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Preface to the second edition

The rate of change in the field of molecular genetics has been extremely fast since the
development of DNA sequencing methodologies and the polymerase chain reaction.
The new millennium has seen increasing miniaturisation and sophistication of these
techniques, and this has led to second-generation sequencing methods that can produce
hundreds of thousands of DNA sequences from an organism in a very short space of
time. Because of the pace of these technological changes, some parts of the first edition
of this book quickly became outdated.

This second edition benefits from the addition of a new author (Dr Pierre Boudry)
and in updating the book to take account of new technologies, we have taken the
opportunity to correct errors, improve and reorganise the material from the first edition.
Several chapters retain the same headings but with new material added to bring them
right up to date. Using material from the first edition and adding fresh text and figures,
we have introduced a new chapter based around the genetics of population size that
links directly to problems in aquaculture and in conservation. In addition, we have
provided a new chapter called ‘Genetics to genomics’ that covers recent developments
in genetic mapping, the search for quantitative trait loci and introduces the subject of
transcriptomics – the transcription of DNA sequence to RNA.

We have retained the introductory-level nature of the book but have increased the
number of references at the end of each chapter for more advanced readers.

ix
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Chapter 1

What is genetic variation?

Have you ever seen someone who looks and sounds exactly like you? Have you ever
seen your ‘spitting image’? Unless you are one of a pair of monozygotic twins (twins
produced by the division of a single egg), you will not have done so. It is commonly
accepted that all humans are different – indeed all humans there have ever been were
unique and were different from all humans living today. If this is true for Homo sapiens,
is it also true for other sexually reproducing organisms? The answer is yes. Every salmon
(Salmo salar) is different from every other salmon that has ever lived. Every mussel
(Mytilus edulis) is different from every other mussel that has ever lived. This uniqueness
of individuals within a species is the consequence of two factors: one is deoxyribose
nucleic acid (DNA) and the other is sexual reproduction. These two factors produce
and maintain the genetic diversity within a species, and an understanding of this is
fundamental to our ability to sustainably exploit species of plants and animals. Without
sex, the reproductive process can produce genetically identical individuals, as in plants
where vegetative reproduction is common, and there are biotechnological methods that
can produce clones (see Chapter 7).

Deoxyribose nucleic acid

The discovery by Watson and Crick of the structure of DNA in 1953 was a landmark in
our understanding of how genetic information passes from generation to generation and
how it codes for the amino acids of proteins. In the half century since then, the fields
of molecular biology and genetics have become inextricably linked and developments,
particularly over the past 25 years, have opened up the potential of DNA biotechnology
and genomics.

The structure of DNA enables it to carry the information for a cell to reproduce itself.
It is a polymeric molecule, that is, made up of a chain of subunits, consisting of chains of
nucleotide monomers. Each nucleotide contains a base, along with a sugar (deoxyribose)
and a phosphate group (Figure 1.1). There are four individual bases: adenine, guanine,
thymine and cytosine, and they are usually referred to by their first letter abbreviations,
A, G, T and C. Two of the bases, A and G, have a double-ring structure and are known
as purines. The other two bases, T and C, are pyrimidines with a single carbon–nitrogen
ring.

1
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2 Biotechnology and Genetics in Fisheries and Aquaculture

Figure 1.1 The structure of DNA. Each nucleotide consists of a sugar, a phosphate and a base.
Nucleotides are joined by a phosphodiester bond between the 5′ of one ribose sugar and the 3′ of
the next. The chain of nucleotides therefore has a 3′ and a 5′ end.
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Figure 1.2 The structure of DNA. Two polynucleotide strands are wrapped around each other in
the form of a double helix. Complementary base pairing occurs between the two strands such that
guanine (G) always bonds with cytosine (C), and adenine (A) always bonds with thymine (T).
(Modified from Utter, F., Aebersold, P. & Winans, G. (1987) Interpreting genetic variation detected
by electrophoresis. In: Population Genetics and Fishery Management (eds N. Ryman & F. Utter),
pp. 21–45. University of Washington, Washington, DC, USA, with permission from Washington
Sea Grant Program, University of Washington.)

Each nucleotide is a single unit that joins with neighbouring nucleotides in a linear
fashion to make up a polynucleotide chain. Particular carbon atoms in the 5-carbon
structure of deoxyribose are referred to by numbers, 1′ (pronounced prime) to 5′. The
link between nucleotides is formed when the 5′ of one bonds to the 3′ of the next via a
phosphodiester bond (Figure 1.1). It is the sequence of the four bases in a polynucleotide
chain, which acts as the code for genetic information.

The complete DNA molecule actually consists of two polynucleotide chains, or
strands, wrapped around each other in the form of a double helix. The sugar + phosphate
backbones are at the outside of the molecule while the bases point towards the middle
of the structure; the two strands of the molecule run in opposite directions (Figure 1.2).

The functional beauty of the DNA molecule is a result of complementary base pairing
where G can only bond with C, and A can only bond with T, at the middle of the
molecule. It means that the two strands are complementary such that the base sequence
of one strand predicts and determines the base sequence of the other strand. Because
one strand predicts the other, it can be used to replicate the sequence.

The replication process produces daughter molecules, each of which has one parental
strand and one copied strand. This is called semi-conservative replication. Replication
of DNA takes place every time a cell divides. The cell’s entire DNA is progressively
unwound, revealing short single-stranded regions which can be copied by DNA poly-
merase enzymes. Unwinding does not begin at the ends of the molecule, but at points
called replication origins, and it then proceeds from these points along the DNA. The
new strands of DNA being synthesised during replication are always synthesised in the
5′ to 3′ direction. This means that as the original strands separate, one new strand can
be continuously synthesised against its copy strand (the leading strand), while the other
has to be synthesised intermittently in short lengths as enough copy strand (the lagging
strand) becomes available (Figure 1.3).

Considering the enormous numbers of bases and coded information in the DNA
of a cell, replication needs to be extremely accurate. Even a very small incidence of
mistakes in copying would result in the loss of important genetic information within
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Figure 1.3 Replication of DNA. As the DNA double helix unwinds, new DNA is synthesised
continuously in a 5′ to 3′ direction on the leading strand and in 5′ to 3′ directed segments (Okazaki
fragments) on the lagging strand.

a few cell divisions. However, during the replication process, various proofreading
activities take place and almost all errors are corrected by removing the incorrect base
and inserting the correct one. In spite of proofreading, a few errors are inevitable when
such high numbers of bases are to be copied and it is estimated that about one in every
3 billion bases is incorrectly inserted. Such errors are called point mutations, and they can
also be induced at much higher rates by certain chemicals and radioactivity. Although
there are very few of them at each genome replication event, they are nevertheless the
fundamental source of variation which fuels the process of evolution. Without such
errors, no genetic change at the DNA level would take place, preventing any adaptation
of organisms in a changing environment, but with too many errors, daughter cells would
too often be non-viable and the organism carrying that DNA would soon become extinct.

Functional sequences, i.e. coding DNA, represent only a small fraction of the total
genome, for example around 3% in humans. The rest is made up of what has been called
‘junk DNA’. Whether all of it is really ‘junk’ is not known, and several hypotheses
have been proposed to explain how junk DNA might have a function, notably in terms
of regulation of gene expression. Some of this junk DNA consists of pseudogenes,
genes that for some reason or another have become non-functional. Yet other parts of
non-coding DNA consist of dispersed or clustered repeated sequences of varying length,
from 1 base pair (bp) to thousands of bases (kilobases, kb) in length, known as ‘repetitive
elements’. Junk DNA also includes transposons that encode proteins with no clear value
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Figure 1.4 Generalised structure of a gene. The open reading frame for a gene begins with an
upstream initiation codon and ends with a downstream termination codon. Many genes have a
region, or regions, of non-coding DNA within them. These introns are spliced out of the mRNA
during transcription so that only the codons within the exons are translated into amino acids.

to their host genome. The dispersed repeated sequences occur as copies spread across
the genome and can be categorised as long or short interspersed nuclear elements, long
terminal repeats and DNA transposons. The clustered repeated sequences, where the
repeated sequence occurs in tandem copies, are classed as satellites, minisatellites or
microsatellites, depending on the length of the repeat unit, and these have turned out to
be useful genetic markers, as will be explained in later chapters. Between them, these
repeated elements can constitute up to 40% of the genome.

A gene is a unit of information which is held as a code in a discreet segment of
DNA. This code specifies the amino acid sequence of a protein or the sequence of an
RNA molecule. Scientists were surprised to discover quite early on that the sequence
information for a single gene was often not continuous along the DNA, but was
interspersed with pieces of non-coding sequence. The coding parts of a gene sequence
are exons, and the non-coding parts are introns (Figure 1.4). Before a gene can be
expressed, the DNA that encodes it has to be transcribed into ribose nucleic acid (RNA).

Ribose nucleic acid

The structure of RNA is similar to that of DNA except that (a) the sugar is ribose instead
of deoxyribose, (b) in the place of thymine, a similarly structured base called uracil (U)
is present and (c) the molecule consists of only a single polynucleotide strand. RNA
molecules are produced by the process of transcription of the linear sequence of bases
in DNA and are then used in the translation of that sequence into a chain of amino acids
that go to make up a protein. The type of RNA transcribed from the sequence is called
messenger RNA (mRNA), and translation of this sequence into a string of amino acids
is undertaken by ribosomal RNA (rRNA) and transfer RNA (tRNA) molecules.

During transcription of the DNA, an RNA copy is made of one of the strands of
DNA (Figure 1.5). The two strands of DNA are called the template strand and the
non-template strand. Other names for the non-template strand are the sense (+) strand
or the coding strand. The RNA is synthesised by RNA polymerase enzymes using the
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Figure 1.5 Transcription and translation of DNA. Introns are removed from pre-messenger RNA
before translation takes place. The polypeptide chain is formed from amino acids coded for by the
mRNA and brought together by tRNA. (Modified from Utter, F., Aebersold, P. & Winans, G. (1987)
Interpreting genetic variation detected by electrophoresis. In: Population Genetics and Fishery
Management (eds N. Ryman & F. Utter), pp. 21–45. University of Washington, Washington, DC,
USA, with permission from Washington Sea Grant Program, University of Washington.)

template strand and is therefore a copy of the non-template (sense or coding) strand of
DNA. Because this RNA is a direct copy of the DNA, it contains both the coding (exons)
and the non-coding sequences (introns) of the gene. Introns are removed from this pre-
messenger RNA, and the subsequent molecule is the final mRNA. The mRNA molecules
are transported from the nucleus into the cytoplasm where the message is translated into
a sequence of amino acids by rRNA in bodies known as ribosomes. Amino acids are
brought to the ribosomes by tRNA molecules, each specifying a particular amino acid
(Figure 1.5), and synthesised, in the presence of rRNA, into a linear sequence.

The detailed mechanics and biochemistry of the processes of transcription and trans-
lation are outside the scope of this book, but can be found in most standard genetic
texts. The term ‘gene expression’ encompasses both of these processes and their various
controlling steps. ‘Transcriptomics’ is the study of the transcriptome, the set of RNA
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transcripts produced by the genome of a cell, an organ or a whole organism at any one
time. For the purposes of this book, the reader need only appreciate the key concept that
a coding sequence of bases in DNA leads, by a direct copying process involving RNA,
to the production of a sequence of amino acids, the building blocks of proteins. This is
what has been called the ‘central dogma’: information is transferred from DNA to RNA
to protein. Some exceptions to the central dogma occur, such as retroviruses and prions,
but they are outside the scope of this book.

What is the genetic code?

How are the four bases (A, C, G and T) in DNA organised to provide an unambiguous
code for the 20 amino acids present in proteins? The ‘words’ of the code consist of
three bases. There are 43 = 64 possible combinations of the four bases into a triplet
code, and it is these 64 triplet codons which define the 20 amino acids. Because there
are more than 20 codons, the genetic code has some redundancy – most amino acids
are coded for by more than one codon. The codons are written using the symbol U, for
uracil (in mRNA), rather than T, for thymine (in DNA). Three codons (UAA, UAG and
UGA) do not encode amino acids but act as signals for protein synthesis to stop and are
called termination codons or stop codons. The triplet AUG codes for methionine (formyl
methionine in bacteria and mitochondria) and is the signal for protein synthesis to start.
It is thus the initiation codon which sets the reading frame. The amino acid sequence of
all proteins therefore starts with methionine, but this is sometimes removed later. Details
of the amino acids encoded by the various codons are given in Table 1.1. Note that the
redundancy of the code is not random. In particular, the first two bases of the codons
for an amino acid are usually the same. It is generally only the third base which varies.
Different organisms often show particular preferences for one of the several codons that
encode the same given amino acid and this is called codon bias. How these preferences
arise within a genome is a debated question.

Protein structure

Proteins have many tasks. Some form the structure of tissues, others – the enzymes –
act as specific catalysts of biochemical reactions, and yet other proteins, such as hor-
mones, have a regulatory function. By their very nature, proteins are bound to be highly
complex molecules, but it is possible to categorise their structure into four basic levels.
The primary structure of a protein is the linear sequence of the chain of amino acids (the
polypeptide chain) and this, as we have seen already, is directly related to the sequence
of bases in the DNA which codes for it. Although most amino acids are pH neutral, two
are negatively charged and two positively charged. In addition, some are hydrophilic (at-
tracted to water) and others hydrophobic (repelled by water). Thus, secondary structure
of a protein is based on characteristic patterns produced by the properties and interac-
tions of particular types of amino acids within the chain. One such secondary structure
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Table 1.1 The genetic code showing the amino acids coded by the 64 triplet combinations of the
four bases. The bases down the left-hand side represent the first position in the reading frame, the
bases along the top indicate the second position and the bases down the right-hand side show
the third position.

Second base

First base U C A G Third base

U Phe Ser Tyr Cys U
Phe Ser Tyr Cys C
Leu Ser Stop Stop A
Leu Ser Stop Trp G

C Leu Pro His Arg U
Leu Pro His Arg C
Leu Pro Gln Arg A
Leu Pro Gln Arg G

A Ile Thr Asn Ser U
Ile Thr Asn Ser C
Ile Thr Lys Arg A
Met Thr Lys Arg G

G Val Ala Asp Gly U
Val Ala Asp Gly C
Val Ala Glu Gly A
Val Ala Glu Gly G

Ala, Alanine; Arg, Arginine; Asn, Asparagine; Asp, Aspartic acid; Cys, Cysteine; Glu, Glutamic acid; Gln, Glutamine;
Gly, Glycine; His, Histidine; Ile, Isoleucine; Leu, Leucine; Lys, Lysine; Met, Methionine; Phe, Phenylanaline; Pro,
Proline; Ser, Serine; Thr, Threonine; Trp, Tryptophan; Tyr, Tyrosine; Val, Valine.

is an alpha-helix, another is a pleated sheet. The tertiary structure is dependent on how
these secondary structures become folded in three dimensions. Therefore the DNA code,
through the linear relationship of the various amino acids, dictates both the secondary
and tertiary structures. This is an important point because it reveals that point mutations
in the DNA coding for a particular protein can have far-reaching consequences on the
final size, shape and overall charge of that protein.

Many proteins are composed of two or more polypeptide chains (subunits), and the
subunits making up a protein may be identical or they may be different. The generic
name for proteins with more than a single subunit is oligomers. This is the level of
quaternary structure of proteins and it enables larger proteins to be produced without
requiring a very long gene sequence in the DNA. It also allows greater functionality
in proteins by combining different activities within a single molecule. Proteins with a
single subunit are called monomers, those with two subunits are dimers and those with
four are tetramers. For example, glucose phosphate isomerase, an enzyme involved in
the production of energy from the breakdown of carbohydrates, is a dimer, with two
subunits coded by the same gene, while haemoglobin, which carries oxygen around in
the blood, is a tetrameric molecule consisting of two alpha-globin and two beta-globin
chains, each coded by different genes.
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So what about chromosomes?

In fish and shellfish, as with all other eukaryote organisms, the DNA molecules in the
nucleus are combined with proteins, mainly histones, to make chromosomes. Each chro-
mosome represents a single DNA molecule. Chromosomes are usually only clearly visi-
ble and identifiable when cells are dividing, at which time the chromosomes have already
divided into daughter chromatids. However, the daughter chromatids retain connection
to each other at a position called the centromere, or primary constriction, and this is the
last part of the chromosome to divide. The position of the centromere on the chromosome
can be central (metacentric), between the centre and one end (submetacentric), very
close to one end (acrocentric), or terminal (telocentric). The number of chromosomes,
their lengths and the positions of their centromeres are unique to each species and these
characters are used as descriptors for the species karyotype (Figure 1.6). Chromosomes
themselves mutate and evolve (Box 1.1), and before the advent of allozyme markers,
some geneticists spent much of their time squinting down microscopes following the

Figure 1.6 Metaphase chromosome spread and karyotype of Mytilus edulis. There are six
metacentric and eight submetacentric pairs of chromosomes. Haploid number N = 14, diploid
number 2N = 28. Scale bar = 5 μm. (Reproduced with permission from Dixon, D.R. & Flavell, N.
(1986) A comparative study of the chromosomes of Mytilus edulis and Mytilus galloprovincialis.
Journal of the Marine Biological Association, UK, 66, 219–228, Cambridge University Press.)
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inheritance of chromosomal rearrangements. Nowadays, chromosomal variation is
assessed for aquaculture and fisheries purposes, mainly in relation to interspecies
hybridisations.

Box 1.1 Genetic variation at the level of the chromosomes

Most chromosome rearrangements arise, as do point mutations, as a result of mistakes during
the replication of the DNA molecule. Such rearrangements, however, involve long segments of
DNA, rather than single bases.

Chromosome deletions occur when the DNA strand breaks but fails to mend. Fragments of
chromosome produced in this way that do not contain a centromere (acentric fragments) will be
lost during subsequent cell divisions.

Chromosome duplications provide an extra copy of a block of DNA that may contain complete
gene sequences. As might be expected, duplications are less harmful than deletions, and when
duplications contain complete gene sequences, evolution can occur independently on both the
new and the old sequences to produce ultimately divergent roles for the two genes. This is the
principal process for the evolution of new genes.

Sometimes a fragment of one chromosome can become exchanged with a fragment of an-
other non-homologous chromosome and such an exchange is called chromosomal translocation.

A chromosomal inversion occurs where a fragment of chromosome breaks off and reattaches
to its original position in reversed orientation. The inverted fragment may have contained the
centromere (pericentric inversion) or it may not (paracentric inversion).

There is one further type of chromosomal rearrangement which needs a mention. This in-
volves fusion or fission of the centromere. Two telocentric or acrocentric chromosomes may fuse
at their centromeres to produce a single bi-armed chromosome and this is called a Robertsonian
translocation. Alternatively, a bi-armed chromosome can break at the centromere to produce
two telocentric chromosomes. These types of chromosomal rearrangements may explain much
of the variation in chromosome number between species.

Chromosome variations are no longer used as markers in population genetic studies, but
they play an important role in evolution of species. Before allozyme electrophoresis provided
geneticists with access to individual genes for study, many geneticists spent their time look-
ing at the structure of chromosomes during meiosis. The structure of the paired chromosomes
(bivalents, Figure 1.7) observed during meiosis reflects chromosomal rearrangements – chro-
mosomes with translocations can only pair up by forming chains or rings, inversions produce
loops in the bivalent, etc. Banding patterns on chromosomes shown up by particular stains (e.g.
G-banding, produced by Giemsa stain) or by hybridisation of fluoresent probes (e.g. fluorescent
in situ hybridisation) can also be used to characterise chromosomes and their rearrangements.
Although used in early studies of heritable variation, chromosomal rearrangements are usually
deleterious and often result in a non-viable gamete or zygote.

Chromosomal rearrangements may explain much of the variation in chromosome number
between species and examination of karyotypes between closely related species is important
when considering artificial hybridisations between them. Supernumerary or B chromosomes can
be observed in many plant and animal species. They are mainly or entirely heterochromatic and
largely non-coding. B chromosomes increase (1) asymmetric chiasma distribution, (2) crossing
over and recombination frequencies and (3) unpaired chromosomes at meiosis. B chromosomes
have tendency to accumulate in meiotic cell products, resulting in an increase of B number over
generations, which is counterbalanced by selection against infertility resulting from increased
unpaired chromosomes.

Polyploidy is a condition where individuals have more than two copies of each chromosome.
For example, triploids have three sets of chromosomes and tetraploids have four. Polyploidy
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occurs naturally in some plants (e.g. wheat, which is hexaploid), and a tetraploidisation event
has occurred in the evolutionary history of salmonids. Triploidy can be artificially induced in
normally diploid species for aquacultural purposes as will be seen in Chapter 7.

Somatic aneuploidy is an alteration in the number of chromosomes in a proportion of the
somatic cells due to abnormalities that arise during mitosis. Although its causal factors are still
unknown, the loss of one or more chromosomes from the diploid condition (hypodiploidy) has
been reported in several bivalve species and is known to be increased by exposure to pollutants
and also to be correlated with growth. A genetic basis of somatic aneuploidy has been suggested
in cupped oysters.

Almost all fish and shellfish are diploids (but see Chapter 7). Diploids have two
complete sets of DNA instructions, so that each chromosome is just one of a homologous
pair. Normal cell division – mitosis – combines division with replication because prior
to cell division each chromosome replicates (into two chromatids) and one copy passes
into each daughter cell. Diploidy is thus maintained. During the process of sexual
reproduction, a specialised cell division called meiosis takes place, which produces
daughter cells, the gametes, which have only a single set of chromosomes. Gametes of
diploid organisms are therefore haploid. Similarly, gametes of tetraploid organisms are
diploid. We will be looking in more detail at the process of meiosis later in this chapter.

If an organism inherits the same version of a gene from both parents, it is said to
be homozygous. If the two versions are different, the organism is heterozygous. Each
version of a particular gene is called an allele; the two alleles possessed by a diploid
organism at each locus (position on the chromosome, plural loci) make up its genotype
for that locus.

In many organisms, there is a special pair of chromosomes which defines the sex of
their carriers. For example, in the XX–XY system present in humans and some fish,
females have a pair of identical sex chromosomes (the X chromosomes) while males
have one X chromosome and a reduced size Y chromosome. In birds and also some fish,
the ZW sex-determination system is observed: males are the homogametic sex (ZZ),
while females are heterogametic (ZW). In that system, the Z chromosome is larger and
has more genes, like the X chromosome in the XY system. The other chromosome pairs
are called autosomes. In many shellfish, there are no identifiable sex chromosomes, and
in the case of certain molluscs such as oysters, individuals change their sex during their
lives. In some fish, sex can be influenced by environmental factors such as temperature
or social interactions and sex chromosomes are often not sufficiently different to be
identified in the karyotype.

How does sexual reproduction produce variation?

The key feature of sexual reproduction is the production of haploid gametes through the
process of meiosis and the uniting of these gametes to produce a new diploid generation.
The process of meiosis shuffles the genetic material in such a way that none of the
haploid chromosome sets in the gametes are identical to either of the haploid sets
present in the parent from which they are derived. To see how this happens, we must
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look at particular stages of the process of meiosis. Here we give a brief outline of the
behaviour of the chromosomes during meiosis, emphasising the genetic consequences
rather than describing each stage in detail (Figure 1.7). The process of meiosis actually
consists of two cell divisions: meiosis I and meiosis II. The full details of meiosis are
given in all standard genetic texts.

