the
divergence of these subspecies occurred towards the end of the Pleistocene, or
more probably during one of the glacial periods of the Pleistocene. Subsequently
Kirpitchnikov (1967) suggested four subspecies: European-Transcaucasian
common carp (C. c. carpio), Central Asian common carp (C. c. aralensis), East
Asian common carp (C. ¢. haematopterus) and South East Asian common carp (C.
c. viridiviolaceus). According to Kirpitchnikov (1967) C. c. viridiviolaceus is
distributed throughout South East China, north Vietnam, Laos and Burma. Next
Wu et al. (1977) classified Cyprinus carpio into three subspecies: Cyprinus carpio
rubrofuscus (Lacepede) mainly restricted in South of Nanling Mountains in China
and Vietnam; C. c. haematopterus (Temminck and Schlegel) ranging from
Heilongjiang (Amur) River to Nanling Mountainous in China and Japan and C. c.

carpio (Linnaeus) was mainly distributed from the Danube River to Volga River
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and Xinjiang Vygur Autonomous Region of China. Kirpitchnikov (1999) and
Barus et al. (2002) asserted that only three subspecies of common carp should be
recognized but their classification differed from that of Wu (1977) and consisted
of: (1) the European and central Asian common carp, C. c. carpio, (2) east Asian
common carp, C. c. haematopterus, (3) the South East Asian common carp, C. c.

viridiviolaceus.

In addition, most domesticated varieties of common carp are distinguished and
named on the basis of scale pattern, color and body forms, such as scale carp,
mirror carp and leather carp. This categorization is done for aquaculture purpose
and has no taxonomical basis although Latin names are often used. For example,
there are numerous varieties and strains of common carp recognized in China such
as the Xingguo Red carp (C. capio. var. xingguonensis), and “red purse” common

carp (C. capio. var. wuyanensis) (Li, 1999).

Recently, a number of molecular studies of common carp have been conducted
and have drawn taxonomic conclusions (Gross ef al., 2002; Kohlmann et al., 2005;
Mabuchi et al., 2005; Zhou et al., 2004b; Zhou et al., 2003). Kohmann et al.
(Kohlmann et al., 2003; Kohlmann et al., 2005) using allozyme, RFLP, and
microsatellite data, and Gross et al. (2002) using RFLP, suggested that only two
subspecies should be recognized. In contrast, Zhou et al. (2004), using sequence
data from the CR and Cyt b genes region claimed support for morphological
subdivision of common carp into three subspecies, following Wu (1977). Thus,
despite the increasing application of molecular techniques to the understanding of

the diversity of common carp, the resolution of taxonomic issues is no closer.
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Further, of the molecular studies so far conducted, none have included
comprehensive sampling, with south East Asian common carp being especially

poorly represented.

The original geographical distribution and evolutionany origin of common carp is
also disputed. Because of the long documented cultivation history of common
carp in China, some scientists considered that the ancestor of European domestic
carp was derived from Asian common carp stocks, during ancient Greek and
Roman periods (Chiba et al., 1966; Vooren, 1972). Others consider that the
common carp is indigenous to Europe and in fact postulate a European origin for
wild carp and subsequent dispersal east to Siberia and China (Balon, 1995;

Kottelat, 1997).

To further examine the taxonomy and evolution of Cyprinus carpio, partial
sequencing of the mitochondrial DNA (mtDNA) CR and Cyt b gene region was
undertaken. MtDNA sequences, especially from the CR and Cyt b regions are
frequently used for population genetic and molecular phylogenetic studies in
fishes (Liu, Chen, 2003; Peng et al., 2004; Perdices et al., 2004). The CR is a fast
evolving highly variable region in vertebrates and is the most appropriate segment
for studies of intraspecific variation in fish (Ferguson, 1995a; Lee et al., 1995),
while the Cyt b gene is protein coding and evolves more slowly. Cyt b sequences
are widely used for phylogenetic analyses and is considered to be one the most
reliable mitochondrial markers for evolutionary and taxonomic studies (Zardoya,

Meyer, 1996).
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3.2 Materials and Methods

3.2.1 Sample collection

A total of 17 domesticated and wild common carp samples were obtained as fin
clips from China, Vietnam, Hungary, India, Indonesia, Czech Republic and Israel
between 2003 and 2004. Tissues samples were preserved in 90% ethanol. The
sample origins, codes and taxonomic classifications following different authors

are given in Table 3.1.

3.2.2 DNA Extraction and Amplification

DNA was extracted from fin tissue using a high salt precipitation method
(Crandall ef al., 1999). A fragment of the Cyt b mitochondrial gene was amplified
by PCR using primers CytF:(5 CGC ATT CCA CTT CCT ACT ACC 3’) and
CytR: (5° CTA ACC ATC CTG CTA GTC GC 3’) which were designed from
common carp sequences from GenBank (accession number: X61010). Partial
sequences of the CR were obtained by PCR amplification using the Carp-Pro and
Carp-Phe primers as described by Thai et al. (2004). PCR amplification was
carried out using the following temperature regime: an initial denaturation step of
95 °C for 3 minutes, following by 34 cycles of 95 °C for 30 s, annealing at 55 °C
for 30 s, and extension temperature of 72 °C for 1 min, followed by an additional
extension of 72 °C for 3 minutes. PCR products were purified using an UltraClean
PCRClean-Up DNA Purification Kit (Geneworks). Sequencing reactions were
performed using ABI Big Dye Terminator Chemistry with 6 pmol of each primer
and 30-50 ng of PCR product. The resultant sequencing reaction products were

sent to the Institute of Medical and Veterinary Science (IMVS), South Australia
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for sequencing on an ABI 3700 sequencer. Both strands of each fragment were

sequenced.

3.2.3 Phylogenetic Analyses

The 34 sequences obtained in this study were supplemented by 50 sequences of
common carp obtained from GenBank (Chang et al., 1994; Mabuchi et al., 2005;
Thai et al., 2004; Zhou et al., 2004b) for the same mtDNA regions (Table 3.1).
Carassius auratus (Murakami et al., 1998), (GenBank accession number
NC 002079) was used as outgroup species (Table 3.1). Multiple alignments for
CR and Cyt b sequences were performed using Clustal X (Thompson et al., 1997).
To test for phylogenetic signal, a g1 statistic was calculated using 100,000 random

trees as described by Hillis and Huesenbeck (1992).

Three methods of tree building were used to reconstruct phylogenetic
relationships: maximum-likelihood (ML) and neighbour-joining (NJ) were
implemented using PAUP* 4.0b10 (Swofford, 2000), and Bayesian methods were
implemented using MrBayes 3.0 (Huelsenbeck, Ronquist, 2001). The
appropriated model of evolution for ML and NJ analyses was obtained via testing
alternatives models of evolution using Modeltest (Posada, Crandall, 1998).
Heuristic searches were employed for ML analyses with 100 replicates of random
sequence additions, whilst non-parametric bootstrapping consisted of 100
replications with 10 random sequence additions. The NJ tree was constructed with
distances calculated under the same model of evolution as the ML analysis, with

bootstrapping performed using 1,000 replicates.



Bayesian analyses were performed using the same general models identified by
Modeltest. Analyses were initiated with random starting trees and run for 1.0 x
10° generations sampling four Markov chains every 100 generations resulting in
10,000 sampled trees. The likelihood scores of the sampled trees were plotted
against generation time to ensure that stationarity was reached, trees generated
prior to stationarity being reached were discarded as “burn-in” (1,000 trees in this
case). Bayesian posterior probabilities of each bipartition, representing the
percentage of time each node was recovered were calculated from a 50% majority

rule consensus tree from the remaining trees.

3.2.4 Phylogenetic hypothesis testing

To test hypotheses of common carp taxonomic relationships, comparisons were
made between optimal trees and those developed when enforcing topological
constraints (e.g. monophyly of Asian common carp) using the KH (Kishino,
Hasegawa, 1989) and SH tests (Shimodaira, Hasegawa, 1999). A parametric
bootstrap was implemented by calculating the likelihood differences between the
optimal tree created by PAUP* and each of the null hypothesis trees were based
on various hypotheses proposed for the evolution or classification of common
carp (constrained trees). This was then compared with likelihood differences of

optimal and null hypothesis trees from simulated data sets (created essentially via

Monte Carlo simulation of DNA sequence evolution, Rambaut and Grassly, 1997).

One hundred replicate data sets, with the same tree topology as the null hypothesis
trees, were generated using the same parameter and model of sequence evolution

as estimated for the observed data and with the same number of sites.
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3.3 Results

3.3.1 Phylogenetic analysis

All common carp sequences have been submitted to GenBank as outlined in Table
3.2. A total of 745 bp of the CR and 532 bp of Cyt b were obtained from each
individual and these sequences were combined with the corresponding sequences
available from GenBank for the same regions to complete the dataset for
phylogenetic analyses. The CR showed more variation than Cyt b region and
yielded 38 parsimony informative sites compared to 16. Intraspecific sequence
divergence for the CR ranged from 0.00% to 3.41%, while for the Cyt b gene

divergence ranged from 0.00 to 2.49%.

The partition homogeneity test did not reject phylogenetic congruence between
the mitochondrial genes (P = 0.46, P <0.05), allowing combination of genes for
phylogenetic analyses. Tree length frequency distributions were significantly
skewed for all taxa (g1 =-0.57, P <0.01), supporting the presence of phylogenetic
signal. The model selected for the NJ and ML analysis was HKY + G + I which
accommodates differing transition/ transversion mutation rates. The mean
nucleotide composition was A = 32%; T = 30%; C = 24%; G = 14% for the
combined nucleotide fragments, indicating that the CR and Cyt b is adenine and

thymine rich in common carp.

Neighbour-joining, maximum likelithood and Bayesian procedures produced
similar trees. The neighbour joining tree is showed in Fig. 3.2. These trees did not

recover relationships consistent with any of the existing taxonomic or
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evolutionary hypotheses put forward for common carp. Further, Cyprinus melanes
was almost identical to other Vietnamese wild common carp with the average
genetic divergence of this species from other common carp being low (Cyt b =
0.31%, CR = 0.91%). The most divergent carp haplotype was from Lake Biwa,
Japan, which forms the most basal position in the trees, but has not been

taxonomically recognized as a distinct form of common carp.

In general, divergence levels were very small, with the exception of comparison
with the Lake Biwa sample, giving only partially resolved relationships and trees
with very short branches. Nevertheless, some surprising relationships were
apparent and well supported. The best defined clade (A) contained all the
European carps, with the exception of Russian scattered mirror carp, and included
an Amur River haplotype. The Amur River haplotype was identical to the
haplotype of Hungarian, Czech Republic and Russian carps from Volga River
despite originating in far eastern Asia. The Russian scattered mirror carp were
identical to carp from China and Japan that formed another relatively well defined

clade (B).

Overall, the Asian carp samples were much more diverse than those of European
origin. The Chinese carp samples were distributed over five clades, the Japanese
carp over four clades, including the highly divergent lake Biwa clade and the
Vietnamese carp were divided over three clades. Other than the highly divergent
Lake Biwa clade, the Japanese carp are not distinct and are represented in the
same clades as the Chinese carps with the exception of the European clade (A). In

contrast, the Vietnamese carp are distinct in that most samples from this country
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form a single clade (C). Two Vietnamese carp samples are atypical, one of these
is from Bac Kan, a distinct highland environment, and does not show clear
affinities with any other carp sample. The other distinct Vietnamese sample is
from the Bang Giang River, in the extreme north of the country, which shows a
closer relationship with a group of Chinese carp than it does to any of the other

Vietnamese samples.

3.3.2 Test of taxonomic and evolutionary hypotheses

The maximum likelihood procedures, using the combined mtDNA data from the
two regions, was used to assess three phylogenetic or taxonomic hypotheses in
relation to the common carp samples studied. The hypotheses tested were that
Cyprinus carpio: (a) consists of three subspecies C. c. rubrofuscus, C. c.
haematopterus and C. c. carpio, and that C. c. haematopterus and C. c.
rubrofuscus are more closely related to each other than to C. c. carpio (Zhou et
al., 2004b); (b) consists of three subspecies, the European and central Asian carp
(C. c. carpio), the East Asian carp (C. c. haematopterus) and the south East Asian
carp (C. c. viridiviolaceus) and that C. c. haematopterus and C. c. viridiviolaceus
are more closely related to each other than to C. c. carpio (Barus et al., 2002); (c)
consist of two subspecies, Asian common carp (C. c¢. haematopterus) and
European and central Asian carp (C. c. carpio) (Kohlmann et al., 2005) each of
which form monophyletic lineages. The assignment of samples under each
taxonomic hypothesis is given in Table 3.1 and the phylogenetic hypotheses are
depicted in Fig. 3.1. The results of KH and SH tests are presented in Table 3.2,
from which it can be seen that the hypotheses of Zhou et al. (2004b) and Barus et

al. (2002), postulating three lineages or taxonomic grouping is rejected. The third
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hypothesis of Kohlmann et al. (2005), suggesting separate Eastern and Western

lineages, has only a slightly larger log-likelihood than the best ML tree and so

cannot be rejected using this dataset.

3.4 Discussion

3.4.1 Sequence variation

The results of this study indicate that mtDNA sequence data can provide useful
insight into common carp taxonomy and evolution. A surprising outcome was the
very limited nucleotide variation, given the wide geographic distribution of
common carp and the dataset contained samples from populations that have been

recognized as separate species.

Cytochrome b sequences have been frequently found to be useful for investigating
taxonomic and phylogenetic relationship in fish species (Table 3.3). From Table
3.3, it can be seen that interspecific genetic divergence ranges from 9.4 to 19.0%
for this gene which mean the maximum value for common carp sample (2.49%) is
typical of intraspecific comparisons. The same pattern is repeated for CR
sequences. A summary of variation in the CR sequence for a range of fish groups
is also given in Table 3.3. Interspecific comparisons range from 11.30% to
22.00%, which are much higher than the maximum value in this study (3.4%).
Moreover, my early studies also revealed only limited variation in
ATPase6/ATPaseS gene regions (Chapter 2) which includes the fastest evolving
protein coding mitochondrial gene region in carp (Mabuchi et al., 2006). The

finding of low levels of sequence divergence in CR and Cyt b is consistent with



other studies on C. carpio (Froufe et al., 2002; Mabuchi et al., 2006; Mabuchi et

al., 2005).

Low divergence in a range of mtDNA gene regions could reflect a shallow
evolutionary history or slower rate of mtDNA evolution in carp (Mabuchi et al.,
2006). Reproductive compatibility between European and Asian stocks favours a
shallow evolutionary history as the most likely explanation; however, data from
fast evolving nuclear gene regions would help to distinguish between these

alternatives.

3.4.2 Phylogeny and evolutionary history

Despite using mtDNA regions of known phylogenetic utility (Cyt b), and the
resolution of fine scale relationships at the intraspecific level (CR), the
phylogenetic trees did not provide well resolved evolutionary relationships.
Nevertheless, there is sufficient information content to reject the taxonomic
classifications and evolutionary relationships suggested by Barus et al. (2002) and
Zhou et al. (2004b), but not of Kohlmann et al. (2005). While Kohlmann et al’s
(2005) hypothesis of independent European and Asian lineages cannot be rejected,
the geographic distribution of haplotypes among his samples indicated that East
Asia is the centre of carp diversity, and that European carp most likely originated
by translocation. By far the greatest numbers of haplotypes occur in Asia (26)
with only four being found in Europe. Two of the European haplotypes are also
found in Asia, 10,000km away. Haplotypes unique to Europe differed by only 1-2
bps from the widespread haplotypes. Kohlmann et al’s. (2005) data actually

indicated that the highest diversity occurs in Asia. The three most basal branches
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in their dendrogram (reproduced in Fig. 3.5) are all Asian samples, a result
inconsistent with an independent origin of Asian carp as claimed by the authors.
The occurrence of the highest genetic diversity in Asia (China, Japan, and
Vietnam) based on both the mtDNA data and Kohlmann et al’s. (2005)
microsatellite study suggests that Asia is the center of origin of common carp.
Additional evidence supporting an Asian origin for common carp is the
occurrence of its closest relative Carassius auratus in south eastern Asia (Li,

1999).

These two arguments are commonly used to deduce the geographic origin of
species, with the most well known examples being the “out of Africa” hypothesis
for Homo sapiens (Templeton, 2002) based on the geographic location of the
highest diversity a nearest relative. The occurrence of two divergent lineages in
European carp that are not closely related suggests that European carp were
established from translocations. The data is consistent with the translocation of a
mixed stock, or two independent translocations. However, it should be noted that
the “Chinese” haplotype found in Russian scattle mirror carp may have been
acquired though hybridization as the samples used by Zhou et al. (2003; 2004b)
were obtained from stocks that have been imported and maintained in China.
Significantly reduced variation in most European stocks (both wild and
domesticated) is consistent with this hypothesis as translocation of domesticated
stocks will lead to bottlenecks and founder events. An Asian origin for European
carp supports the views of Chiba et al. (1966), Zhou et al. (2003) and Froufe et al.
(2002) but contradicts the view of Kohlmann et al. (2005) and Balon (1995).

However, there is very little data that support the view of Kolhmann et al. (2005)
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and the results presented in this study are derived from the largest mtDNA
nucleotide data set (1277 bp) and the most comprehensive set of samples so far

assembled to address this question.

The results of this study also provide new insights into the evolutionary origin of
Japanese carp. The ornamental Koi carp has been thought to have originated from
domesticated carp. Thai et al. (2004) and Wang and Li (2004) presented data
suggesting that ornamental Koi most likely originated from Chinese color carp.
The more comprehensive sampling used in this study indicate that Koi carp have
either been derived multiple times from different stocks or have subsequently
been crossbred with a range of domesticated or wild stocks. A number of distinct
haplotypes were found from Koi carp but all were very similar to Chinese

haplotypes.

The most striking feature of the data set was the finding that an unusual and
highly divergent haplotype from Lake Biwa in north Japan is the sister group to
all other carp samples. This result is supported by recent research by Mabuchi et
al. (2006). This finding indicates this is a distinct and relatively ancient form of
carp that is of evolutionary and conservation significance, but there has been no
suggestion that it should be described as a new taxonomic form, even though it
co-exits with common forms of domesticated carp which are stocked routinely

into this lake (Mabuchi et al., 2005).
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3.4.3 Taxonomy of common carp

While the phylogenetic information content of DNA sequence data used in this
study is somewhat limited, certain conclusions relating to the taxonomy of
common carp can be drawn. There is clear evidence that taxonomies of common
carp based on morphological data are inadequate. The hypotheses of Zhou et al.
(2004b) supporting morphological data and Barus et al. (2002) are rejected and
Cyprinus melanes described from the Son River, Vietnam is almost
indistinguishable from other Vietnamese wild carp. Conversely the most
distinctive form of carp so far discovered is from Lake Biwa, Japan and is not
taxonomically recognized or considered morphologically particularly distinct
(Mabuchi et al., 2005). These findings are consistent with carp being one of the
most phenotypically plastic of freshwater fish species (Hollebecq, Haffray, 1999).
Thus it is apparent morphological and molecular variation is uncoupled in carp
and it is unwise to undertake taxonomic studies based on morphology without

access to biological (reproductive) or molecular information.

The taxonomic status of Lake Biwa carp needs to be established as a matter of
urgency, as they may represent a new taxon of common carp and one that is under
threat of extinction (Mabuchi et al., 2005). This form of carp is only known from
this single ancient lake and is threatened by both pollution and crossbreeding with
domesticated carp that have been introduced to the lake. If the Lake Biwa carp is a
distinct species, the collection of nuclear DNA data would provide evidence of

genetic isolation.
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While there have been many diverse views on the taxonomy of common carp, a
consistent recent trend has been the recognition of discrete Asian and European
lineages that are recognised as separate subspecies or even species (Balon, 1995;
Kohlmann et al., 2003; Kottelat, 2001; Zhou et al., 2004b). The results of Zhou et
al. (2004b), for example, using Cyt b and CR sequences supported a fundamental
east-west dichotomy in common carp, however they omitted sequences of South
East Asian common carp and so did not have a comprehensive data set (Mabuchi
et al., 2006). Further, Kohlmann et al. (2005) also claimed that their microsatellite
data support an east-west taxonomic split; however, an inspection of their data
analyses (reproduced in Fig. 3.5) contradicts this interpretation as the East Asian

samples do not actually cluster together as required by this interpretation.

While the data set used in this study did not provide any “prima facie” evidence
supporting an east-west taxonomic dichotomy between European and Asian
common carp it must be noted that this hypothesis cannot be statistically rejected
using the mitochondrial data set used in this study. However it should also be
noted that the power to reject the hypothesis is limited by low level of variation in
the mtDNA data (Mabuchi et al., 2006), the wide scale translocation of stocks,
low sample numbers and possible incomplete sorting of mtDNA lineages in
ancestral common carp. Nevertheless, the very low level of haplotype divergence
over very substantial geographic distances and the fact the “European clade” is
nested within the Asian clade strongly supports an Asian origin for European carp.
Further, two independent studies have now found the “European” haplotype in

Amur River wild carp (Froufe et al., 2002) and another recent molecular genetic
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study argues strongly for an Asian origin of carp based on the finding of a

divergent carp haplotype in an ancient Japanese lake (Mabuchi ef al., 2006).

3.4.4 Conclusion

The taxonomy of common carp suggested by the results of this study using
molecular genetic data is inconsistent with current taxonomic classifications based
on morphological data. While the results of this study support an Asian origin of
European common carp, the limited variation in the mtDNA gene fragments
means that either more mtDNA sequence data are needed or sequences from a
rapidly evolving nuclear DNA (e.g. introns) need to be obtained so the taxonomic
and evolutionary relationships of Asian and European common carp can be finally

resolved with some degree of confidence.
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Table 3.1. Sources, status, GenBank accession numbers of strains of common carp (n number of samples sequenced) and taxonomy
considered by Barus et al. (2002), Zhou et al. (2004b), Kohlmann et al. (2005).

Strain or population Code Country Accession number Reference Barus ez al. (2002) Zhou et al. (2004b) Kohlmann et al. (2005)
subspecies subspecies subspecies
Red river common carp RER (n=1)  Vietnam AY597951(CR)+DQ532100 This study C. c. viridiolaceus C. c. rubrofuscus C. ¢. haematopteus
Son river common carp SOR (n=1)  Vietnam DQ354146(CR)+DQ532101 This study C. c. viridiolaceus C. c. rubrofuscus C. c¢. haematopteus
Lo river common carp LOR (n=1) Vietnam AY597952(CR)+DQ532102 This study C. c. viridiolaceus C. c. rubrofuscus C. ¢. haematopteus
Lam river common carp LAR(n=1) Vietnam DQ354145(CR)+DQ532103 This study C. c. viridiolaceus C. c. rubrofuscus C. c. haematopteus
Bang Giang River carp BGR (n=1) Vietnam AY597948 (CR)+DQ532104 This study C. c. viridiolaceus C. c. rubrofuscus C. c. haematopteus
Bac Kan carp BAK (n=1) Vietnam AY597957 (CR)+DQ532105 This study C. c. viridiolaceus C. c. rubrofuscus C. c. haematopteus
Dak Lak carp DAL (n=1) Vietnam DQ354149(CR)+DQ532106 This study C. c. viridiolaceus C. c. rubrofuscus C. c. haematopteus
Indonesian yellow common carp IDY (n=1) Vietnam AY597969 (CR)+DQ532107 This study C. c. haematopteus C. c. rubrofuscus C. c. haematopteus
Majalaya common carp MAJ (n=1) Indonesia AY597975 (CR)+DQ532108 This study C. c. haematopteus C. c. rubrofuscus C. c. haematopteus
Rajadanu common carp RAI(n=1) Indonesia AY597971 (CR)+DQ532109 This study C. c. haematopteus C. c. rubrofuscus C. c. haematopteus
Amur River carp WARI (n=1) India AY597946 (CR)+DQ532111 This study C. c. haematopteus C. c. rubrofuscus C. c. haematopteus
Amur River carp WAR2 (n=1) India AY597947 (CR)+DQ532112 This study C. c. haematopteus C. c. rubrofuscus C. ¢. haematopteus
Xingguonensis common carp XIN(n=1) China AY597942 (CR)+DQ532110 This study C. c. haematopteus C. c. rubrofuscus C. c. haematopteus
Big belly carp BBCI(n=1) China AY347303(CR), 347276 (cytb)  Zhou et al . (2003) C. c. haematopteus C. c. rubrofuscus C. c. haematopteus
Big belly carp BBC2 (n=1) China AY347304(CR), 347277 (cytb)  Zhou et al . (2003) C. c. haematopteus C. c. rubrofuscus C. c. haematopteus
Purse red carp PRCI(n=1) China AY347300 (CR), 347278 (cytb)  Zhou et al . (2003) C. ¢. haematopteus C. c. rubrofuscus C. ¢. haematopteus
Purse red carp PRC2 (n=1) China AY347301 (CR), 347279 (cytb)  Zhou et al . (2003) C. c. haematopteus C. c. rubrofuscus C. ¢. haematopteus
Qingtian carp QTCI1 (n=1) China AY347297 (CR), 347288 (cytb)  Zhou et al. (2003) C. ¢. haematopteus C. c. haematopteus C. ¢. haematopteus

Qingtian carp QTC2 (n=1) China AY347296 (CR), 347286 (cytb)  Zhou et al. (2003) C. c. haematopteus C. c. haematopteus C. c. haematopteus
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Table 3.1. continued..

Strain or population Code Country Accession number Reference Barus et al . (2002) Zhou et al. (2004) Kohlmann et al. (2002)
subspecies subspecies subspecies
Yangte River wild common carp YWCI(n=1) China AY345331 (CR), 347291 (cytb)  Zhou et al. (2003) C. c. haematopteus C. c. haematopteus C. c. haematopteus
Yangte River wild common carp YWC2 (n=1) China AY345334 (CR), 347281 (cytb)  Zhou et al. (2003) C. c. haematopteus C. c. haematopteus C. c. haematopteus
Xinggu red carp XRCI (n=1) China AY345332 (CR), 347284 (cytb)  Zhou et al. (2003) C. c. haematopteus C. c. rubrofuscus C. c. haematopteus
Xinggu red carp XRC2 (n=1) China AY345335 (CR), 347282 (cytb)  Zhou et al. (2003) C. c. haematopteus C. c. rubrofuscus C. c. haematopteus
Yuanjiang River wild carp SWC1 China AY347302 (CR), 347280 (cytb)  Zhou et al. (2003) C. c. haematopteus C. c. rubrofuscus C. c. haematopteus
Yuanjiang River wild carp SWC2 China AY347305 (CR), 347290 (cytb)  Zhou et al. (2003) C. c. haematopteus C. c. rubrofuscus C. c. haematopteus
Japanese food carp JFD (n=1) Japan AB158811 (CR), 158806 (cytb)  Mabuchi et al. (2005) C. c¢. haematopteus C. c. haematopteus C. ¢. haematopteus
Japanese koi carp JKC1 (n=1) Japan AY347298 (CR), 347289 (cytb)  Zhou et al. (2003) C. ¢. haematopteus C. c. rubrofuscus C. c¢. haematopteus
Japanese koi carp JKC2 (n=1) Japan AY347299 (CR), 347285 (cytb)  Zhou et al. (2003) C. ¢. haematopteus C. c. rubrofuscus C. ¢. haematopteus
Japanese koi carp JKD3 (n=1) Japan AB158811 (CR), 158806 (cytb)  Zhou et al. (2003) C. c¢. haematopteus C. c. haematopteus C. c. haematopteus
Japanese koi carp JKD4 (n=1) Japan AB158812 (CR), 158807 (cytb)  Mabuchi et al. (2005) C. c. haematopteus C. c. rubrofuscus C. c. haematopteus
Lake Biwa wild common carp LBWI (n=1) Japan AB158808 (CR), 158803 (cytb)  Mabuchi et al. (2005) C. c. haematopteus C. c. haematopteus C. c. haematopteus
Volga River wild common carp VWCIl(n=1) Russia AY345340 (CR), 347294 (cytb)  Zhou et al. (2003) C. c. carpio C. c. carpio C. c. carpio
Volga River wild common carp VWC2 (n=1) Russia AY345339 (CR), 347295 (cytb)  Zhou et al. (2003) C. c. carpio C. c. carpio C. c. carpio
Russian scattered scaled mirror carp RMCI (n=1) Russia AY345336 (CR), 347287 (cytb)  Zhou et al. (2003) C. c. carpio C. c. haematopteus C. c. carpio
Russian scattered scaled mirror carp RMC2 (n=1) Russia AY345333 (CR), 347283 (cytb)  Zhou et al. (2003) C. c. carpio C. c. haematopteus C. c. carpio
German mirror carp GMCI (n=1) Germany AY345337 (CR), 347293 (cytb)  Zhou et al. (2003) C. c. carpio C. c. carpio C. c. carpio
German mirror carp GMC2 (n=1) Germany AY345338 (CR), 347292 (cytb)  Zhou et al. (2003) C. c. carpio C. c. carpio C. c. carpio
Balatna common carp CZE (n=1) Czech Republich  AY597980 (CR)+DQ532113 This study C. c. carpio C. c. carpio C. c. carpio
Hungarian common carp HUS (n=1)  Hungary AY597976 (CR)+DQ532114 This study C. c. carpio C. c. carpio C. c. carpio
Dor70 common carp D70 (n=1) Israel AY597981 (CR)+DQ532115 This study C. c. carpio C. c. carpio C. c. carpio
Cyprinus melanes .Y* CYM (n=1) Vietnam DQ464943 (CR), 464970 (cytb)  This study _ _ _
Genbank GEB (n=1)  Unknow X6100 Chang et al . (1994) C. ¢. haematopteus C. c. haematopteus C. c. haematopteus
Goldfish CRU Japan NC002079 Murakami et al. (1998)

* see Nguyen and Ngo (2001)
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Table 3.2. Tests of alternate phylogenetic hypotheses using Kishino-Hasegawa
(KH), Shimodaira-Hasegawa (SH) test. (* significant difference between optimal and
alternate topologies, P <0.05).

Tree InL Diff- InL KH SH
optimal 3197.840 Best

Zhou et al . (2004b) 3230.308 32.468 0.030* 0.030*
Barus et al . (2002) 3243.448 45.607 0.020* 0.010*

Kohlmann et al . (2005) 3199.554 1.714 0910 0.670
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Table 3.3. Nucleotide divergence (%) of common carp and other fish in Cyt b gene

and CR.
Genus or species Cytochrome b Control Sourse
Cyprinus carpio This study
Intraspecific 0.0-2.49 0.0-3.41
Distoechodon
Intraspecific 0.50-3.20 - (Liu 2002)
Interspecific 9.60 - 10.70 - (Liu 2002)
Galaxias maculatus
Intraspecific 0.30 - 14.60 - (Waters and Burridge 1999)
Rainbow fish
Intraspecific <1.00 - (Zhu et al . 1994)
Interspecific 15.00 - 19.00 - (Zhu et al . 1994)
Rhinogobinus
Intraspecific - 0.80 - 1.80 (Chen et al . 1998)
Interspecific - 11.30-11.70  (Chen et al. 1998)
Macquaria noremaculeata
Intraspecific - 0.30 - 3.50 (Jarry and Baverstock 1998)
Acanthopagrus
Interspecific - 15-29 (Hurt ef al . 2001)
Anguilla
Intraspecific - 1.00 - 3.00 (Sang et al . 1994)
Interspecific - 22 (Sang et al. 1994)
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Zhou et al. (2004)

C. c. rubrofuscus

C. c. haematopterus
c Kohlmann et al. (2005)

. C. carpio
/C. ¢. haematopterus
Barus et al. (2002)  C. ¢. viridiviolaceus

\<C ¢. haematopterus C. c. carpio
C.

. C. carpio

Figure. 3.1. Phylogenetic hypotheses examined based on the species studied. Zhou et
al. (2004b), Barus et al. (2002) and Kohlmann et al. (2005) indicate representative
topologies based on their more extensive studies.
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Chapter 4.

Genetic diversity of common carp in Vietnam using direct
sequencing and SSCP analysis of the mitochondrial DNA

control region*

4.1 Introduction

The domestication of common carp (Cyprinus carpio L.) commenced over 4,000
years ago in China and at least 600 years ago in Europe and now over three million
tonnes are produced annually (FAO, 2003). The species is cultured in many parts of
the world both within and outside its natural range as a result of widescale
translocations. Common carp is one of the main aquaculture species in Vietnam
(Nguyen, Ngo, 2001) and is cultivated along with Chinese carp and Indian carp in
polyculture ponds and rice-fields. These species together makes up one of the most
important food and income resources in rural communities in Vietnam (Edwards et
al., 2000). The enhancement of common carp production in Vietnam has focused
substantially upon the development of genetically improved strains (Tran, Tran,
1995). For this purpose, Hungarian and Indonesian carp strains were imported into
Vietnam almost 30 years ago for crossbreeding and mass selection programs with

local Vietnamese carp.

* A peer reviewed publication was derived from this chapter: Thai, T. B., T. A. Pham and
C.M. Austin (2006) Genetic diversity of common carp in Vietnam using direct sequencing
and SSCP analysis of the mitochondrial DNA control region. Aquaculture 258: 228-240.
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The genetic improvement strategy adopted for common carp in Vietnam involved
the development of hybrid common carp by crossbreeding among three genetic lines
(Vietnamese white, Hungarian scale and Indonesian yellow common carp) coupled

with mass selection.

The ongoing development of farmed common carp stocks in Vietnam requires that
several important issues are addressed. These included the possibility that: (1) stocks
of experimental or genetically improved lines have become mixed with other stocks
in ponds at Research Institute for Aquaculture No 1 (RIA1) or provincial hatcheries;
(2) distribution of these lines as seed stock or broodstock to regional hatcheries or
farms has been ineffective in increasing genetic diversity, and (3) reduction in
effective population sizes (NVe) in genetically improved or hatchery maintained stocks
has occurred, leading to loss of genetic variation, gene frequency changes and
possibly inbreeding depression. This last possibility is consistent with reports by
many farmers of slow growth and early maturity in their cultured stocks of common

carp (T. A. Pham, personal communication).

In addition to the genetically improved lines of common carp produced at RIAI,
eight local varieties have been recognised in Vietnam with reported useful features
for culture and for marketing (Bakos, Gorda, 2001). There is now the possibility that
distinct wild common carp stocks are in decline because of excessive harvesting and
interbreeding with introduced common carp strains (Nguyen, Ngo, 2001). Therefore,
it is important to identify and characterise genetically distinct local varieties of
cultured fish for conservation purposes in general and specifically for common carp

populations (Mabuchi et al., 2005; Murakaeva et al., 2003).
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A wide range of molecular marker systems have been used to study genetic

diversity in aquaculture species (Chen et al., 2004; Diniz et al., 2005; Garoia et al.,
2004; Sato et al., 2005; Sotka et al., 2005; Valles-Jimenez et al., 2004; Yu, Guo,
2004). As one of the most important aquaculture species in the world, genetic
variation in carp has been examined in many parts of the world using microsatellites
(Desvignes et al., 2001; Kohlmann et al., 2005), RAPDs (Bartfai et al., 2003),
AFLPs (David et al., 2001), allozymes (Kohlmann, Kersten, 1999), RFLPs (Gross et
al., 2002; Zhou et al., 2003) and direct sequencing of mtDNA fragments (Froufe et
al., 2002; Zhou et al., 2004b). While these have included studies of both European
and Asian common carp so far there have been no detailed studies of molecular
genetic variation in common carp in Vietnam nor has the technique of Single Strand
Conformation Polymorphism (SSCPs), which is being increasingly used to assay for
genetic variation in fish species (Aurelle, Berrebi, 2001; Liu, Cordes, 2004), been

applied to common carp.

In this study, I investigated genetic diversity of Vietnamese common carp strains and
populations by using direct DNA sequencing and SSCP analysis of the mtDNA CR .
This region of the mtDNA molecule was chosen because it has a very high
nucleotide substitution rate, making it particularly useful for estimating the genetic
population structure of closely related animal populations (Sivasundar et al., 2001;
Vigilant et al., 1991). These data are then used to examine a range of questions
relating to genetic diversity and management of wild and domesticated populations

of common carp in Vietnam.
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4.2 Materials and Methods

4.2.1 Sample collection

Common carp were collected in 2003 and 2004 from broodstock populations
maintained by eleven hatcheries, three experimental common carp lines maintained
at RIA1, and by sampling six wild populations, using seine and lift nets. Samples of
common carp strains from China, Indonesia, Japan, Hungary and India were obtained
for comparative purposes. Tissue samples were taken as fin clips and preserved in

90% ethanol. Locality and sample size details are provided in Table 4.1 and Fig. 4.1.

4.2.2 DNA extraction and sequencing of control region

The total genomic DNA was extracted using the protocol from Crandall et al. (1999).
Between three and six individuals from each populations or strain were first
analysed by direct sequencing. The mitochondrial CR was amplified using primers
Carp-Pro (5 AAC TCT CAC CCC TGG CTA CCA AAG 3’) and Carp-Phe (5’
CTA GGA CTC ATC TTA GCA TCT TCA GTG 3’) designed from the common
carp whole mitochondrial genome sequence (GenBank, AC: X61010). PCR was
carried out in 50 ul reactions volumes (1 X reaction buffer, 2 mM dNTP, 1.5 mM
MgCl,, 0.5 uM of each primer, 0.5 units 7ag DNA polymerase, and approximately
200 ng DNA template). Thermal cycling comprised 95 °C for 3 min, followed by 34
cycles of 95 °C for 30 s, annealing at 55 °C for 30 s, and an extension temperature of
72 °C for 1 min. This was then followed by a final extension of 72 °C for 3 min.
PCR products were purified using the QIA quick PCR purification kit (Qiagen
Hiden Germany), following ABI PRISM BigDye Terminator (Foster city, CA, USA)

sequencing protocols. For each individual, sequencing reactions were performed
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using both forward and reverse primers, resulting in a consensus fragment of 745

bp in length.

4.2.3 Single Strand Conformation Polymorphism (SSCP) amplification

A short highly variable fragment of the CR was selected from the common carp
sequences obtained as described above. This fragment was approximately 230 bp and
was amplified by the primers F1 (5 GCA GGT ACA TAA TAT TAA 3’) and R1 (5’
CAG ATG CCA GTA ATA ATT 3’). PCR was carried out in 10 pl reaction volumes
(1 X reaction buffer, 2mM dNTPs, 1.5mM MgCl,, 0.5uM of each primer, 0.1 units
Tag DNA polymerase, and approximately 10ng DNA template). Thermal cycling
comprised 94 °C for 3 min followed by 34 cycles 94 °C for 20 s, annealing at 55 °C
for 20 s, and an extension temperature of 72 °C for 50 s, followed by a final

extension of 72 °C for 3 min. PCR product size was estimated using the Promega

DNA/Hae III marker.