Meiosis I begins long before the chromosomes become clearly visible. The chromo-
somes are initially very thin and uncontracted, but become progressively more contracted
and more visible during the prophase stage. During this stage, homologous pairs of chro-
mosomes come to lie closely together, and at the same time, each chromosome in each
pair divides into chromatids that remain attached to one another at the centromere. So
each pair of chromosomes consists of four chromatids. Such pairs of chromosomes at
this stage are called bivalents. It is during this time, while the chromosome pairs are
adhered closely together, that the process of recombination or crossing over occurs.
Recombination involves the interaction between two ordinary (double-stranded) DNA
molecules. The effect is that both molecules break, but the ends rejoin to the ‘wrong’
molecule. From the genetic point of view, each chromatid in a bivalent can be considered
to be effectively a single DNA molecule and the recombination interaction takes place
between chromatids that derive from different chromosomes of the pair – the non-sister
chromatids (as opposed to the sister chromatids which are derived from an individual
chromosome). The place where a recombination event is located on a bivalent is visible
as a chiasma. This can take place in every pair of autosomes, but one chiasma formation
reduces the probability of another one in an adjacent region of the chromosome, proba-
bly because of physical limitation of the chromatids to bend back upon themselves. This
tendency of one chiasma to interfere with another is called interference. Interference is
complete when there is only one chiasma per chromosome arm. Negative interference
is where one chiasma increases the likelihood of adjacent ones.

At metaphase of meiosis I, the bivalents lie across the equator of the spindle with
their centromeres attached to the arms of the spindle. Meiosis I is a reduction division
(Figure 1.7). During anaphase, each pair of chromosomes is separated so that one of the
pair goes into one daughter cell and the other into the other daughter cell. So at the start
of meiosis I the cell contains four copies of the genetic information, but after division
each daughter cell contains only two copies of the genetic material.

Meiosis II is effectively a mitotic division where the two chromatids from each
chromosome separate into daughter cells (Figure 1.7). Therefore, each diploid cell that
enters into meiosis produces four haploid gametes. Some genetic texts suggest that a
cell can be regarded as ‘tetraploid’ when it enters meiosis I because it has four copies of
the DNA.

What is the actual effect of recombination across the genome? Take a species such as
the European flat oyster Ostrea edulis, for example, which has ten pairs of chromosomes.
In all cells of the body, including the germ cells which will undergo meiosis, one of
each pair of chromosomes will have come from the female and the other from the male
parent. Envisage one of the chromosomes as a linear arrangement of genes along a single
molecule of DNA. The other chromosome of the homologous pair will also consist of
that same linear arrangement of genes along its length but will have come from a different
parent. It has the same genes, in the same order, but has a different ancestry. That ancestry
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Figure 1.7 The process of meiosis. Recombination takes place during prophase of meiosis I.
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will have provided it with different variations at many of its genes compared with the
other chromosome of the pair. In early meiosis each chromosome has replicated itself,
so there are two DNA copies (chromatids) of each chromosome. Recombination occurs
between non-sister chromatids such that a stretch of DNA from one chromatid becomes
exchanged for the equivalent stretch from the other chromatid. The resulting chromatid
DNA molecules that have undergone recombination are therefore different from either
of the parental ones. Any chromatids which have not been involved in a recombination
event, of course, remain unaltered. The frequency of recombination events between two
genes will determine genetic distance between those genes, and we will show how this
enables mapping of the genome in Chapter 6.

Now note that this process can take place in all of the pairs of autosomes in that
germ cell during that division. Then consider that this is just one germ cell among
the millions of germ cells in the gonad of the oyster. All the other germ cells are also
undergoing a meiotic division during which recombination is taking place in all the
pairs of chromosomes. The precise position along the DNA molecules (chromatids) at
which recombination events take place is (to some extent) random and will generally
be different in each dividing germ cell. So it is easy to understand why the ten DNA
molecules (chromosomes) in an oyster gamete are going to be different from any of the
ten parental DNA molecules (chromosomes) that were present in the germ cell before
meiosis. It can also be understood why the genetic make-up (the ten DNA molecules)
of every gamete is likely to be different from every other gamete.

It can be seen that very extensive shuffling of the genome is achieved by recombina-
tion. However, this is not the only reshuffling that takes place during meiosis. Consider
the ten pairs of chromosomes in the germ cell, with one from each pair derived from the
male parent of the oyster, and the other from the female parent. These can be indicated
as M1, M2, M3 up to M10 (for the male-derived chromosomes) and F1, F2, F3 up to
F10 (for the female). Each of the daughter cells following meiosis I will contain ten
chromosomes, but they will be a random mixture of F and M chromosomes as illustrated
in Figure 1.8. For ten chromosomes, there are 210 = 1024 possible combinations. This
is called independent assortment of chromosomes.

Therefore, shuffling of the genome takes place by two processes in meiosis – recom-
bination and independent assortment – and these processes probably ensure that no two
gametes are ever likely to be identical to either parental chromosome set, nor to one
another.

The final part of the process of sexual reproduction, syngamy – the fusion of male and
female gametes at fertilisation to form a zygote – further increases the genetic variation
of offspring from their parents. Considering all these factors, it is not at all surprising that
no two individuals in a sexually reproducing species are identical. The only exception
is if an already-fertilised egg (a zygote) divides to produce two separate cells, both of
which develop independently into normal embryos. These are monozygotic twins and
are effectively genetic clones of one another. The original zygote from which they arose
would still have been different from any other zygote, or individual, in that species.

Although the chromosomal behaviour during meiosis is the same in both males and
females, there is an important difference in the production of spermatozoa and eggs
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Figure 1.8 How independent assortment of chromosomes at the end of meiosis I creates
variation. Three pairs of chromosomes are indicated: M1, M2 and M3 are the male parental
chromosomes, and F1, F2 and F3 are the female parental chromosomes. Independent assortment
gives eight possible combinations of chromosomes in daughter cells.

(ova). In males, four spermatozoa are produced from each germ cell. In females, only
one egg (ovum) is produced from each germ cell or primary oocyte (Figure 1.9). One
of the two cells produced during meiosis I is large, and the other is very small, so small
that effectively it is really just the chromosomal material with little or no cytoplasm.
This small cell – the first polar body – usually does not undergo meiosis II. The large
cell – the secondary oocyte – again divides unequally during meiosis II to produce the
large ovum and the small second polar body.

Agricultural animals are mostly mammals or birds in which the meiotic divisions
take place inside the body of the animal or inside a shell and so are not easily accessible.
However, in most fish species, only meiosis I takes place before spawning and the
secondary oocytes are released into the water. Meiosis II occurs only when spermatozoa
have become attached. In bivalve molluscan shellfish, the oocytes are spawned at
metaphase of meiosis I and further development is dependent on the attachment of sper-
matozoa. This feature of fish and certain shellfish enables chromosome set manipulation
to be simply engineered in such species for the production of polyploids (Box 1.1).
Nevertheless, in certain fish, in crustacea and in brooding bivalves, eggs are not directly
accessible during the meiotic divisions. The production of polyploids will be discussed in
Chapter 7.
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Figure 1.9 The difference in meiotic products in males and females. In males each primary
spermatocyte produces four spermatozoa, while in females each primary oocyte produces a single
ovum.

In addition to variation at the DNA level and the shuffling of the genes during meiosis,
genetic variation occurs at the level of the chromosomes. Such variations are not very
useful as genetic markers in aquaculture species, but chromosomal rearrangements have
played an important role in evolution (Box 1.1).

Mitochondrial and chloroplast DNA

So far we have considered the DNA present in the nucleus, which is organised into
chromosomes. There is actually more DNA in the cell – extra-chromosomal genes,
contained within energy-generating organelles, mitochondria, of which there may be
several hundred in each cell. In plants, the photosynthetic organelles – chloroplasts –
also contain DNA.
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Animal mitochondrial DNA (mtDNA) is normally present as a circular molecule of
around 16 kb in length, and there are around ten copies of the DNA in each mitochondrion
in humans. Unlike the chromosomal DNA, there is no meiosis and replication appears
to be a simple copying process, though recent research does point to there being some
form of recombination during mtDNA replication.

Because there are large numbers of mitochondria in an egg, but very few in a sperma-
tozoon, it is hardly surprising to find that the mtDNA present in a sexually reproduced
offspring is usually inherited entirely from its mother (strict maternal inheritance). This
maternal-only inheritance of mtDNA is the situation in almost all animals.

However, one exception to this rule occurs in an important aquaculture species, the
mussel Mytilus spp., which has a form of bi-parental inheritance of mtDNA. Females
have an F-type of mtDNA in every body cell, while males have both the F-type and an
M-type mtDNA in most cells of the body. The M-type is highly concentrated in the male
gonad and is thought to be the only mtDNA present in the spermatozoa. These M-type
mtDNA molecules present in a spermatozoon enter the egg, and, in some way which is
not yet fully understood, the M-type remains in the egg after fertilisation and is eliminated
in individuals destined to become female, but retained and preferentially replicated in
individuals destined to become males. This unusual arrangement has been named ‘doubly
uniparental inheritance’. Doubly uniparental inheritance has recently been detected in
other bivalves besides mussels such as the manila clam (Tapes philippinarum) and may
be more widespread than currently thought.

The complete sequence of the mitochondrial genome is now known for quite a number
of vertebrates and invertebrates, and the order of the genes within the circular genome is
different in every phylum so far studied. Because fish mtDNA has been extensively used
in phylogenetic studies, we will use this molecule as an example. The mitochondrial
genome of fish contains 13 genes coding for proteins, 2 genes coding for rRNA (the
small 12S and the large 16S rRNA), 22 genes coding for tRNA molecules and 1 non-
coding section of DNA which acts as the initiation site for mtDNA replication and RNA
transcription. This is called the control region (Figure 1.10).

In contrast to the nuclear genome, the mitochondrial genes of animals are very efficient
and have no introns. In addition, there is virtually no ‘junk DNA’ or repetitive sequences
in the mitochondrial genome, although the control region does often vary in length due
to tandem repeats. Exceptions to this general rule are the scallops, many species of which
exhibit several large (up to 1.4 kb) repeated sequences within the mtDNA genome which
can consequently extend to beyond 30 kb in length.

For reasons which are not fully understood, the rate of mutation in animal mtDNA is
higher than that in the nuclear DNA (about 5–10 times higher). This means that the rate
of evolution is greater in mtDNA than in nuclear DNA, and this feature is of importance
to us when we are looking for genetic markers which will reflect changes in the more
recent past.

Chloroplasts of photosynthetic organisms also contain DNA molecules, having origi-
nated from endosymbiotic cyanobacteria. Each chloroplast can contain up to 100 copies
of this small genome composed of circular molecules. It is commonly maternally in-
herited. The chloroplast genome was the first plant genome characterised because of its
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Figure 1.10 The generalised mitochondrial genome of fish. The position of the 13 protein coding
genes is indicated on the molecule. They are seven subunits of the enzyme NADH dehydrogenase
(ND 1, 2, 3, 4, 4L, 5, 6), cytochrome b (Cytb), three subunits of cytochrome c (COI, II, III) and two
subunits of the enzyme adenosine triphosphate synthetase (ATP6 and ATP8). 12SrRNA, 12S
rRNA; 16SrRNA, 16S rRNA. The shaded segments indicate the positions of the tRNA genes.

small size and ease of isolation. The complete chloroplast genome sequences of a num-
ber of plants and algae have been determined, revealing massive transfer of genes from
ancestral organelles to the nucleus. This might explain why all chloroplast functions
require imported proteins encoded by the nuclear genome.
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Chapter 2

How can genetic variation
be measured?

Genetic variation can be measured and quantified at several levels. Firstly, the precise
sequence of a DNA fragment, and how it varies between individuals, can be determined.
Secondly, differences between sizes of DNA fragments can be identified. At the next
level, we can consider protein differences that result from DNA coding sequence vari-
ation. Finally, it is sometimes possible to identify phenotypic differences that are the
product of genetic variation at just one or two loci or for traits determined by a much
larger number of genes. It is of interest to note that the actual chronology of the use
of these various levels of information is precisely the reverse of the way that they are
introduced in this chapter. The first markers of genetic variation to be described were
exclusively phenotypic, and even though the structure of DNA was discovered in 1953,
they were still the only markers used until the mid-1960s when variations in proteins
(allozymes) were identified by electrophoresis. Mitochondrial DNA markers based on
fragment lengths were developed in the 1980s, but the huge leap forward came in the
1990s with the introduction of the polymerase chain reaction (PCR – described later
in this chapter, Box 2.2) that allowed cheap and rapid amplification of fragments of
DNA that could be sequenced. There has been a very rapid rate of change and improve-
ment in DNA technologies since the turn of the century, enabling the accumulation of
huge databases of DNA sequences, the whole genomes of some organisms (including
humans), hundreds of thousands of functional DNA sequences for many species and
innumerable protein sequences.

DNA sequence variation

The crude extraction of DNA from animal or plant tissue is a rather simple process, which
involves mechanically or chemically breaking down the insoluble cellular structures and
removing them by centrifugation. Soluble cellular proteins, and the proteins which bind
the DNA into the chromosomes, can then be broken down using a strong protease
enzyme and removed, usually using solvents such as phenol-chloroform. The DNA is
present in the water-soluble component and can then be precipitated using an alcohol.
There are a number of commercial kits on the market which enable further purification
of DNA. The next problem is to produce multiple copies of specific fragments of DNA,

19
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and this can be done either by cloning the fragment or by the use of the PCR (Box 2.2).
In the process of cloning (Box 2.1), the target DNA is inserted into a vector molecule
which is taken up or inserted into host cells. Subsequent rapid replication of these host
cells and the vector molecules inside them results in the production of millions of copies
of the target DNA. As far as most DNA markers are concerned, cloning is usually only
needed during the development phase – once the DNA sequences flanking the markers
have been found from the cloned fragments, PCR can be used to produce millions of
copies of the target sequence within a few hours. The PCR method relies on the fact that
double-stranded DNA becomes denatured and separates into single strands when heated
above 90◦C. Once denatured, the temperature is lowered to a predetermined annealing
temperature which allows short manufactured lengths of single-stranded DNA of known
sequence (primers), designed to be complementary to the regions flanking the target
DNA, to attach (anneal) to these flanking regions. Raising the temperature to 72◦C in
the presence of a DNA polymerase enzyme and the building blocks of DNA results
in two copies of the double-stranded target DNA. Each time the cycle is repeated the
number of copies is doubled, and since each cycle takes only a minute or two, millions
of copies can be produced within a few hours by this method. For full details of the PCR
method, see Box 2.2.

Box 2.1 Cloning

It perhaps should come as no surprise to discover that DNA is a very tough molecule and can
withstand considerable stresses during its extraction. However, for accurate DNA analysis, long,
unbroken molecules are required, and care is required to reduce shearing of the molecules
during preparation. Once long, high-molecular-weight DNA molecules have been extracted
and purified, they can be cut into fragments using restriction endonucleases that are enzymes
purified from bacteria. One class (type II) of these enzymes has the useful property of only
cutting the DNA molecule at particular points in the sequence, each enzyme having its own
recognition sequence of four or more bases. For example, a restriction endonuclease isolated
from the bacterium Escherichia coli, named EcoRI, cuts DNA only where the hexanucleotide
5′–GAATTC–3′ occurs (Table B2.1). The cut is uneven, producing an overlap on each end
making them ‘sticky’ or ‘cohesive’. Other restriction endonucleases, such as AluI, make blunt
ended cuts (Table B2.1).

Table B2.1 Recognition sequences and type of end sequence of three commonly
used restriction endonucleases.

Restriction Recognition End Type of
endonuclease sequence sequences end

EcoRI 5′–GAATTC–3′ 5′–G AATTC–3′ Sticky
3′–CTTAAG–5′ 3′–CTTAA G–5′

AluI 5′–AGCT–3′ 5′–AG CT–3′ Blunt
3′–TCGA–5′ 3′–TC GA–5′

HinfI 5′–GANTC–3′ 5′–G ANTC–3′ Sticky
3′–CTNAG–5′ 3′–CTNA G–5′

G, guanine; A, adenine; C, cytosine; T, thymine; N, any nucleotide.
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Once DNA has been cut into fragments, the fragments can be ‘pasted’ into a vector using the
enzyme DNA ligase. There are a number of vectors available depending on such factors as the
size of the fragments to be cloned, the host organism (bacteria, yeast, plants, mammals) and
whether one wishes to express (i.e. transcribe and translate) the genes on the cloned fragments.
However, by far the most common cloning system for purposes relevant to aquaculture, where
we tend to be probing for particular genes or marker sequences, is to use a modified form of the
bacterium E. coli as the host. There are two principal vectors used to get DNA into a bacterium:
one a virus (bacteriophage or just phage) that infects the bacterium and the other a plasmid,
which is a circular DNA molecule occurring as a natural inclusion in many bacteria. Some
laboratories still prefer phages because the infectious particles naturally contain extractable
single-stranded DNA that they find gives good sequencing results. However, most laboratories
prefer to be able to sequence the DNA in both directions (which cannot be achieved with only
one strand) and find that plasmid vectors are less likely to ‘chew up’ the inserted DNA. There are
many variants of plasmid and a very common and well-behaved one is pUC19 (‘p’ for plasmid,
‘UC’ for the University of California, where the plasmid was created, ‘19’ to show that it was the
19th such plasmid created there).

DNA is extracted from an organism and then cut by incubation of the DNA with a restriction
enzyme. The cut fragments are then mixed in solution with the enzyme DNA ligase and the
vector, in this case a plasmid, which has been previously cut with the same or a compatible
restriction enzyme (plasmids and other vectors have been engineered to contain a polycloning
site, which contains the recognition sequences for many different restriction enzymes). Many
of the DNA fragments become ligated into plasmid molecules, and the vector, plus its included
DNA, is then inserted into a special form of E. coli. This ‘competent’ E. coli takes in the vector
when subjected to a shock of some kind, usually heat (Figure B2.1a).

The plasmid vector contains the gene sequence for resistance to an antibiotic (e.g. ampicillin,
chloramphenicol). The E. coli used has no resistance of its own. The antibiotic is added to the
agar plates so that only bacterial clones that include the plasmid will grow on the plates.

The E. coli cells are spread very thinly over the agar plates so that each transformed cell can
form a separate colony when allowed to replicate overnight at 37◦C (Figure B2.1b). As well as
the bacterial multiplication, the plasmid replicates within each bacterial cell, thereby producing
millions of copies of the included DNA in bacterial clones.

A second plasmid gene is employed to identify those colonies that contain non-recombinant
plasmids, that is bacteria which took up plasmids which had self-ligated and had no added,
recombinant, DNA. The plasmid used has a gene for B-galactosidase, but the plasmid’s cut site
is in the middle of this gene. Therefore, plasmids that have self-ligated will still have an active B-
galactosidase gene, while plasmids that contain recombinant DNA will not. Using the substrate
X-gal in the agar plates, which produces a blue product on reaction with B-galactosidase, enables
blue-coloured colonies (non-recombinant DNA) and white colonies (recombinant DNA) to be
identified.

If desired, white colonies containing recombinant DNA can be individually picked from the
plates using a sterile toothpick and maintained in a ‘DNA library’ of clones (such DNA libraries
are commercially available for some species). However, most researchers probe for the required
genomic DNA sequence on the original transformed colonies. This is done by carefully laying
a nylon membrane onto the plate so that some of each colony is transferred to the membrane
which is then carefully peeled off. While the membrane is on the plate, their relative positions are
marked, for example by puncturing both with a red-hot needle, so that they can be accurately
lined up again later. The membranes are treated to break down the bacterial cell walls and to
separate the strands of the DNA (denaturation). The DNA is then fixed to the membrane using
heat or UV light. The membranes are then probed for the sequence of interest. This is done by
hybridising the plasmid DNA with a labelled probe, a short sequence of single-stranded DNA
complementary to the sequence of interest. Probes are chemically, fluorescently or radioactively
labelled. Hybridisation involves exposing the nylon membranes to the labelled probe at a
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temperature high enough to melt all but a very good DNA match. The probe DNA thus becomes
annealed only to the target DNA, carrying its label with it. An example of autoradiographic
visualisation of a radiolabelled probe is shown in Figure B2.1c. The needle holes on the
membranes can be marked to show up on the film, so that the original agar plates with their
re-grown bacterial colonies can be lined up with the autoradiograph and those clones which
gave a positive radiolabel signal can be identified and isolated for sequencing or further analysis.
Nowadays chemicals rather than radioactive labels are used but the principle is unchanged.
Robots have been developed to allow high-throughput identification and picking of recombinant
colonies.

Figure B2.1a The technique of cloning DNA fragments.
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Figure B2.1b Colonies of Escherichia coli on an agar plate.

Figure B2.1c Autoradiograph of a nylon membrane lifted from an agar plate and treated with
a radiolabelled probe. Strong positive signals are evident from several clones. Arrows indicate
needle marker points.

Box 2.2 Polymerase chain reaction (PCR)

The PCR technique makes millions of copies of a particular target DNA sequence. The whole
amplification process takes place in microtubes or in microwells in plastic plates (96-well micro-
titre plates) in a small thermal-cycling machine on the bench (Figure B2.2a). Each microtube
contains a number of ingredients together with the template DNA that is to be copied from. Mil-
lions of copies of a pair of primers – short single-strand sequences of DNA each complementary
to one end of the target DNA sequence – are included. A thermostable DNA polymerase enzyme
(e.g. Taq polymerase, derived from the bacterium Thermus aquaticus, a resident of hot springs)
is present together with the four deoxynucleotide triphosphates (dATP, dCTP, dGTP and dTTP,
collectively dNTPs) in a buffer. Using Taq polymerase, the maximum length of the target DNA
is effectively around 3–4 kb, because longer fragments cannot be successfully amplified and
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inaccuracies begin to accumulate to unacceptable levels. There are special DNA polymerases
available for those who need long and accurate PCR replication.

Figure B2.2a A thermal cycler in which polymerase chain reaction is carried out. During
polymerase chain reaction the heated lid is closed over the micro-titre plate which is positioned
in the heating block. (See Plate B2.1 in the colour plate section.)

There are three stages to PCR – denaturation, primer annealing and polymerisation – each
one lasting only about a minute and each operating at a different temperature:

� The denaturation step: the contents of the microtubes are heated to above 90◦C to separate
the two strands of the template DNA.

� The primer annealing step: the temperature is decreased rapidly to a predetermined
annealing temperature, usually around 55◦C, to allow the primers to ‘sit down’, that is to
become annealed to their complementary sequences on the template DNA.

� The polymerisation step: The temperature is increased to 72◦C, the temperature at which
the Taq polymerase is most active, to enable the synthesis of new DNA in the 3′ direction
away from the primers.

These steps are then repeated:

� The denaturation step (2): the mixture is again heated to about 94◦C to denature all the
newly built molecules, and any other parts of the template DNA which have become annealed
by chance.

� The primer annealing step (2): primers anneal as in the first cycle, but this time some will
anneal to the newly manufactured strands of DNA.

� The polymerisation step (2): new synthesis of molecules takes place and results in some
molecules which have one strand of the precise length defined by the primer sequences at
each end.

� The denaturation step (3): the strands of DNA are again separated ready for the annealing
step.

From this point on, the number of newly synthesised molecules of the precise length specified
by the two primers increases exponentially at each new cycle. Usually 20–40 cycles are used,
and the resulting PCR product should consist of a very high copy number of the target sequence
together with a small amount of original and fragmented DNA (Figure B2.2b).
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In cycle 3, the perfect fragment makes a copy of itself; then in the next cycle both these copies
copy themselves and in the following cycle all four of those copy themselves, and so on – this is the
“chain reaction” element of PCR.

forward primer polymerisation

The first perfect fragment, produced in cycle 2, will double in each of the remaining 33 cycles,
giving 233 or 8,589,934,592 perfect fragments. But of course it's not just the first perfect fragment that
doubles every cycle – so do all subsequent perfect fragments produced from each overextended
fragment each PCR cycle. So, in theory, after the first two cycles the number of perfect fragments
grows super-exponentially, to give a total of (1 x 233) + (2 x 232) + (3 x 231)......+ (33 x 21) + (34 x 20)
= 34359738332 perfect fragments. It helps to understand these numbers if we realise that the total
number of fragments doubles each cycle, so that after n cycles we have 2n-pieces of DNA, of which
one will be the original strand and n will be overextended fragments.

Thus, in theory, if we start with one DNA template strand, by the end of 35 cycles we have:

the original template DNA

n = 35 overextended fragments

2n-n-1 = 34,359,738,332 perfect fragments

In practice these numbers are not achieved because dNTPs and primers run out and the DNA
polymerase is not 100% efficient, but they serve to illustrate the DNA amplifying power of the
Polymerase Chain Reaction.

CYCLES 3–35

We start with one strand of the template DNA on which are the forward and reverse primer sites:
3′

3′
3′

3′

3′

3′

3′

3′

3′ 5′

5′

5′

forward and reverse primer
annealing sites

The forward primer anneals to one end of the target stretch and is elongated in the 5' to 3'  
direction by DNA polymerase:

dnarts etalpmet

tnemgarf dednetxerevo

run PCR for, say, 35 cycles there will be 35 such overextended fragments per original template strand.

CYCLE 1

forward primer polymerisation

So, at the end of the first cycle there is the original template DNA plus what we will call an
 ‘overextended fragment’:

One such overextended fragment is produced every cycle for each DNA strand, so that if we

But what happens to overextended fragments in the next cycle?

The reverse primer anneals to the overextended fragment and is elongated by DNA
polymerase – but only as far as the forward primer site, where the fragment ends. This produces our
desired fragment, bounded by the forward and reverse primers.

polymerisation reverse primer

overextended fragment

desired fragment

Each overextended fragment produced from the template DNA will produce perfect fragments
in each remaining cycle. However, it is what happens to the perfect fragments in the third and
subsequent cycles that really boosts the numbers.

CYCLE 2

5′

5′

5′

5′

5′
5′

Figure 2.2b How the polymerase chain reaction method works. To simplify the explanation,
the copying of only one of the strands of DNA is illustrated – the process is identical for the
other strand. As the template DNA is normally double stranded, each piece of template DNA
would produce double the number of perfect fragments illustrated in this figure.
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Figure 2.2b describes the theory. In practice, the PCR method is extremely sensitive to
small variables. For each pair of primers, there is an optimum annealing temperature and
optimum Mg2+ concentration. The slightest contamination of the template DNA with proteins or
other material can often inhibit PCR amplification. Taq polymerase and buffers from different
manufacturers have slightly different characteristics and may require re-optimisation. And, of
course, while temperatures are changing between steps, all the ingredients are free to interact
in the most unpredictable way. In spite of these considerations, the PCR method has become
routine in the laboratory and provides a simple and effective means of producing high copy
numbers of specific DNA sequences.

Increased efficiency of PCR can be achieved by using multiplex PCR where several sets of
primers are included in each reaction allowing several size-specific fragments to be amplified at
the same time.

Quantitative PCR (qPCR)

Quantitative – or real time – PCR is a method that enables us not only to make copies of a
fragment of DNA, but also to quantify the accumulation of fragment copies during the actual
progress of PCR. There are two common methods for identifying the build-up of copies: one
uses a fluorescent dye such as SYBR Green that binds only with double-stranded (ds) DNA,
and the other involves a modified oligonucleotide probe (usually RNA) that fluoresces following
hybridisation with its complementary sequence. The first approach is less specific than the
second because as well as recording the actual copy dsDNA molecules, it also records non-
specific DNA amplification. The second approach using a sequence-specific RNA or DNA probe
identifies only the copies of the DNA sequence in question. It also allows the use of multiplex
PCR with different coloured labels on different probes to identify several different sequences in
the same PCR.

Quantification of the PCR is undertaken by plotting the fluorescence emitted against a
logarithmic scale of the number of cycles. Because numbers of copies double each cycle in
PCR, plotting onto a logarithmic scale should provide a straight line. A threshold for detection
above the background level is set and this cycle threshold is called Ct. A standard plot using
serial dilutions of template DNA from a ‘housekeeping’ gene provides a standard against which
qPCR output can be read. Because the number of copies should double each cycle, the relative
amounts of DNA between two samples can be calculated. For example, a sample with a Ct,
that is 4 cycles earlier than that of another sample, should have 24 (=16) times more template
DNA.

A primary use of qPCR is in estimating relative gene expression. As described in Chapter
1, genes are transcribed into messenger RNA (mRNA), introns are stripped out, and the
final exon sequence mRNA is exported to the cytoplasm where amino acid sequences and
ultimately the proteins are constructed. The amount of particular protein manufactured in a
cell is dependent on the amount of mRNA produced by transcription of the DNA of the coding
gene, so if this mRNA can be measured, it can act as a proxy for the expression of that gene.
An RNA sample taken from a whole organism, an organ, or a tissue is first reverse-transcribed
back into complementary DNA (cDNA) using the enzyme reverse transcriptase. This cDNA is
amplified using qPCR with primers specific to a part of the gene in question. As each cycle is
completed, the number of fluorescence detections increases. This measure of progress of PCR
need not be quantified by absolute units, but is used in a comparative way with other samples to
identify relative expression of the gene in different tissues, organs, individuals or environmental
situations.
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The sizes of pieces of DNA produced from cloning or PCR can be determined by
subjecting the DNA to electrophoresis (Box 2.3) alongside known size standards. Since
electrophoresis separates fragments based on their sizes, it can be used to purify DNA
fragments. For example, the results of a PCR reaction can be run (electrophoresed)
on an agarose or acrylamide gel. The DNA is stained during or after electrophoresis
with ethidium bromide which fluoresces under UV light. Hopefully, there will be a nice
bright band of the right size, our desired PCR product, which can then be cut out and
the DNA extracted from the gel. We thus have the desired PCR product without leftover
components of the PCR reaction, such as primers, which might have interfered with
later DNA sequencing.

Box 2.3 Size separation of DNA fragments and of proteins by electrophoresis

Electrophoresis is used to separate DNA molecules by size or protein molecules by size and
charge. It works on the principle that charged molecules, such as proteins or DNA, will be drawn
through a slab of gel when a current is passed across it. A number of different gel types can be
used. For proteins, horizontal hydrolysed starch or cellulose acetate gels were generally used.
In horizontal gel systems, samples are inserted into slots in the gel close to, or at, one end. An
example of a horizontal starch gel apparatus is given in Figure B2.3a.

Figure B2.3a Apparatus for the separation of allozymes by horizontal starch gel
electrophoresis (courtesy Chris Beveridge).

For DNA, horizontal agarose mini-gels are used for coarse identification of fragment length
(safe resolution down to about 5–10 bp with a 2% agarose gel, Figure B2.3b) or polyacrylamide
for finer identification (down to 1 bp, Figure B2.3c). Polyacrylamide gels are normally oriented
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vertically. In vertical polyacrylamide slab gels, samples are placed at the top of the gel and are
separated from one another by a comb-like structure, or by spacers (Figure B2.3c). Until the turn
of the century, polyacrylamide DNA separation and DNA sequencing gels were generally of the
slab type. In most modern DNA sequencers, the polyacrylamide gel is organised into separate
capillaries, rather than as a slab, and individual samples introduced into the machine in 96-well
micro-titre plates are automatically applied into individual capillaries.

Figure B2.3b Agarose mini-gel showing pipetting of DNA sample into separate wells
positioned across the gel. The gel is prepared by pouring it into a mould and allowing it to set.
The wells are cast into the gel during this process. Samples are coloured to monitor the
progress of electrophoresis. (See Plate B2.2 in the colour plate section.)

Because passing an electrical current through water changes the pH, the solution used to
make electrical connection with the gel is always buffered.

Once the current has been run for sufficient time to separate the faster-migrating molecules
from the slower-migrating molecules, electrophoresis is stopped and the gels are prepared for
visualisation of the resulting bands of protein or DNA. For proteins a general non-specific protein
stain can be used, though in the case of enzymes the positions of the different bands (allozymes)
on the gel are identified using substrate-specific stains.

High concentrations of DNA such as are used in agarose mini-gels are usually stained with
ethidium bromide, which fluoresces under UV light. For very small quantities of DNA much more
sensitive staining methods are required. The previously common highly sensitive technique of
radioactive isotope labelling (using sulphur-35 (35S) or potassium-32 (32P)) and subsequent
autoradiography has now been superseded by the use of simpler, cheaper, less hazardous but
equally sensitive laser detection systems.

Modern slab or capillary DNA analysis machines used for genetic marker identification use
chemo-luminescent labelling that can be read directly by a fixed laser as the labelled DNA
fragments pass through the slab or capillary gel. This removes the risks and complications
of working with radioisotopes and, by virtue of different-coloured labels, enables more DNA
fragment lengths to be obtained from a single gel or single capillary. For details of the latest
generation of high-throughput DNA sequencers, see Box 2.4.
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Various standards can be run on gels alongside samples for comparison. Dyes and samples
from individuals of known genotypes are run on protein and enzyme gels, while DNA bands of
known sizes (in base pairs, bp, or kilobases, kb) are used as molecular size standards in DNA
mini-gel or sequencing electrophoresis.

Figure B2.3c Slab gel DNA sequencer showing the upper and lower buffer trays. The very
thin gel is sandwiched between two glass plates connected to the upper and lower buffer trays.
Inset shows detail of the sharks-tooth comb resting on the top of the gel. Up to 98 samples can
be applied individually into each of the small chambers between the teeth. (See Plate B2.3 in
the colour plate section.)

Where size-separated DNA on fragile polyacrylamide gels needs further treatment such as
hybridisation to labelled probes, it is first transferred onto a more robust nylon membrane by a
technique known as Southern blotting (Figure B2.3d).
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Figure B2.3d The Southern blotting method of transferring DNA from a gel to a membrane.

When we have lots of high-quality copies of the target DNA in a pure solution, we can
use the standard Sanger sequencing method (Box 2.4) to identify the precise sequence
of the bases (A, C, G and T) along the DNA. Recent technological developments have
enabled the rapid throughput of huge numbers of DNA fragments for sequencing (Box
2.4). Comparisons of the sequence between individuals, between populations, between
species or between higher order systematic divisions provide information about the
relatedness between these categories. Of course, different approaches are needed to
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address these different levels of relatedness. Although we can generally assume that the
chances of a point mutation occurring are the same anywhere along the DNA molecules
that make up the genome of a particular species, an important question is what the
consequences to that species of such a point mutation are.

Box 2.4 DNA sequencing

Before 2005, the main method of large throughput sequencing was the Sanger method, and
polyacrylamide capillary sequencing could read up to 700 bases from 96 individual DNA tem-
plates with 99.4% accuracy in 1 hour (67 000 bases per hour). The advent of ‘second-generation’
DNA sequencing technology in recent years has enabled far higher sequencing throughput up
to the order of 25 million bases per run.

The Sanger method

The traditional Sanger method for DNA sequencing uses DNA polymerase enzymes, such
as those used in PCR, to copy the DNA strand but with two added twists. The first is that
one of the dNTPs is fluorescently labelled, so that the copies can be visualised. The second
trick is to sabotage the copying process. This is done by introducing a small proportion of
dideoxynucleotides (ddNTPs) along with the dNTPs. Like dNTPs, the polymerase joins ddNTPs
to the new DNA strand, but unlike dNTPs they lack the bond which would enable another dNTP
to be joined after them, so they stop the copying process. Sequencing one piece of DNA involves
carrying out four separate reactions for adenine, cytosine, guanine and thymine using ddATP,
ddCTP, ddGTP and ddTTP, respectively. The proportion of ddNTP to dNTP is balanced so that
copy strands are produced of many different lengths, from those that only extend a few bases
from the sequencing primer to strands hundreds of bases long. But each will end in a ddNTP. So
when we run the four reactions out on a sequencing gel, the ddATP reaction will produce bands
of many lengths, but we will know that each band shows the length of a DNA fragment which ends
with the nucleotide adenine. Imagine that the sequence has adenine occurring at the 2nd, 5th,
6th, 9th, 12th, 13th, etc., positions after a 20-base sequencing primer. In that case, the A series
will contain molecules of 22, 25, 26, 29, 32, 33, etc., bases long. Similarly, the ddCTP, ddGTP
and ddTTP reactions will consist of molecules of lengths specific to the positions of the bases
cytosine, guanine and thymine, respectively, along the DNA. These four series of molecules are
run in four separate capillaries, in a capillary system, or in four separate lanes, side by side, in a
slab gel system. The sequence of the DNA then can be read from these four ACGT lanes from
the bottom of a slab gel upwards, as illustrated in Figure B2.4a or as a readout of a series of
coloured peaks emanating from a capillary DNA sequencer as illustrated in Figure B2.4b.

Second-generation DNA sequencing

There are several second-generation, high-throughput DNA sequencing systems developed by
various companies: Solexa technology (by Illumina), Sequencing by Oligo Ligation and Detection
(SOLiD by Applied Biosystems), Polonator (by Dover Systems), True Single Molecule Sequencer
technology (tSMS by Biosciences Corporation) and 454 Genome sequencers (by Roche Applied
Science). We will just describe the massively parallel sequencing-by-synthesis “454” method
here, as it is among the most commonly used and several others are conceptually similar.

The three key limiting steps to further development of the Sanger approach for DNA sequenc-
ing were (a) the preparation of a library of DNA which required cloning, (b) the preparation of the
template that was restricted by PCR technology to 96-well micro-titre plates and (c) the chem-
istry of the chain-termination sequencing method. Four-five-four (454) sequencing has involved
radical alterations to all three steps.



P1: IFM/UKS P2: SFK

BLBK242-02 BLBK242-Beaumont January 4, 2010 23:20 Printer Name: Yet to Come

32 Biotechnology and Genetics in Fisheries and Aquaculture

Figure B2.4a Traditional polyacrylamide slab gel read out of a DNA sequence using the
Sanger method. Each base (A, C, G and T) is in a separate lane, and the sequence is read
from the bottom upwards.

Firstly libraries are prepared by fragmentation of DNA, ligation of adaptors to the fragments
and separation of them into single strands. These fragments are then bound to beads under
conditions that favour one fragment per bead. In this way, the old cloning method is bypassed.
The beads are then mixed in an oil emulsion with PCR reaction mixture. The PCR reaction
takes place within the droplets of the emulsion and results in each bead carrying about a million
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Figure B2.4b Read out from a capillary gel DNA sequencer using the Sanger method. Each
coloured peak represents a single base (blue, cytosine; red, thymine; black, guanine; green,
adenine) and the sequence of bases is given above the graphic. (See Plate B2.4 in the colour
plate section.)

copies of its original bound sequence. So the restrictions of unit size in PCR are overcome.
The beads carrying sequences are enriched and deposited into the wells of a pico-titre plate
that is manufactured by thinly slicing a fibre-optic block and etching out each fibre-optic core.
The slide is about 60 mm × 60 mm and contains about 1.6 million wells, each about 75 pL in
volume. Because of their size, each well will contain a single bead. The loaded slide is deployed
in a narrow tunnel through which sequencing reagents can flow. The sequencing method used
is pyrosequencing, which is quite different from the chain termination method. Each cycle of
sequencing involves the flow across the pico-titre plate of a mixture of a single nucleotide with
polymerase, adenosine 5′-phosphosulphate and luciferin. This mixture drives the production of
light at wells where the incorporation of that nucleotide took place. Following a flow of apyrase
to remove unincorporated nucleotide the second cycle begins with a different nucleotide and
so on. Light emission is recorded by a camera, and the sequence of bases can therefore be
recorded at each of the 1.6 million wells (although some wells will not have incorporated a
bead).

The advent of very high throughput DNA sequencing technologies such as the 454 system
has resulted in a huge overload of DNA sequence data, much of which remains to be usefully
used. Alongside the high-throughput technology, extensive software development has taken
place to analyse these DNA data and assemble them into genomes. The Genome Sequencer
FLXTM System incorporates such post-processing software to provide a more complete package
for genome sequencing and analysis.

There are several international DNA databases (e.g. EMBL, GenBank), and scientists have
free access to these databases. Powerful computer programs are available to analyse new
sequences and to compare them with all other available sequences on the databases. This field
of bioinformatics has rapidly expanded over the last 20 years but is outside the scope of this
book.
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Let us first consider a mutation within the coding part (exon) of a gene that codes for
an enzyme. We might expect such DNA mutations to have important effects. However,
the mutation could occur at the third base of a codon and, because of the redundancy of
the genetic code, will be unlikely to change the amino acid coded for. Non-synonymous
mutations change the coded amino acid while synonymous mutations do not. Even
though non-synonymous mutations change one of the amino acids in the enzyme coded
for, this may not have any effect on the ability of the enzyme to carry out its cellular
biochemical function. Nevertheless, some mutations within the exon of an enzyme gene
are bound to have a deleterious effect such that individuals carrying that mutation
produce an ineffective enzyme and are less likely to survive. Exceptionally, a mutation
might be advantageous and improve performance of an enzyme. So enzyme exon DNA
sequences are free to change slowly over evolutionary time, at a rate that is considerably
less than the rate of mutation, and the rate varies between different enzymes depending
partly on the specificity of their biochemical task in the cell.

What about DNA sequences which form part of an intron? These sequences are not
translated into a protein product, and so we would expect changes to have neither dele-
terious nor advantageous effects. Mutations at non-coding sites are effectively neutral
and therefore are likely to accumulate without constraint over evolutionary time.

Finally, let us consider sequences that code not for proteins, but for the very RNA
molecules which are involved in the process of translation of the DNA code. Here,
almost every letter of the code is critical to the functioning of the RNA product, and
almost any mutation will render it non-functional. The strongly deleterious effect on
any individual subjected to such a mutation means that the observed rate of evolu-
tionary change of these parts of the DNA molecule is extremely slow. Such DNA is
said to be highly conserved because most mutations are quickly rejected by natural
selection.

It follows from the three examples above that some regions of DNA are valuable for
identifying evolutionary changes far back in time, while others will detect more recent
changes.

Variations at a single base position in DNA are called single nucleotide polymorphisms
(SNPs, Box 2.5) and this term usually includes ‘indels’ (where a base pair is inserted
or deleted). SNPs are generally bi-allelic – that is they usually have only two variants –
and this restricts their use as genetic markers in some respects. However, recent tech-
nologies involving the production and screening of DNA micro-arrays have enabled easy
identification of hundreds of thousands of single base pair variants throughout genomes.
This has elevated SNPs to a high status as genetic markers for producing high-density
genome maps, and they are increasingly being used in aquaculture species.

Box 2.5 Single nucleotide polymorphisms (SNPs)

SNPs are the most common form of genetic variation. An SNP is variation at a single nucleotide
position in the genome that can be observed at a significant frequency (i.e. in at least 1% of the
individuals within a species). Two types of SNPs are distinguished: transitions and transversions.
A transition is a change between two purines (between A and G) or between two pyrimidines
(between T and C). A transversion is a change between a purine and a pyrimidine. In theory,
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one SNP can show up to four alleles (A, T, G or C), but in most cases, only two alleles are
observed for each locus. Transitions are generally more frequent than transversions. When
SNPs occur in coding regions, synonymous SNPs (change of nucleotide does not change the
amino acid coded: redundancy of the genetic code – see Chapter 1, Table 1.1) will not change
the coded protein, while non-synonymous SNPs will change the coded amino acid. Because
the majority of non-synonymous mutations are deleterious, they are eliminated from populations
by natural selection and are therefore far less frequent than synonymous SNPs or SNPs in
non-coding regions. The other group of nucleotide polymorphisms are insertions or deletions of
nucleotides, called ‘indels’, and these are sometimes included within the general name of SNPs.
Large indels can be identified by scoring fragment length polymorphism or restriction fragment
length polymorphism (RFLP), but single-nucleotide indels are less frequent and less informative
than true SNPs. SNPs and indels are identified by multiple sequence alignments (Figure B2.5).

Figure B2.5 Alignment of sequences is used to identify single nucleotide polymorphisms and
Indels. 1 = transition, 2 = transversion, 3 = indel.

SNPs occur every 1000 bases or so in the human genome, but can be much more frequent
in many marine species. For example, in the Pacific oyster (Crassostrea gigas), SNPs occur,
on average, every 40 bp in non-coding regions and every 60 bp in coding regions. Their high
frequency in the genome makes SNPs a very efficient type of marker to map or scan genomes.
SNPs can be readily identified by sequencing polymerase chain reaction (PCR)-amplified DNA
fragments from pooled individuals. Double peaks on the sequence (Box 2.4) characterise an
SNP. Also they can be detected by screening DNA databases. Denaturating gel gradient elec-
trophoresis or single-strand chain polymorphism can be used as a first screening to identify
individuals showing different genotypes.

Several techniques are available to genotype SNPs. If the SNP falls within the sequence of a
restriction enzyme (Box 2.1), its genotyping can be performed through PCR-RFLP (see Box 2.2
and Box 2.6) – two fragments will be generated from individuals where the restriction enzyme
sequence is correct, but a single fragment from individuals with the altered SNP allele in the
homozygous state. This produces dominant data (see Box 2.9). Although, in principle, direct DNA
sequencing of PCR-amplified fragments should be able to discriminate between homozygous
and heterozygous genotypes, this can be problematic and co-dominant data are not always
assured. Thousands of SNPs can be rapidly detected by high-throughput methods such as
pyrosequencing (Box 2.4). Other methods deploy two different primers within PCR that are each
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specific (by size or by chemical label) for one of the SNP alleles. Subsequent identification can be
based on mass spectrometry MALDI-TOF (MALDI, Matrix-Assisted Laser Desorption/Ionisation;
TOF, time-of-flight mass spectrometry) that also enables a high throughput of thousands of
genotypes per day. Quantitative (real-time) PCR (Box 2.2) can be used to genotype SNPs, by
melting curve analysis (McSNP, heating DNA fragments in the presence of a fluorescent dye)
or by using specifically labelled probes (TaqMan technology). Finally, micro-arrays, similar to
those designed for gene expression (Chapter 6), can be deployed to genotype SNP markers.
SNP micro-arrays contain immobilized allele-specific oligonucleotide primers to which genomic
DNA, tagged with a fluorescent dye, is hybridised. Such ‘DNA chips’ can contain hundreds of
thousands of SNPs.

As increasing amount of information have become available for SNPs in model organisms,
public data-bases have been established (dbSNP: http://www.ncbi.nlm.nih.gov/SNP). In aquatic
species, high-throughput genotyping of SNPs using arrays (in salmonid species) or SNPlex (in
oysters) has been recently developed and used for genome mapping or population genetics
studies.

DNA fragment size variation

At the beginning of this chapter, we said that genetic variation can be measured and
quantified at several levels. We have shown how we can determine the precise sequence
of a length of DNA, and how it varies between individuals. Now we shall progress to see
how differences between sizes of DNA fragments can be identified and used to address
particular genetic questions. Techniques that fall into this category include those known
by the acronyms RFLP, VNTR, DNA fingerprinting, RAPD and AFLP. Of these, VNTR
markers (microsatellites in particular) have come to the fore in recent years as being
the most generally useful, though the others all have their place in answering particular
genetic questions.