To obtain SSCP phenotypes, PCR product (1ul) was added to 7 ul of loading buffer
(99% formamide, 1mM NaOH, 0.2% w/v bromophenol blue and xylene cyanol),
denatured for 2 min at 94 °C and placed directly on ice. Samples were loaded onto an
8% polyacrylamide (37.5: 1 acrylamide-bisacrylamide) gel (16 cm long, 1.5 mm
thick) containing 5% glycerol and 0.5 X TBE, and run at 5W for 12h at 4 °C. SSCP
products were visualised by silver staining using the method of Mirol ef al. (2002b).
The resultant bands were scored by comparison with five standard carp haplotypes
(representing the five most frequently encountered haplotypes), which were included
on each gel for reference. Rare haplotypes were subsequently run side by side to

ensure they were correctly scored.
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4.2.4 Data analysis

Nucleotide () and haplotype diversity (h) were calculated from the sequence data
using DNASP 4.10 (Rozas et al., 2003). Sequences were aligned using the program
Clustal X (Thompson et al., 1997). The most suitable model of evolution was
obtained using Modeltest 3.06 (Posada, Crandall, 1998). This model was used to
calculate pairwise sequence distances between haplotypes and for the construction of
a Neighbour-Joining dendrogram (NJ) using PAUP*4.0b.10 (Swofford, 2000).
Confidence levels in the resulting relationships were assessed using the bootstrap
procedure with 1,000 pseudoreplicates (Swofford, 2000). The corresponding CR
region sequence for common carp from GenBank (Chang et al., 1994) was included
in the data set for comparative purposes, and the Carassius auratus CR sequence

(GenBank accession NC _002079) was used as the outgroup.

For the SSCP data set, haplotype diversity for each population was calculated using
ARLEQUIN (Schneider et al., 2000). Genetic divergence between samples was
estimated by pairwise Fst analysis using the same program. Patterns of overall
genetic relationships among populations were summarised using UPGMA clustering
of Roger’s (1972) genetic distance as implemented in TFPGA (Miller, 1997).
Multidimension scaling (MDS) was performed on matrices of genetic distance to test
for the presence of nonhierarchical patterns of relationships among populations using
SPSS 10.0. The partitioning of genetic diversity within and between populations and
populations grouped according to origin (experimental line, hatchery and wild), was
undertaken by an analysis of molecular variance (AMOVA) for binary data, using

the GenALEX add-in for Microsoft Excel (Peakall, Smouse, 2001). Multiple
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comparisons were subjected to sequential Bonferroni correction to control the

Type I error rate (Rice, 1989).

4.3 Results

4.3.1 Control region sequences and SSCP variation

Sequences for a 745 bp fragment of the mtDNA CR were obtained from 111 fish
representing 41 populations or strains. A total of 19 haplotypes with 78 variable and
30 phylogenetically informative sites were identified. The nucleotide composition
was A + T rich (A= 31%; T= 32%), and variation consisted predominantly of
transitions (Ti : Tv = 2.56). All sequences have been deposited in GenBank (AC:

AY597942-AY597976; DQ354144-DQ354149).

Vietnamese carp populations have high haplotype diversity (mean = 0.92+0.02), but
low nucleotide diversity (mean = 0.01£0.00). The most divergent Vietnamese
haplotypes differed by only 9 base pairs. Diversity and relationships among
haplotypes are depicted in Fig. 4.2 together with the 14 corresponding SSCP
phenotypes determined from the shorter (230 bp) fragment. From this figure it can be
seen that the SSCP technique was successful in resolving a significant proportion of
the nucleotide variation detected in sequencing the longer CR fragment. It is
noteworthy that four of these haplotypes allow the discrimination of Vietnamese
white (haplotype C), Hungarian (haplotype A) and Indonesian yellow (haplotypes B
& D) carp strains from RIA 1. In addition, common carp samples from China
(haplotypes I & R) and Indonesian (haplotypes B, D &J) and Koi carp (haplotype L)

were all distinguishable from Vietnamese carp.
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The summary of relationships among CR haplotypes (Fig. 4.2) shows that, apart

from two of the Chinese strains, which share the same haplotype, and which are quite
divergent from the other carp samples, there are a large number of haplotypes that
are closely related to each other. Minor exceptions are the Hungarian carp haplotype
(A) and a haplotype found in Bak Kan and Dak Lak (haplotype E), the Bang Giang

River (haplotype F) and the Lo River (haplotype G) and Koi carp (haplotype L).

A total of 968 individuals from both wild and hatchery populations were scored for
SSCP variation. In addition to the non-Vietnamese strains that had seven
distinguishable SSCP phenotypes, five SSCP haplotypes were distinguishable among
Vietnamese common carp samples. Comparison with the nucleotide sequences
revealed that these SSCP haplotype differ by 3-8 bp. Haplotype frequencies and
diversity estimates are summarized in Table 4.2 for 20 common carp populations.
Three haplotypes, Hungarian (A), Indonesian (B) and Vietnamese (C), predominated
in common carp samples and five (D, E, F, G and H) were relatively rare or occurred
only at low frequencies. Intra-population diversity varies widely among the
populations ranging from populations with a single haplotype (h =0) to six
haplotypes (h = 0.55). The experimental strains from RIA1 have the lowest diversity
(h= 0-0.28), the hatchery stocks with the exception of Thai Nguyen, have high
diversity (h = 0.49-0.64) and the wild stocks have an intermediate level of diversity

(h = 0.26-0.41) (Table 4.2).

The three experimental strains from RIA1 are also highly differentiated from each
other. The Hungarian scale strain is fixed for haplotype A, the Indonesian yellow

strain is dominated by haplotype B (84%), while the Vietnamese white strain in
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dominated by haplotype C (94%). All three of these haplotypes are found in
almost all hatchery and wild carp populations, however in the Vietnamese white
strain haplotype C dominate (55%) followed by the predominate Indonesian

haplotype B at 25% and the Hungarian haplotype A at 12%.

The six wild common carp populations (RER, LOR, LAR, SOR, DAL, and BGR)
have generally similar haplotype profiles and like the Vietnamese experimental strain,
haplotype C predominates. Six of the hatchery stocks have haplotype profiles largely
similar to the wild populations (haplotype C = 0.52-0.94). The five other hatchery
samples, in contrast, have haplotype profiles dominated by the Indonesian haplotype
B (0.50-0.84), although it is noteworthy that they also all possess the Vietnamese
haplotype C, albeit at a lower frequency (0.04-0.39). Interestingly, almost all
hatchery and wild samples have the Hungarian haplotype (A), although it mostly

occurs at a relatively low frequency (0.02-0.20).

4.3.2 Genetic differentiation and relationships among populations

Pairwise Fst analyses indicates significant genetic heterogeneity among populations
with the majority of pairwise comparisons yielding signification differences (Table
4.3). All three experimental strains are highly differentiated from each other (Fst =
0.78-0.94; P<0.05). The Hungarian strain was the most divergent and is significantly
differentiated from all other common carp populations (Fst = 0.58-0.94; P<0.05).
The Indonesian strain is also highly distinct, and is significantly different from all
other samples except for four hatchery populations. The Vietnamese strain is also

divergent from most other samples with the exception of four of the wild populations.
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The extent of the difference between the three experimental lines and their

relationships to the hatchery and wild samples are clearly evident from the UPGMA
dendrogram (Fig. 4.3) where it can be seen that the wild samples cluster with the
Vietnamese white experimental line (group C1 in Fig. 4.3) and the hatchery
populations cluster either with the Indonesian strain (group B in Fig. 4.3) or form a
cluster (group C2 in Fig. 4.3) linked to the wild populations, which together form the

Vietnamese cluster (group C in Fig. 4.3).

Multidimensional scaling (Fig. 4.4) also emphasises the clear differentiation of the
three experimental strains and largely re-inforces the findings of the preceding
UPGMA analysis. From Figure. 4.4, it is also clear that hatchery and wild stocks are
well differentiated from the Hungarian experimental line and that all hatchery stocks
are genetically intermediate between the Vietnamese white strain (or closely related
populations) and the Indonesian strain. In contrast to the relationship depicted by the
UPGMA dendrogram (Fig. 4.3), it is apparent that the hatchery stocks did not so
much fall into two distinct groups associated with either the Vietnamese or
Indonesian strains, but represented more of a continuum between these two stocks.
For example population Tuyen Quang (TUQ) placed in the Vietnamese cluster and
populations Can Tho (CAT) and Sai Gon (SAG), placed in the Indonesian cluster in
Fig. 4.3 are actually quite similar genetically, and fall into an intermediate position

on MDS axis 1 between the Vietnamese and Indonesian strains.

The AMOVA analysis indicates that the genetic variation is partitioned very
differently within and between populations for the experimental strains, hatchery

stocks and wild populations (Table 4.4). For the experimental group, the variation is
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predominately between populations (86.30%) with very low levels of within

populations (13.70%). This is in contrast to the wild populations for which the
pattern of variation is reversed with 96.2% of the variation within populations and
only 3.8% between populations. The hatchery populations have intermediate values,
with within population variation significantly enhanced (80.47%) compared with the
experiment lines and the between population variation substantially elevated

compared with the wild populations (19.53%).

4.4 Discussion

4.4.1 Control region sequence variation and utility of the SSCP

techniques

The sequencing of the CR revealed significant haplotype diversity among
Vietnamese common carp samples and also distinguished non-Vietnamese strains,
which is consistent with findings of other studies that have found this region to be
highly variable in fish (Sivasundar et al., 2001). Nevertheless, the degree of
haplotype divergence was relatively low with the most divergent haplotypes differing
by only 14 bp. Finding low levels of sequence divergence in the CR in carp is
consistent with other studies on this species using this mitochondrial region and
protein coding gene fragments (Froufe ef al., 2002; Mabuchi et al., 2005; Thai et al.,
2004). This low level of divergence could reflect a shallow evolutionary history or it
could be due to a slower rate of evolution for the mtDNA region in carp. The finding
of only limited variation in the CR of brown trout has been attributed to an unusually
slow rate of evolution for this fragment in this species (Aurelle, Berrebi, 2001;

Giuffra et al., 1996). However, this is unlikely to explain the low levels of variation
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in this region in common carp as sequences from other high to moderately
variable mitochondrial gene regions in fish including COI, Cytb and ATPase, also

show low levels of variation in this species (Thai et al., 2004; Wang, Li, 2004).

The SSCP procedure revealed only a portion of the haplotype diversity revealed by
sequencing (14 out of 25 haplotypes). This loss of information is a result of the need
to compromise between the competing needs of higher sensitivity (i.e. ability to
distinguish fragments that differ 1-2 nucleotide positions) achieved through the use
of shorter fragments versus the concomitant reduction in the number of variable
nucleotide positions within such fragments. The SSCP procedure in this study able to
detect phenotypes that differed by as few as 3 base pairs, which is similar to other

studies on fish (Aurelle, Berrebi, 2001).

Despite the SSCP procedure only resolving a portion of the haplotype variation
detected by direct sequencing, it importantly allowed all the non-Vietnamese strains
to be distinguished from Vietnamese samples and resolved significant haplotype
diversity among the latter samples. Thus, the variation detected using the SSCP
technique was sufficient to allow effective comparisons among Vietnamese samples,
which revealed significant and contrasting patterns of variation within and between
experimental strains, hatchery and wild populations of carp. These findings and the
insights they provided into the history of carp domestication in Vietnam are

discussed below.



85

4.4.2 Genetic diversity of common carp in Vietham

The overall diversity of common carp in Vietnam is considerably less than the
diversity at the global level in this species. Several genetically differentiated carp
strains found in China, Indonesia and Japan, identified in this study and by others
(Froufe et al., 2002; Mabuchi et al., 2005; Zhou et al., 2004b) are not present within
Vietnamese wild and hatchery populations. This indicates that there have been few,
if any, undocumented common carp introductions into Vietnam and that there are
additional genetic resources outside the country, including relatively divergent lines

that could be potentially utilized for future breeding programs in Vietnam.

The genetic variation detected with the mtDNA CR in Vietnamese carp, comprising
both wild and domesticated lines, is consistent with the known history of this species
in this country (Tran, Tran, 1995). The history includes the introduction of carp from
Indonesia and Hungary and the dissemination of progeny of genetically improved

strains to hatcheries.

Comparison between the results of our study and other studies on carp are difficult
because no previous studies have been published on SSCP variation in carp.
Surprisingly, given the importance of carp as a food fish worldwide, detailed genetic
knowledge is lacking on domesticated and wild populations, especially within
countries or regions other than using allozyme information (Kohlmann et al., 2003).
Those studies that have addressed issues relating to genetic variation have usually
used restricted sampling in terms of populations or sample sizes (Bartfai et al., 2003;
Lehoczky et al., 2005), or have confounded the effects of geographic variation and

domestication due to unequal representation of stocks and uneven sample sizes
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(Kohlmann et al., 2005). Nevertheless, our study is consistent with a number of

studies using a variety of markers, including microsatellite, RFLPs and sequencing,
that consistently revealed low levels of variation within European carp populations
and an elevated diversity within and between Asian common carp populations

(Kohlmann et al., 2005; Thai et al., 2004).

In addition, our findings of higher haplotype diversity within wild stocks compared
with the RIA1 experimental lines is consistent with genetic studies of carp that have
generally reported reduced genetic diversity in domesticated carp (Kohlmann,
Kersten, 1999; Kohlmann et al., 2005). For example, Kohlmann et al., (2005) found
allelic richness based on microsatellite loci to vary from 4.44 in domesticated stocks
to 8.22 in wild stocks using four microsatellite loci. Kohlmann et al., (2003)
attributed these kinds of differences to effects of bottlenecks and losses of variation
due to inbreeding and genetic drift in small hatchery populations similar to many
other studies on domesticated fish species (Ward, Grewe, 1995). Such phenomena
would most likely account for the low levels of variation found in the Hungarian,
Indonesian and Vietnamese common carp experimental lines maintained at RIA1.
These lines have been maintained for six generations and while an attempt has been
made to maintain variation by using 50-100 families for the propagation of each
generation, it is most likely that variation was either limited within the founding
stocks or variation has been subsequently lost due to low Ne (Vandeputte, 2003). The
high degree of differentiation among the three experimental stocks indicates that
there has been little, if any, accidental mixing of stocks and that the strategy of cross
breeding among these stocks to enhance genetic diversity within cultured

Vietnamese common carp stocks has been justified.
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Genetic variation is often found to be lower in domesticated lines of cultured fish

species. For example, genetic diversity in channel catfish has been found to be lower
in domestic lines than in wild stocks (Mickett et al., 2003; Simmons et al., 2006).
The main reason for these observations is generally thought to be the small number
of founders. Thus, in contrast to theses kinds of observations and those of Kohlmann
et al. (2003; 2005) for carp, our finding that all but one of the hatchery stocks of
common carp (Thai Nguyen) examined in Vietnam had elevated diversity compared
to both the experimental lines and the wild populations is somewhat unusual.
Findings of elevated diversity in domesticated stocks are usually attributed to mixing
of stocks during founding and subsequent propagation (Ferguson, 1995b; Thompson,
1985). In the case of common carp in Vietnam, the elevated diversity in hatchery
stocks can be attributed to the successful dissemination of genetically improved carp
partially derived from imported stocks. The effectiveness and extent of this program

of dissemination is examined in further detail below.

4.4.3 Insights into the dissemination of cultured common carp in Vietnam

Research into the genetic improvement of carp conducted over 15 years in Vietnam
has led to the development of three genetically improved lines through a combination
of crossbreeding and mass selection which are referred to as “three blood” carp (Tran,
Nguyen, 1992). These strains are referred to as the “Indonesian”, “Hungarian” and
“Vietnamese” strains on the basis of the female parent used in the second of two
generations to construct each cross. It is however, uncertain the extent to which these
strains have been disseminated to regional hatcheries and small scale farmers and the
relative success or performance of these strains (Edwards er al, 2000). The

effectiveness of the dissemination program of these three “three blood” strains can be
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assessed by examining the distribution of SSCP haplotypes in hatchery stocks

because of the maternal inheritance of the mitochondrial genome.

The analysis of the SSCP haplotype frequencies among the hatchery stocks indicates
that the Hungarian strain has either not been disseminated to any significant extent or
has a high mortality. The much higher proportion of the Indonesian haplotype
suggests that the three blood Indonesian strain has been more extensively
disseminated or has better survival. Although it should be noted that the high
similarity between the southern samples (CAT and SAG) and the Indonesian line in
RIA 1 most likely reflects the original introduction of Indonesian carp into southern

Vietnam, where no indigenous common carp stocks occur.

A number of hatchery stocks show intermediate levels of divergence between the
Vietnamese and Indonesian strains as is apparent from the MDS axis 1 (Fig. 4.4), and
thus most likely represent various admixtures of domesticated Vietnamese stocks
(either domesticated or from the wild) and the Indonesian three blood line. It is not
possible to determine if this represents the dissemination of a mixture of stocks to the
original hatcheries or subsequent stock mixing or a combination of both. A by
product of the mixing of stocks has been the elevation of genetic diversity levels and
it is apparent that those stocks which have scores equidistant between the
Vietnamese and Indonesian experimental lines on MDS axis one have the highest
diversity levels (Fig. 4.3). Thus, finding the hatchery populations to have elevated
diversity compared to wild and experimental lines indicates that the Vietnamese
Government’s program of crossbreeding and dissemination has been effective in not

just preventing the erosion of genetic variation but enhancing diversity of
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domesticated stocks. However, genetic diversity is to be maintained and

inbreeding minimised in common carp over the long term, additional stocks should
be introduced to hatcheries on a regular basis. These stocks should be preferably
from genetic improved lines rather than from unselected or wild stocks so that gains
in performance (ie growth rate) are not diluted for the sake of the overall

maintenance of genetic diversity.

4.4.4 Conservation of wild carp stocks

Wild common carp stocks, like those of many fish species, are under threat from a
number of processes including environmental degradation (Murakaeva et al., 2003)
and the introduction of “exotic” genotypes into natural populations as a result of
domestication and translocation (Mabuchi et al., 2005). The results of this study
indicate that wild Vietnamese common carp are relatively homogeneous genetically,
but distinct from other strains of both Europe and Asia. The genetic distinctiveness
of Vietnamese common carp revealed in this study, based on the analysis of the
mtDNA CR is supported by Kohlmann et al’s (2003) analyses of genetic variation in
common carp. These authors examined allozymes, mtDNA and microsatellite
variation, throughout the species distributional range although their study only

included a single sample of Vietnamese carp from the Red River.

It is suggested that the indigenous Vietnamese strains potentially represent a unique
genetic resource for common carp and therefore needs to be conserved. Some of the
distinct Vietnamese haplotypes are associated with forms that also have distinct
phenotypes and behaviours, several of which are considered important for

aquaculture. For example, although growth of Bac Kan common carp is
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comparatively slow, it is an important strain as it is adapted to the rice-field

environment and farmers can maintain broodstock and do not depend on wild seed
(Edwards et al., 2000). Thus, the distribution of genetically improved carp may need
to be done with care in Vietnam and it should acknowledged that indigenous local
populations may be threatened by the translocations of domesticated varieties. The
diversity of environments and culture methods in Vietnam makes it unlikely that a

single improved variety of common carp will be optimal throughout the country.

4.4.5 Conclusion

This study has demonstrated that the SSCP method, using a fragment of the mtDNA
CR, is an effective and efficient method for assaying molecular genetic variation
within and between populations of common carp. A survey of genetic variation
amongst experimental lines, hatchery stocks and wild populations of common carp in
Vietnam revealed contrasting patterns in the distribution of molecular genetic
variation that contributes important insights into the domestication process and
provides information that is essential for the effective management of domesticated
and wild carp stocks in this country. While the data presented in this study represents
one of the most comprehensive DNA-based data sets so far collected at a regional
level for common carp, it will be important to extend this study to the sampling of
other gene loci (e.g. microsatellites) and populations, especially those from small-
scale farmers, private hatcheries and from markets, in order to obtain a more

complete picture of the genetics of common carp in Vietnam.
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Table 4.1. Location, code and number of samples sequenced and analysed by the

SSCP technique.
Population Code Location Type Population size (n)
Sequencing SSCPs
Hungarian scale-RIAl'  HUS Tu Son, Bac Ninh, Vietnam E 4 50
Indonesian yellow-RIA1 IDY Tu Son, Bac Ninh, Vietnam E 6 50
Vietnamese white-RIA1 VNW Tu Son, Bac Ninh, Vietnam E 4 50
Vinh Phuc VIP Me Linh, Vinh Phuc, Vietnam H 4 50
Thai Nguyen THN Cu Van, Thai Nguyen, Vietnam H 3 50
Son La SOL Son La town, Son La, Vietnam H 4 50
Bac Kan BAK Bach Thong, Bac Kan, Vietnam H 6 50
Tuyen Quang TUQ Hoang Khai, Tuyen Quang, Vietnam H 4 50
Yen Bai YEB Van Chan, Yen Bai, Vietnam H 3 50
Hoa Binh HOB Hoa Binh town, Hoa Binh, Vietnam H 6 50
Ha Tinh HAT Duc Long, Ha Tinh, Vietnam H 4 50
Can Tho CAT Cai Rang, Can Tho, Vietnam H 4 36
Sai Gon SAG Binh Chanh, Sai Gon, Vietnam H 4 35
Thac Ba Reservoir TBR Yen Binh, Yen Bai, Vietnam H 3 50
Bang Giang River BGR Cao Bang town, Cao Bang, Vietnam W 6 50
Lo River LOR Yen Son, Tuyen Quang, Vietnam w 4 50
Red River RER Van Giang, Hai Hung, Vietnam w 4 50
Lam River LAR Nam Dan, Nghe An, Vietnam \\% 3 50
Son River SOR Bo Trach, Quang Binh, Vietnam \\% 4 47
Dak Lak DAL Ea Kao, Dak Lak, Vietnam W 4 50
Xingguonensis XIG Jaing xi China 3 5
Wananensis WAN Jaing xi China 3 5
Wuyuanensis wuUY Jaing xi China 3 5
Color COL Jaing xi China 3 5
Red Koi REK Komaki Japan 3 21
Wild Amur WAR Karnataka, India 3 5
Majadanu MAJ Sukamandi, Indonesia 3 5
Rajadanu RAJ Sukamandi, Indonesia 3 5
Widan WID Sukamandi, Indonesia 3 5
GenBank GBK Taiwan” 1
Goldfish GOF Unknown 1

! Research Institute for Aquaculture No 1; * Origin of sample not provided; E:
Experimental group; H: Hatchery group; W: Wild group.
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Table 4.2. Number of haplotypes and haplotype diversity in each common carp population. Population code given in Table 4.1

Haplotypes Experimental Hatchery Wild Mean
H I VN VP TN SL BK TQ YB HB HT CT SG TBR BGR LR RR LA SR DL
A 1.00 0.12 0.08 0.16 0.08 0.24 0.06 0.08 0.20 020 0.02 0.04 0.08 0.02 0.12
B 0.84 0.04 0.66 080 0.62 0.08 020 022 0.22 0.04 0.50 0.54 0.02 0.02 0.04 0.04 0.06 0.14 025
C 0.04 094 0.14 0.10 0.18 0.66 0.52 0.62 0.68 0.68 039 031 0.74 0.78 0.84 086 090 0.76 0.82  0.55
D 0.12 0.02 0.08 0.04 0.02 0.02 0.04 0.02 0.08 0.11 0.14 0.02 0.02 0.02 0.02 0.04
E 0.02 0.12 0.06 0.13 0.04 0.02
F 0.04 0.02 0.16 0.01
G 0.04 0.06 0.01
H 0.19 0.01
No of haplotypes 1 3 3 4 4 4 6 5 5 4 4 3 3 4 5 5 4 4 3 3 3.85
Haplotype diversity 0.00 0.28 0.12 0.53 0.35 0.57 0.55 0.64 0.57 0.49 0.50 0.60 0.60 042 0.37 0.29 026 0.19 041 031 040
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Table 4.3. Pair-wise estimate of variance of haplotype frequencies (F'st) among of samples. Population codes given in Table 4.1.

HUS IDY VNW VIP THN SOL BAK TUQ YEB HOB HAT CAT SAG TBR BGR LOR RER LAR SOR DAL

HUS

IDY 0.86*

VNW  0.94* 0.78*

VIP 0.70*  0.05 0.61%*

THN 0.81* 0.02 0.73* 0.01

SOL 0.66* 0.09* 0.58* 0.01 0.03

BAK 0.70*  0.54* 0.12* 0.36* 0.48* 0.32*

TUQ 0.58* 0.43* 024* 0.23* 035 0.18* 0.04

YEB 0.70* 0.46* 0.16* 0.27* 0.39* 0.23* 0.00 0.02

HOB 0.73* 0.51* 0.13* 0.31* 0.44* 027 0.01 0.02 0.01

HAT 0.69* 0.58* 0.14* 0.39* 0.52* 035* 0.0l 0.03 0.04 0.03

CAT 0.74* 021 044* 006 0.16* 0.05 0.18* 0.10 0.09 0.12* 0.22%*

SAG 0.74* 0.15 0.50* 0.03 0.11 0.03 0.23* 0.14* 0.14 0.18* 0.27* 0.01

TBR 0.74* 0.63* 0.12*% 045* 0.57* 040* 0.02 0.06 0.06 0.04 0.01 0.28* 0.33*

BGR 0.81* 0.65* 0.08%* 0.48* 0.60* 0.44* 0.03 0.13* 0.08 0.07 0.06  0.30* 0.35* 0.05*

LOR 0.86* 0.71* 0.01 0.53* 0.65* 0.49* 0.05 0.15* 0.09* 0.07 0.06 0.34* 041* 0.04 0.04

RER 0.86* 0.71* 0.01 0.53* 0.65* 0.49* 0.05 0.14* 0.09 0.06 0.04 0.35* 041* 0.03 0.04 0.01

LAR 0.90* 0.74* 0.01 0.56* 0.69* 0.53* 0.08* 0.19* 0.11* 0.09 0.09* 0.38* 0.44* 0.08* 0.05 0.01 0.01

SOR 0.81* 0.65* 0.09* 047* 0.59* 044* 002 0.13* 0.07* 0.07* 0.07 0.29*% 0.35* 0.06* 0.05 0.05 0.05* 0.07
DAL 0.84* 0.65* 0.04* 047* 0.59* 043* 0.03 0.12* 0.04 0.02  0.07* 0.26* 0.33* 0.06 0.04 0.01 0.01 0.01 0.04

* P<0.05 following sequential Bonferroni correction.
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Table 4.4. AMOVA results for three groups (experimental, hatchery, wild) of 20

common carp populations base on SSCP data. (Intra

interpopulation, values are %)

Group Intra Inter P -value Fst
Experiment 13.70 86.30 0.01 0.86
Hatchery 80.47 19.53 0.01 0.20
Wild 96.16 3.84 0.04 0.04
All 63.02 36.98 0.01 0.37

intrapopulation, Inter =
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Figure. 4.2. Silver stained polyacrylamide gel showing the eight SSCP variants
detected in common carp populations in Vietnam (a). Neighbour-joining tree
reconstruction derived from CR sequences, using HKY-+I+G model of evolution.
Bootstrap values are based on 1,000 replicates. Bootstrap value is given for nodes
with at least 50% or more support (b).
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Chapter 5.

Genetic diversity of common carp (Cyprinus carpio L.) in

Vietnam using four microsatellite loci*

5.1 Introduction

The understanding of genetic diversity is one of the most important steps in
managing fisheries resources and aquaculture selective breeding programs
(Beaumont, Hoare, 2003; Dunham, 2004; Ward, Grewe, 1995). Aquaculture
practices may inadvertently decrease the genetic variability present in farmed stocks
by breeding among related individuals or by the use of small numbers of founding
broodstock. Selective breeding programs can also lead to decreased diversity when
they utilize only a small number of “superior” families that may be related or use a
mass selection approach with high selection intensities. Unless pedigree records are
maintained, there is often a probability of selecting related individuals as parents for
constructing the next generation and thereby increasing inbreeding (Norris et al.,

1999).

Conversely, breeding programs may deliberately introduce divergent stocks and
utilize crossbreeding programs to increase diversity and productivity, via, for

example, hybrid vigour (Hulata, 1995).

* A peer reviewed publication was derived from this chapter: Thai, T. B., C. P. Burridge and
C.M. Austin (2007) Genetic diversity of common carp in Vietnam using four microsatellite
loci. Aquaculture (in press)
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However, the extent of stock mixing, the relative survival of the different stocks and
the extent to which they are disseminated are important issues that frequently need to
be addressed for effective management of aquaculture species (Dunham, 2004).
There is also often a need to evaluate the status of wild stocks in aquaculture species
as escapes of aquaculture stocks are common and these fish can have negative effects

on resident indigenous forms (Cross, 2000).

Many of these issues apply to the common carp, Cyprinus carpio L., arguably the
most important and oldest cultured fish species in the world, and providing a
valuable source of protein especially in rural communities in many developing
countries. The species has been widely translocated both within and outside its
natural range leading to uncertainties concerning the genetic quality and origin of
domesticated stocks and the status of wild populations (Kohlmann et al., 2005;

Lehoczky et al., 2005).

In Vietnam, common carp has a natural distribution restricted to the north but is now
distributed throughout the country as a result of translocations for aquaculture
(Nguyen, Ngo, 2001). Enhancement of common carp production in Vietnam has
focused substantially upon the development of genetically improved strains (Tran,
Tran, 1995). For this purpose, Hungarian and Indonesian yellow carp strains were
imported into Vietnam almost 30 years ago for crossbreeding and mass selection
programs with local Vietnamese white carp. The genetic improvement strategy
adopted for common carp in Vietnam involved the development of hybrid common

carp by crossbreeding among three genetic lines (Vietnamese white, Hungarian scale
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and Indonesian yellow common carp) coupled with mass selection (Nguyen et al.,
2005; Tran, Nguyen, 1992); (see 1.1.4). Aquaculture trials have demonstrated that
hybrid common carp grew much faster than Vietnamese common carp. However,
experimental lines of common carp are thought to have lost their purity, due to
inadvertent mixing (Nguyen et al., 2005). Recently, the improvement strains (three
bloods) grow slowly in the farms. It may result of breeding depressions.

The ongoing development of common carp farming in Vietnam requires greater
understanding of the genetic status of domesticated stocks. To this end an initial
study of genetic variation within and among populations using mitochondrial
markers was undertaken (Thai et al., 2006). While this study provided useful insights
into variation within and between wild and hatchery stocks and the dissemination of
introduced stocks and genetic improved lines, mtDNA only represents a single locus

and the maternal gene pool.

Microsatellites are highly variable nuclear genetic markers, which are inherited co-
dominantly in a Mendelian fashion and, as such, offer an alternative perspective to
mtDNA data. Microsatellites have been found suitable for a variety of applications in
fisheries and aquaculture research, particularly where genetic differentiation within
and between populations may be limited. Potential applications in aquaculture
include monitoring changes in genetic variation as a consequence of different
breeding strategies, the investigation of interactions between wild and cultured
populations, parentage assignment and estimation of relatedness between potential
breeding pairs (Cross, 2000; Cross et al., 2005; Davis, Hetzel, 2000; Liu, Cordes,

2004; Norris et al., 1999).
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In recent years, a number of population genetic studies on common carp have been
reported using a variety of molecular markers including, allozyme (Brody et al.,
1979; Kohlmann, Kersten, 1999; Murakaeva et al., 2003) RAPDs (Bartfai et al.,
2003), AFLPs (David et al., 2001; Wang et al., 2000), mtDNA sequencing (Mabuchi
et al., 2005; Thai et al., 2004) and microsatellites (Kohlmann et al., 2005; Lehoczky
et al., 2005). However, no studies have examined genetic variation in common carp

populations in Vietnam using nuclear data.

In this study, genetic diversity of wild and cultured of common carp in Vietnam are
investigated using four microsatellite loci, and the same samples as a previous study
that utilized mtDNA data (Chapter 4, Thai et al. 2006). The results of this study,
together with the mtDNA data, provide important new insights into the management
of Vietnamese common stocks and the selective breeding and dissemination

programs for this species in this country.

5.2 Materials and Methods

5.2.1 Sample collection and DNA extraction

Nine hundred and sixty eight samples of common carp were collected from six rivers
or reservoirs, 11 hatcheries and three experimental lines of common carp (Hungarian,
Vietnamese white, Indonesian yellow common carp from the RIA 1, Bac Ninh,
Vietnam). Fish were captured using lift and seine nets and tissue samples were
obtained as fin clips and preserved in 90% ethanol. Total genomic DNA was isolated
from the fin clips using the method of Crandall et al. (1999). Details of sample

collection for common carp are given in Table 4.1 and Fig. 4.1.
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5.2.2 Data collection

Four microsatellite loci MFW1, MFW6, MFW7, and MFW9 (Crooijmans et al., 1997)
were PCR amplified with conditions comprising 1 X PCR buffer, 0.2mM dNTPs,
and 0.2 unit 7ag DNA polymerase (Invitrogen) with MgCl, concentration as detailed
in Table 5.1. For all loci, dye label incorporation followed Schuelke (2000); the
forward primer 5’ was appended with an 18 bp M13 sequence (TGT AAA ACG
ACG GCC AGT), and employed at 0.03 uM, while the reverse primer and a FAM-
or HEX- labeled “M13”primer were employed at 0.5 pum. Thermal cycling
conditions for each locus were: 3 min at 94° C, followed by 8 cycles of 94 °C for 30 s,
annealing temperature (Table 5.1) for 30s, and 72 °C for 1 min, followed by 33
cycles as before but annealing at 53 °C, and then a final extension of 72 °C for 5 min.
PCR products were separated on a 6% denaturing polyacrylamide gel using and ABI
373 (Applied Biosystems Inc) following manufacturer’s instructions. Lengths of

PCR products were determined relative to the GS400 size standard (ABI).

5.2.3 Genetic diversity analysis

5.2.4 Variation at microsatellite loci and tests from Hardy-Weinberg
equilibrium

Allelic variation at the four microsatellite loci in the 20 populations was determined

as number of alleles per locus (A) and heterozygosity (H). Heterozygosity and allelic

frequencies for each population at each locus were calculated directly from

microsatellite phenotypes using GENEPOP version 3.1 (Raymond, Rousset, 1995).



104

To test for departures from Hardy-Weinberg equilibrium (HWE) comparisons were
made between observed heterozygosity (Ho), and expected heterozygosity (He)
using exact tests as implemented by GENEPOP 3.1. This software employs the
Markov chain method to estimate the probability of significant deviation from HWE
using the following parameters: dememorization = 10,000, batches = 500 and
iterations = 1,000. Levels of significance were adjusted for the number of

simultaneous tests using the sequential Bonferroni procedure (Rice, 1989).

5.2.5 Genetic differentiation between populations

Genetic differences between populations was evaluated by calculating pairwise Fst
values and testing their significance by bootstrapping analysis (1,000 replicates)
using ARLEQUIN 2.000 (Schneider et al., 2000). This program was also used to
partition variation within and between populations using AMOVA procedure.
Genetic differentiation between three groups (experimental, hatchery, wild) carp
were also evaluated using F-STAT (Goudet, 2002). An assignment test was
implemented by GeneClass v.1.0.02 software in order to determine the extent to
which individuals could be correctly assigned to their population of origin (Piry et al.,
2004) as a measure of population differentiation and as a means of investigating

population mixing.

To examine the genetic relationships among populations, a matrix of pairwise Da
distance (Nei et al., 1983) was first calculated using the Microsatellite Analyser
(MSA) program (Daniel, Christian, 2003). The distance matrix was then used to
construct a UPGMA dendrogram using the software package PHYLIP 3.5c¢ of

Felsenstein (1993). Multidimensional Scaling (MDS) as implemented by SPSS
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(Version 10), was also used to examine relationships based on this matrix as this
procedure can better represent non-hierarchical patterns of relationships among

populations (Shepard, 1974).

5.3 Results

5.3.1 Within population variation

All four loci were polymorphic and were variable in all populations (Table 5.2). A
total of 72 different alleles ranging in size from 100 to 262 bp were found over the
four loci. The number of alleles ranged from 10 at MFW9 to 23 at MFW1 and with

from three to 15 alleles per population per locus.

Within populations, the lowest mean number of alleles per locus (4.25) was observed
in the Indonesian yellow common carp experimental line (IDY), while the highest
mean number of alleles per locus (11.00) was found in the wild Red River population
(RER). Average observed heterozygosity ranged from 0.40 in the Indonesian yellow
carp experimental line to 0.83 in the Red River population. Average allelic diversity
was the lowest in the experimental lines (5.50-8.25), highest in the wild populations
(8.75-10.00) and generally intermediate in the hatchery populations (6.50-9.50).
Average observed heterozygosity showed a similar trend with the experimental lines
having the lowest average observed heterozygosity (0.40-0.59), the wild populations
the highest (0.77-0.83) and the hatchery populations again with generally

intermediate value (0.51-0.81) (Table 5.2).
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Of the 80 test of deviation from Hardy-Weinberg equilibrium (HWE) proportion, 37
were significant and all but five of the tests were associated with heterozygote
deficiencies. A much greater proportion of significant HWE tests occurred within the
experimental lines (8 of 12) and the hatchery stocks (27 of 44) compared with the
wild population (7 of 24). Based on average Fis values it can be seen that the pattern
of heterozygotes deficiencies was most pronounced in the experimental lines (0.19-
0.26). Heterozygote deficiencies were also apparent in the hatchery populations with
the exception of Thac Ba Reservoir (TBR) but not to the same degree (Fis = 0.05-

0.22). The wild population showed minimal heterozygote deficits (-0.11-0.05).

The proportion of private alleles showed the converse pattern to the Fst values.
Across the four loci only three private alleles occurred within the three experimental
lines and only 12 within the 11 hatchery populations, which compares with 19

private alleles in the six wild populations (Table 5.3).

5.3.2 Genetic differentiation and relationships among populations

Pairwise Fst analyses indicates significant genetic heterogeneity among populations
with the majority of pairwise comparisons yielding signification differences (Table
5.4). The three experimental strains were well differentiated from each other (F'st =
0.16-0.34). The Hungarian strain was the most divergent (Fst= 0.10-0.34) followed
by the Indonesian strain (Fst= 0.05-0.21). While the Vietnamese experimental strain
was significantly different from most of the other samples Fst value were generally

lower (Table 5.4).
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Allelic frequencies at the four loci for the three experimental lines are depicted in Fig.
5.1. The differences between the three experimental lines are largely a matter of
degree and none of the loci provide a profile that is diagnostic for any of the three
experimental lines. Nevertheless, some loci are more effective than other in
distinguishing particular strains. For example, the Hungarian strain has almost
exclusively small sized alleles at locus MFW?7 compared to the Indonesian and
Vietnamese strain. The distinction between the three strains is generally a
combination of allelic difference that accumulates across the loci. This is most
marked in the Indonesian strain which has one or two alleles at high or moderately
high frequencies at MFW1, MFW6 and MFW?7 that are absent or at low frequencies
in the other two experimental lines. The Vietnamese strain is distinguished
substantially by a large number of private alleles occurring at low frequencies that
are spread across all loci. The ability of allelic variation at these loci as a group to
distinguish between three strains is demonstrated by assignment test using just these

strains. This test resulted in only 15 (10%) of the 150 individuals being misclassified.