Restriction fragment length polymorphisms (RFLPs)

We can make good use of fragments of DNA as genetic markers without going through
the procedure of sequencing them. If we have a high copy number of a particular frag-
ment produced by the cloning method (Box 2.1), from the PCR machine (Box 2.2),
or directly from mitochondrial DNA, this can be incubated with a number of different
restriction endonucleases (REs) which will cleave it into a number of lengths depending
on the position of the RE recognition sites. The various lengths produced can be sep-
arated by size and stained on an agarose gel using ethidium bromide (electrophoresis,
Box 2.3). The same piece of DNA from different individuals will produce different sets
of restricted fragments if there have been point mutations (e.g. SNPs) affecting the RE
recognition sequences. In this way, polymorphisms can be identified based on the pattern
of the size fragments on the agarose gel. More detail is given in Box 2.6. RFLP analysis
is particularly useful for mitochondrial DNA (Box 2.7) because it is a relatively short
molecule (16 kb) that can be extracted in high copy number from an individual without
cloning or PCR.
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Box 2.6 Restriction fragment length polymorphism (RFLP)

The fact that restriction enzymes will only cut DNA at specific sequences presents us with a
simple way of identifying genetic variation caused by point mutations. Let’s say we have a 2-kb
length of DNA from an individual animal which can be amplified to a high copy number, and we
then incubate this amplified DNA in a microtube with a suite of restriction enzymes. Wherever
along that 2-kb length the restriction enzymes’ cut sequence are located, the DNA will be cut
producing a number of fragments that can then be easily size-separated on agarose mini-gel
and stained with ethidium bromide (Box 2.3). In other individuals of the same species, point
mutations will have altered the sequence at one or more restriction enzyme cut sites, or may
have produced a cut site where one was not present before. This will result in different individuals
producing variation in the size and number of fragments when their DNA is incubated with this
suite of restriction enzymes. Genetic variation identified in this way is called RFLP (Figure B2.6).

Figure B2.6 Restriction fragment length polymorphism of a fragment of mitochondrial DNA
from the mussels Mytilus edulis and M. galloprovincialis. The polymerase chain reaction
product has been cut with the restriction endonucleases RsaI (top) and HinfI (bottom). Lanes
1–7 M. galloprovincialis, lanes 8–19 M. edulis. M = 100 bp ladder. Variation in the sizes of the
fragments can be seen within species and between species (courtesy Dr Ann Wood).

RFLP data from a sample of a population can be analysed in two ways. Firstly, all the different
fragment patterns detected on the gels are counted and the frequencies of each determined.
These RFLP frequency data can then be compared between populations. Secondly, RFLP data
can be analysed on the basis of the proportion of nucleotides that differ between individuals.
Of course, the number of nucleotides actually sampled is limited by the number of restriction
enzymes used and the number of bases each enzyme has in its cut site. Nevertheless, such
data are of value in establishing relationships between populations, species or higher taxa.
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Box 2.7 Mitochondrial DNA extraction and analysis

It is possible to separate mitochondrial DNA (mtDNA) from the nuclear DNA by differential
centrifugation. A buffered chemical solution is used to break up (lyse) the cells. The resulting
cell lysate is then centrifuged at a speed that is high enough to sediment heavier material
such as the nucleus and larger cell debris. The supernatant, which contains the mitochondria
and other cell organelles, is removed and centrifuged again at a higher speed to sediment
the mitochondria. Further purification can be achieved by density gradient centrifugation where
material is centrifuged through a series of layered density gradients. Once separated, the mtDNA
can be extracted from the mitochondria using the standard phenol-chloroform extraction used
for nuclear DNA.

Because mtDNA is a molecule of fixed length and because it is present in high copy number
in cells, it is amenable to analysis without further amplification or preparation. Extracted mtDNA
can be cut directly with restriction enzymes, and the resulting fragments can be separated on an
agarose gel and stained with ethidium bromide. Genetic variation between individuals is detected
as sequence differences or as restriction fragment length polymorphisms (Box 2.6). The pattern
of mtDNA restriction fragments from an individual is called its haplotype, and the frequencies
of particular haplotypes in a population are used to determine differences between populations.
The degree to which mutational changes have separated different haplotypes – the nucleotide
divergence – can also be quantified and used for population genetic or systematic purposes.

Particular regions of mtDNA can be amplified using polymerase chain reaction and the
resulting fragments either fully sequenced or simply restricted with REs and the resulting frag-
ments separated on gels. There are some highly conserved regions of mtDNA the sequences of
which are used to look at very deep evolutionary history. Other mtDNA sequences are ideal for
distinguishing between species and have become used as markers for ‘barcoding’ of species.

Variable number tandem repeats (VNTR)

Variation in the sequence of DNA can occur at certain sites by a method which is not point
mutation. Spread throughout the genome are regions called VNTR, which contain tan-
dem (i.e. linked in chains) repeats of DNA sequences. The sequences may be very short
(from 1 to 10 bp) or much longer, but the key feature of these tandem repeats is that the
number of repeats can vary between individuals. It is thought that increases or decreases
in the number of the repeats occur during copying due to interference during recombina-
tion events or due to replication slippage and that these processes are not only indepen-
dent of point mutations but also occur at a much faster rates. Variation in the number of
repeats at these satellite (repeated units 100–5000 bp), minisatellite (repeated units 5–100
bp) or microsatellite (repeated units 2–4 bp) loci can be very extensive in populations and
provides a valuable tool for investigation of population genetic changes in the recent past.
Microsatellite markers (Box 2.8) in particular are now used extensively for a number of
reasons: because they are co-dominant (both alleles can be identified) and therefore can
be analysed under the standard Hardy–Weinberg model (Chapter 3, Box 3.1); because,
as they seldom occur within coding DNA, they can usually be considered to be free of
selective pressures; because of the high number of both loci and alleles at each locus;
and, not least, because automatic DNA sequencers can be used for automated genotyping
at microsatellite loci, vastly increasing the rate at which samples can be processed.
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Box 2.8 Microsatellites

The genomes of animals and plants contain regions that consist of a series of repeated units of
DNA – variable number tandem repeats also known as simple tandem repeats, simple se-
quence repeats or simple sequence length polymorphisms. One type of variable number tandem
repeats – microsatellites – consist of dinucleotide (e.g. CACACACA), trinucleotide (e.g. GTAG-
TAGTAGTA) or tetranucleotide (e.g. TAGCTAGCTAGCTAGC) repeats. Figure B2.8a shows a

Figure B2.8a Traditional sequencing gel output showing a microsatellite sequence, (TC)31,
isolated from the European cockle, Cerastoderma edule (courtesy Dr Karen Abey).
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microsatellite sequence identified from a traditional sequencing gel in the DNA of the common
cockle (Cerastoderma edule). DNA sequencing output from a capillary machine illustrating a
microsatellite found in the smelt (Osmerus eperlanus) is given in Figure B2.8b.

The number of repeated units contained within a particular microsatellite locus can vary
within a population, and this produces variation in the length of the locus. This variation can be
detected by amplifying the locus using polymerase chain reaction (PCR, Box 2.2), followed by
electrophoresis (Box 2.3).

Figure B2.8b DNA sequencing output from a capillary machine illustrating a microsatellite
sequence (TC)11 CC (TC)25 identified in the smelt, Osmerus eperlanus (courtesy Alix Taylor).
Note that the 36 repeated (TC) units are interrupted by a CC. Interruptions within microsatellite
sequences are commonly observed. (See Plate B2.5 in the colour plate section.)

Figure B2.8c Readout from slab gel electrophoresis of microsatellite variation in the
Caribbean spiny lobster (Panulirus argus). M indicates lanes containing size markers and the
sizes of those markers are indicated at the left of the gel. Microsatellite genotypes of individual
lobsters appear in each lane as a single bands (homozygotes) or as two bands (heterozygotes)
(courtesy Natalie Horton).
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Isolation and identification of microsatellites in a species is done by first producing a li-
brary of recombinant clones (Box 2.1) containing fragments of DNA between 300 and 900
bp in length. DNA is extracted from an individual of the species, cut with REs and run out
on an agarose gel against a size standard (Box 2.3). Fragments of a size between 300 and
900 bp are then extracted from the gel, and these are used to make a clone library (Box
2.1). This library is then screened using complementary repeat probes, for example (GT)n to
identify (CA) repeat microsatellites. Insert DNA from positive clones is sequenced to confirm
the existence of a microsatellite within the fragment of DNA and to determine the flanking
sequences. Primers are designed based on the flanking sequences and optimised for PCR
(Box 2.2). The microsatellite locus is then PCR-amplified from template DNA extracted from
individual organisms. The PCR products are run on a high-quality polyacrylamide slab or cap-
illary gel, which can enable the detection of fragments that differ by a single base pair in
length. Scoring of genotypes is by laser detection in automated sequencers. Microsatellites
are co-dominant, therefore both homozygous and heterozygous genotypes can be detected
and microsatellite genotype and allele data can be analysed using the Hardy–Weinberg model
(Chapter 3).

DNA fingerprinting

DNA fingerprinting can be thought of as a combination of RFLP and VNTR. Firstly,
genomic DNA is cut with a particular suite of restriction enzymes and differently
sized fragments are separated by electrophoresis. The DNA is transferred from the
fragile gel to a nylon membrane by the technique known as Southern blotting (Figure
B2.3d), and the membrane is then probed (hybridised) with a particular labelled satellite
repeat sequence which is common throughout the genome. Fragments that contain the
repeat show up as a number of discrete labelled bands. These banding patterns are
so variable as to be in practice unique to each individual (the chances of a match
between unrelated individuals are millions to one). Since the bands are inherited in a
predictable fashion, DNA fingerprinting is a very accurate way of determining parentage
and this method was one of the first ways in which DNA data were used in police
forensics.

Random amplified polymorphic DNA (RAPD)

The RAPD method (Box 2.9) is based on the principle that the shorter the length of the
primers which are used in PCR, the greater is the chance that non-target sequences will
be amplified. Using a single 10-mer oligonucleotide as the sole primer, PCR is conducted
on raw DNA and the resulting fragments, which come from annealing of the primers
all across the genome, are separated on agarose gel and stained with ethidium bromide.
Variations between individuals in the presence or absence of bands reflect mutational
differences (e.g. SNPs) at the primer sites. RAPDs suffer from the important criticism
(among others) that they are neither entirely reliable nor repeatable.
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Box 2.9 Random amplified polymorphic DNA (RAPD)

Primers designed for use with polymerase chain reaction (PCR, Box 2.2) are usually 20–25 bp
in length to ensure that they will be specific to the particular DNA sequence being targeted.
However, if a much shorter primer is used, say of 10 bp length, it is likely to anneal to many
regions of the genome during the annealing step of PCR. If, by chance, the primer anneals
to opposite strands of the DNA within a region up to about 3–4 kb in length, then a PCR
product spanning the annealing sites will be produced. Some 10 bp RAPD primer sequences
will produce no PCR product, while others may produce a number of different size fragments.
The PCR products are run on agarose gel electrophoresis to identify any fragments according
to their size.

How does this identify genetic polymorphisms? Consider the situation where a point mu-
tation is present in the sequence at one of a pair of RAPD primer sites in some individ-
uals in a population. PCR of the DNA from these individuals will not produce the frag-
ment present in other individuals and therefore that band on the gel will be absent. Thus,
presence or absence of particular bands can be scored as markers of genetic variation.
This information of presence (+) or absence (−) of bands is called ‘dominant’ data. It is
not possible to distinguish individuals that are homozygous (+/+) from those that are het-
erozygous (+/−) because both genotypes will produce a band on the gel. Allele frequen-
cies, however, can be calculated based on the assumption that the locus is in agreement
with the Hardy–Weinberg model (Box 3.1, Chapter 3). The proportion of individuals scored
for absence of the band (i.e., −/− homozygotes) should equal the square of the (−) allele
frequency.

When first developed, the RAPD technique seemed to be a relatively quick and cheap
method to obtain molecular genetic data that required no prior knowledge of DNA sequences.
However, agreement with the Hardy–Weinberg model has to be assumed and may not hold.
Also, considerable care has to be taken to ensure that RAPD data are repeatable. Banding
patterns are easily altered by subtle changes in the PCR conditions, and some bands have been
found which violate Mendelian inheritance. There is also the problem that it is difficult to identify
bands that have been amplified from contaminating DNA (from parasites, gut contents, epibiota,
etc.). For these reasons, the RAPD technique has fallen out of favour with many geneticists –
though it is still widely used by those who work on clonal organisms as a way to identify particular
clones.

Amplified fragment length polymorphism (AFLP)

A method which amplifies randomly selected fragments of the genome much more
reliably than RAPD is the AFLP method (Box 2.10). AFLP is almost an inverse form of
RFLP – the genomic DNA is cut into fragments with restriction enzymes and then just
a few of those fragments are selectively amplified using special labelled PCR primers.
The resulting fragments are then visualised after separation on a polyacrylamide gel.
The products of AFLP – a series of bands of different sizes – are similar to the products
of RAPDs, and variation between individuals is based on the presence or absence of
bands. Variation is the result of point mutation differences in the DNA sequence at the
PCR primer sites.
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Box 2.10 Amplified fragment length polymorphism (AFLP)

Like random amplified polymorphic DNAs (RAPDs), the AFLP method provides size fragment
markers from DNA of unknown sequence. Unlike RAPDs, AFLP markers are extremely reliable
and reproducible. DNA extracted from an organism is first cut using a pair of restriction enzymes
which leave cohesive ends – one a frequent (four-base) cutter, the other a rare (six-base)
cutter. The majority of fragments produced will have two four-base-cut ends, the minority will
have two six-base-cut ends and the remainder will have one end with a six-base cut, and the
other with a four-base cut. Two oligonucleotide ‘adapters’ designed to attach to the cohesive
cut ends of both the six-base and four-base fragment terminals are then ligated to the resulting
fragments. These adapters are used as the basis for polymerase chain reaction primers that
are also designed to overlap with the DNA fragment by one, two or three specified bases. The
primer for the less frequent (six-base) cut adapter is labelled before polymerase chain reaction
amplification and sequencing gel electrophoresis, so only those fragments which were cut by the
six-base restriction endonuclease are visualised on the gel readout. By varying the number of
specified bases on the primers, the number of fragments amplified can be controlled. Typically
50–100 restriction fragments can be identified and separated in a single run of the AFLP method
(Figure B2.10).

Figure B2.10 Size-fragment sequencer readout of amplified fragment length polymorphisms
in the Pacific oyster (Crassostrea gigas). Arrows indicate bands which show variability between
individuals (courtesy Dr Shelagh Malham and Dr Craig Wilding).



P1: IFM/UKS P2: SFK

BLBK242-02 BLBK242-Beaumont January 4, 2010 23:20 Printer Name: Yet to Come

44 Biotechnology and Genetics in Fisheries and Aquaculture

Protein variation

So far we have considered genetic variation at the level of the DNA. However, DNA
sequence variation, when transcribed, can give rise to differences in the resulting pro-
teins. It is at this level that genetic variation begins to interact more directly with the
environment to affect the survivorship and reproduction of organisms and their genes.

Genetic variation at the level of proteins can be identified and quantified using elec-
trophoresis (Box 2.3) to separate the different protein products of alleles followed by
staining to visualise these protein products. It is possible to stain the gel to display all
proteins, but it is more useful to take advantage of the substrate-specific catalytic abilities
of the class of proteins known as enzymes. This involves using the specific substrate
of an enzyme in a stain overlaid on the gel that will change colour where the substrate
is altered by the enzyme. The position of any enzyme variants can therefore be located
on the gel. These genetic variants of enzymes are known as allozymes, and methods
for detecting allozyme variation (Box 2.11) were first developed in the 1960s. Although
nowadays regarded by some as an outdated method, the extensive allozyme data sets
produced in the last 40 years of the twentieth century fundamentally shifted the ground
upon which geneticists tread. From the practical point of view, allozymes enabled us to
look at the genetics of natural populations of a whole range of aquatic organisms in a
way that was never possible before. (The influence of allozyme data will become evident
in several chapters of this book.) This is not to say that allozymes are only of historical
interest – they are still a useful tool in answering many genetic questions, particularly
given the infrastructure investment required to utilise the current sometimes bewildering
variety of modern DNA technologies.

Box 2.11 Allozymes

Allozymes are the products of genetic variation at enzyme-encoding loci. They should not be
confused with isozymes that are alternative forms of an enzyme produced at different loci. In
order to identify and score allozymes, a small piece of tissue is obtained from an organism and is
ground up with a buffer solution in a microtube. This grinding releases the soluble proteins from
the cells. After centrifugation, these proteins present in the supernatant are subjected to starch
or cellulose acetate gel electrophoresis (Box 2.3) that separates the proteins on the basis of
charge and size. This technique has been called the ‘find ’em and grind ’em’ method. Following
staining for a particular enzyme, individual samples are classified according to the alleles present
at the enzyme locus being investigated. Alleles are best identified by their mobility relative to a
known standard – i.e. a band that moves 90% of the distance of the standard is called allele
90 – but they are sometimes just labelled numerically or alphabetically.

Interpretation of stained gels

Where an individual is a homozygote for an allozyme variant a single stained band will be seen
on the gel, while heterozygotes, which contain two different variants, will exhibit two bands
on the gel. Unfortunately, this simple expectation is complicated by the quaternary structure
of the protein. Figure B2.11a illustrates why heterozygotes for a dimeric enzyme exhibit three
bands (two in the same positions as the homozygote bands + a hybrid band in between) and
why heterozygotes for a tetrameric enzyme produce five bands (two in the same position as
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homozygotes + three hybrid bands) on a gel after electrophoresis. Figure B2.11b shows the
staining patterns from monomeric and dimeric loci.

PhenotypeFinal proteinsProtein subunitsProtein
on gelin the cellin the cellsGenotypestructure

—aaAMonomeric
—bbB
—aaaA

—abDimeric
—bbbB
—aaaaaA
—aaab

—aabbTetrameric
—abbb
—bbbbbB

Figure B2.11a The effect of the final (quaternary) structure of proteins on the banding
patterns of heterozygotes on electrophoretic gels.

Figure B2.11b Staining patterns exhibited by a monomeric enzyme, phosphoglucomutase
(upper), and a dimeric enzyme, 6-phosphogluconate dehydrogenase (lower), following starch
gel electrophoresis. Two alleles are present at each locus. Heterozygotes exhibit a two-banded
pattern in monomers and a three-banded pattern in dimers.

Often, a particular enzyme will be coded for at more than one locus. This is common, for
example, in salmonids where there has been a relatively recent evolutionary tetraploidisation
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event. In such cases, of course, the products of all the loci will stain on the gel. This can lead
to difficulty in interpretation if the ranges of migration of the products of the loci overlap. The
situation can get very tricky when there are duplicate loci for tetrameric enzymes whose products
overlap. Note that additional hybrid bands will form between allelic products of both loci making
a very complicated banding pattern produced in an individual that is heterozygous at both loci.
Sometimes the problem can be alleviated by using particular tissues because some loci are
tissue specific. For example, there are several lactate dehydrogenase (Ldh) loci in the trout, but
the Ldh-5 locus is only expressed in eye tissue. Therefore, you can just pop out a trout’s eye
and grind it up to score that fish for Ldh-5.

There are extensive data sets on allozymes for many aquaculture and fisheries species that
were built up during the 1970s and 1980s before the advent of relatively cheap DNA-based
molecular markers. These data sets had considerable power, at the time, to address important
genetic questions, but allozyme variation is seldom used in research today because of the
availability of a variety of more sophisticated DNA markers.

Although little used in fisheries or aquaculture research, the reader should be made
aware of the technique of immunological testing which assesses the relationship between
proteins on the basis of the relative strength of the antigen–antibody reaction that they
will produce (Box 2.12).

Box 2.12 Immunological identification of proteins

Vertebrates have fairly well-understood systems in their blood for fighting and removing non-self
or foreign proteins such as those in viruses and bacteria. Each protein has sites on its surface
that are called antigenic determinants. When a non-self protein is detected, the blood produces
antibodies (immunoglobulin molecules) specific to the antigenic determinants of that protein.
However, changes in the DNA coding for a protein can change the amino acid sequence in
the protein and this, in turn, can change the nature of the antigenic determinants. This feature
of proteins can be used for a number of purposes: to assess relationships between proteins
extracted from different individuals or different taxa; to test for the presence of specific disease
proteins in an animal; and to identify foreign proteins coded for by transgenic DNA in genetically
modified organisms (see Chapter 8).

It is rather complicated, but the method works as follows. Let us assume we are dealing
with a comparison of a protein between two related species, A and B. Firstly, a protein from
an individual of species A is injected into the bloodstream of a rabbit. The rabbit’s blood will
respond to this foreign protein by forming antibodies specific to the protein. If a sample of the
rabbit’s blood serum (blood cells removed), called antiserum, is then mixed in a suitable medium
with the original protein from species A, a reaction will take place; the antibodies will link to
the antigenic determinant sites on the protein to form aggregations which will precipitate from
solution. If the antiserum is mixed with protein from species B, the amount of aggregation will
depend on how many of the antigenic determinant sites are common between the two species.
If they are very similar, there will be much aggregation; if they are very different, there will be
very little aggregation. So the principle is that the amount of aggregation is proportional to the
difference between the two proteins.

How then is the amount of aggregation measured? It is done indirectly using a method
known as complement fixation. In serum, there are a group of proteins called collectively
‘complement’ which bind on to antigen – antibody complexes and the more of these complexes
there are, the more complement is bound up or ‘fixed’. In the test, a known amount of
complement is added to the antigen – antibody mixture and after a specified period of
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time, the amount of unfixed complement is assessed. Free, unfixed complement has the
ability to lyse specially sensitised sheep red blood cells allowing the release of haemoglobin.
Following this reaction, remaining blood cells are removed by centrifugation and the colour
change produced by the released haemoglobin is measured in a spectrophotometer. So
the colour change is inversely proportional to the amount of antigen–antibody aggrega-
tion; strong colour means there has been a weak reaction between the antigen and the
antibody.

Table 2.1 provides a comparison of the values of various molecular techniques to ad-
dress different problems in fisheries and aquaculture. The high value of VNTR methods
in parentage and within species analysis is clear, but the extent to which allozyme data
can be informative is also emphasised. Although RAPDs score quite highly for a number
of approaches, there are real problems of repeatability and reliability with this method.
AFLPs can be recommended as a quick and cheap first screening method for identifying
quantitative trait loci (QTL, Chapter 5). However, for really high genome coverage to
assist genetic mapping, SNPs are invaluable and can serve as high-density landmarks in
the search for genes of importance.

Phenotypic variation

There are very few examples of easily identifiable phenotypic variation in aquatic
organisms controlled by single genes, or even pairs of genes. The best examples are
found in the colouring of ornamental fish (see Chapter 5). It is interesting to consider

Table 2.1 Comparison of the value of genetic techniques in addressing different types of genetic
problems in aquaculture and fisheries.

DNA
sequencing SNPs RFLP VNTR RAPD AFLP Allozymes

Genome mapping + +++ ++ +++ + +++ +
Pedigree or parentage

analysis
+ + + +++ + + ++

Populations within species + + +++ +++ ++ ++ +++
Genus and species level

relationships
+++ − ++ + ++ ++ +++

Quantitative trait loci − +++ − ++ +++ +++ +
Cost H L M H M H L/M
Tissue requirements V L M L L L M
Co-dominant or dominant − C V C D D C
Coding V V V N V V Y

SNPs, single nucleotide polymorphisms; RFLP, restriction fragment length polymorphism; VNTR, variable number
tandem repeats; RAPD, random amplified polymorphic DNA; AFLP, amplified fragment length polymorphism.
+++, highly informative; ++, informative; +, marginally informative, or constrained in some other way; —, not
appropriate. H, high; M, moderate; L, low; V, variable; C, co-dominant data; D, dominant data; Y, yes; N, no.
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just how lucky Gregor Mendel (the nineteenth-century discoverer of the method of
genetic inheritance) was to have chosen to work with peas, which had a number of easily
identifiable characters (round or wrinkled seeds; tall or short plants) each controlled by
single genes. Such easily identifiable single-gene phenotypes are rare in most organisms.
Because of the extensive development of protein and DNA genetic markers since the
1960s, the search for single-gene phenotypic variation is now uncommon. However, it is
important to realise that the visual identification of varieties can be of critical importance
to fish farmers without access to a modern genetic laboratory. Phenotypic rarities can
provide high-value niche markets, and understanding how to get them to breed true
requires genetic knowledge. Details of breeding schemes for phenotypic variations that
are controlled at one or two loci are provided in Chapter 5.
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Chapter 3

Genetic structure in natural
populations

What is a population?

Worldwide, fisheries provide a source of employment for millions of people and a
source of protein for billions. The management of fisheries is therefore a critical ac-
tivity. Unfortunately, the realisation that fish are a limited resource was slow to reach
acceptance, and there is not much evidence that attempts to manage fisheries have
led to sustainability. In 1865, a group led by T.H. Huxley published the Sea Fisheries
Commission Report into British fisheries, the first of its kind, in which it was recom-
mended that there should be as few restrictions as possible on inshore and offshore
fisheries and the fishing gear used. In effect, the conclusion of the report was that
the supply of fish was inexhaustible. One hundred years later it was clear that this
was patently not the case, and in more recent times many of the world’s major fish-
eries have collapsed – or are on the verge of doing so – through overfishing and poor
management.

In order to manage a fishery effectively, a great deal of information is required. We
need to know, for example, the size of a population, its habitat and migratory behaviour,
its age and size structure, the reproductive pattern of the species, the natural mortality
rate, the rate at which fish are removed by fishing, and so on. Most of these factors can
be, and are, determined from fishery statistics based on detailed surveys and analyses of
landings. However, a critical requirement is to know whether the fish species exists as a
single genetic unit or as a series of relatively genetically distinct groups. Is the species
genetically homogeneous (panmictic) or is it genetically heterogeneous? If there are
local genetically distinct groups, management strategies will need to be adapted to take
this into account.

This substructuring into different, relatively genetically discrete groups may take
various forms. For example, the migratory salmonids return to the rivers in which
their parents spawned and this effectively creates genetic groups that are associated
with particular rivers or even particular regions of a river. In another example,
some lake fish have autumn and spring spawners, and as long as this character is
inherited, two genetically distinct groups can evolve. In many marine fish, there are
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particular sites where spawning aggregations occur and these can lead to genetic
differentiation. In the case of sedentary shellfish, dispersal is usually mainly via
a larval phase, and hydrographic factors will constrain the direction and distance
of dispersal. Shellfish such as flat oysters with a relatively short larval phase or
other species with direct development will be more likely to be genetically differ-
entiated than shellfish such as cupped oysters or mussels with an extended larval
phase.

What should we call these genetically differentiated groups and what qualifies as
‘genetically differentiated’? We shall see later how it is possible to quantify levels of
genetic differences using various indices, but for the moment, let us consider the ter-
minology that is available. Partly or strongly genetically differentiated groups within a
species have been called (1) ‘varieties’, ‘races’, ‘breeds’ or ‘strains’ if they are culti-
vated and (2) ‘stocks’, ‘demes’, ‘populations’, ‘subpopulations’, ‘types’ or ‘ecotypes’
if they are wild. All of these terms have been used in the past to describe genetic dif-
ferentiation within species, but they have often not been clearly defined. In the case
of fisheries, the word ‘stock’ has often been defined by fishery managers as a group
of fish exploited by a specific method or existing in a particular area. Although this
may be convenient for the analysis of landings or catch and effort data, and for the
enforcement of management measures such as quotas or net size, it may bear little
relation to the true genetic substructuring of the fish species. The important point to
realise is that there is a continuum of genetic differentiation. In some species (or in
parts of their range) there may be clearly genetically distinct groups, while in others
(or in other parts of their range) there will be groups which are virtually indistin-
guishable genetically. Thus, the use of a single word such as ‘stock’ to define the
units of such substructuring is not often appropriate. Here, we will use the less pre-
scriptive term of ‘population’ to define an intraspecific (within a species) group of
randomly mating individuals which exist (and can therefore be sampled) in a defined
geographic position or at a defined time. A key point to note here is that we are as-
suming that all individuals comprising a population are able to mate randomly with one
another, and therefore, there can be no further genetic subdivision within a population.
In Chapter 2, the main types of genetic markers were outlined, and we now need to
show how these markers can be used to identify any population substructure within
species of fish or shellfish. We will start with markers such as allozymes, microsatel-
lites and single nucleotide polymorphisms (SNPs) that are co-dominant, that is they
allow direct identification of homozygotes and heterozygotes. How do we handle this
information on genotypes in a population? Firstly, we should note that the process of
meiosis breaks up existing genotypes and that new genotypes are reassembled when
egg and sperm combine at syngamy. Therefore, although there will be the same range
of genotypes in an offspring generation as in a parent generation, the two are not di-
rectly linked by inheritance. What is linked by inheritance, however, is the presence
of an allele and the frequency of that allele in the population. And it is the allele fre-
quency (or gene frequency) that is used to investigate the structure of populations within
species.
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How are allele frequencies estimated?

When genotypes at a co-dominant locus are scored from a sample of individuals, the
frequencies of the alleles at the locus can easily be calculated from these data. Remember
that every diploid individual has pairs of chromosomes, so they must also have pairs of
alleles at each locus, that is a homozygote at a locus has two of the same allele and a
heterozygote has two different alleles. Although a diploid individual can only exhibit
two alleles at a locus, there may be many different alleles at that locus present in the
population as a whole. Allele frequencies are the critical starting point for all further
analyses of genetics in populations. By convention, the frequencies of alleles at a locus
are symbolised using the lower-case letters p, q, r, s and the frequency of an allele is
given by:

p = 2Ho + He

2N

where Ho is the number of homozygotes for that allele, He is the number of heterozygotes
for the allele and N is the number of individuals scored at the locus.

What is the relationship between alleles and genotypes?

Considering a single locus, it is convenient to envisage a population as a ‘pool’ of alleles.
Haploid gametes are produced by each generation, and each of these gametes contains
a single allele from this pool. Let us assume that all adults in the population provide
equal numbers of gametes and that each gamete has an equal chance of combining with
all other gametes. Once we know the frequencies of the alleles in the population, it is
possible to calculate the frequencies with which the genotypes will be present in the
offspring from that generation (Figure 3.1). This principle was first quantified in 1908
by both Godfrey Hardy, a British mathematician, and Wilhelm Weinberg, a German
doctor, and is called, unsurprisingly, the Hardy–Weinberg model (Box 3.1).

It can be seen from Figure 3.1 that with random mixing of eggs and sperm the
proportions of the genotypes will be:

AA AB BB

p2 2pq q2

which, in mathematical terms, is equal to (p + q)2. As long as nothing upsets the
Hardy–Weinberg model, allele frequencies should remain constant from generation to
generation. The frequencies of the genotypes predicted by the model are dependent
on the assumptions of equal and random parental contributions and equal and random
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Figure 3.1 Illustration of the principle behind the Hardy–Weinberg model. Here, we consider the
frequencies of genotypes produced by random combination of eggs and spermatozoa at a locus
with two different alleles, A and B, at frequencies p and q.

mixing of gametes. However, if this is not the case, the model will not hold true. Also, we
do not usually sample animals at the beginning of their lives; normally fish or shellfish
are sampled as adults. In order for the Hardy–Weinberg model to be appropriate in
populations of adults, further assumptions need to be made. We must assume that there
is no selection that causes one or other genotype to suffer differential mortality. We
must also assume that our sample taken does not include individuals that have migrated
into the population from some other population with different genotype frequencies.
So both migration and selection are factors that can cause deviation from the genotype
frequencies predicted by the Hardy–Weinberg model. If the number of parents that
reproduce in a population is significantly smaller than the whole adult population, allele
frequencies in these parents might differ from the whole population and the allele
frequencies in the following generation will therefore change. A further consideration
is that very few fish or shellfish species exist as discrete generations, most populations
being mixtures of animals from different overlapping generations.

More details about deviations from the Hardy–Weinberg model are provided in
Box 3.1.

Box 3.1 The Hardy–Weinberg model and causes of deviation from it

The Hardy–Weinberg model states that in a population of sexually reproducing diploid organisms,
at a locus with two alleles A and B, at frequencies p and q, after one generation of random mating,
the frequencies of the genotypes AA, AB and BB will be p2, 2pq and q2, respectively. The model
is easily extended to more than two alleles such that the frequency of any homozygote equals
the square of the allele frequency and the frequency of a heterozygote is two times the product
of the two allele frequencies.

Statistical agreement with the model can be tested by the χ2 (or G) goodness-of-fit test (for
degrees of freedom, see Box 3.5), but in genetic analysis computer programs an ‘exact’ test
of probability is used. Agreement with the model is also indicated by the values of FIS or FIT
(see Box 3.2, F-statistics). Significant deviation from the model can be caused by a number of
factors:

1. Selection. Differential mortality of one particular genotype, or genotypes containing one
particular allele, or one particular gamete type. Depending on which genotype(s) is the most
fit, selection can be of the dominance, over-, under-, or semi-dominance types (Table B3.1).
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Plate B2.1 A thermal cycler in which polymerase chain reaction is carried out. During
polymerase chain reaction the heated lid is closed over the micro-titre plate which is positioned in
the heating block.

Plate B2.2 Agarose mini-gel showing pipetting of DNA sample into separate wells positioned
across the gel. The gel is prepared by pouring it into a mould and allowing it to set. The wells are
cast into the gel during this process. Samples are coloured to monitor the progress of
electrophoresis.

1
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Plate B2.3 Slab gel DNA sequencer showing the upper and lower buffer trays. The very thin gel
is sandwiched between two glass plates connected to the upper and lower buffer trays. Inset
shows detail of the sharks-tooth comb resting on the top of the gel. Up to 98 samples can be
applied individually into each of the small chambers between the teeth.

Plate B2.4 Read out from a capillary gel DNA sequencer using the Sanger method. Each
coloured peak represents a single base (blue, cytosine; red, thymine; black, guanine; green,
adenine) and the sequence of bases is given above the graphic.

2
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Plate B2.5 DNA sequencing output from a capillary machine illustrating a microsatellite
sequence (TC)11 CC (TC)25 identified in the smelt, Osmerus eperlanus (courtesy Alix Taylor). Note
that the 36 repeated (TC) units are interrupted by a CC. Interruptions within microsatellite
sequences are commonly observed.

(a) (b)

(c)

(e)

(d)

Plate 5.1 Colour varieties of carp. (a) Common carp or European carp (Cyprinus carpio), (b)
mirror carp with irregular and patchy scaling, (c) crucian carp (Carassius carassius) showing a
yellow/gold mutation similar to a phenotype that early goldfish may have been bred from, (d) a
fancy goldfish (Carassius auratus, pearl scale), (e) nishikigoi, Japanese or koi carp – ornamental
domesticated varieties of the common carp C. carpio. (Images courtesy of Wikipedia.)

3
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(a)

(b) (c)

(d) (e)

Plate 8.1 The effect of growth hormone in domesticated and non-domesticated trout and salmon.
(a) Pairs of transgenic (upper) and non-transgenic (lower) rainbow trout produced from wild (left)
and domesticated (right) strains reared at 8◦C. (b) Mature wild-strain trout. From upper to lower:
cultured transgenic female (14 200 g), cultured transgenic male (8 200 g), wild female (171 g), wild
male (220 g) (scale bar = 5 cm). (c) Growth of domestic and wild rainbow trout strains injected
intraperitoneally with 30 μL of a slow release formulation (Posilac) of bovine growth hormone.
Means specific growth rates for weight are given on the right. All groups were significantly different
by the end of the trial. (d) Phenotype of growth-hormone-treated domestic and wild strains of
rainbow trout. (e) Weights (growth in freshwater to 263 days post-fertilisation) of non-transgenic
(blue bars) and transgenic (green bars) coho salmon in wild, domestic and wild (F77)/domestic
hybrid genetic backgrounds. Strain F77 has a wild genetic background. Statistically distinct groups
are indicated by different letters over the bars. (Reprinted from Devlin, R.H., Biagi, C.A., Yesaki,
T.Y., Smailus, D.E. & Byatt, J.C. (2001) Growth of domesticated transgenic fish. Nature, 409,
781–782. Copyright 2001, with permission from Macmillan Publishers Ltd.)

4
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Table B3.1 Types of selection. Maximum fitness of genotypes is 1, s and t are
selection coefficients indicating that some proportion (s or t) of individuals die relative to
the most fit genotype.

Fitness of genotypes

AA AB BB

Dominance 1 1 1 − s
Over-dominance 1 − t 1 1 − s
Semi-dominance 1 1 − s 1 − (2s)
Under-dominance 1 1 − s 1

2. Lack of random mating. This can take various forms:
� Inbreeding. Mating between relatives, perhaps as a result of lack of dispersal, results in

an excess of homozygotes (or deficiency of heterozygotes) relative to the model. The
strongest form of inbreeding is self-fertilisation in functional hermaphrodites.

� Assortative mating. Assortative mating occurs when individuals are more likely to mate
with those that share some of their own characteristics – for example, a large individual
may prefer to mate with another large individual. Assortative mating results in an excess
of homozygotes for associated genes.

� Disassortative mating. Disassortative mating is when individuals are more likely to mate
with those that differ from them in some way – for instance, some organisms may choose
mating partners based on differences in their immune characteristics, and the evolution-
ary advantage of this might be to enhance the fitness of the resulting offspring. Disas-
sortative mating produces an excess of heterozygotes compared to Hardy–Weinberg
predictions.

3. Migration. Immigration into the population under study (between fertilisation and the time
of sampling) of individuals from another population (separated from the first population
geographically, or existing in the same location but spawning at a different time) with
different allele frequencies can result in a significant deviation from the model. This is
known as the Wahlund effect and it produces an excess of homozygotes. Similar results are
produced where the sampled population actually consists of two different cryptic species
with different allele frequencies at the locus under study.

4. Null alleles. Null alleles do not actually cause deviation from Hardy–Weinberg equilibrium,
but they can make it appear that there is such a deviation. Where the product of a co-
dominant allele cannot, for some reason, be visualised, it is called a null allele. Failure to
visualise an allele when scoring genotypes can lead to error because heterozygotes between
a visualised allele and a null allele will be scored as homozygotes for the visualised allele.
This results in an apparent excess of homozygotes against the model. Null alleles can be
caused in allozymes by failure of the protein product of an allele to act as an enzyme. In
microsatellites, null alleles can be caused by a mutation in one of the primer sites causing
failure of polymerase chain reaction to make a product.

How do allele frequencies change over time?

If a population is in agreement with the Hardy–Weinberg model, then allele frequencies
at a locus are not being driven (by selection or migration) to change significantly from
generation to generation. However, there is always bound to be some variation in allele
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frequency from one generation to the next because of the element of chance. Contrary
to the idealised situation required to make mathematical predictions, in real life all
individuals of all genotypes will not produce exactly the same number of gametes.
Neither are all gametes likely to undergo truly random mixing. Therefore, there will
be variation from the model in every generation. This is a fact of biological variability,
called random genetic drift. In order to quantify this natural variation, allele frequencies
can be given a variance as indicated in the formula:

Variance of frequency of allele = p(1 − p)

2Ne

where p is the frequency of the allele and Ne is the effective population size. The concept
of the effective population size is an important one. It is the number of individuals in the
population that contribute genetically to the next generation. It will exclude juveniles,
individuals too old to reproduce and those that provide non-contributory gametes. These
may be individuals that have infertile gametes, or those whose gametes never come into
contact with the gametes of other members of the population due to geographic position
or timing of spawning. Thus it can be seen how the effective population size could, in
certain circumstances, be very much smaller than the total number of individuals in the
population.

If the effective population size (Ne) in the expression above is a very large number,
then the allele frequency variance between successive generations will be very small.
Conversely, allele frequency variance will be large when Ne is small. This means that
natural fluctuations in allele frequency between generations will be much greater in
small populations. We shall encounter this concept again when dealing with various
aspects of genetics in small populations (Chapter 4).

Allele frequencies in a population can therefore change over time owing to random
genetic drift. However, they may also change owing to pressure of selection (one geno-
type or one allele survives better than others at a locus) or to patterns of migration or
dispersal that may fluctuate in direction or in strength over time.

How does population structure arise?

The differentiation of a species into genetically different populations is a fundamental
part of the process of evolution. For a number of physical or biological reasons, the
distribution of a species may become fragmented. For example, during the last ice
ages, aquatic species in the temperate regions of the northern hemisphere were driven
south and many became restricted to local areas in southern habitats. Where species
were fragmented into different areas, many of these populations remained isolated for
long periods of time in such refugia. Following the retreat of the last glaciation some
10 000–13 000 years ago, aquatic and terrestrial species went through the process of
gradual recolonisation of habitat and this has provided plenty of opportunity for further
fragmentation. Once fragmentation has occurred, allele frequencies at most loci will be



P1: IFM/UKS P2: SFK

BLBK242-03 BLBK242-Beaumont December 31, 2009 10:6 Printer Name: Yet to Come

Genetic structure in natural populations 55

subject to random genetic drift in the fragmented populations. As we have seen, random
genetic drift produces more rapid allele frequency change in small, compared with large,
populations. If only a few individuals are involved initially in founding a population,
then allele frequencies in the new population may be very different from the source
population, and if numbers remain small, further allele frequency changes may be rapid.

In addition to random genetic drift, localised adaptation will occur involving selection
at some loci for particular characteristics and these will cause further differences between
populations. These loci under selection, and to a lesser extent those linked to them, can
show higher patterns of differentiation between populations than neutral markers and are
sometimes called ‘outliers’. These processes of random genetic drift and adaptation will
tend to increase differences between populations, while migration or larval dispersal
between populations will tend to reduce it. So the population differentiation we can
identify today in a species is essentially the result of the historical interplay between the
environment and the forces of dispersal, adaptation and random genetic drift.

How are genetic markers used to study population structure?

Some of the genetic markers described in Chapter 2 are ideal for identifying and quan-
tifying the level of population structure within a species. Most data exist for allozymes,
but there are plenty of examples of the use of mitochondrial DNA (mtDNA) variation
to look at stock structure, while microsatellites and SNPs have emerged as the markers
of choice in the twenty-first century.

In any population study, the ideal first step would be to collect samples of the species
across its entire range to estimate genetic differentiation within the species as a whole. In
fact, this is seldom done. For reasons of economy or sampling constraints, most genetic
studies related to fisheries have tended to focus on limited sampling in specific areas
where there has been a commercial or conservation interest.

Depending on the type of marker employed, genotypes (allozymes, microsatellites,
SNPs) or haplotypes (mtDNA) are scored for the individuals sampled and the data are
analysed in a variety of ways to quantify levels of genetic variation between populations.
One commonly applied type of analysis, called F-statistics, was developed by Sewall
Wright in the first half of the twentieth century (Box 3.2). Because the development
of mathematical models requires certain concepts or parameters to be fixed at the start,
various assumptions had to be made in the development of F-statistics and it is important
to consider what these were.

First, Wright made the assumption that all populations were of the same size, that is
they consisted of approximately the same number of reproductively active individuals.
How valid is this assumption? Well, it is easy to imagine situations, particularly in a
heavily fished species, where population size could be very different between popula-
tions. Also, in sedentary shellfish, the size of populations will be constrained by, among
other factors, the availability of suitable habitat.

The second assumption was that there was an equal possibility for any population to
exchange individuals with any other population. Anyone who has some knowledge of
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aquatic habitats such as lakes, rivers and oceans will immediately see the difficulty with
this assumption, as only in very special circumstances is it likely to hold true. In most
cases, movement of larval individuals between populations is likely to be unidirectional
rather than multidirectional due to the effects of currents and there are very few fish
species where exchanges of juveniles or adult individuals between populations would
be expected to be random in both directions. These two theoretical assumptions are a
required part of the ‘island model’ which Wright used as a basis for F-statistics. It was
further assumed that changes in allele frequency at most loci over time were essentially
due to random genetic drift rather than to selection.

Box 3.2 F-statistics

Sewall Wright introduced F-statistics as a method of describing the population genetic structure
of diploid organisms. There are three indices: FIS, FIT and FST. ‘F’ comes from ‘Fixation’, while ‘I’
refers to the individual, ‘S’ to subpopulation and ‘T’ to the total population. Hence, FIS refers to the
Hardy–Weinberg distribution (or otherwise) of genotypes of individuals within subpopulations,
FIT to the distribution of individual genotypes within the total population and FST to the genetic
differentiation of subpopulations within the total population.

FIS is defined as ‘the correlation between homologous alleles within individuals with refer-
ence to the local population’ and FIT as ‘the correlation between homologous alleles within
individuals with reference to the total population’. Effectively, these describe whether the pro-
portion of homozygotes (homologous alleles within individuals) in a sample is in agreement
with the proportion expected under the Hardy–Weinberg model. For FIS, the samples tested
come from local populations, and the overall value for FIS is a simple arithmetic mean of the
values for each local population. On the other hand, FIT is calculated from the total popula-
tion, that is all samples from the local populations pooled together and treated as a single
sample.

FIS and FIT are sometimes known as fixation indices (FI) and are calculated from the num-
ber of heterozygotes observed (Hobs) and the number of heterozygotes expected under the
Hardy–Weinberg model (Hexp):

FI = 1 − (
Hobs/Hexp

)
.

This formula also describes FST if we use the heterozygosities of the subpopulation and total
population as the observed and expected values. Positive values of fixation indices demonstrate
an excess of homozygotes (positive correlation between homologous alleles) or, conversely, a
deficiency of heterozygotes, relative to the Hardy–Weinberg model. Where FIS is positive in a
local population, this could be due to inbreeding (or other causes, see Box 3.1) and this index
is often labelled an inbreeding coefficient. Where FIT is positive, this could be the result (among
other things) of differences in allele frequencies between local populations (the Wahlund effect,
see Box 3.1).

FST is an index of genetic differentiation that describes how much variation in allele fre-
quencies is present between the local populations. The three indices, FIS, FIT and FST, are
interrelated according to the formula:

1 − FIT = (1 − FST) (1 − FIS)
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and FST can also be interpreted as the variance (Vp) of the allele frequencies among local
populations relative to the maximum value possible based on the mean allele frequency (P)
across all local populations:

FST = Vp/ (P (1 − P))

Masatoshi Nei developed a similar statistic to FST that he called the coefficient of genetic
differentiation, GST. It is calculated on the basis of heterozygosities, where HS is the average
heterozygosity across local populations and HT is the heterozygosity of the total population:

GST = (HT − HS) /HT

These statistics FST and GST are valuable measures of population subdivision and can also be
used to estimate the amount of gene flow between the subdivided populations in the form of
Nem, the number of migrants between the subdivided populations each generation, since:

FST (= GST) = 1/ (4Nem + 1)

therefore

Nem = (1 − FST) /4FST and m = (1 − FST) / (4FST Ne)

where Ne is the effective population size and m is the proportion of migrants arriving into each
of the subdivided populations in each generation.

Wright’s F-statistics (Box 3.2) provides answers to two different questions. The
first question is: for the loci scored, are the genotypes in the proportions predicted by
the Hardy–Weinberg model? FIS provides a measure of this agreement for a single
population and FIT for all the populations combined. FIS and FIT can vary from −1.0
through 0 to 1.0 and exact agreement to the Hardy–Weinberg model equals 0. The
second question is: for the loci scored, are the allele frequencies different between
various populations? FST provides a measure of this population differentiation and
ranges from 0, where all populations have the same allele frequencies at all loci, to 1.0
where all populations are fixed for different alleles at all loci.