Levels of differentiation were limited among the wild population and similarly with
that hatchery samples except for samples BAK and TBR. The UPGMA dendrogram
emphasises the distinctiveness of the Hungarian sample which forms the most basal
branch (A) (Fig. 5.2). The remaining samples form two distinct clusters (B) and (C).
One (C) contains the Indonesian sample, which is the most distinct of all samples in
this cluster and all but two of the hatchery samples. The other cluster (B) contains the
Vietnamese experimental line, all the wild populations and two of the hatchery
samples (BAK and TBR). The MDS analysis (Fig. 5.3) reflects these same

relationships and emphasizes the distinctiveness of the three experimental lines and
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the distinctiveness of the Hungarian strain. In addition this analysis indicates that the
hatchery samples (excluding BAK and TBR), while generally closest to the
Indonesian experimental line fall into an intermediate position between the
Vietnamese and Hungarian samples. Some of these samples are almost equidistant
between the experimental lines. For example HAT is almost exactly halfway
between the Vietnamese and Indonesian experimental lines and Tuyen Quang (TUQ)

is almost equidistant between the Hungarian and Indonesian samples (Fig. 5.3).

The results of the assignment test using all 20 populations confirms and extends the
population genetic (Fst) and phylogenetic genetic distance-based analyses (Table
5.5). Overall there is a relatively high proportion of misclassifications, reflecting the
generally limited divergence among populations. However the pattern of
misclassification differs among the three groups. The highest proportion of correct
classification is among the experimental strains and the wild populations, although
the Vietnamese white carp (VNW) experimental strains and wild population
exchange a relatively higher proportion of misclassifications. The hatchery
populations as a group suffer the highest proportion of misclassifications. With the
exception of samples TBR and BAK, there is a consistent pattern of misclassification,
involving the other hatchery stocks and the Indonesian and Hungarian experimental
lines. There was also a small but consistent amount of misclassification between the
hatchery samples and the Vietnamese experimental lines and wild samples. The
samples TBR and BAK differ from the other hatchery samples as the extent of
misclassification between the Indonesian or Hungarian lines and hatchery stocks on
the one hand and the Vietnamese experimental line and wild stocks on the others, are

about equal.
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The AMOVA analysis is consistent with the previous analysis and highlights the
differences between the partioning of genetic variation between the experimental
lines and wild population (Table 5.6). For the experimental group the proportion of
inter-population variation (23.80%) is much greater than for the wild populations
(1.03%). The distribution of intra- and inter-population variation in the hatchery
samples is intermediate between the experimental and wild populations but more
similar to the latter group. From Table 5.6 it can be seen that the hatchery samples

are also intermediate with respect to allelic richness and observed heterzygosity.

5.4 Discussion

5.4.1 Genetic diversity within common carp populations

Genetic diversity is important to both natural and cultured population because it
provides the necessary spectrum of genotypes for adaptive response to changing
conditions and heterozygous individuals usually are superior to less heterozygous
individuals in many economically important characteristics like growth, fertility and
disease resistance (Beardmore et al., 1997). As a consequence, there has been
increasing attention being paid to loss of genetic diversity in domesticated fish stocks
including carp. Desvignes et al. (2001), Bartfai et al. (2003), and Kohlmann et al.
(2005) have analysed microsatellite variation in common carp, however all three
studies have limitations due to the sampling of restricted number of populations or
the used of small sample sizes. Nevertheless the levels of variation detected are

broadly similar to the results of this study.
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Kohlman et al’s (2005) study is by far the most comprehensive of these, and also
looked at variation at four microsatellite loci in common carp from 22 populations
from mostly Western Europe found similar levels of intrapopulation genetic variation
to this study. The average number of allele per locus per population range from 2.50-
14.00 in Kohlmann et al’s (2005) study which compares with 4.25-11.00 in this
study. Kohlmann et al. (2005) also found significant differences in allelic richness
(Ar) between domestic populations (4.44) and wild caught populations (8.24) which
is very similar to the values in this study for the experimental lines (5.83) and the
wild populations (9.26). The loss of genetic diversity in hatchery populations is also
found in other aquaculture species such as channel catfish (Mickett et al, 2003;
Simmons et al., 2006), Atlantic salmon (Elliott, Reilly, 2003; Innes, Elliott, 2006),
cutthroat trout (Allendorf, Phelps, 1980), and abalone (Evans et al., 2004). Loss of
variation in closed hatchery populations can occur during establishment (founder
effect) and over subsequent generations though genetic drift arising from low
effective broodstock number (Allendorf, Phelps, 1980). The large reduction in
genetic variability in the experimental lines observed in this study by Thai et al.
(2006) and cultured carp in Europe by Kohlmann et al. (2005) indicate the potential
negative impact of genetic improvement programmes and captive breeding on
domesticated common carp stocks in Vietnam and elsewhere. The large number of
deviation from HWE proportions in experimental lines and hatchery stocks due to a
deficiency in heterozygotes is consistent with a Wahlund effect which results from

the mixing of genetically diverse stocks (Ridley, 2003).

This study found diversity levels in the majority of hatchery populations in Vietnam

to be similar (A = 8.0) to the wild carp populations and those studied by Kohlmann et
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al. (2005) is unusual. Such findings are usually attributed to the mixing of stocks
during founding and subsequent propagation (Ferguson, 1995b; Thompson, 1985). In
the case of hatchery stocks of common carp in Vietnam, this elevated diversity can
be attributed to the successful dissemination of genetically improved carp lines that
were generated by crossbreeding with imported stocks. These results and conclusions
are very similar to those based on the mtDNA data set derived from the same
populations and the two data sets produce remarkably similar results which will be

discussed in more detail below.

5.4.2 Differentiation between populations

While significant differences were detected in allelic frequencies between many
pairwise combinations of populations, levels of differentiation as measured by Fst
are generally less than observed by Kohlmann et al. (2005). Kohlmann’s study
however, included much wider geographic sampling of populations from Europe and
central Asia. Importantly, the microsatellite variation was effective in separating the
Vietnamese experimental line and wild populations from the introduced Hungarian
and Indonesian lines. Thus, it is possible to determine the affinities of the hatchery
stocks and the extent to which they represent mixed stocks. From the MDS and the
assignment test, it is apparent that all but two of the hatchery stocks represent
mixtures of all three experimental lines with the Indonesian line predominating,
followed by the Vietnamese and the Hungarian line having the least influence. Two
hatchery populations BAK and TBR stand out as distinct as they cluster closely with
the Vietnamese samples. This is consistent with the known history of these
populations as the BAK sample is from a small private hatchery in the highland that
utilizes local broodstock and has not imported fish from central hatcheries. The

population TBR is from fish caught in Thac Ba reservoir, which, although stocked
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with fish from Government hatcheries, also maintains an indigenous carp population

which clearly dominates this sample.

The finding that the majority of hatchery stocks had elevated diversity levels
compared with inbred experimental lines and were genetically intermediate is
consistent with stock mixing among the three experiment lines and the known
genetic history of carp in Vietnam. Research by the Vietnamese Government into the
genetic improvement of carp over the last 15 years has led to the development of
three genetically improved lines through a combination of crossbreeding and mass
selection. These lines are referred to as “three blood” carp as all three strains were
used over two generations to produce carp comprising a genetic mixture of the
strains in a 2: 1: 1 ratio. The three strains even though derived by hybridization , are
referred to as the “Indonesian”, “Hungarian” and “Vietnamese” improved strains on
the basis of the female parent used to construct the second generation of the hybrid

crosses (Tran, Nguyen, 1993).

These hybrid lines have been preferentially disseminated to Government provincial
hatcheries (e.g. sample VIP, SOL, HAT, THN) which is consistent with our results
and indicates that the Vietnamese Government’s crossbreeding strategy has been
effective in preventing the erosion of genetic variation which is clearly prevalent in
many domesticated lines of carp (Kohlmann et al., 2005). An important activity for
the future is to investigate the genetic affinities and diversity of carp stocks used by
small scale farms and from the market places to determine the extent to which three
blood carp lines have been disseminated beyond provincial hatcheries. Another

important issue to be addressed is the relative performance of indigenous carp stock
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and the three blood lines in aquaculture ponds. While the three blood lines
potentially represent a richer array of genotypes, they may not perform as well as
locally adapted genotypes present in indigenous and possibly even more inbred
stocks. An effective way to examine these questions would be to undertake
communal rearing experiments using both three blood carp lines and local farmed

carp in farmers’ ponds.

5.4.3 Comparison of microsatellite and mitochondrial DNA data

The use of multiple data sets and information from different molecular markers is
becoming more common in aquaculture research (Davis, Hetzel, 2000; Liu, Cordes,
2004). An example in common carp are Kohlmann et al’s studies which have
employed allozymes, mtDNA and microsatellites (Kohlmann et al., 2003; Kohlmann,
Kersten, 1999; Kohlmann et al., 2005) to study variation and taxonomic questions.
Confidence in the conclusions and insights derived from the patterns of variation at
the four microsatellite utilized in this study are greatly increased due to the high level
of concordance with mtDNA data collected from the same populations (Thai et al.,
2006). Indeed, the level of congruence in the interpopulation relationships derived
from each type of marker as depicted by MDS plots is remarkable (Fig. 5.3; 4.4). In
both analyses the first axis separates the Vietnamese and Indonesian experimental
lines with extreme negative and positive score respectively. Similarly both analyses
highlight the distinctiveness and isolation of the Hungarian experimental line which
has extremely high positive score on axis two compared with the other 19 samples.
The close relationship between the Vietnamese experimental line and the wild
populations and BAK and TBR hatchery populations and the Indonesian

experimental line and the CAT, SAG, SOL, VIP, THN hatchery populations are also
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supported by both data sets. A contrast in the two analyses is the placement of the
HAT, HOB, TUQ, and YEB hatchery samples which are close to the Vietnamese
wild samples in the mtDNA based analyses but are aligned with the main group of
hatchery samples and experimental Indonesian line based on microsatellite data.
These differences may reflect asymmetry in the sex ratio of the parents of the stocks
disseminated to the hatcheries with more female than male Vietnamese carp used to

generate the hybrid lines.

There are also other noteworthy similarities and differences between the data sets.
While both kinds of data were effective at distinguishing the experimental strains the
extent of differentiation was much greater for the mtDNA (F'st = 86.30%) compared
with the microsatellite data (Fst = 23.80%). MtDNA data is expected to be more
effective at detecting differences of this kind as its effective population size is 1/4 of
nuclear DNA and therefore mtDNA haplotypes will drift towards fixation much
more quickly than microsatellite alleles (Ward, Grewe, 1995). The greater
differentiation of the experimental strains in mtDNA profiles, and because they are
largely characterized by different haplotypes, means that the mtDNA is more
effective at detecting population mixing and the origin of the stocks contributing to
mixing. The analysis of microsatellite data using assignment tests is also effective in
this regard and its power can be enhanced by examining additional loci, an option

that is not open to mtDNA as all mtDNA markers are linked.

The mtDNA, due to the greater divergence among experimental lines revealed higher
levels of diversity among hatchery populations compared to the wild populations.

For the microsatellite data the converse was true, which illustrates the point that even
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a crossbreeding strategy to increase diversity can fail if the degree of divergence
between the crossbred strains is not substantial and the parental strains have
diminished variation due to inbreeding. Noteworthy is the significantly reduced
proportion of private alleles in the hatchery populations compared with wild
populations. Thus, if the breeding goal is simply to maximize diversity of farmed
carp, it would be more effective to obtain a reasonably large sample of Vietnamese
wild carp for broodstock, rather than crossbreeding between introduced lines of
common carp which may not generate novel genotypes, that are superior to those

produced by local carp stocks under local conditions.
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Table 5.1. Characteristics of Cyprinus carpio microsatellite loci tested

Locus Primer Size (bp)  Annealing temp. (T °) MgClL
F13: GTC CAG ATC GTC ATC AGG AG

MFW1 184 -230 62 1.5
R:  GTT TGA GGT GTA CAC TGA GTC AGG C
F13: ACC TGA TCA ATC CCT GGC TC

MFW6 130 - 219 62 1.5
R: GTTTGG GAC TTT TAA ATC ACG TTG
F13: TAC TTT GCT CAG GAC GGA TGC

MFW7 192 -262 62 1.5
R:  GTT TAT CAC CTG CAC ATC GCC ACTC
F13: GATCTGCAAGCATATCTGTCG

MFW9 92 - 144 60 1.5

R: GTTTATCTGAACCTGCAGCTCCTC
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Table 5.2. Genetic variability of four microsatellite loci in 20 populations for common carp in Vietnam. Population codes given in Table 4.1.

Locus Parameter HUS  IDY VNW  VIP THN SOL BAK TUQ YEB HOB HAT CAT SAG TBR BGR LOR RER LAR SOR DAL  Average
Cross

population

MFW1 N 50 50 50 50 50 50 50 50 50 50 50 36 34 50 50 50 50 50 50 50 48.50

A 6 4 9 10 10 11 13 7 12 11 11 11 7 12 11 15 12 11 12 14 10.45

He 0.62 057 082 0.83 085 088 0.84 0.80 0.81 0.81 0.83 079 079 085 088 087 09 0.87 080 086 0.81

Ho 048 024 046 048 044 046 062 044 060 048 058 056 047 088 076 086 072 080 0.68 0.78 0.59

PHW *k *k * EES * * * K% * * ok * * n.s. n.s. n.s. * n.s. * *

Fis 0.21 0.53  0.41 0.41 047 046 024 044 024 039 027 027 035 -004 0.12 0 0.18 006 0.02 0.08 026
MFW6 N 50 50 50 50 50 50 50 50 50 50 50 36 34 50 50 50 50 50 50 50 48.50

A 4 7 10 9 8 8 10 6 11 8 9 5 7 11 14 11 11 10 11 10 9.00

He 074 069 086 0.69 073 062 086 074 077 072 0.78 059 074 085 0.85 082 082 085 0.81 083  0.77

Ho 0.60 068 056 078 080 062 0.68 0.64 084 064 072 064 08 068 084 083 08 068 0.70 074 0.72

Py * n.s Hok *k * n.s * * * Hk n.s * n.s * n.s n.s n.s * * n.s

Fis 0.17 0 0.33 -0.14 -0.11 -0.01 0.19 0.12 -0.09 096 0.06 -0.1 -0.18 0.18 0.1 -0.01 0.05 0.18 028 0.09 0.10
MFW7 N 50 50 50 50 50 50 50 50 50 50 50 36 34 50 50 50 50 50 50 50 48.50

A 9 3 10 9 12 15 10 6 11 11 11 10 8 10 11 12 15 9 10 9 10.05

He 0.70 027 084 0.68 059 072 0.82 051 078 049 064 050 034 072 084 086 08 079 0.79 0.84 0.68

Ho 052 022 060 056 034 032 044 028 044 022 032 042 021 0.88 082 074 082 084 082 080 0.3

Py ** n.s. * * * * * * * * * n.s. n.s. n.s. n.s. * n.s. n.s. n.s. n.s.

Fis 024 009 028 0.16 042 053 046 042 041 0.53 04 0.13 034 -022 0.01 0.12 0.06 -0.07 -0.04 0.03 022
MFW9 N 50 50 50 50 50 50 50 50 50 50 50 36 34 50 50 50 50 50 50 50 48.50

A 3 3 4 4 6 4 4 4 4 4 5 5 4 5 4 5 6 5 5 4 4.40

He 062 058 0.74 054 064 062 0.75 0.61 0.63 069 0.69 0.63 0.55 078 0.73 075 075 083 0.86 074 0.69

Ho 042 046 0.72 058 060 066 0.74 076 068 074 094 058 053 078 0.76 078 088 092 098 080 0.72

Py * n.s. n.s. n.s. * n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. * n.s. n.s. n.s. n.s.

Fis 0.3 0.13 0 -0.11 0.04 -0.78 -0.01 -0.25 -0.09 -0.07 -037 0.06 0.02 -0.01 -0.05 -0.56 -0.17 -0.61 -048 -0.09 -0.16
Mean A 550 4.25 8.25 8.00 9.00 950 9.25 5.75 9.50 850 9.00 7.75 6.50 9.50 10.00 10.75 11.00 8.75 9.50 9.25
(all loci) He 0.67 053 0.81 0.68 0.70 0.71 0.82 067 075 0.68 0.73 0.63 060 080 082 082 083 083 081 0.82

Ho 0.51 040 059 060 055 052 062 0.53 0.64 052 0.64 055 051 0.81 0.80 080 082 0.81 0.80  0.78

Py ** * Hx * * *x * * * * * * n.s. n.s. n.s. n.s. n.s. n.s. n.s. *

Fis 023 019 026 0.08 0.21 0.05 022 0.8 0.12 045 0.09 0.09 0.13 -0.02 0.05 -0.11 0.03 -0.11 -0.06 0.03

(N = sample size; A= total number of alleles; He = expected heterozygosity; Ho = observed heterozygosity; P nw = Hardy-Weinberg probability
test: * P <0.05; ** P <0.01; Fis = fixation indices; n.s. = non-significant)
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Table 5.3. Number of private alleles at four microsatellite loci in 20 common carp

populations and group. The population codes are given in Table 4.1

Population

MFWI1

MFW6

Total

HUS

IDY

VN

VIP

TN

SOL

BAK

TUQ

YEB

HOB

HAT

CAT

SAG

TBR

BGR

LOR

RER

LAR

SOR

DAL
Experimental group
Hatchery group
Wild group

1

AN —= W= =

[S—

Ao P WRER WO, OODODODODWONWW—=ON—
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Table 5.4. Pairwise Fst values between 20 common carp populations in Vietnam based on four microsatellite loci. Population codes
given Table 4.1.

HUS IDY VNW VIP THN SOL BAK TUQ YEB HOB HAT CAT SAG TBR BAG LOR RER LAR SOR DAL

HUS

IDY 0.34*

VNW  0.16* 0.21*

VIP 0.20* 0.10* 0.13*

THN  0.17* 0.06* 0.10* 0.01

SOL  0.18* 0.11* 0.10* 0.00 0.01

BAK 0.16* 0.17* 0.00 0.10* 0.07* 0.07*

TUQ  0.20* 0.07* 0.13* 0.01 0.00 0.01 0.10*

YEB  0.19* 0.08* 0.08* 0.02* 0.01 0.02 0.05* 0.02

HOB  0.22* 0.07* 0.11* 0.03* 0.01 0.01 0.08* 0.01 0.03*

HAT  0.21* 0.05* 0.09* 0.03* 0.00 0.02 0.06* 0.01 0.01 0.01

CAT  0.26* 0.06* 0.13* 0.02 0.01 0.01 0.09* 0.01 0.02 0.00 0.01

SAG  0.29* 0.05* 0.15* 0.03* 0.02 0.03* 0.12* 0.01 0.03* 0.02 0.01 0.01

TBR  0.18*% 0.15* 0.02* 0.08* 0.06* 0.06* 0.01 0.08* 0.05* 0.07* 0.05* 0.08* 0.10*

BAG  0.14* 0.20* 0.01 0.11* 0.08* 0.08* 0.01 0.11* 0.07* 0.10* 0.08* 0.12* 0.15* 0.01

LOR  0.13* 0.18* 0.02* 0.09* 0.06* 0.07* 0.01 0.10* 0.06* 0.09* 0.06* 0.10* 0.12* 0.01 0.00

RER  0.10* 0.19* 0.02* 0.09* 0.06* 0.07* 0.02 0.10* 0.06* 0.09* 0.07* 0.11* 0.13* 0.01 0.00 0.00

LAR  0.18* 0.21* 0.03* 0.14* 0.10* 0.11* 0.03* 0.14* 0.08* 0.13* 0.09* 0.13* 0.16* 0.02 0.01 0.01 0.02*
SOR  0.18* 0.16* 0.04* 0.10* 0.07* 0.08* 0.03* 0.10* 0.06* 0.09* 0.06* 0.09* 0.11* 0.02* 0.02* 0.02* 0.02* 0.01
DAL  0.15*% 0.19* 0.00 011* 0.08* 0.08* 0.00 0.11* 0.06* 0.10* 0.07* 0.11* 0.14* 0.01 0.00 0.00 0.01 0.01 0.02*

* P <0.05 following sequential Bonferroni correction. See Table 1 for samples code details.
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Table 5.5. Results of assignment test (self-classification) of common carp individuals based on four microsatellite loci. Population code
are given in Table 4.1.

n HUS IDY VNW VIP THN SOL BAK TUQ YEB HOB HAT CAT SAG TBR BAG LOR RER LAR SOR DAL

HUS 50 45 2 1 1 1

IDY 50 36 3 11

VNW 50 2 20 5 1 1 1 3 2 4 4 7
VIP 50 6 18 8 1 2 1 2 12

THN 50 4 16 1 10 1 2 2 10 1 3

SOL 50 & 15 2 2 2 2 2 5 7 1 1 3
BAK 50 4 4 10 3 14 2 2 1 1 2 3 3 1
TUQ 50 12 11 10 1 2 4 9 1

YEB 50 3 10 5 1 18 9 1 1 2

HOB 50 3 11 5 1 2 20 2 5 1
HAT 50 10 5 3 11 3 10 1 3 2 2
CAT 36 11 3 12 8 1 1
SAG 35 10 4 1 2 16 1 1
TBR 50 8 3 5 1 1 1 1 6 12 7 1 1 2 1
BAG 50 1 1 4 30 10 1 3

LOR 50 1 2 2 1 42 1 1
RER 50 2 2 3 1 1 2 4 34 1

LAR 50 1 2 4 39 2 2
SOR 50 4 3 4 35 4
DAL 47 12 1 3 1 4 3 1 22
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Table 5.6. Genetic diversity of experimental, hatchery and wild common carp
groups in Vietnam based on variation at four microsatellite loci (Intra =

intrapopulation, Inter = interpopulation, values are %).

Group Intra  Inter P-value F'st A-richness Ho
Experiment  76.18 23.8  <0.001 0.24 5.83 0.50
Hatchery 96.12 3.88  <0.001 0.03 8.00 0.59
Wild 98.97 1.03 <0.001 0.01 9.26 0.80
All 92.04 796 <0.001 0.08 - -

P -value

<0.001 <0.001
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Figure. 5.2. UPGMA dendrogram of common carp populations in Vietnam based on
matrixes of genetic distance (Nei ef al., 1983).
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Figure. 5.3. MDS plot of genetic distance (Nei et al., 1983) among experimental,
hatchery and wild populations of common carp in Vietnam. Population codes are

given in Table 4.1.
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Chapter 6.

Phylogenetic evaluation of subfamily classification of the

Cyprinidae, focusing on Vietnamese species

6.1 Introduction

The Cyprinidae is the largest freshwater fish family in the world with over 200
genera and 2,000 species (Liu, Chen, 2003). While the family has a relatively diverse
fauna in Africa, Europe and North America, over 1,200 species are recorded from
Asia with the centre of diversity being China and South East Asia (Liu, Chen, 2003).
A large number of well known fish species belong to the Cyprinidae including the
barbell, the barbs, the common carp, goldfish, chubbs and roach. The family also
contains many species important to aquaculture and inland fish production with an
annual world production over 17 million tones (FAO, 2003). The Cyprinidae is, thus,

perhaps the most important taxonomic group of fish consumed by humans.

As with many Asian countries, Vietnam has an abundant cyprinid fauna with over
220 recognised species. Members of the family play an important role in aquaculture
in Vietnam (Nguyen, Ngo, 2001). There are 13 indigenous and five introduced
species that contribute to about 75% of inland fish production in the country.
Cyprinids are mainly cultured in polyculture systems, the main species being silver
carp (Hypoththalmichthys molitrix Cuvier & Valencienes 1844), grass carp
(Ctenopharyngodon idella Steindachner 1866), bighead carp (Aristicchthys nobilis
Richardson 1844), rohu (Labeo rohita Hamilton 1822), mrigala (Cirrhinus cirrhosus

Hamilton 1822) and local fish species such as common carp (Cyprinus carpio
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Linnaeus 1758 ) (Nguyen et al., 2005). A number of Vietnamese cyprinids have

restricted distributions and are threatened due to over-fishing, interbreeding between
indigenous and introduced exotic species or translocated native species (Nguyen,
Ngo, 2001), environmental degradation and anthropogenic changes such as

construction of reservoirs and hydroelectric dams.

Taxonomically, the Cyprinidae have been divided into a greater or lesser number of
subfamilies (Chen et al., 1984; Nguyen, Ngo, 2001; Rainboth, 1996). For example,
Chen et al. (1984), based on a cladistic analysis divided the cyprinids into 10
subfamilies (Labeoninae + Cyprininae + Barbinae + Tincinae + Acheilognathinae +
Gobioninae + Xenocyprininae + Cultrinae + Leuciscinae + Danioninae or
Rasborinae). In contrast, Rainboth (1996) divided the Cyprinidae into just four

subfamilies (Alburinae + Danioninae + Leuciscinae + Cyprininae).

The taxonomic confusion and uncertainties within the cyprinids are evident by
considering just the taxonomic treatment of Vietnamese cyprinids. Mai (1978)
recognized 9 subfamilies (Cyprininae + Barbinae + Acheilognathinae + Gobioninae
+  Gobiobotinae +  Xenocyprinae +  Cultrinae +  Leuciscinae  +
Hypophthalmichthyinae). In contrast, Truong and Tran (1993) and Mai et al. (1992)
placed Vietnamese cyprinids just into four groups (Cyprininae + Abraminae +
Rasborinae + Garrinae). Recently, Nguyen and Ngo (2001) divided cyprinids in
Vietnam into 11 subfamilies (Labeoninac + Cyprininaec + Barbinae -+
Acheilognathinae + Gobioninae + Gobiobotinae + Xenocyprinae + Cultrinae +
Leuciscinae + Danioninae + Hypophthalmichthyinae). Such contrasting opinions on

cyprinid classification hinder evolutionary, biogeographic and even comparative
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studies, and are clearly undesirable for such a widespread and important group of

fishes.

Molecular phylogenetic studies are increasingly being used to investigate cyprinid
classification and evolution at a variety of taxonomic levels including the validity of
various families and their inter-relationships using nucleotide sequences from the
mtDNA Cyt b (Briolay et al., 1998; Cunha et al., 2002; Durand ef al., 2002; Fuchs et
al., 2000; Gilles et al., 1998; Zardoya, Doadrio, 1998; Zardoya et al., 1999) and CR
(Gilles et al., 2001; Liu, Chen, 2003).While these studies bring important new insight
into the evolutionary history of the family and its taxonomic classification, most
studies have focused on European, Eurasian, North America and East Asian cypinids
with the sampling of species from South East Asia including Vietnam having been

neglected so far.

In the present study, sequences of the mtDNA /6S, CR and Cyt b fragments were
used to evaluate taxonomic and phylogenetic relationships within the Cyprinidae.
Using sequences obtained from previous studies and from a set of species obtained
from Vietnam, subfamily groupings are critically examined and the relationships
suggested by Chen et al. (1984) and Cavender and Coburn (1992) and Gilles et al.
(2001) are evaluated using maximum likelihood based hypothesis testing procedure

(Shimodaira, Hasegawa, 1999).
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6.2 Materials and Methods

6.2.1 Sample collection

Vietnamese cyprinid species were identified using the taxonomies of Cavender and
Coburn (1992) and Nguyen and Ngo (2001). Tissue samples of cyprinids were
obtained from fish kept in the National Brood Stock Center of RIA1, Hai Duong,
Vietnam. The fish were originally obtained by Fish Gene Conservation Programs in
2004 and 2005, or collected from lakes, reservoirs and rivers in Vietnam using seine
net and baited traps. Tissue samples were preserved in 90% ethanol and voucher
specimens were preserved in 70% ethanol and deposited in the Fish Museum of
RIA1. Sampled species, GenBank accession numbers and collection localities are

given in Table 6.1.

6.2.2 DNA extraction and PCR amplification

Total DNA was extracted from fin-clip tissue, following the Crandall et al. (1999)
method. One or two individuals were first analysed by direct sequencing from each
species. The Cyt b gene was polymerase chain reaction amplified using the primers
H15891 (5’GTT TGA TCC CGT TTC GTG TA 3’) and L 15267 (5 AAT GAC
TTG AAG AAC CAC CGT 3’°) (Briolay et al., 1998). The CR was amplified by
using the primers Carp-Pro (5 AAC TCT CAC CCC TGG CTA CCA AAG 3’), and
Carp-Phe (5> CTA GGA CTC ATC TTA GCA TCT TCA GTG 3’) (Thai et al.,
2004). The 16S region was amplified using the primers 16Sar (5> GCC TGT TTA
ACA AAA ACA T 3’) and 16Sbr (5° CCG GTCTGA ACT CAG ATC ATG T 3°)

(Simon et al., 1991). PCR was carried out in 50 ul reaction volumes (1 X reaction

buffer, 2 mM dNTP, 1.5 mM MgCl,, 0.5 uM of each primer, 0.5 units Tagq
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polymerase, and approximately 200 ng DNA template). Thermal cycling

comprised 95 °C for 3 min, followed by 34 cycles of 95 °C for 30s, annealing at 55
°C (CR and Cyt b) and 58 °C (165) for 30s, and an extension temperature of 72 °C for
1 min. This was then followed by a final extension of 72 °C for 3 min. PCR products
were purified using the Qiagen (Hiden Germany) QIA quick PCR purification kit,
following ABI PRISM BigDye Terminator (Foster city, CA, USA) protocols. For

each individual, sequencing reactions were performed using both primers.

6.2.3 Data analysis

According to Gilles et al. (2001), and Liu et al. (2002), both morphology and
molecular genetic data supports a monophyletic Cyprinidea. Following Liu and Chen
(2003), sequences of Crossostoma lacustre from the Balitoridae (GenBank access
number: M91245) were used as the outgroup. Two data sets were assembled for the
analysis of cyprinid relationships. For the first data set, the 29 CR sequences
generated in this study were combined with 27 CR sequences of the same length
available for cyprinid species from GenBank. The second data set consisted of CR,
16S and Cyt b sequence obtained in this study from 23 species and were combined
with 9 additional cyprinid species for which sequence for these same mtDNA regions

and length are available from GenBank.

Sequences were aligned using CLUSTAL X (Thompson et al., 1997). To test for
phylogenetic signal, a gl statistic was calculated using 100,000 random trees as
described by Hillis and Huesenbeck (1992). Four tree building methods of the were
used to reconstruct phylogenetic relationships: maximum-likelihood (ML),

neighbour-joining (NJ) and maximum parsimony (MP) were implemented using



130
PAUP* 4.0b10 (Swofford, 2000); and Bayesian methods were carried out using

MrBayes 3.0 (Huelsenbeck, Ronquist, 2001). The appropriate model of evolution for
ML, NJ and Bayesian analyses was obtained via testing alternative models of
evolution using Modeltest (Posada, Crandall, 1998). Heuristic searches used for ML
analyses consisted of 100 replicates of random sequence additions, while non-
parametric bootstrapping consisted of 100 replications with 10 random sequence
additions. MP analyses were performed with gaps treated as missing data, heuristic
searches as per maximum-likelihood analyses, but with 1,000 non-parametric
bootstrap replicates. The NJ tree was constructed with distances calculated under the
same model of evolution as the ML analysis, with bootstrapping performed using
1,000 replicates. Bayesian analyses were performed using the same general model
identified by Modeltest. Analyses were initiated with random starting trees and run
for 1.0 x 10° generations, sampling the four Markov chains every 100 generations
resulting in 10,000 trees. The likelihood scores of the sampled trees were plotted
against generation time to ensure that stationarity was reached, trees generated prior
to stationarity being reached were discarded as “burn-in” (1,500 trees in this case).
Bayesian posterior probabilities of each bipartition, representing the percentage of
times each node was recovered were calculated from a 50% majority rule consensus

of the remaining trees.

6.2.4 Phylogenetic hypothesis testing

To test taxonomic and phylogenetic hypotheses proposed by other authors,
comparisons were made between trees derived from these hypotheses and the
optimal trees recovered by our analysis, using the SH test (Shimodaira, Hasegawa,
1999). Due to incomplete or limited taxonomic sampling Gobiobotinae,

Acheilognathinae, Phoxininae, Alburninae and Schizothoracinae were excluded from
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hypothesis testing. Three hypotheses for taxonomic and phylogenetic

relationships of Vietnamese cyprinid species, as proposed by Chen et al’s. (1984),
Cavender and Coburn’s (1992) and Gilles et al’s. (2001) studies, were tested (Table

6.2).

6.3 Results

6.3.1 Sequence variation

All sequences obtained in this study have been submitted to GenBank (accession
numbers DQ464904-464992; DQ864654-864655). A summary of the characteristics
of each mitochondrial region is presented in Table 6.3. It can be seen from Table 6.3
that all three fragments show significant phylogenetic signal (based on g1 values).

The CR sequences show the most variation and the /6S region the least.

The combined /65/Cytb/CR data set consisted of 1,786 aligned nucleotide positions.
Of these, 861 were variable and 636 parsimony informative. The partition
homogeneity test did not reject phylogenetic congruence between these mtDNA
fragments (P <0.05), allowing their combination for phylogenetic analyses. Tree
length frequency distributions were significantly skewed for all taxa (g1 = -1.250; P
<0.05), suggesting the presence of phylogenetic signal. The model selection for the
NJ and ML analysis was TRN + I + G which accommodates differing transition/
tranversion mutation rates. Percentage sequence divergence among taxa ranged from
0.0% (Tor tambroides and Tor stracheyi) to 31.6% (Danio rerio and Hampala

macrolepidota).
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6.3.2 Phylogenetic analysis

Following the classification of Cavender and Coburn (1992), the relationship among
51 cyprinid species representing 41 genera and 12 subfamilies were evaluated using
the CR sequences. In general, shallower relationships were resolvable to a much
greater extent than at the deeper levels, which is consistent with the known rapid rate
of evolution of this mtDNA region (Fig. 6.1; 6.2; 6.3; 6.4). The NJ, ML and
Bayesian methods of analysis generated almost identical relationships but with
varying levels of nodal support. Many of the relationships were unresolved using MP
but those that were, mostly similar to the other analyses. The tree indicated many
inconsistencies with the current classification. At the family level, species of
Cultrinae and Xenocyprinae did not form the two anticipated monophyletic groups,
although together these species form a well supported monophyletic lineage. Sister to
this lineage is a well supported group containing representatives of the Leuciscinae,
Gobininae, Achelognathinae, Tinciae and Gobiobtinae, entirely consistent with the
current classification, although only the Leuciscinae is represented by more than two

species.

The remaining species form a sister group to the two previously discussed lineages
that failed to clarify deeper level relationships. Further, the analyses do not support a
monophyletic Barbininae with species of this subfamily distributed across four
divergent lineages with varying levels of support. The Labeoninea is also non-
monophyletic on the basis of the placement of Hampala macrolepidota (Barbininae)
as sister to Lobocheilos melamotaenia. Otherwise there is some support for the
Labeoninae as a natural group. In contrast the Cyprininae receives significant support

as a monophyletic group based on five species representing three genera.
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There are number of genera in the data set that are represented by two or more
species and it is apparent that the morphologically based classifications of cyprinids
fails in many cases at this level as well. While the genera Tor (three species), Barbus
(two species), Cyclocheilichthys (two species) and Gobio (two species) are
monophyletic, the genera Culter (three species), Leuciscus (three species), Cirrhinus
(two species), Cyprinus (two species) and Carassiodes (two species) are all non-

monophyletic.

An examination of divergence levels between species within genera, and species
belonging to different genera, also indicates inconsistencies in the morphologically
based cyprinid taxonomy. Divergence levels between monophyletic congeneric
species supported by the phylogenetic analyses, range from 0.90 to 16.4% which
overlaps broadly with divergence levels for monophyletic species pair placed in
different genera which ranges from 0.52% to 50.03 %. There was also no support for
Cyprinus melanes as a distinct taxon as this sample clustered within the C. capio
sample with very low divergence levels (1.02-1.91%). Other species pairs that show
very high levels of similarity are Tor Tambroides and Tor stracheyi (0.00%) and
Cyclocheilichthys repasson and Cyclocheilichthys apogon (1.25%), and are therefore

of questionable status as valid species.

The data set consisting of the concatenated 76S, CR, and Cyt b sequences
successfully clarified deeper level relationships, despite more limited taxon sampling.
The different methods of analysis recovered similar results with the exception that

the maximum likelihood analysis placed Carassioides cantonensis, rather than
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Carassiodes phongnhaensis as a sister to Carassius auratus and the parsimony

analysis placed Danio rerio in an alternative position (Fig. 6.5; 6.6; 6.7; 6.8). The
cyprinids were divided into the same two major clades by each analysis, with
exception that Danio rerio, was placed in a more basal clade either as sister to a
clade containing (Tincinae, Gobionia, Leuciscinae, Xenocyprinae and Cultrinae) (Fig.
6.5; 6.6; 6.8) or as sister to all other taxa (Fig. 6.6). Similarly to the CR analysis, all
the European subfamilies (excluding Danioninae) form a monophyletic group which
is sister to a clade containing representatives of the Xenocyprinea and Cultrinae.
Also consistent with the CR only analysis, Xenocyprinae is non-monophyletic and

the monophyly of the Cultrinae is only weakly supported.

The other major lineage which is well supported by the concatenated data contains
the Cyprininae, the Labeoninae, and the Barbininae. While the Cyprininae is
supported as monophyletic the Barbininae and Labeoninae are non-monophyletic
which is also consistent with the CR analysis. All members of this lineage are from
Asia with the exception of the sample of C. carpio from Hungary. The 16S, Cyt b,
and CR analysis also fails to support several generic level grouping including
Leuciscus (Leuciscinae), Cirrhinus (Labaoninae) and Carassiodes (Cyprininae).
Lastly, the analysis also fails to provide support for the recognition of Cyprinus

melanes as a distinct species from common carp.

The testing of specific taxonomic hypotheses using the Shimodaira and Hasegawa
(1999) procedure rejects several of them. The hypothesis of Chen et al. (1984) was
rejected as significantly inferior to the optimal tree, as was also the monophyly of the

Xenocyprinae and the Cutrinae. Based on the data set utilized in this study, none of



135
the alternative taxonomic hypotheses could be statistically rejected, even though

subfamilies such as Barbininae are non-monophyletic based on the reconstructed

trees.