The Japanese geneticist Masatoshi Nei developed GST, the coefficient of genetic di-
versity, which is an equivalent index to Wright’s FST. It is calculated slightly differently
(Box 3.2), but is essentially addressing the same questions. Because these indices rep-
resent the genetic differentiation between populations, it is possible to suggest how
many individuals might be being exchanged per generation between these populations
in order to produce the amount of differentiation observed. Using the formula m =
(1 − FST)/(4FST Ne) given in Box 3.2 and taking the example of large effective popula-
tion sizes of 1 million (Ne = 106) with a pairwise comparison between populations of
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FST = 0.000025, we would calculate that about 1% of individuals in each of the pop-
ulation were migrants (m = 0.01) from other populations. Thus Nem, the number of
migrants per generation, would be 10 000. It is easy to see that with that high number of
effective migrants per generation there is very little possibility of genetic differentiation
developing between populations. On the other hand, with a smaller effective population
size (Ne = 103) and an FST of 0.2, we would estimate a very low proportion of migrants
(m = 0.001), with an Nem of 1.0 per generation.

With the exchange of individuals comes the exchange of genes and the greater the
exchange, the less will be the genetic differentiation between the populations. Although
there is no hard and fast rule, it is accepted that important or significant genetic differ-
entiation is only likely to arise between populations when fewer than one individual per
generation, on average, is being exchanged. Again, this is based on the assumption that
changes in allele frequencies are based on random genetic drift alone. Obviously, at some
loci, there could be significant changes due to selection and such changes would give
the false impression that there is less migration between populations than is actually the
case.

There are alternative ways of estimating genetic differentiation besides using Wright’s
FST or Nei’s GST. It is possible simply to test for the heterogeneity of allele frequencies
at each locus across all populations using Contingency Table tests. Traditional testing
would involve the use of the χ2 (chi-square), or G, test, but nowadays, with the enormous
computing power available in desktop PCs, much safer ‘exact’ tests can be employed
and these are used in modern genetic analysis computer packages. What this test tells us
is whether there is significant heterogeneity in allele frequencies across all populations.
Selective removal of populations that look particularly different, followed by retesting
the data, can reveal further detail. Care is needed to avoid the type I statistical errors
associated with the use of several tests of the same hypothesis (Box 3.5, Statistical
problems).

Finally, allele frequencies can be used to calculate pairwise genetic differences be-
tween populations, or species, using formulae developed by a number of scientists. Nei’s
genetic identity (I) and genetic distance (D) (Box 3.3) are the most commonly used.
Once again, a major difficulty faced by geneticists in trying to describe what can be an
extremely complex situation by a single statistic is the problem of the neutrality of the
gene loci used. On the one hand, genetic variation at many loci could be adaptive such
that selection operates and particular alleles or genotypes are favoured in particular situ-
ations. Alternatively, allelic variation at most gene loci could be neutral, that is it varies
by random genetic drift and is not subject to selection. For most genetic indices, the usual
assumption is that all of the alleles at all of the loci included in the determination of the
index are neutral. When just a few markers out of a large panel show significantly higher
genetic differentiation than all the others, such ‘outliers’ may indicate that these markers
are linked to traits differentially selected in the populations sampled relative to neutral
markers. This illustrates the fact that the more markers studied, the more detailed the
information obtained regarding the various evolutionary forces shaping differentiation
of populations and their evolution.
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Box 3.3 Genetic distance measures based on allele frequencies

Nei’s coefficients of genetic identity (I) and genetic distance (D) are indices of the genetic
similarity, or distance, between two groups of organisms. These two taxa can be different
populations of the same species, different species, or different genera. For a single locus, the
coefficient of genetic identity (I) between two taxa is given by:

I = �xi yi√
(�x2

i �y2
i )

where xi and yi are the frequencies of the ith allele in populations X and Y , respectively. This
method is based simply on allele frequency differences between taxa and can be applied to
co-dominant data from allozymes and microsatellites and also to dominant data from RAPDs or
AFLPs.

For multiple loci, the overall identity is:

I = Jxy√
(Jx Jy)

where Jxy, Jx and Jy are the arithmetic means across loci of �xiyi, �xi
2 and �yi

2, respectively.
I ranges from 1, which indicates that the taxa share the same alleles at the same frequencies,
to 0, where no alleles are shared between the taxa.

Genetic distance (D) is simply the negative natural log of I:

D = − ln I

When I is 1, D is 0 and there is no genetic distance between the taxa. Increasing values
of D indicate increasing separation between the taxa, and because D can be considered to
represent the mean number of codon substitutions per locus, it is possible to suggest a time
since divergence of the two taxa. Where T is the time in years since divergence, Nei proposes
that:

T = 5 × 106 D

but other authorities disagree, both on the figure of five million years per unit of Nei’s D and also
about whether we should make the assumption that there is a constant and regularly ticking
‘molecular clock’ over evolutionary timescales.

Where measures of genetic similarity have been calculated for all possible pairs of pop-
ulations the estimated relatedness between the various groups can then be illustrated using a
dendrogram. There are a number of methods, the simplest being unweighted pair-group method
of averages cluster analysis. The dendrogram consists of a horizontal scale of genetic distance
or similarity with vertical lines linking different populations or operational taxonomic units at points
on the scale at which they diverge genetically (see, for example, Figure 3.3). More sophisticated
methods have been developed based on neighbour joining, parsimony, maximum likelihood or
Bayesian algorithms.

More recently, the application of network theory has been proposed in population genetics,
notably to identify key populations shaping the structure and connectivity between populations
within a species. This approach is not bound by the classical underlying assumptions (i.e.
Fisher–Wright equilibrium) and is particularly suited in cases where these assumptions are
clearly not fulfilled, for example mixed clonal and sexual species like seagrasses and some sea
anemones.
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Table 3.1 Mean levels of population substructure in aquatic groups based on values
of Nei’s coefficient of genetic differentiation, GST, estimated from allozyme data.

Taxonomic group GST (± standard error) Number of species

All vertebrates 0.202 ± 0.015 207
Fish 0.135 ± 0.040 79
All invertebrates 0.171 ± 0.020 114
Crustaceans 0.169 ± 0.016 19
Molluscs 0.263 ± 0.036 44

Source: Modified from Ward et al. (1992).

Levels of genetic differentiation in aquatic organisms

Many studies have been carried out to estimate the amount of genetic subdivision within
aquatic species. Table 3.1 illustrates levels of population substructure in various groups.
On average, these levels of GST (which is equivalent to FST) are not too far from 0.2,
suggesting that, in general, subdivision of populations within species is close to that
which allows genetic drift to change allele frequencies in local populations in the face of
gene flow by migration. However, these average values hide a wide range of variation in
population structure between species. For example, let us take two contrasting cases –
the salmon, Salmo salar, and the mussel, Mytilus edulis. The salmon has a life history
involving extensive juvenile and adult migration, with mature adults returning to their
natal rivers to spawn. Thus, although salmon can be found over a very wide area, they are
genetically very much restricted to local populations in their own rivers as this is where
the transmission of genes between generations occurs. There are strong barriers to gene
flow because very few fish return by mistake to non-natal rivers. In addition, each local
population consists of relatively few individuals and the population can be sometimes
even further subdivided into year classes that return to spawn in the same year as one
another. Values of FST for salmon, calculated from extensive allozyme data, are in the
region of 0.4 and indicate that, as expected, there is very little gene flow (Nem = 0.38) and
strong genetic differentiation into local populations in this species. On the other hand,
the mussel is a sedentary organism and adults never actively move more than a very short
distance. As with salmon, mussels release eggs and spermatozoa into the water, but, in
contrast to salmon, mussel larvae are small and planktonic and are at the mercy of currents
that can disperse them over great distances. Larval life, from egg to metamorphosis, in
mussels lasts around 4 weeks and can be further extended in two ways. Firstly, if a
suitable habitat for settlement is not discovered, metamorphosis can be delayed for more
than a week, allowing further dispersal. Secondly, once metamorphosed, these very
young mussels (spat) can detach, secrete a very thin byssal thread and be transported in
currents by a process known as byssal drifting, which is analogous to the aerial dispersal
of spiders by gossamer threads. Typically, FST values from allozyme studies in mussels
are very low (<0.001) and clearly reflect extensive gene flow (Nem > 250) and a lack
of any population substructure.
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It is also interesting to compare genetic differentiation in marine pelagic fish such
as Atlantic herring (Clupeus harengus) with that in anadromous fish such as salmon.
The herring has a very large effective population size because all fish return to the same
region to spawn and there are therefore few, if any, barriers to gene flow. Average FST

for herring is 0.01 and Nem is 24.8.
Therefore, the conclusion is that where the effective population size and/or migration

is large, gene flow will tend to dominate over random genetic drift, there will be little
differentiation and FST will be close to 0. Where Nem is small, random genetic drift
will tend to dominate over gene flow, allele frequencies will differ strongly between
populations and FST will be large.

Although information about population differentiation is very valuable to fishery
managers, it is important to recognise that a lack of evidence for local genetic populations
does not always mean a lack of substructure. If populations are genuinely genetically
isolated from one another, then we would expect random genetic drift to be acting to
change allele frequencies at all polymorphic loci. However, for reasons of chance, not all
loci will show different allele frequencies in different populations. If the loci screened in
limited surveys happen to be these invariant loci, then the true variation remains hidden.
It is therefore important to examine sufficient loci to be sure that an apparent lack of
genetic differentiation can be relied upon.

Potential problems with allozymes and coding markers

There is a risk that allozyme markers could fail to detect genetic isolation because,
as enzymes, they can be vulnerable to selection operating at the biochemical level,
either directly on them or on the biochemical pathways within which they operate.
This can be also the case for SNP markers located in exons or any marker closely
linked to another one that is subject to selection. If the selection is such that it is
in the same direction in two genetically isolated populations, that is an allele is at
high frequency because the individuals carrying it are favoured in both populations,
then the allozyme data will be interpreted as indicating that the populations are not
genetically different. On the other hand, two populations with habitat differences but
which regularly exchange genes via larval flow may have different allele frequencies
at a locus which is under selection where one allele is favoured in one population but
is deleterious in the other. Differential mortalities in the two populations will cause
allele frequency differences between samples taken from the two populations and this
will give a false impression about the degree of reproductive separation of the two.
This is why the use of several markers and, even better, different types of markers is
recommended.

Here is a good example of how different makers can deliver a different message.
The American oyster, Crassostrea virginica, occurs in estuarine habitats throughout
the east coast of the USA, from Maine in the north to the Gulf of Mexico in the south.
It has a larval phase lasting several weeks and might be expected to be relatively
genetically homogeneous as a result of this. Allozyme studies detected no significant
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Figure 3.2 Dendrograms illustrating estimated genetic relatedness between populations of the
eastern oyster (Crassostrea virginica) along the east coast of the USA, based on genetic distances
calculated from allozymes, nuclear DNA markers and sequence divergence in mitochondrial (mt)
DNA. (Reprinted with permission from Karl, S.A. & Avise, J.C. (1992) Balancing selection at
allozyme loci in oysters: implications from nuclear RFLPs. Science, 256, 100–102. Copyright 1992.
American Association for the Advancement of Science.)
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genetic differentiation into local populations anywhere in the species’ range. However,
mtDNA markers and some neutral, non-coding nuclear DNA markers demonstrated
a very distinct division into a southern group and a northern group of populations
separated at a zone of demarcation near to Cape Canaveral on the Florida Atlantic coast
(Figure 3.2). This evidence makes it clear that there is practically no gene flow between
the southern and northern regions, probably owing to the characteristics of a major
oceanic current – the Gulf Stream – which emerges from the Gulf of Mexico around the
tip of Florida. On the basis that evolution is faster in the mtDNA molecule than at protein
coding loci, it could be suggested that, although differences in the mtDNA molecule
have evolved, insufficient time has elapsed since the divergence of the two groups of
oysters for allozymes to reflect the division. However, the non-allozymic single copy
nuclear DNA markers also show this divergence, and the most convincing conclusion
is that selection at the studied allozyme loci is maintaining the same alleles at similar
frequencies on both sides of the break point. It is notable that several other species such
as the horseshoe crab (Limulus polyphenus), the black sea bass (Centropristis striata)
and the seaside sparrow (Ammodramus maritimus) also exhibit a fundamental mtDNA
divergence in the same region, and this is congruent with the biogeography of the
region.

What then are we saying here? Is it really the case that allozyme data, and more
generally coding markers, should not be trusted at all? This is a vexed question, but
the answer is that ideally, a large number of loci of different types should be used
to provide a reliable picture of gene flow and population differentiation. Fortunately,
selectively neutral markers such as mtDNA, microsatellites and SNPs, generally more
rapidly evolving than allozymes, are now the tools of choice for studies of population
differentiation.

mtDNA variation

An example of the use of mtDNA variation to detect population structure is given in
Figure 3.3. The anadromous fish Coregonus artedii, the cisco, is important in the
local fisheries of the river systems of the James and Hudson Bays in Canada. Al-
lozymes were just not variable enough to be able to reveal differences between local
river populations; therefore, a mtDNA approach was used by Bernatchez and Dodson
(1990) to investigate population structure. Figure 3.3 shows the frequencies of three
mtDNA clonal groups (A, B and C) of cisco from rivers feeding into the Hudson
and James Bays. The clonal groups are not individual mtDNA haplotypes, but come
from three clear clusters on a dendrogram of the 19 haplotypes detected from the
141 fish sampled in the study. Different mtDNA haplotypes can be compared (based
on presence or absence of cut sites for different restriction enzymes, see Box 3.4) to
estimate their relatedness to one another and this is what provides clusters of more
closely related haplotypes. The genetic pattern revealed by a detailed mtDNA anal-
ysis of the different haplotypes within the clonal groups suggests that the cisco of
this region, which was covered by ice in the last glaciation, were actually derived
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Figure 3.3 Mitochondrial DNA markers used to identify genetic differentiation in cisco
(Coregonus artedii) populations from rivers in the James and Hudson Bays in Canada. The clonal
groups A, B and C have been identified following cluster analysis of cisco haplotypes. (Reprinted
with permission from Bernatchez, L. & Dodson, J.J. (1990) Mitochondrial variation among
anadromous populations of cisco (Coregonus artedii) as revealed by restriction analysis. Canadian
Journal of Fisheries and Aquatic Science, 47, 533–543.)

from two quite separate glacial refugia (clonal groups A and B) and have recolonised
the area by different routes. Since recolonisation, there has been some merging be-
tween the two types but this has not obscured the historical geographic pattern. The
source of clonal group C which is strongly diverged from both the A and B clonal
groups is not clear – it might even represent introgressed mtDNA from a closely re-
lated hybridising species. In this example, we see how mtDNA analysis can not only
tell us about the current population structure of a species, but also can point to his-
torical processes which have influenced the pattern observed in the present day. In
human genetics, this valuable characteristic of mtDNA has been used to provide evi-
dence for the ‘out of Africa’ theory, since it appears that we are all descended from a
single ‘mitochondrial Eve’ lineage that inhabited Africa some 140 000–290 000 years
ago.
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Box 3.4 Genetic distance measures based on DNA restriction fragments or DNA sequences

Restriction fragment length polymorphism (RFLP) data are derived from comparisons of DNA
fragment sizes following cutting with restriction enzymes. The comparison is based on the pro-
portion of shared fragments in the restriction digest products of two taxa and can be extrapolated
to estimate the proportion of base substitutions, thus providing a value for sequence divergence.

The proportion of shared fragments (F) is given by:

F = 2Nxy/
(
Nx + Ny

)

where Nx, Ny and Nxy are the number of restriction fragments observed in sequences X and
Y and shared by X and Y , respectively. The number of base substitutions per nucleotide (p) is
then given by:

p = 1 − [0.5(−F + (F2 + 8F)0.5)]1/r

where r is the number of base pairs in the recognition site of the enzyme. Comparisons usually
involve several restriction enzymes and a weighted mean of p is produced after first calculating
p for each of the values of r (four-, five- or six-base cutters).

The sequence divergence can also be estimated by using shared ‘sites’ rather than shared
fragments. Let Nx, Ny and Nxy now be the number of sites observed in sequences X and Y and
shared by X and Y , respectively. The proportion of shared sites S will then be:

S = 2Nxy/
(
Nx + Ny

)

and the number of base substitutions is estimated by the simpler formula:

p = − ln S/r

where r is the number of base pairs in the recognition site of the enzyme. A weighted mean of
p is again produced by first calculating p for each value of r .

Nucleotide sequence data are compared by aligning one against the other and checking for
differences. Closely related taxa will have few differences and these differences are simple to
evaluate, while for distantly related taxa larger differences will be evident which can even make
alignment impossible. Where alignment is possible, the percentage sequence divergence (p) is
simply:

p = zd/zt

where zd is the number of nucleotides which differ between two sequences and zt is the total
number of nucleotides in the sequence. For more distantly related taxa, adjustment is needed
to take account of nucleotides that may have undergone more than one mutation since the
taxa diverged (multiple hits) and to accommodate the fact that transitions (purine–purine or
pyrimidine–pyrimidine mutations) may be more frequent than transversions (purine–pyrimidine
mutations or vice versa).

Note that RFLP or sequence data from mitochondrial DNA effectively relate to haploid clones
and can be used, like allele frequency based indices (Box 3.3), as measures of differences
between individuals or taxa. The same may not be true of RFLP data or sequences from the
nuclear genome where the differences observed may be between two alleles at a locus.
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Figure 3.4 A comparison of genetic variation in Atlantic salmon (Salmo salar) populations in
localised and broad geographic regions using allozymes and microsatellites. (Modified from
McConnell, S., Hamilton, L., Morris, D., Cook, D., Paquet, D., Bentzen, P. & Wright, J. (1995)
Isolation of salmonid microsatellite loci and their application to the population genetics of Canadian
east coast stocks of Atlantic salmon. Aquaculture, 137, 19–30. Copyright 1995, with permission
from Elsevier Science.)

Microsatellite variation

The rate of change at microsatellite loci is much faster than for allozyme loci or for
mtDNA, and therefore, microsatellite variation is a more sensitive measure of weak
genetic differences between populations. Figure 3.4 illustrates how much genetic
differentiation can be resolved in salmon (Salmo salar) populations by microsatellites
than with allozymes. The top dendrogram is based on an allele frequency analysis of 38
allozyme loci in populations from 31 rivers that drain into three main regions – the west
Atlantic, the east Atlantic and the Baltic Sea. In the lower dendrogram, equivalent results
based on four microsatellite loci are displayed (McConnell et al., 1995). You can see that
the microsatellite genetic distances between river populations in the western Atlantic (D
ranges from 0.06 to 0.11) are actually greater than the allozyme genetic distances when
comparing salmon populations from both sides of the Atlantic Ocean (D = 0.04). So the
power of microsatellites to identify population differentiation is very high. However,
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there are two caveats that must be added here. Firstly, the resolving power of loci with
many alleles, such as microsatellites, is highly dependent on sample size (Box 3.5). A
small sample of, say, ten individuals scored at a locus with 25 alleles will inevitably only
be sampling a proportion of those alleles. Comparing this with another small sample from
a different population that also has the same alleles at similar frequencies could show
quite large genetic differences based on chance alone. Some alleles sampled from one
population will be absent in the sample from the other population, leading to the mistaken
conclusion that the two populations are very different. Secondly, Nei’s genetic distance
measure (D) was devised on the basis of estimated point mutation rates at allozyme loci
(around 10−7 mutations per gene per individual). As mutation in microsatellites is due to
slippage during replication (around 10−3 mutations per gene per individual) rather than
point mutation, it would not be safe to use Nei’s formula (time of divergence = 5 × 106 D;
Box 3.3) to extrapolate any times of divergence between taxa based on microsatellite data
(Box 3.5).

Box 3.5 Statistical problems associated with population genetic analyses

Sophisticated statistical analyses are beyond the scope of this book, but there are a number of
statistical problems or methods encountered in the analysis of genetic data of which the reader
should be aware.

Degrees of freedom in goodness-of-fit tests of the Hardy–Weinberg model

Where goodness-of-fit tests are used to compare genotype frequencies at a locus against the
Hardy–Weinberg model, the number of degrees of freedom in the test is less than might be
expected. This is because observed genotype frequencies are first used to calculate allele
frequencies, from which the expected genotype frequencies are then predicted. The formula for
the number of degrees of freedom (d.f.) is:

d.f. = 0.5(n2 − n)

where n is the number of different alleles at the locus.

Problems with sample size

When measuring population differentiation, how many individuals should be sampled from each
potential population? This actually depends on the particular markers being used because the
more variable the marker is, the larger must be the sample size. Imagine dipping into two bags
of coloured sweets each with the same 12 colours and taking just five sweets from each bag.
You would be likely to get a different set of colours from each bag and this might lead you to
believe that the colours were different in the two bags.

Allozyme markers tend to be restricted to between 1 and 6 alleles per locus. In this case, a
sample of between 30 and 50 individuals is likely to pick up all the alleles and the full variation
at the loci will be sampled. On the other hand, microsatellite loci often exhibit from 10 to 50
alleles. At such loci, a sample of 30 individuals is unlikely to pick up all the variation. In addition,
problems could arise in analysis because the allele frequencies in the two samples might be
different on the basis of chance alone. The alleles and their frequencies could be identical in
both populations, but limited sampling might suggest that they were different.
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Problems with Type I statistical error: Bonferroni correction

In statistics, we can sometimes erroneously conclude that something is significantly different
from something else when actually it is not. This is called a Type I error. If, for example, you
toss a coin ten times, you would not expect to get nine heads and one tail. If you did, you might
conclude that the coin was biased. However, if you carried out this trial 100 times, then you
might expect to get this result maybe once or twice. In this instance, you would not suspect
the coin to be biased. Why? Because we intuitively understand the concept of probability – if
something is unlikely, it has a low probability and it will happen rarely. In the coin example, the
hypothesis that is being tested is that the coin is unbiased – it is as likely to fall heads as tails.
If we test that hypothesis hundreds of times, the improbable outcomes (such as ten heads, or
ten tails) will eventually occur. But the coin is never biased and the hypothesis remains true.
Now extend this idea to tests of agreement to the Hardy–Weinberg model at say 10 allozyme
loci in perhaps 12 different populations – the type of situations often encountered in population
genetic surveys. Here, we have 120 tests of the same hypothesis (that genotype frequencies
will not differ from the Hardy–Weinberg model) and perhaps we find that 10 of the tests show
significant differences from the model. Are we to conclude that the hypothesis is untrue in
these ten instances? Or could this just be the result of chance? Fortunately, there are simple
methods of adjustment of significance levels called Bonferroni corrections which allow for these
instances of chance so that we can be more sure which of the ten test results really are genuinely
significant.

Are genetic indices designed for gene coding loci suitable for microsatellite loci?

Many genetic indices, such as Wright’s F-statistics and Nei’s D, were developed based on the
assumption, among others, that variation is due to point mutations in the DNA sequence and
that there is a relatively constant rate of point mutations. In addition, there is an assumption that
all new alleles arise de novo (one allele does not change directly by one point mutation back
to an existing allele) and that there are an infinite number of potential alleles at a locus. This
is the infinite allele model. These assumptions are reasonable for allozyme loci, but have been
criticised as assumptions for microsatellite loci. The reason for this is that microsatellite alleles
differ from one another by the number of repeated elements they contain. Mutations giving
rise to new microsatellite alleles are not point mutations, but are mutations due to slippage
during replication. There are not an infinite number of new alleles (the length of microsatellites
sequences does seem to be controlled in some way) and the expectation is that one allele
gives rise to another by the addition or loss of a repeated element. This is called the stepwise
mutation model and a number of geneticists have devised alternatives to FST (e.g. the statistic
RST) and other indices to allow for this difference in the evolution of alleles at microsatellite loci.
Comparisons between the suitability of FST and RST for use with microsatellite loci have been
made, but this issue has yet to be resolved.