6.4 Discussion

Comparison of the results of this study with the literature on Cyprinidae systematics
is complicated because of the diversity of the family and the many and varied data
sets with respects to kinds of data (molecular and morphological) and taxa sampled
and methods of analysis that have been used (Cavender, Coburn, 1992; Chen et al.,
1984; Gilles et al., 2001; Gosline, 1978; Howes, 1991; Nelson, 1994). Nevertheless

some key points of agreement emerge between this and other studies.

At the deepest taxonomic level the results from the combined 7165/ Cyt b/ CR data
supports a fundamental division between the Cyprinine (Cyprininaec + Barbinae +
Labeoninae + Schizothoracinae) and the Leuciscine (Leuciscinae + Acheilognathinae
+ Gobioninae + Gobiobotinae + Tincinae), with the Rasborinae or Danioninae
joining the Leuciscine lineage at the most basal position in all analyses other than
parsimony. This association of the Danioninae with the Leuciscine lineage, rather
than as the sister group to (Leuciscine + Cyprinine) is consistent with the
morphological based analysis of Cavender and Cobum (1992) and the molecular
study of Liu and Chen (2003). However, with respect to the placement Danioninae,
our results are contrary to both the morphologically based study of Chen et al. (1984)
and Gilles et al’s (2001) molecular study. The weight of evidence would seem to
favour the Danioninae as the sister lineage to the Leuciscinae as it is supported by

two molecular studies using different tree building methods and does not require the
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independent evolution of a complex morphological trait associated with the

pleural rib in two separate lineages (Gilles et al., 2001). However, it should be noted
that the parsimony-based analysis in this study supported Gilles et al’ s. (2001) study,
which used only parsimony-based analyses suggesting their conclusion may be a
result of inherent limitations to parsimony methods known as “long-branch”
attraction. Further, while Chen’s hypothesis could be rejected at very low level of
significance, Gilles et al’s (2001) hypothesis could not. Thus, this hypothesis
requires further testing through greater taxon and gene sampling before it can be

categorically refuted.

The close relationship of the Tincins to the Leuciscin taxa is supported by three
previous molecular studies (Gilles et al., 2001; Liu, Chen, 2003; Zardoya, Doadrio,
1998) and by the Cavender and Coburn’ s (1992) morphological study. This
contradicts the morphological data of Chen et al. (1984). However, the precise
relationships of the Tincins is uncertain as it is variously placed by different analyses
as basal to the other Leuciscine taxa, as part of a polyphyletic node, or associated
with a clade containing representative of the Gobioninae, Leuciscinae and

Acheilognathinae.

Some strongly supported relationships such as between Cultrin and Xenocyprinin
species is entirely consistent with both morphological (Cavender, Coburn, 1992) and
molecular studies (Liu, Chen, 2003), although support for the monophyly of each
subfamily is inconsistent based on this study and that of Liu and Chen (Liu, Chen,

2003). Another strongly supported relationships which is consistent with Liu and



137
Chen but is contrary to the morphologically based analyses of Cavender and

Coburn (1992), is that between species of Leuciscinae and Gobioninae.

The other major lineage contains the Barbins and Labeonins, which together make up
the Cyprinidae, a group that has been recovered by the major morphological analyses
and all major molecular analyses (Durand et al., 2002; Gilles et al., 2001; Liu, Chen,
2003; Zardoya, Doadrio, 1999). While this study suggested the Cyprinine may be
monophyletic, it is only based on limited taxon sampling. In contrast, the data
suggest that Labeoninae and Barbinae are non-phylogenetic. Other studies sampling
different species have concluded that the Barbinae is polyphyletic including the
genus Barbus its self. In addition, Durand et al. (2002) commented that
morphological characters are “sometimes irrelevant” in phylogenetic inference in the
cyprinids. This comment is also seen to be at least partially true for several other
genera that were found to be non-monophyletic in this study and the study of Gilles
et al. (2001) and Zardoya and Doadria (1999) including Culter, Leuciscus, Labeo,
Cirrhinus, Carassioides, to which can be added Rutilus and Chodrostonma, based on

Zardoya and Doadrio (1999).

The data from this study indicates that deficiencies in morphological information
extend to the lowest taxonomic level. Thus re-examination of species boundaries in
several genera, including Tor, Cyclocheilichthys and Cyprinus are required. Based on
morphological data, six species were identified in Cyprinus: C. carpio Linnaeus,
1758; C. melanes Yen, 1978; C. quidatensis Tu et al, 1999; C. multitaeniata
Pellegrin and Chevey, 1936; C. hyperdosalis Hao, 1991, and C. exopghthalmus Yen,

1978 (Nguyen, Ngo, 2001). In this study, C. carpio and C. melanes is not
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differentiated at the molecular level. In fact, from the phylogenetic analysis, it is

very clear that the levels of divergence within the genus Cyprinus are very modest
compared with other genera and this analysis does not support the division of the
genus into more than one species. An interesting observation is that Carassiodes
phong- nhaensis may be more closely related to Cyprinus than it is to Carassioides
cantonensis. This suggests that Carassioides phongnhaensis may be a more
appropriate outgroup for phylogenetic studies of Cyprinus and that the species could

be placed in the genus Cyprinus rather than Carassiodes.

In summary, the result of this study confirms and contradicts elements of both
morphological and molecular studies of the Cyprinidae at various taxonomic levels.
Nevertheless, it is clear that there are two principal lineages within the Cyprinidae:
Cyprinie and Leuciscine and that further molecular studies are required to define
well supported monophyletic groups within each of these lineages that can be
associated with existing named groups and morphological information. Such studies
will need substantial taxon sampling to ensure the generality of the results and that

stable taxonomic classification can be constructed.
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Table 6.1. Species, sampling localities, GenBank access numbers subfamily designation as proposed by previous studies.(* samples from this study)

Species Code  Locality  Cytb 16S CR Chen et al. (1984) Cavender & Gilles et al. (2001) Nguyen & Ngo (2001)
Coburn (1992)

Ancherythroculter daovantieni ANC*  Vietnam  DQ464975 DQ464929 DQ464940 Cultrinae Cultrinae Cultrinae Cultrinae
Aristicchthys nobilis BHC*  Vietnam DQ464976 DQ464908 DQ464949 Xenocyprinae Xenocyprinae Xenocyprinae Hypophthalmichthyinae
Barbonymus gonionotus BOB*  Vietnam DQ464945 Barbinae Barbinae Barbinae Barbinae
Babus fluviatilis BAF Europe AJ388415 Barbinae Barbinae Cyprininae Cyprininae
Barbus meridionali BAM  Europe AJ388417 Barbinae Barbinae Cyprininae Cyprininae
Carassiodes phongnhaensis CHA  Vietnam DQ464946  Cyprininae Cyprininae Cyprininae Cyprininae
Carassioides cantonensis NHU  Vietnam DQ464980 DQ464930 DQ464962 Cyprininae Cyprininae Cyprininae Cyprininae
Carassius auratus CRU*  Vietnam DQ464978 DQ464926 DQ464961 Cyprininae Cyprininae Cyprininae Cyprininae
Chondrostonma nanus CHO Europe  AY026402 AJ247047 AJ388396 Leuciscinae Leuciscinae Leuciscinae Leuciscinae
Cirrhinus cirrhosus MRI*  Vietham DQ464981 DQ464904 DQ464952 Labeoninae Labeoninae Labeoninae Labeoninae
Cirrhinus molitorella MUD*  Vietnam DQ464968 DQ464921 DQ464964 Labeoninae Labeoninae Labeoninae Labeoninae
Crossotoma lacustre (outgroup) ~ CRO Taiwan? M91245  M91245  M91245 Balitorinae Balitorinae Balitorinae Balitorinae
Ctenopharyngodon idellus GRC*  Vietham DQ464983 DQ464928 DQ464953 Leuciscinae Xenocyprinae Leuciscinae Leuciscinae
Culter alburns CUT China AY095331 Cultrinae Cultrinae Cultrinae Cultrinae
Culter mongolieus CUM  China AY095329 Cultrinae Cultrinae Cultrinae Cultrinae
Culter oxycephaloides Cuo China AY095328 Cultrinae Cultrinae Cultrinae Cultrinae
Cultrichthy erythropterus THI* Vietham  DQ464977 DQ464934 DQ464954 Cultrinae Cultrinae Cultrinae Cultrinae
Cyclocheilichthys repasson CLO*  Vietnam DQ464938 Barbinae Barbinae Barbinae Barbinae
Cyclocheilichthys apogon CYL*  Vietnam DQ464989 DQ464918 DQ464955 Barbinae Barbinae Barbinae Barbinae
Cyprinus carpio XIN*  China AY347282 DQ864655 DQ532110 Cyprininae Cyprininae Cyprininae Cyprininae
Cyprinus carpio BBC1  China AY347303 Cyprininae Cyprininae Cyprininae Cyprininae
Cyprinus carpio LBW  Japan AB158803 AP009047 AB158808 Cyprininae Cyprininae Cyprininae Cyprininae
Cyprinus carpio HUS*  Hungary DQ532114 DQ864654 AY597981 Cyprininae Cyprininae Cyprininae Cyprininae
Cyprinus carpio CYC*  Vietnam DQ464969 DQ464909 DQ464944 Cyprininae Cyprininae Cyprininae Cyprininae
Cyprinus melanes CYM* Vietnam DQ464970 DQ464910 DQ464943 Cyprininae Cyprininae Cyprininae Cyprininae
Dangila lineatus DAN*  Vietnam  DQ464991 DQ464907 DQ464939 Labeoninae Labeoninae Labeoninae Labeoninae
Danio rerio DAR Europe ~ NC002333 NC002333 NC002333 Danioninae Rasborinae Rasborinae Rasborinae

Discogobio tetrabarbatus DIS China AY095326 Labeoninae Labeoninae Labeoninae Labeoninae




Table 6.1. continued..

140

Species Code Locality  Cyrb 16S CR Chen et al. (1984) Cavender & Gilles et al. (2001) Nguyen & Ngo (2001)
Coburn (1992)
Distoechodon tumirostros DTT China AYO014165 Xenocyprinae Xenocyprinae - Xenocyprinae
Gobio gobio 1 GOB Europe AJ388393 Gobioninae Gobioninae Gobioninae Gobioninae
Gobio gobio 2 GOG  Europe  AJ388431 AJ247056 AJ388392 Gobioninae Gobioninae Gobioninae Gobioninae
Gobiobotia filifer GOF  China AY095341 Gobiobotinae Gobiobotinae Gobiobotinae Gobiobotinae
Hampala macrolepidota HAN*  Vietnam DQ464974 DQ464916 DQ464947 Barbinae Barbinae Barbinae Barbinae
Hemicuter leucisculus MXA* Vietnam DQ464973 DQ464923 DQ464957 Cultrinae Cultrinae Cultrinae Cultrinae
Hypophthalmichthys molitrix SIL*  Vietnam DQ464966 DQ464936 DQ464958 Xenocyprinae Xenocyprinae Xenocyprinae Hypophthalmichthyinae
Label bicolor LBI Europe AJ388414 Cyprininae Cyprininae Cyprininae Cyprininae
Labeo rohita ROH*  Vietnam DQ464965 DQ464935 DQ464950 Labeoninae Labeoninae Labeoninae Labeoninae
Leuciscus cabeda LEU Europe AJ388406 Leuciscinae Leuciscinae Leuciscinae Leuciscinae
Leuciscus cephalus LEC Europe  AJ252805 AJ247054 AJ388407 Leuciscinae Leuciscinae Leuciscinae Leuciscinae
Leuciscus sofia LES Europe AJ388398 Leuciscinae Leuciscinae Leuciscinae Leuciscinae
Lobocheilos melanotaenia LOB*  Vietham DQ464990 DQ464917 DQ464948 Labeoninae Labeoninae Labeoninae Labeoninae
Mylopharyngodon piceus BLC*  Vietnam DQ464971 DQ464905 DQ464937 Leuciscinae Xenocyprinae Leuciscinae Leuciscinae
Paracheilognathus imberbis PAR China AYO017147 Acheilognathinae  Acheilognathinae Acheilognathinae  Acheilognathinae
Puntius brevis PUB  Vietnam DQ464967 DQ464912 DQ464942 Barbinae Barbinae Barbinae Barbinae
Rasbora trilineata RAT Europe AJ388423 Danioninae Rasborinae Rasborinae Rasborinae
Rhodeus amarus RHA Europe AJ388412 Acheilognathinae  Acheilognathinae Acheilognathinae ~ Acheilognathinae
Rutilus rubilio RUT Europe AJ388400 Leuciscinae Leuciscinae Leuciscinae Leuciscinae
Schizothorax chongi SCH China AY095325 Schizothoracinae  Schizothoracinae Schizothoracinae  Schizothoracinae
Semilabeo obscurus AVU*  Vietnam DQ464988 DQ464913 DQ464963 Labeoninae Labeoninae Labeoninae Labeoninae
Sinibrama macrops SIM China AY095332 Cultrinae Cultrinae Cultrinae Cultrinae
Spinibarbus denticulatus BON*  Vietnam DQ464984 DQ464906 DQ464956 Barbinae Barbinae Barbinae Barbinae
Tinca tinca TIN Europe  Y10451 AJ247053 AJ388411 Tincinae Tincinae Tincinae Tincinae
Tor duronensis TOD*  Vietnam DQ464986 DQ464925 DQ464959 Barbinae Barbinae Barbinae Barbinae
Tor stracheyi TOS*  Vietnam DQ464987 DQ464915 DQ464951 Barbinae Barbinae Barbinae Barbinae
Tor tambroides TOT*  Vietnam DQ464985 DQ464914 DQ464960 Barbinae Barbinae Barbinae Barbinae
Toxabramis houdemeri TOX*  Vietnam DQ464972 DQ464924 DQ46494]1 Cultrinae Cultrinae Cultrinae Cultrinae
Xenocypris hupeiensis XEH China AY014164 Xenocyprinae Xenocyprinae Xenocyprinae Xenocyprinae
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Table 6.2. Major hypotheses for phylogenetic relationships of cyprinid species.

Hypothesese Topology

Chenetal., (1984)  (((Barbininae, Cyprininae), Labeoninae), Tincinae), (Danioninae,
(Gobioninae, ((Xenocyprinae, Cultrinae), Leuciscinae)));

Cavender and (((((((Barbininae, Cyprininae), Labeoninae), Tincinae),

Coburn's (1992) (Xenocyprinae, Cultrinae)), Leuciscinae), Gobioninae), Danioninae);

Gilles et al ., (2001)  (((((((Barbininae, (Cyprininae, Labeoninae), Tincinae), (Xenocyprinae,

Cultrinae)), Gobioninae), Leuciscinae), Danioninae);
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Table 6.3. Summary of results of phylogenetic analysis in three mitochondrial DNA

gene regions of cyprinid species.

16S Cytb CR
# sites 446 582 758
% variable sites 13.229 7.045 17.282
% Parasimony infomative 10.538 3.952 46.438
Ti/Tv 3.13 2.11 1.365
Sequence divergence (%) 0.5-17.23 0.5-26 0.6-38
gl -0.428 -0.481 -0.548
Model of evolution HKY +I1+G  GTR+1 HKY+I+G
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Table 6.4. Tests of alternate phylogenetic hypotheses using combine /65, CR, Cyt b
regions, Shimodaira-Hasegawa (SH) test. (* significant difference between optimal
and alternate topologies, P <0.05.

Tree InL Diff-InL P
Optimal 16786.822 (best)

Chen et al . (1984) 16887.860 97.316 0.000*
Cavender and Coburn (1992) 16793.900 7.077 0.400
Gilles et al . (2001) 16792.410 7.062 0.562
Cyprininae 16798.804 21.012 0.530
Barbininae 16737.129 47.337 0.120
Labeoninae 16792.151 2.360 0.710
Xecyprinae 16891.804 72.012 0.001*
Cultrinae 16873.140 80.976 0.035*

Leuciscinae

16705.702

15.910

0.560
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Figure. 6.1. Phylogenetic tree resulting from neighbour-joining analysis of
mitochondrial DNA CR of 51 cyprinid species. Numbers on each branch represent
bootstrap support . The subfamily groups are based on Cavender and Coburn
(1992).VN: Vietnam, CN: China, ID: India, JP: Japan, EU: Europe. Bold indicates

samples used in combined three region data sets.
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Figure. 6.2. Phylogenetic tree resulting from maximum parsimony analysis of
mitochondrial DNA CR of 51 cyprinid species. Numbers on each branch represent
bootstrap support. The subfamily groups are based on Cavender and Coburn
(1992).VN: Vietnam, CN: China, ID: India, JP: Japan, EU: Europe. Bold indicates
samples used in combined three region data sets.
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Figure. 6.3. Phylogenetic tree resulting from maximum likelihood analysis of
mitochondrial DNA CR of 51 cyprinid species. Numbers on each branch represent
bootstrap support. The subfamily groups are based on Cavender and Coburn
(1992).VN: Vietnam, CN: China, ID: India, JP: Japan, EU: Europe. Bold indicates
sample used in combine three region data sets
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Figure. 6.4. Phylogenetic tree resulting from Bayesian analysis of mitochondrial
DNA CR of 51 cyprinid species. Numbers on each branch represent Bayesian
posterior probabilities. The subfamily group are based on Cavender and Coburn
(1992).VN: Vietnam, CN: China, ID: India, JP: Japan, EU: Europe. Bold indicates

samples used in combine three region data sets.



148

72 ~ Cyprinus carpio HU 3\
83|LCyprinus carpio CN
99 Cyprinus carpio VN
100 yprinus melanes /N Cyprininae

Cyprinus carpio  JP (Lake Biwa)
100 Carassiodes phongnhaensis VN

9 | phong
{Camssius auratus VN

arassioides cantonensis VN

irrhinus molitorella VN h _
1 Dangila lineatus VN Labeoninae

- 100 Semilabeo obscurus VN
97 ampala macrolepidota VN - Barbininae
7 .obocheilos melanotaenia VN — Labeoninae
| Cirrhinus cirrhosus ID .
abeo rohita ID ] Labeoninae
Cyclocheilichthys apogon VYN

N
— Spinibarbus denticulatus VN

— 100 | Tor stracheyi VN Barbininae
100 " Tor tambroides VN
— Tor duronensis VN )
Mylopharyngodon piceus VN 3
100 ——Aristicchthys nobilis VN Xenocyprinae
62 ;Hypophthalmichthys molitrix VN -
Ancherythroculter daovantieni VN )
90 Cultrichthy erythropterus VN Cultrinae
00 emicuter leucisculus VN
oxabramis houdemeri VN
89 Ctenopharyngodon idellus CN - Xenocyprinae
| 100 Chondrostonma nanus EU ")
100 _: Leuciscus soufia eu | Leuciscinae
82 28 Leuciscus cephalus EU~
—~ Gobio gobio EU — Gobioninae
Tinca tinca Ey— Tincinae
Panio rerio EU— Danioninae

Crossotoma lacustre Balitorinae
0.05

Figure. 6.5. Neighbour-joining tree from combined 7/6S, Cyt b and CR mtDNA data.
Number on branches indicate bootstrap value (- = <50 bootstrap support). The
subfamily groups are based on Cavender and Coburn (1992). VN: Vietnam, CN:
China, ID: India, HU: Hungary, JP: Japan, EU: Europe.
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Figure. 6.6. Maximum parsimony tree from combined /6S, Cyt b and CR mtDNA
data. Number on branches indicate bootstrap value (- = <50 bootstrap support). The
subfamily groups are based on Cavender and Coburn (1992). VN: Vietnam, CN:
China, ID: India, HU: Hungary, JP: Japan, EU: Europe.
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Figure. 6.7. Maximum likelihood tree from combined /6S, Cyt b and CR mtDNA
data. Number on branches indicate bootstrap value (- = <50 bootstrap support). The
subfamily groups are based on Cavender and Coburn (1992). VN: Vietnam, CN:
China, ID: India, HU: Hungary, JP: Japan, EU: Europe.
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Chapter 7.

General Discussion

The wide distribution, long history of domestication, taxonomic uncertainties and
evolutionary disputation makes common carp an interesting, challenging and at times
controversial species for study (Zhou et al., 2003). The advancement of knowledge
of the population genetics and the provision of information relevant to the genetic
improvement and effective mangement of domesticated and wild stocks of common
carp is also of the utmost importance given the species significance for food security

and household incomes in many developing countries.

The series of related studies presented in this thesis, involving the acquistion of
different kinds of molecular genetic data, contributes significant new knowledge
about common carp. Indeed this thesis arguably represents, the single most
comprehensive study of common carp molecular genetics so far undertaken,
contributing to the understanding of genetic impacts of domestication, taxonomy and
evolution of the species. This study is certainly the most indepth molecular genetic

investigation of any Vietnamese fish species so far completed.

Following from the primary aims of this study, the following section summarises and
discusses the principal findings and conclusions, together with recommendations for

future research.
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7.1 Global genealogy, taxonomy and evolution of common

carp

Over 50 common carp strains or populations, obtained on a worldwide basis and
from comprehensive collections from Vietnam, have been used to reconstruct
genealogical relationships using mtDNA sequences. Depending on the question
being addressed data from three different mtDNA fragments have been utilised:
ATPase6/ATPase8, CR, cytochrome b. Sequence data with up to 2,130 bp was
analysed using various combinations of samples as detailed in Chapters 2, 3 and 4. A
remarkably consistent picture emerged from the different nucleotide sequences and
genealogical analyses. Firstly, compared to other freshwater fish species, genetic
divergence among common carp stocks and strains is very low, especially given its
wide geographic distribution. Secondly, the European and Asian strains and stocks
do not segregated into discrete monophyletic units as anticipated based on current
taxonomic opinion (Balon, 1995; Kohlmann et al., 2003). In fact, the European
strains show remarkably little within and between strain variation, consistent with

translocated stocks.

These results have important implications for the taxonomy of Cyprinus carpio,
which is highly confused (Balon, 2004) with some authors considering Cyprinus to
be a monotypic genus (Lever, 1996), while others consider it to be represented by
multiple species (Barus et al., 2002; Kottelat, 1997; Nguyen, Ngo, 2001; Zhou, Chu,
1986). Fundamentally, the very low levels of genetic divergence within the species,
and the failure to resolve any lineages consistent with recent taxonomic opinions,

suggest that Cyprinus is best considered a monotypic genus, with C. carpio being a
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morphologically plastic species, with much of its extensive distribution likely the

result of translocation (see also Mabucchi et al. 2006).

These studies are therefore also consistent with an Asian origin for common carp
with at least one translocation event to Western Europe, because the European
common carp group is nested in the Asian clades and wild Amur carp have a
haplotype identical to European carp. Such a finding makes no biogeographical sense
unless European carp were founded by translocation. Additional evidence supporting
an Asian origin for common carp is the much higher haplotype diversity in Asia, the
occurrence of its closest relatives Carassius auratus and Carassiodes spp in south
east Asia (Li, 1999) and the fact European common carp is the only member of the

subfamily, Cyprininae to occur outside of Asia (Chapter 6).

7.2 Genetic variation and domestication of Viethamese common
carp

Common carp is one of the most important cultured fish species in Vietnam
(Nguyen, Ngo, 2001). The aquaculture of common carp is based on indigenous and
introduced strains and thus it is important that the management of stocks and genetic
improvement programes utilize the best information to ensure benefits accrue to

small scale farmers who depend on this species for their livelihood and food security.

While common carp have been studied using a wide variety of molecular markers in
many parts of the world, detailed knowledge of the population genetics of common

carp is generally lacking, due to limited population sampling. One of the few
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exceptions i1s Kohlmann et al’s (2005) study; however this study mostly focused
on European and Central Asian populations and the sampling of a number of
populations was sub-optimal. Thus almost no information on the genetic diversity of

Vietnamese common carp was available prior to this study.

This thesis presents the first comprehensive population genetic study on common
carp in Vietnam, using markers that have been previously used for common carp (e.g.
sequences of mtDNA CR and microsatellites) and other markers, including direct
DNA sequencing of the mtDNA ATPase genes and the SSCP procedure that have

not been applied to this species before (Chapters 2 and 4).

In general, the mtDNA and nuclear DNA are consistent and showed Vietnamese wild
common carp populations to be genetically homogeneous, but distinct from other
strains from both Europe and Asia. In addition, these studies provided evidence of
mixing between indigenous and introduced common carp hatchery stocks consistent
with the Vietnamese Government’s genetic improvement and dissemination program.
An important finding was the asymmetry in the frequency of the haplotypes and
alleles characterising the two introduced strains. While the haplotypes and alleles
characterising the Indonesian yellow carp were quite common, those typical of the
Hungarian common carp were surprisingly rare. This suggests that Hungarian pure
stock or crossbred stocks have been disseminated to a much lesser extent than
realised or these stocks have a significantly reduced survival compared to the

Vietnamese and Indonesian derived stocks.
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The examination of variation in both mitochondrial and nuclear markers

documented substantially reduced genetic diversity in experimental lines (Hungarian,
Indonesian yellow, and Vietnamese white) maintained for a number of generations in
the RIA 1 research ponds. Reduced genetic variation in aquaculture stocks such as
these have been observed in other species and can be explained by founder effects,
inbreeding and genetic drift .Therefore, there is a clear need to improve breeding and
hatchery programmes for preserving the genetic variation of important experimental

and cultured common carp stocks in Vietnam.

An impotant direction for future research for both common carp and other
aquaculture species is to examine the relationship between levels of genetic variation
measured by molecular genetic markers and aquaculture performance. Do, for
example, stocks hypothesised to have been subject to inbreeding and low N, show
reduced growth, survival and response to selection compared to those stocks that
appear to have been formed from crossing breeding? Such tests should be carried out
under communal stocking condtions in appropriate experimental situations that

mimic commercial condtions or better still in on-farm environments.

Lastly, the population genetic analyses of Vietnamese wild carp identified distinct
haplotypes and genetically divergent populations. This indicates there is a significant
genetic resource provided by wild common carp in Vietnam and steps need to be

taken to ensure that this resource is preserved for the future.
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7.3 Utility of SSCPs and Microsatellites
The advances in molecular genetics have led to the development of a number of new
techniques over the last two decades. Data generated from one technique may be
better than others for addressing particular problems, but no technique is best under
all circumstances (Hillis et al., 1996a). In this study, the utility of data generated
from sequencing, SSCPs and microsatellite techniques can be evaluated within the
context of addressing population genetic questions related to common carp in

Vietnam.

The SSCP method is novel approach to the investigation of the population genetics
of common carp. In this study, the SSCP technique was sufficiently powerful to
allow effective comparisons among Vietnamese samples, even though the extent of
nucleotide variability in the CR fragment was relatively limited. The SSCP
phenotypic diversity revealed significant and contrasting patterns of variation within
and between experimental lines, hatchery and wild populations. In addition, the
SSCPs technique provides a cheap and rapid method for distinguishing Vietnamese

from non-Vietnamese carp (e.g Hungarian, Indonesian, Chinese, and Japanese).

The use of multiple data sets and information from different molecular markers has
becoming more common in aquaculture research (Cross et al., 2000; Liu, Cordes,
2004). For this reason, the microsatellite technique was used to evaluate the
population genetics of Vietnamese common carp to provide a comparison with the
results of the SSCP analyses based on mtDNA. As with many studies on fish, the
microsatellites provided very useful data even though it was based on variation at

only four loci. While there were some differences between the two data sets the
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microsatellite data showed an extraordinary level of congruence with the SSCP -

mtDNA data; thus effectively distinguishing the experimental strains and giving very
strong evidence for the mixing of stocks in a number of hatcheries, and the
asymmetrical dissemination/survival of the introduced strains and inbreeding within

experimental lines.

7.4 Utility of Micochondrial DNA gene regions

Recently, direct sequencing techniques and data from a greater number of gene
regions are being used to optimize phylogenetic signal and construct more robust
organismal phylogeny (Creer et al., 2003; Pamilo, Nei, 1998). The examination of
multiple gene regions not only ensures greater confidence in results, but also allowed
the utility of the individual gene regions to be assessed. In this study the mtDNA,
ATPase6/ATPaseS, Cyt b, and CR gene regions have been used to reconstruct
relationships between common carp strains or populations, while /65, Cyt b and CR
have been used to examine taxonomic and evolutionary relationship among cyprinid

species, including common carp.

The widely utilized /6S gene was very effective for resolving generic and subfamily
level relationships, however this gene did not effectively resolve the shallower
relationships such as amongst common carp strains and between closely related
species. The reasons for the lack of resolution are uncertain as it has been effective in
other taxonomic groups (eg Austin et al. 2003), however it may reflect the slower
evolution of the /65 gene in fishes and, that common carp has a particularly shallow

evolutionary history (see below).
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While the mitochondrial protein coding A7TPase6/ATPase8 and Cyt b showed

intermediate levels of variation, the CR was by far the most variable region examined
in this study. Nevertheless levels, of CR variation were found to be extremely low in
common carp. The low level of CR divergence could be due to a slower rate of
evolution for this mtDNA fragment in carp; however, it most likely reflects a shallow
evolutionary history for common carp because all other mtDNA gene regions also

exhibited reduced variation among samples as did also the microsatellite loci.

7.5 Classification and evolution of the Cyprinidae

Molecular data also proved useful for studies at deeper evolutionary levels and
indicate that the taxonomic problems encountered within common carp also extend
to the higher level classification and establishment of phylogenetic relationships
within the cyprinids (Chapter 6). Sequences of mtDNA CR, Cyt b, and 16S gene
fragments from little known Vietnamese cyprinids and sequences of cyprinids from
GenBank were combined with those from common carp. This analysis clearly
demonstrated that Cyprinus shows very low levels of intra-generic divergence
compared to other cyprinid genera thus providing further support for the recognition

of a single Cyprinus species.

With respect to deeper relationships, the phylogenetic analyses supported the
traditional division of Cyprinidae into two major lineages: the cyprinis and leuciscins,
and helped resolve controversy over the evolutionary affinities of the Danioninae
(Rasborinae). However, many recognised subfamilies, however, were not
recoverable as monophyletic groups and levels of genetic divergence within genera

varied widely, indicating that the difficulties in the interpretation of relationships
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based on morphology encountered in common carp extends to the higher

taxonomic levels in the cyprinids. Further molecular phylogenetic studies are
required to define well supported monophyletic groups within the major cyprinid
lincage that can be associated with existing named groups and morphological
information. Such studies will need substantial taxon sampling to ensure the
generality of the results and sustainable taxonomic conclusion and would benefit
from the use of nucleotide data from additional gene regions, especially those from

the nuclear genome.

7.6 Further study

While this study has significantly enhanced the understanding of the population
genetics, domestication, phylogenetic relationships and taxonomy of common carp,
especially in relation to Vietnamese stocks, there are still many areas that require
further research. The lack of comprehensive molecular genetic knowledge,
predetermined that a number of aspects of this study would be essentially exploratory.
However as a result of the data collected in this study there is now a framework on

which subsequent molecular and morphological studies can be based.

In general, proper genetic, phylogenetic, biogeographical and ecological studies
cannot be conducted without a stable species level taxonomy. It is thus extremely
important that further molecular taxonomic studies should be conducted and coupled
with more extensive morphological studies similar to those carried out by Farias et al.
(2000) and Lopez-Fernandez et al. (2005a) in cichlid fish studies. There are still a
number of named species of Cyprinus, especially from China (Zhou, Chu, 1986) and

a lesser extent, Vietnam (Kottelat, 2001; Nguyen, Ngo, 2001), that need to be
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examined to determine their taxonomic status. The data collected in this study

will provide a sound basis and a source of comparative information for such studies.

While we now have a more substantial framework for assessing the relationships of
common carp strains, there are still knowledge gaps in relation to this species.
Common carp most likely reaches its greatest diversity in China and it appears that
these stocks have not so far been adequately sampled and described in terms of both
their genealogical relationships and population genetics. There are also other
countries such as Indonesia that also have significant aquaculture production of
common carp and are yet to have their common carp stocks genetically characterised
to any significant extent. New population genetic studies of common carp can now
take advantage of the SSCP technique used in this study and can make use of the
increasing number of microsatellite loci that have been developed and the increasing
data that are being accumulated on their variability (Chapter 5, Kohlmann et al.
2005). A logical extension of these microsatellite studies would be to construct a
genomic map for common carp and investigate the potential for the identification of
QTL and MAS as means of enhancing aquaculture productivity (Davis, Hetzel, 2000;

Dunham, 2004; Lande, Thompson, 1990; Reid et al., 2005).

Considerable scope exists for extending the generic and subfamily level phylogenetic
studies to the whole family in order to provide a stable framework for establishing a
sustainable taxonomic and evolutionary framework for the Cyprinidae. While
mtDNA sequences from different gene regions will undoubtedly be useful for such a
task, the mtDNA molecule is but a single a locus and can represent just one gene tree.

For this reason, mtDNA sequences need to be combined with sequences from nuclear
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genes such as recombination-activating genes, RAG1(San Mauro et al., 2004) and

RAG2 (Lopez-Fernandez et al., 2005b), to ensure robust phylogenies are generated.

In addition, more recently developed molecular techniques such as AFLPs and SNPs
should be used to investigate Vietnamese common carp populations in further studies.
These techniques will provide more information to help complete the picture of the

genetics of common carp in Vietnam.
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APPENDICES

Appendix 1.
Thai, T. B., C. P. Burridge., T. A. Pham., C. M. Austin. (2004). Using
mitochondrial nucleotide sequences to investigate diversity and genealogical

relationships within common carp (Cyprinus carpio L.). Animal Genetic 36, 23-28.

ASBTRACT

Direct sequencing of mitochondrial DNA CR region (745 bp) and
MTATPase6/MTATPase8 (857 bp) regions was used to investigate genetic variation
within common carp and develop a global genealogy of common carp (carp) strains.
The CR region was more variable than the MTATPase6/MTATPase§ region, but
given the wide distribution of carp the overall levels of sequence divergence were
low. Levels of haplotype diversity varied widely among countries with Chinese,
Indonesian, Vietnamese carp showing the greatest diversity and Japanese Koi and
European carp without detectable nucleotide variation. A genealogical analysis
supports a close relationship between Vietnamese, Koi and Chinese Color carp
strains and to a lesser extent, European carp. Chinese and Indonesian carp strains
were the most divergent, and their relationships do not support the evolution of

independent Asian and European lineages and current taxonomic treatments.
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Appendix 2.

B.T. Thai, T. A. Pham, U. D. Thai, C.M. Austin (2006) Progress towards a global

genealogy of common carp (Cyprinus carpio L.) strains using mitochondrial

nucleotide sequences data. NAGA 29 (3&4), 55-61.

ASBTRACT

As part of a study of genetic variation in Vietnamese strains of common carp
(Cyprinus carpio L.) using direct DNA sequencing of mitochondrial CR and
ATPase6/ATPase8 gene regions, samples from a number of other countries: China,
Japan, Indonesia, India, Hungary, Czech Republic, Israel and Australia were
analysed for comparative purposes. Results show that the levels of sequence
divergence in common carp is low on a global scale with the Asian carp having the
highest diversity, whereas Koi and European carp were invariant. A genealogical
analysis supports a close relationship among Vietnamese, Koi and Chinese Color and
to a lesser extent, European carp. Koi carp appear to have originated from a strain of
Chinese red carp. There is considerable scope to extend this research through the
analysis of additional samples of carp from around the world and especially China in

order to generate a comprehensive global genealogy of common carp strains.
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Appendix 3.

B.T. Thai., T. A. Pham., C.M. Austin (2006). Genetic diversity of common carp in
Vietnam using direct sequencing and SSCP analysis of the mitochondrial DNA

control region. Aquaculture 258, 228-240.

ASBTRACT

The aquaculture of common carp (Cyprinus carpio L.) in Vietnam is based upon
both indigenous and introduced stocks which have not been subject to study using
modern molecular genetic methods to any significant extent. Twenty strains or
populations of common carp in Vietnam represented by 968 fish were screened for
variation in mitochondrial CR region fragments using a combination of direct DNA
sequencing and Single Strand Confirmation Polymorphism (SSCP) analysis.
Common carp samples from China, Japan, Indonesia, and Hungary were analysed for
comparison. Sequencing revealed that Vietnamese common carp have high
haplotype, but low nucleotide diversity and represent a mixture of indigenous and
introduced strains. The SSCP procedure resolved eight haplotypes that distinguished
Indonesian, Hungarian and Vietnamese strains and which varied significantly among
hatchery and wild Vietnamese common carp populations. Intra-population diversity
was least in experimental common carp lines (Hungarian scale, Indonesian yellow
and Vietnamese white), maintained at the Research Institute for Aquaculture No. 1
and greatest within hatchery stocks. Relationships among populations based on SSCP
haplotype frequencies showed that the RIA1 Vietnamese white common carp strain
is closely related to wild populations, which in turn are closely related to six of the
eleven hatchery stocks. The other five hatchery stocks had higher levels of

interpopulation variation and mostly showed a closer relationship to Indonesian
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yellow carp strains. The Hungarian carp strain was highly divergent from all other

populations suggesting that this strain has not contributed significantly to the
establishment of cultured stocks in Vietnam, based on this maternally inherited
marker. The SSCP procedure shows considerable potential for rapid genotyping and
genetic characterization of common carp and therefore, for investigation of diversity

in wild stocks and broodstock management.
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Appendix 4

B. T. Thai, C. P. Burridge, C. M. Austin (2006). Insights into the management and
dissemination of domesticated strains of common carp (Cyprinus carpio L.) in

Vietnam revealed by variation at four microsatellite loci. Aquaculture submitted.

ASBTRACT

Four highly variable microsatellite loci were used to investigate genetic diversity and
population structure of common carp in Vietnam. A total of 968 fish were genotyped
representing three groups comprising: three experimental lines from the Research
Institute for Aquaculture No 1 (Bac Ninh); 11 hatcheries; and six wild populations
from rivers and reservoirs giving 72 alleles over all loci. The mean number of alleles,
per locus per population ranges from 4.25 to 11.00 and the mean observed
heterozygosity at the four loci ranges from 0.40 to 0.83. An analysis of the
distribution of genetic variation indicated within population variation is very high
(90.6%), while among populations within groups and among groups is low (5.0%
and 4.5% respectively). Highly significant deviations from Hardy-Weinberg, mostly
due to deficits of heterozygotes, were found in both experimental and hatchery
groups suggesting either inbreeding or recent stock mixing. Wild common carp
populations exhibited more genetic diversity than cultured populations in term of
allele richness and observed heterozygosity. Results from assignment tests for the 20
populations of carp indicated that the experimental common carp lines can be largely
distinguish from one another and that mixing between indigenous and introduce carp
is occurring in the hatchery and possibly also in wild populations. Multidimensional
Scaling (MDS) and UPGMA analyses show that the experimental Vietnamese white

carp line is closely related to wild common carp populations; the hatchery stocks are



168
mostly closely related to the experimental Indonesian yellow carp line but with

evidence of some mixing; and the domesticated Hungarian population is highly

divergent and not closely related to any other carp population.
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