Population structure in the flat oyster

As a final example of the use of genetic markers to investigate population differentiation
we will look at the European flat oyster. The fishery for this oyster, Ostrea edulis, has
a history stretching back over 2000 years. Indeed, the Romans imported these oysters
from Britain and cultured them in lagoons in Italy (in 50 bc Sallust wrote ‘Poor Britons
– there is some good in them after all – they produce an oyster’!). Because of the high
abundance of oysters in littoral and shallow sublittoral habitats and the ease of their
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management and capture, oyster fisheries have been an important local maritime activity
in many parts of Europe for centuries. The arrival of the railways in the nineteenth cen-
tury enabled the rapid transfer of oysters to the centres of industry and this species then
became a very significant source of protein and a highly valuable business activity for
European populations. By the early mid-twentieth century, however, various factors such
as overfishing, disease and habitat degradation had caused a massive collapse of most
of the fished flat oyster populations. The ‘Portuguese’ oyster had been introduced from
Asia to Portugal (probably in the sixteenth or seventeenth century) and then accidentally
introduced to France in 1868, while the Pacific oyster was introduced in the 1960s and
1970s. These two species now supply much of the oyster market. Flat oyster populations,
however, have never recovered to anything approaching their previous abundance.
So, the flat oyster has undergone two processes that could influence its population
genetics: centuries of unrecorded human translocations of adults and seed together with
more recent population bottlenecks. Leaving aside anthropogenic influences, we would
expect a certain degree of genetic separation between populations that would relate
to the dispersal potential of the larval stage (≈10 days) and the geographic separation
between populations. This is the isolation by distance concept where increasing genetic
distance is expected to correlate with increasing geographic distance. Of course,
naturally occurring isolation by distance can be disrupted by human translocations, so
it might be instructive for us to look at the population structure of this species.

The spatial genetic structure of the European flat oyster across its range from the
Black Sea to Scandinavia has been investigated using three types of genetic marker:
allozymes, microsatellites and mtDNA.

Allozymes

Nineteen European populations throughout Europe were scored at 14 polymorphic
allozyme loci. Some of the loci showed patterns of variation over geographical dis-
tance while others did not. Three situations were seen: at some loci there was a single
cline, showing a decrease of the frequency of the most common allele in north-western
populations with distance south-east; one or two loci showed a ‘V’-shaped pattern of
frequencies, with opposing clines either side of the Strait of Gibraltar; many of the loci
showed no strongly defined or consistent pattern of change in allele frequencies over
geographical distance (Figure 3.5).

The simple uni-directional clines could reflect a selective response to environmental
gradients or they could be the result of secondary contact between previously isolated
populations that have different allele frequencies due to genetic drift. If the latter were
the case, then the mid point of the cline should be at the position of the barrier which
separated original stocks. In this case, the likely barrier would be at the Atlantic entrance
to the Mediterranean, so this explanation does fit the loci that show a simple cline.
However, the V-shaped cline is not easily explained by this idea of secondary contact
between two different stocks and this suggests that selection could be operating at loci
showing this pattern.
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Although individual allozyme loci can show different patterns of spatial variation,
an average GST of 0.088 and an average Nei’s genetic distance (D) of 0.017 across all
pairwise comparisons does indicate that there is some genetic heterogeneity. Whatever
might have been the historical stock structure, the allozyme data resolve three main
groups of populations: a North Atlantic group, a group that spans the South Atlantic
and the western Mediterranean and finally an eastern Mediterranean group. Allozymes
show a clear positive relationship between genetic and geographic distance (Figure 3.6)
although the slope of the graph is much shallower if the two allozyme loci showing
strong clines (ARK and AP-2) are removed from the data set.

Microsatellites

Fifteen of the populations that had been studied with allozymes were scored for
variation at five microsatellite loci. The level of genetic differentiation estimated by
FST (= 0.019) was much less than the equivalent GST (= 0.088) for allozymes. Also
other microsatellite studies of more localised northern populations show a higher FST

(0.05) so there may be some substructure that is missed by the wider scale sampling.
Microsatellite data show a much-reduced correlation between genetic distance and

Figure 3.5 Examples of geographic variation at allozyme loci in the European flat oyster. The
ARK (arginine kinase) and AP-2 (aminopeptidase-2) loci show a cline from the north-west to the
south-east of the species distribution, while the IDH-2 (isocitrate dehydrogenase-2) locus shows
little change in allele frequencies across 10 000 km. A ‘V’-shaped distribution is shown at the
EST-5 (esterase-5) locus. (Modified from Saavedra, C., Zapata, C. & Alvarez, G. (1995).
Geographical patterns of variability at allozyme loci in the European oyster Ostrea edulis. Marine
Biology, 122, 95–104. Copyright 1995, with permission from Springer-Verlag and the authors.)
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Figure 3.6 Isolation by distance in the European flat oyster identified by allozymes, microsatelli-
tes and mtDNA markers.

geographic distance, but still a significant positive relationship that supports the idea of
isolation by distance (Figure 3.6).

There is no evidence from the microsatellite data to support the idea of there being
originally two separated stocks that have undergone secondary contact – simple isolation
by distance seems more likely. As we saw with the American oyster, selection at allozyme
loci can lead to incorrect conclusions based on indices of genetic differentiation because
such indices were developed on the assumption that the loci are neutral.

An interesting feature of the data is that both allozymes and microsatellites exhibit
generally lower genetic variation in Atlantic populations compared with those in the
Mediterranean. It is possible that this is a result of smaller effective population sizes
in the Atlantic caused by a shorter season reducing reproductive output, greater fishing
pressure or the higher prevalence and destructive effect of an important parasitic disease,
Bonamia ostreae.

Mitochondrial DNA

The method of single-strand conformational polymorphism was used to identify mtDNA
haplotypes from the same 15 populations of European flat oyster as had been used
for allozyme and microsatellite analysis. Single-strand conformational polymorphism
involves denaturing polymerase chain reaction (PCR)-amplified DNA (in this case a
313-bp fragment of the 12S-rRNA gene) at 95◦C before running the product down an
acrylamide gel. The final position on the gel of the single strand DNA is identified by
ethidium bromide.

A total of 14 haplotypes were identified. One haplotype predominated in the Mediter-
ranean, while another prevailed in the Atlantic populations. A third haplotype was
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common in samples taken at the geographic extremes of the species distribution. So the
mtDNA analysis generally supports the idea of an Atlantic stock and a Mediterranean
stock of flat oysters. However, unexpectedly, some genetic similarity is shown between
Norwegian and Black Sea oysters and this is difficult to explain. The overall pattern of
isolation by distance is much more strongly demonstrated by the mtDNA data than with
allozymes and microsatellites. The average FST is 0.244, an order of magnitude greater
than that for microsatellites.

How can this difference be explained? For most animals, because mtDNA is haploid
and maternally inherited, there is a (theoretically fourfold) smaller effective population
size compared with diploid nuclear markers. This means that mtDNA variation is likely
to be four times more sensitive than nuclear markers to factors that reduce population
size and create bottlenecks (such as overfishing, habitat loss or disease infestations).
However, in flat oysters, this would be reduced to twofold because they are sequential
hermaphrodites and individuals can be both male and female in their reproductive
lifetime.

There are two other factors that might possibly contribute: unbalanced sex ratio and/or
variance in female reproductive success. Flat oysters usually develop first as males and
only in later years change to produce female gametes. Within any particular season
there is generally a 3:1 male to female ratio. This deviation from the 1:1 male to female
ratio is probably exacerbated in areas where there is a high prevalence of the parasite
Bonamia ostreae, because highest mortalities from this parasite usually occur in 2–3-
year-old adults. These older oysters are more likely to be female than male, which
increases the proportion of males in the genetically effective population. An unbalanced
sex ratio will reduce effective population size (see Chapter 4 for discussion of population
size). Variance in individual reproductive success is large in organisms, like oysters, that
produce huge numbers of eggs and such variance is thought to be greater in females
than in males. This variance between individuals could be an important component in
reducing effective population sizes of oysters. So there are some reasonable biological
explanations for the magnitude of difference in estimations of population differentiation
based on mtDNA and microsatellite data.

Populations at the extremes of the geographical range of a species are likely to expe-
rience stronger environmental pressures and greater temporal variability in reproductive
success than populations well within the species range. This is expected to result in an
increased likelihood of bottleneck events and overall smaller effective population sizes.
We can see the genetic consequences of this in these studies in oysters: at allozyme
loci, microsatellite loci and in mtDNA markers, the most northern population from
Norway and the most eastern population from the Black Sea both have generally less
genetic variation (fewer alleles and lower heterozygosity, fewer haplotypes) than other
populations.

Overall then, we can see how different genetic markers can throw up different es-
timations of population differentiation and that the analysis and interpretation of data
from these different markers must be carried out with reference to the biology of the
organism.
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Mixed stock analysis (MSA)

When an oceanic salmonid catch is brought ashore, it probably consists of fish from
a mixture of distinct populations from different river sources. We have already seen
how salmonids can be genetically very divergent between rivers and these differences
are likely to be reflected in factors such as growth rates, age at maturity or other life
history parameters. If the fishery is managed as a single unit, there is the potential for
the overexploitation of some populations, or the suboptimal harvesting of those that
are more abundant. In order to enable proper management and obtain the maximum
sustainable yield from such fisheries, we need to estimate the proportions of the various
populations in the fished resource. If the contribution of the various populations varies
geographically or over time, then fishing effort can be directed to exploit the strongest
populations, while pressure on weaker populations can be reduced, by targeting fishing
to particular regions or particular times.

Early attempts to determine the relative contributions of individual populations to
a fishing stock by tagging or branding fish as they departed from specific rivers were
relatively ineffective because of the high initial labour costs and the loss of markers in a
proportion of the fish. Far more effective is the use of genetic markers. Allozyme markers
have been widely employed in the management of Pacific salmon, using comparisons
between allele frequency data for the individual river populations and allele frequencies
in the total catch. Of course, to make it work, the differences between river populations
must be sufficiently great that allele frequencies at minimally a few of the loci scored will
enable identification of that population in the total catch. Fortunately, there are statistical
methods available which made these comparisons possible even when allozyme allele
frequency differences are not very great. However, the potential resolving power of
microsatellite markers is much greater than allozymes (see Figure 3.4), and they are
now the markers of choice for all studies of MSA.

MSA is also relevant to some sport fisheries that consist of a mixture of natural and
introduced stock. The introduced element is either transplanted from another area or
derived from hatchery production. A good example is the trout, Salmo trutta, which
exists in Europe in two different forms. One, the resident or brown trout, inhabits rivers
and lakes and never goes to sea, while the other, the sea trout, is anadromous and, as its
name suggests, migrates into the sea and spends some time there before returning to its
natal river to spawn. Where waterfalls that are impassable to trout are present in rivers,
the populations above the falls will be resident trout and those below will be sea trout.
Because sea trout grow bigger than resident trout, they make a better fighting fish for rod
and line and, mainly for this reason, restocking of river populations above impassable
falls is often carried out with hatchery-reared sea trout. The expectation was that there
would not be a problem with the survivors of these introduced sea trout breeding with
the natural population of resident trout because, once they had migrated to the sea, they
would not be able to return to their original position (above impassable falls) in the river
to breed. However, allozyme and microsatellite-based studies in various parts of Europe
have shown that this does not always happen. It is clear that some stocked sea trout do
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not migrate to sea but remain in the populations of resident trout with which they will
then breed. This leads to a loss of the unique genetic identity of the resident stocks and
is an important conservation issue.

In North America, the cutthroat trout exists as a complex of up to 15 different recog-
nised subspecies, and there has been extensive introduction of the different subspecies
into non-native habitats. Genetic marker analysis has demonstrated that this has resulted
in an extremely complex pattern of hybridisation and introgression. This can be bad
news because the hybrids often suffer developmental abnormalities that make them less
fit than the pure-bred subspecies. Furthermore, as in the case of brown trout in Europe,
there is evidence of genetic swamping which threatens the uniqueness of locally adapted
populations.

Stocking of rivers for salmon fishing using non-indigenous fish has been extensively
carried out across the world. Some rivers are thought to contain no descendents of the
original indigenous populations.

Such eradication of the native population was believed to be the case in many Danish
rivers until analysis of microsatellite data from archived scales was used to identify in-
digenous salmon. DNA was extracted from adipose fin samples from recently caught fish
from various Danish rivers (Figure 3.7) and from old scale samples (archived between
1913 and 1954) from some of these rivers. Samples were scored at six microsatellite loci
and analysed using a ‘self-classification test’ that enabled individual fish to be ‘assigned’
to particular populations based on their multi-locus microsatellite genotypes. Informa-
tion about the microsatellite alleles and their frequencies in indigenous river populations

Figure 3.7 The proportions of indigenous and introduced salmon (Salmo salar) in Danish rivers,
quantified using multi-locus microsatellite data. Percentages given in brackets are of fish identified
genetically as indigenous fish: introduced fish from the river Skjern and fish introduced from
Sweden and Scotland. (Modified from Nielsen, E.E., Hansen, M.M. & Bach, L. (2001) Looking for a
needle in a haystack: discovery of indigenous Atlantic salmon (Salmo salar L.) in stocked
populations. Conservation Genetics, 2, 219–232. Copyright 2001, with permission from Springer,
the Netherlands.)
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were obtained from the scale samples which pre-dated the extensive introductions of
non-indigenous salmon. In spite of these extensive introductions, results revealed that
around 11% of fish currently in the rivers had genotypes that were characteristic of
the indigenous fish. This showed that descendents of indigenous fish were still present
and identifiable and had not become genetically altered or homogenised by extensive
hybridisation with exogenous fish.

Using non-invasive DNA sampling of salmon (small fin clips or blood samples that
do not harm the fish) to identify indigenous individuals, it has been possible to undertake
breeding programmes for re-stocking rivers with native stocks. This study demonstrates
the power of microsatellite variation as a tool for MSA that can identify indigenous fish
and allow restoration of locally adapted stocks.
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Chapter 4

Genetics of population size in
conservation and aquaculture

In the previous chapter we looked at the spatial genetic structure of wild populations of
fish and shellfish. Now we will consider how population size can impact on the genetics
of organisms. The numbers of individuals within a population that contribute to the next
generation is a key factor in the maintenance of genetic variation, and there are two
situations where this will be of relevance. Firstly, small population sizes can occur in
the wild due to natural physical (e.g. climate extremes) or biological (disease) forces
and also due to anthropogenic effects such as pollution or overexploitation. Secondly,
small population sizes are a necessary element of aquaculture that involves the use
of a hatchery to manage the production of young fish and shellfish. Therefore, the
genetic concepts and constraints focused on the conservation of scarce species, or small
endangered populations within a species, are very similar to those that are relevant to
hatchery production in aquaculture. We will deal with small population sizes in the wild
and the issues of conservation genetics first and then cover genetics in the hatchery in
the second part of the chapter.

The concept of random genetic drift, that is the process that causes random changes
in allele frequency from generation to generation, has been introduced in Chapter 3.
When the effective population size (Ne) is very large, changes in allele frequencies
between successive generations will be very small. On the other hand, in populations
that have a small effective size, there will be a large variance between generations in the
frequencies of alleles, that is natural fluctuations in allele frequency between generations
will be much greater in small populations. In such populations with small effective size,
this will lead to a reduction in genetic diversity over time that can be identified as
a loss of alleles and loss of heterozygosity. Why does it matter that alleles might be
lost?

Each variant allele at each coding locus in a population can be regarded as part of
the ‘genetic resource’ of that population. An allele alone, or in combination with other
alleles or loci, could be responsible for conferring on its carrier a valuable trait such
as increased resistance to a particular disease, better cold tolerance or faster growth.
Therefore, the loss of any allelic variants is a potential loss of valuable genetic resource.
Of course, if most allelic variation at coding loci is neutral, then this is less important,
but we would be unwise to ignore the certainty that at least some variants at coding loci
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will be advantageous. If not now, then most likely in the near- to medium-term future,
global warming will bring about the increasing importance of high-temperature-resistant
allelic variants at biochemically important loci in temperate aquaculture species. Such
alleles may be effectively neutral until extreme summer temperatures reveal their value.

A second important consequence of small effective population size is the phenomenon
of inbreeding (Box 4.1) that is brought about through matings between closely related
individuals. From the genetic perspective, inbreeding increases homozygosity and almost
always has deleterious phenotypic effects, making inbred offspring less likely to survive
than non-inbred offspring. The phenotypic consequences of inbreeding (low viability,
poor growth, abnormalities) are labelled inbreeding depression.

Genetics of small population size in the wild

Most educated people are now aware of the fragile state of the planet and the increasing
pressures from human activities on the species with which we share the biosphere.
Species are becoming extinct at a rate comparable to the mass extinctions of geological
time, and in addition to loss of individual species, where population sizes have fallen
due to human influence (loss of habitat, overexploitation), there is a loss of genetic
biodiversity within remaining species. This loss of genetic variation within species can
be identified as loss of alleles and a reduction in heterozygosity.

One of the difficulties in assessing genetic diversity in wild populations is that some
marine species exhibit the phenomenon of chaotic patchiness. This is the situation where
there is extensive microspatial variation in allele frequencies detected at any one sam-
pling time, but allele frequency changes occur over time such that the pattern observed
might be very different if sampled at another time. Chaotic genetic patchiness is more
common in the marine environment than others because of the explosive reproductive
capacity of just a few individuals, the uncertainties and vaguaries of larval dispersal,
and the mosaic nature of marine and littoral habitats. Therefore, the lucky survivors
of spawning, larval dispersal and final settlement are seldom the average genetic rep-
resentatives of the parent population. This has been called the ‘sweepstake concept’:
the reproductive success of the minority and the reproductive failure of the majority,
and was first demonstrated in Pacific oyster (Crassostrea gigas) populations and then
observed in many other species. What this means is that for particular populations, or
across the species as a whole, the effective population size is actually much smaller than
the census population size. Until recently it was thought that heavily overexploited fish
stocks would still be sufficiently abundant to avoid the sweepstake effect and overcome
the danger of decreased genetic diversity. However, several studies have now identified
unexpectedly low effective population sizes (Ne) in commercial marine fish species that
normally have very large census population sizes.

One approach used to estimate the effective population size of fish has been based
on extracting DNA from modern fish samples and from archived otoliths or scales
of various ages and comparing genetic diversity and heterozygosity at microsatellite
loci over time. When the effective population size is large, there is a balance between
the loss of microsatellite alleles through genetic drift and the introduction of alleles
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by replication slippage. If the effective population size falls below a certain level, the
balance shifts so that the loss of alleles through genetic drift is greater than the rate of
introduction of alleles. Loss of allele over time also leads to loss of heterozygosity. Using
mathematical models based on temporal fluctuations in allele frequency and decrease in
heterozygosity, it is possible to estimate the effective population size of a population.

The first example we shall look at is the New Zealand snapper (Pagrus auratus).
DNA was extracted from snappers fished in 1998 and from dried snapper scales that
had been collected and archived between 1950 and 1986. The DNA was genotyped
at seven microsatellite loci, and the effective population size was estimated from tem-
poral changes in allele frequencies and from the decrease in heterozygosity over time
(Figure 4.1). The census size estimation for this fish stock (N = ∼6.8 × 106) is five
orders of magnitude higher than the estimated effective population size (somewhere
between 80 and 770), giving an Ne:N ratio of approximately 2.6 × 10−5.

Our second example is based on microsatellite analysis in the plaice, Pleuronectes
platessa. Using archived otoliths from 1924 to 1972 and samples from juveniles caught
in 2002, the effective population size for plaice was estimated to be 20 000 in the North
Sea and as low as 2000 in Iceland. As with the New Zealand snapper the Ne:N ratio
approached 2 × 10−5. Samples of plaice from before the 1960s, as well as being more
genetically variable, were generally in agreement with the Hardy–Weinberg model, while
more recent samples usually exhibited a significant deficiency of heterozygotes. The
heterozygote deficiencies are believed to be a signal of potential inbreeding consequent
on low effective population size (Box 4.1). Identification of an effect that appears to link
back to the steep increase in fishing pressure since the 1960s shows how overfishing can
have genetic consequences long before stocks become identified as ‘at risk’.

The third example is from a localised North Sea cod fishery off Flamborough Head
on the north-east coast of the UK. Cod, Gadus morhua, has been a hugely significant
commercial fish in Europe and North America for centuries, but now, because of massive
reductions in stock sizes, this important fish is on the IUCN Red List of Threatened
Species. This study investigated microsatellite genetic variation in archived otoliths
from fish born in 1954, 1960, 1970 and 1981, together with live fish caught in 2000 (born
in 1998). Earlier samples between 1954 and 1970 show a loss of allelic diversity over
time, but later samples show a reversal of this trend. The earlier samples are consistent
with genetic drift in a population with reduced effective population size, estimated to
be an average of around 100 (giving an Ne:N ratio of 3.9 × 10−5) between 1954 and
1970. However, the increase in microsatellite allele diversity after 1970 included alleles
not originally present in samples prior to 1970, which suggested that there had been
an influx of fish from neighbouring regions. In fact, by 1998, the Flamborough Head
cod consisted predominantly of immigrants from neighbouring populations. Although
genetic diversity seems to have been restored, local adaptations may have been lost or
compromised.

These examples demonstrate that the effective population size of commercially ex-
ploited marine fish populations is unexpectedly low relative to the total number of fish
and that Ne:N ratios are in the region of 2 × 10−5 to 4 × 10−5. This low effective
population size has led to a reduction in genetic diversity and a higher risk of inbreeding
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Figure 4.1 Changes in microsatellite allele frequency (Na) and heterozygosity (He) over time in a
commercially fished population of New Zealand snapper from Tasman Bay. These data were used
to estimate effective population size. (Modified with permission from: Hauser, L., Adcock, G.J.,
Smith, P.J., Ramirez, J.H.B. & Carvalho, G.R. (2002) Loss of microsatellite diversity and low
effective population size in an overexploited population of New Zealand snapper (Pagrus auratus).
Proceedings of the National Academy of Sciences USA, 99, 11742–11747. Copyright 2002,
National Academy of Sciences, USA.)

depression. These factors reduce the ability of populations to recover from overfishing
bottlenecks and limit their ability to respond to environmental change.

Because of the life history of anadromous salmonids that sees them returning to
their natal rivers to spawn, these species are divided into many small breeding groups
or populations with limited gene exchange. They are therefore more likely than other
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marine fish to suffer from small effective population sizes. A recent study has used
microsatellite genetic variation and efficient computer analysis programmes to identify
the kin relationships between individuals in two endangered wild populations of salmon
(Salmo salar) in Canada. One population came from the Stewiake River and the other
from the Big Salmon River, and microsatellite markers show big differences between
these two rivers, as can be seen in Figure 3.4 (Chapter 3). Collections of fish from
these rivers were made in 1998 to establish captive breeding and rearing programmes in
an attempt to retain their distinctive genetic nature. Using nine microsatellite markers,
individuals were genoytyped and these genotype data were analysed using modified
specialist computer programmes for pedigree analysis (see also Chapter 5). Without
having any direct parental information the analyses placed individuals into half-sib kin
groups that were further divided into full-sib families.

In the Stewiake River, 56 kin groups were identified, and most fish belonged to just a
few of these kin groups. Indeed, nine of these groups had only one individual assigned
to them. Similar results were obtained for fish from the Big Salmon River. In each
respective half-sib kin group the fish were generally distributed into several small full-
sib families, and this is probably indicative of the well-documented mating behaviour
in this species, where more than one adult male and several additional precocious small
males can fertilise the eggs of a single female in her redd.

Knowing the precise number of families in the samples enabled a good estimate of
the effective population size of the parental generation to be made. The estimated Ne

values for the Stewiake River and the Big Salmon River were 68.8 and 73.4, respectively,
which were much lower than the census population size. These highly informative data
show that both unbalanced sex ratio and variance in maternal family size contribute
strongly to the small effective population size relative to the census population size in
this species. The studies on flat oysters that we discussed in Chapter 3 raise these same
factors as potential contributors to the different signals of population differentiation
given by mitochondrial and nuclear markers.

Considering commercial marine fish and shellfish species, complete extinction di-
rectly as a consequence of overfishing is an unlikely outcome because fishing pressure
is usually reduced when it becomes uneconomic to target a particular species. While it
would be comforting to think that there could still be sufficient numbers of individuals of
overfished species out there to maintain small populations, the low effective population
sizes identified in these studies emphasise the real genetic risks following overexploita-
tion. Of course, when numbers of individuals in a species fall to very low levels, the
problems of loss of diversity, exacerbated by inbreeding depression, can lead to extinc-
tion. Artificial breeding programmes may then become options, and in Chapter 5 we
show how breeding plans can be developed to maintain the greatest genetic diversity in
spite of small population size.

The types of fish species, which are even more vulnerable to extinction from overfish-
ing or habitat loss, are those which have colonised lakes following the retreat of the ice
sheets of the last glaciation. Such species are often strongly substructured, with particular
subspecies or variants restricted to just one or a few lakes. Finally, we must mention ma-
rine mammals which have been probably the highest profile group of threatened species
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in the marine environment. It is difficult to secure samples for genetic study from whales.
Indeed, until the development of DNA techniques which required only minute quantities
of tissue, such as can be obtained from the sloughed-off skin, little genetic information
was known about cetaceans. More recently, using mtDNA, microsatellites and DNA fin-
gerprinting, together with observations of behaviour in the wild, much has been learned
about the family relationships between individuals within pods. Such information has
assisted the conservation effort, not least by revealing and publicising the complicated
and subtle nature of the population substructure of these species.

Genetic markers in conservation

In addition to their value in addressing the wider questions of population structure,
molecular genetic markers can be of great forensic importance. Illegal, unreported and
unregulated (IUU) fishing is of major worldwide concern in fisheries management and
the development of sustainable fisheries. Naturally, legislation to protect threatened
species or to manage fisheries relies on correct identification of an organism or parts of
it. In the case of many fish and shellfish, it may often only be a piece of tissue from
which a prosecution must be mounted and therefore traceability of the tissue is of critical
importance. Unprocessed fish can usually be identified by taxonomic experts, but once
processed, identification to species is carried out using DNA methods.

Modern molecular DNA forensics was first developed for use with humans in the mid-
1980s and has become increasingly sophisticated since then. Methods and techniques
derived from police forensics have been modified and optimised for use on a variety of
wildlife including marine species, and this has required considerable research to validate
techniques and make them sufficiently robust for evidential purposes.

Fish species identification has used mainly the cytochrome oxidase I (COI) and
cytochrome b (cyt b) sequences from the mitochondrial DNA, and databases have been
built up against which DNA sequences from suspect fish product can now be tested. The
differences between species at such genetic markers are largely due to single base pair
changes in the sequence – single nucleotide polymorphisms (SNPs, see Chapter 2) –
and knowledge of species-specific DNA sequences enables primers to be designed for
polymerase chain reaction (PCR) amplification.

A simple example of the use of molecular tools to tackle IUU concerns the identifica-
tion of two commercially important species of scallop in the North Atlantic. The large
sea scallop (Placopecten magellanicus) fishery is of major importance on the Atlantic
coast of Canada and the USA but, in the same region and extending across the northern
Atlantic, there is a fishery for the smaller Iceland scallop (Chlamys islandica). Scallops
for the American market are shucked (removed from the shell) at sea with only the
adductor muscle (meat) being landed and a critical management tool for regulation of
these fisheries is to use meat counts. Given that the meats look the same, it would be
easy for fishers to pass off small, undersized sea scallop meats as Iceland scallop meats.
Although meats are often up to 12 days old by the time they are landed, identification of
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adductor muscle tissue of the two species has been achieved using two allozyme loci that
are diagnostic. In addition, diagnostic markers have been established by RFLP analysis
and by direct sequencing of a portion of the 18S rRNA gene.

In this first example we have only to distinguish between two species because there
are no other scallops species in the region that produce similar-sized meats. However,
where there is no morphological information about a sample and there are several species
potentially present in it, careful preliminary investigation is required in the design of a
forensic test to ensure that no other species could be mistaken for the target species.

A good example of this is the method developed to identify the tissues of the great
white shark, Carcharadon carcharias, based on the simultaneous PCR amplification of
DNA fragments from both the mitochondrial genome; the cytochrome b (cyt b) locus and
the nuclear genome; the ribosomal internal transcribed spacer (ITS2). The great white
shark is the most widely protected elasmobranch in the world and is listed on Appendix
III of CITES and categorised as Vulnerable by IUCN. However, shark products of many
kinds are of significant economic importance, particularly in the Far East. The ability to
unambiguously identify C. carcharias DNA from samples of all kinds of shark tissue is
therefore of critical importance for the enforcement of regulations designed to aid with
conservation of this species.

The multiplex PCR method uses five primers. One primer pair is specific to the cyt b
locus in great white shark and produce a 511-bp product. A second primer pair is generic
for all fish across the nuclear ribosomal ITS region giving a 1340-bp fragment. The fifth
primer is a great white shark-specific forward primer that works with the all-fish reverse
primer to amplify a shorter fragment (580 bp) in the ITS region (Figure 4.2). In this
way two independent great white shark-specific fragments are amplified together with
an ‘all-fish’ positive control fragment. Figure 4.3 shows the results of this forensic test
for samples of C. carcharias from the Atlantic, Pacific and Indian oceans. In order to
ensure the specificity of the test for C. cacharias tissue a further 68 non-target shark
species have been tested and none were positive for the great white shark-specific PCR
products.

In Chapter 3 we have discussed how the sub-structuring of commercial fish species
into stocks can be critical to their effective management. Molecular markers such as
microsatellites are often capable of identifying stock sub-structure, but this is usually
on the basis of allele frequency differences rather than on individual discrimination.
Identification of an individual fish to its original stock, or river in the case of salmonids,
is usually not possible with certainty. However, current developments in statistical pack-
ages designed specifically for this purpose are constantly improving the accuracy of
assignment. There are a number of factors that affect how accurate the assignment of an
individual fish to a particular stock or river can be. Firstly, of course, there does need to
be a certain threshold level of genetic differences between stocks. Secondly, the number
of genetic markers deployed will affect the reliability of assignment and thirdly, much
will depend on the sample sizes used. Finally, what is a ‘safe’ level of statistical certainty
that you can identify an individual sample of DNA to a particular stock within a species?
What level of probability in an assignment test would be considered acceptable in a legal
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Figure 4.2 Details of primers used in the multiplex PCR forensic test for great white shark DNA.
A: diagram of the ITS region showing the forward (fish 5.8SF) and reverse (fish 28SR) primers that
amplify a 1340-bp fragment from all fish and the additional forward (GWSITS2F) primer that (with
the fish28SR primer) produces a 580-bp product that is specific to C. Carcharias. B: diagram of the
cyt b region with a forward (LAM499F) and a reverse (GWScb-R) primer that delineate a 511-bp
product specific to C. carcharias. (Redrawn with permission from: Chapman, D.D., Abercrombie,
D.L., Douady, C.J., Pikitch, E.K., Stanhope, M.J. & Shivji, M.S. (2003) A streamlined, biorganelle,
multiplex PCR approach to species identification: application to global conservation and trade
monitoring of the great white shark, Carcharadon carcharias. Conservation Genetics, 4, 415–425.
Copyright 2003, Springer, the Netherlands.)

situation? In police forensics, values such as one in a billion are commonly required to
reach legal standards of proof, while one in one thousand (p < 0.001) is usually used by
scientists to demonstrate ‘safe’ probability.

The problem of IUU fishing does not stop at the port where fish are landed or at
the market where they are sold. Once legally obtained fish are in the supply chain,
they can be adulterated by the addition of other fish which may or may not have been
legally aquired, or might be from a different source, for example, mixing aquaculture
product with wild-caught fish. Agencies such as the Marine Stewardship Council are
supporting efforts to use molecular methods to improve traceability of fish products and
to authenticate identity and quality throughout the supply chain.
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Figure 4.3 Agarose gel results from the multiplex PCR forensic test for great white shark tissue
sampled in three oceans (Atlantic, Indian and Pacific). Lanes marked M are size markers indicated
in base pairs (bp) on the right. The ‘all-fish’ positive control fragment (+, 1340 bp) is indicated on
the left together with the ITS2 (580 bp) and cyt b (511 bp) fragments specific to great white shark.
(Redrawn with permission from: Chapman, D.D., Abercrombie, D.L., Douady, C.J., Pikitch, E.K.,
Stanhope, M.J. & Shivji, M.S. (2003) A streamlined, biorganelle, multiplex PCR approach to
species identification: application to global conservation and trade monitoring of the great white
shark, Carcharadon carcharias. Conservation Genetics, 4, 415–425. Copyright 2003, Springer,
the Netherlands.)

Genetics of small population size in the hatchery

The principal function of a fish or shellfish hatchery is to economically produce large
numbers of juveniles for further ongrowing. For this purpose a broodstock of adults is
initially collected from the wild. This broodstock may be renewed from the wild each
season, or it may be retained and added to, over the years, by hatchery-reared individuals
that may or may not have been selected for particular traits. The importance of artificial
selection of fish and shellfish and the methods employed are dealt with in Chapter 5, but
the uncontrolled use of closely related individuals such as fathers, daughters, mothers
and sons in a broodstock will lead to inbreeding (Box 4.1). In Chapter 5 we will discuss
how breeding plans need to take the dangers of inbreeding into account.

Although inbreeding itself will generally reduce the performance of offspring, the
process of inbreeding does have a potential value. It can be used to develop highly
homozygous ‘lines’ of aquacultured species. Such lines will be homozygous at most of
their gene loci, but different inbred lines will be homozygous for different alleles at many
of the loci. When two separate inbred lines have been produced, these can be crossed with
one another to produce ‘F1 hybrid’ offspring which will then be heterozygous at these
loci. F1 hybrids can demonstrate above average performance (hybrid vigour, discussed
below), and in some agricultural animals and many crops, this approach has proven to
be extremely effective. However, apart from the specific value of F1 hybrids, the first
important genetic consideration for the broodstock is to avoid or reduce inbreeding.
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Box 4.1 Inbreeding

Inbreeding results from mating between related individuals. The more closely related two in-
dividuals are, the greater the level of inbreeding in the resulting progeny. Brother and sister
matings are therefore more strongly inbred than, for example, matings between cousins. The
most extreme form of inbreeding is self-fertilisation.

In a homozygote, the two alleles present could have arisen by replication of a single allele
from a direct ancestor – for instance, an allele could be passed from an individual to two offspring
that then breed together, so that some of their offspring inherit two copies of the allele. Such
alleles are described as identical by descent, or IBD. Alleles that are alike but that are not recent
copies of ancestral alleles are said to be alike in state, or AIS. We assume a starting population
in which all homozygotes are between AIS alleles – this population is non-inbred. An inbred
population, however, will have homozygotes with AIS alleles and also a certain proportion of
homozygotes with IBD alleles. The inbreeding coefficient (F) is the probability that the two alleles
at a locus are IBD and is a measure of increased homozygosity against the Hardy–Weinberg
model (Chapter 3, Box 3.1). F = 0 in the starting or reference population where there are no IBD
homozygotes, and F = 1, where there is complete IBD homozygosity within the population. The
degree of inbreeding experienced by particular individuals can be estimated from an analysis of
their pedigree; for example, the probability of IBD alleles in the offspring of siblings is 1:4 (F =
0.25) and in the offspring of half-siblings is 1:8 (F = 0.125).

To illustrate how inbreeding causes an increase in homozygosity (or equivalently, a reduction
in heterozygosity), we can take the example of self-fertilisation in hermaphrodites which is
the extreme form of inbreeding (Figure B4.1). After one generation of self-fertilisation, half of
the resulting offspring will be IBD homozygotes. The proportion of heterozygotes halves with
each generation of selfing, so if all individuals have the same number of offspring, after three
generations of self-fertilisation the proportion of heterozygotes will have fallen to only one in
eight, that is, IBD will have risen to 87.5%.

Figure B4.1 Illustration of the loss of heterozygosity following several generations of
self-fertilisation. A and B are alleles at a locus. Note: If all the individuals have the same
number of offspring, after three generations of selfing the proportion of heterozygotes will have
fallen to only 8 in (16 + 8 + 4 + 8 + 4 + 8 + 16) = 64.
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The second, but equally important, consideration is that broodstocks consist of rela-
tively few individuals compared with the size of the population in the wild. If you take
just a few (say, fewer than 100) individuals for your broodstock then clearly you run
into the classic problems of small effective population size that we have identified in the
previous section.

Is there evidence of loss of genetic variation in the hatchery?

Here we will consider loss of genetic variation in oysters as a result of aquaculture
activities, but the principles are the same for all aquaculture species. In the early and
mid-1900s, natural fisheries for the European flat oyster (Ostrea edulis) and the American
oyster (Crassostrea virginica) were in serious decline. In order to meet the demand for
oysters, the Pacific or Japanese oyster (C. gigas) was imported from Japan to several
areas of the world, and this species soon became the most important cultured oyster
species worldwide. Several early importations of Pacific oysters were made to British
Columbia on the Canadian west coast, and the Pacific oyster became naturalised in that
region. This naturalised population was a major source of broodstock for hatcheries
along the west coast of the USA. In spite of the reduction in abundance of flat oyster
(O. edulis) in Europe, there remain some natural populations and small-scale hatchery
production of this species continues. Table 4.1 illustrates how the mean number of alleles
per locus has been reduced as a result of hatchery activities in both species. The average
number of alleles at the microsatellite loci is much higher than for the allozyme loci and

Table 4.1 Loss of genetic variation in hatchery populations of oysters. Pacific oyster
(Crassostrea gigas) data based on 14 allozyme loci after three generations of separate hatchery
breeding involving hundreds of broodstock oysters (Hedgecock and Sly, 1990). Flat oyster (Ostrea
edulis) data from four microsatellite loci on ten populations of wild oysters and two populations
derived from hatchery production (Sobolewska and Beaumont, 2005). Pearl oyster (Pinctada
maxima) data from six microsatellite loci from three wild and five hatchery-produced populations
(Lind et al., 2009).

Mean number of
alleles per locus

Observed
heterozygosity Estimate of Ne

Pacific oyster – allozymes
Wild 3.50 0.262
Hatchery 1 3.07 0.268 40.6
Hatchery 2 2.43 0.256 8.9

European flat oyster – Microsatellites
Wild population mean 17.49 0.843 —
Hatchery population mean 9.15 0.782 —

Pearl oyster – microsatellites
Wild population mean 12.6–14.0∗ 0.800 109–1115.6
Hatchery population mean 7.5–9.4∗ 0.788 3.5–11.9

∗ Mean allelic richness – mean number of alleles per locus corrected for sample size.
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therefore the reduction in the number of alleles due to hatchery activity is much more
dramatic. A similar reduction in microsatellite alleles is evident in hatchery-reared pearl
oysters (Pinctada maxima) compared with wild stocks (Table 4.1).

Assuming random genetic drift to be the main cause of genetic divergence, the effective
population size of the hatchery-produced Pacific oysters could be calculated. Even
though hundreds of broodstocks were used, it can be seen from Table 4.1 that effective
population sizes (Ne) are estimated at around 40 individuals for one hatchery and fewer
than 10 for the other. These numbers are much smaller than would be expected and imply
that even though many oysters might have been used in the spawnings, only a proportion
of them make any contribution towards the final cohort of offspring. Similarly, there is
an order of magnitude difference between the actual hatchery population size in pearl
oysters (numbers of broodstock used per batch ranged from 77 to 96) and the effective
population size estimated to be between 3.5 and 11.9 per batch. Why might this be?

The Pacific oyster is amenable to strip spawning and this method of cutting the
oyster open and teasing out the gametes is used in almost all commercial hatcheries.
Therefore, there is no uncertainty about the numbers of individuals providing gametes
for a mass spawning. On the other hand, there is no guarantee that stripped gametes
from all individuals are fully ripe and able to fertilise. This could be one source of the
discrepancy between the estimated and the actual number of spawners. Another source
of this discrepancy is applicable to other bivalves, including pearl oysters, that are not
amenable to strip spawning and thus have to be induced to release their gametes by some
chemical or physical stimulus. For practical reasons, this induction is usually carried out
with the broodstock held together in a large tank, and the water can become very milky
with suspended eggs and sperm from just two or three individuals. All individuals will
not necessarily respond to the stimulus and it is virtually impossible to tell whether there
are more than just a few individuals spawning. Therefore, this can reduce the effective
numbers of broodstock. In the case of the flat oysters, which brood their eggs and larvae,
control over spawning is even more difficult to achieve.

Once fertilisation has been achieved, it may be that some families perform far better
than others. Slow-growing families of oyster larvae will be lost from the system because
of the size selection that takes place when sieve sizes are increased – only the larger
larvae are retained. Alternatively, some families may just have a poor survival history
and therefore will not be strongly represented among the hatchery-produced cohort.
This is particularly relevant where, as in the example given (Pacific oysters, Table 4.1),
each generation of broodstock is used to produce the next, as this is likely to result in
inbreeding with concomitant slower growth and higher mortality.

In the case of many commercially important crustacean shellfish, there are particular
difficulties in the control of reproduction. Simple external fertilisation does not take
place – females collect spermatophores from males and then at some later date, use sperm
from the spermatophores to fertilise the eggs, which they brood on specialised carrying
legs. Putting equal numbers of males together in a tank with females is not always
successful in ensuring good genetic mixing – in some species, such as Macrobrachium
rosenbergii, the largest males may succeed in fertilising most of the females and prevent
all other males from taking part.
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This brings us to a separate difficulty: If there is an uneven contribution between
males and females, how does this affect the situation? The formula to estimate effective
population size in a spawning broodstock where different numbers of males and females
are taking part is:

Ne = 4Nf Nm

Nf + Nm

where Ne is effective population size or effective number of spawners, Nf is number of
females and Nm is number of males. So, if there are 20 individuals of whom only 3 are
male, then the effective number of spawners is only 204/20 = 10.2. Therefore, although
20 individuals are spawned, because of the imbalance between males and females, this
is effectively equivalent to spawning only about 5 males and 5 females. Also, it must be
remembered that it is the effective number of spawners that dictates how much of the
genetic variation present in the original stock is transmitted into the offspring.

It can be seen that there are a number of explanations as to why, in spite of the best
efforts of hatchery managers, the number of broodstock individuals which pass on their
genetic variation to hatchery-produced offspring is likely to be fewer than predicted.

One practical solution to overcome some of these difficulties is to carry out several
separate spawnings between even numbers of males and females and then combine the
resulting embryos. This increases the certainty that the early larvae or fry are derived
from as many parents as possible, but can do little to overcome the problems associated
with differential growth or survival between families.

Our last example in the section on effective population sizes in wild fish populations
was a study on wild salmon from the Stewiake and Big Salmon River populations. In
that study kin relatedness in a sample of first-generation Big Salmon River hatchery
fish was also analysed. Unsurprisingly, the hatchery progeny consisted of considerably
fewer kin groups (12) than the wild fish (>50) and these were mostly full-sibs. This
would reflect the smaller population size of the fish used (i.e., the hatchery broodstock)
and also the inability of males to exhibit their wild-type multiple insemination behaviour
in the hatchery. Although 32 parental fish were genetically identified as contributing to
the hatchery product, the effective population size was estimated to be 17.1. Here it was
possible to identify specifically the variance in family size as the reason for the reduced
effective population size relative to the actual number of parents contributing gametes.

How does hatchery propagation affect heterozygosity?

So far we have considered how genetic variation measured by numbers of alleles can
become depleted in hatcheries. Another measure of genetic variation – heterozygosity
(the proportion of individuals that are heterozygous at a locus) – might also be expected
to decrease. However, this does not appear to be the case for the oysters detailed in Table
4.1. Observed heterozygosity in the hatchery-derived oysters is not significantly lower
than heterozygosity in the original populations of these three species of oyster.
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Box 4.2 The relationship between allele frequencies and expected heterozygosity

Let us consider two examples, using the formula for calculating expected heterozygosity at a
locus:

Expected heterozygosity, He = 1 − �x2
i

where xi is the frequency of the ith allele at the locus.

Example 1

A locus with four alleles, each present at an equal frequency of 0.25:

Heterozygosity = 1 −
(
0.252 + 0.252 + 0.252 + 0.252

)
= 0.75

So, at this locus, 75% of the population should be heterozygotes.

Example 2

A locus with four alleles, one of which is common (frequency 0.85) and three of which are rare
(each present at a frequency of 0.05):

Heterozygosity = 1 −
(
0.852 + 0.052 + 0.052 + 0.052

)
= 0.27

In this case, although four alleles are present as in Example 1, the heterozygosity is much less
because of the unequal allele frequencies.

One explanation for the retention of heterozygosity is that it is not simply the number of
alleles at a locus, but rather their relative frequency, that makes the strongest contribution
to heterozygosity. Equal allele frequencies at a locus will give the highest heterozygosity
and very unequal frequencies the lowest (Box 4.2). We can envisage that very unequal
allele frequencies at a particular locus in a source population will tend to produce
more equal allele frequencies in a hatchery population for the alleles which are, by
chance, retained there. Thus, heterozygosity is not only retained, but possibly increased.
However, in the case of loss of an allele at a bi-allelic locus there will be a dramatic
loss of heterozygosity to zero. If many of the loci scored are bi-allelic, as is often the
case for allozymes in fish and crustaceans, then reductions in numbers of alleles are
more likely to be mirrored by reductions in heterozygosity. In fact, where similar studies
have been carried out on fish and crustacean shellfish, they have indeed generally shown
reduced numbers of alleles and reduced heterozygosity. Studies on other bivalve shellfish
have been similar to the oyster story (Table 4.1), with loss of alleles but little loss of
heterozygosity.



P1: IFM/UKS P2: SFK

BLBK242-04 BLBK242-Beaumont December 31, 2009 14:53 Printer Name: Yet to Come

Genetics of population size in conservation and aquaculture 91

Another factor which might account for some retention of heterozygosity in a bivalve
hatchery is the common practice of artificial selection of larvae on the basis of size:
small, slow-growing larvae are discarded (culled) during the process of sieving as pore
sizes increase. How might this affect heterozygosity?

Geneticists are interested in heterozygosity in individual organisms, as well as in
populations. We can ask the question: Is it advantageous for an individual to have two
allelic variants expressed at a locus (heterozygosity) rather than having just one allele
expressed (homozygosity)? From the point of view of the genome as a whole, the answer
would seem to be clear. In Charles Darwin’s famous book On the Origin of Species by
Means of Natural Selection (1859), in which he lays out his theory of evolution, he states,
‘I have collected so large a body of facts, and made so many experiments, showing, in
accordance with the almost universal belief of breeders, that with animals and plants
a cross between different varieties, or between individuals of the same variety but of
another strain, gives vigour and fertility to the offspring, and, on the other hand, that
close interbreeding diminishes vigour and fertility.’ Nothing discovered since Darwin’s
time has changed this view: inbreeding generally does reduce viability and performance,
and hybrid vigour can often be consistently demonstrated. Knowledge of the genome
enables us to associate the phenotypic characters of inbreeding depression with high
homozygosity across the genome and the phenotypic characters of hybrid vigour with
high heterozygosity across the genome. However, can this effect be detected in studies
of just a few loci?

Perhaps surprisingly, there is now quite a lot of evidence to support the idea that
multiple-locus heterozygosity (MLH) across just a few allozyme loci is positively (al-
beit weakly) correlated with size in juvenile bivalves (Box 4.3). Individuals that are
heterozygous at many of the allozyme loci scored in genetic studies are, on average,
larger than equivalent individuals of the same age that are homozygous at many of
the scored loci. If this correlation is also present during the larval stage, as demon-
strated in several bivalve species, then the loss of small larvae will increase the average
heterozygosity.

Box 4.3 The correlation between multiple-locus heterozygosity (MLH) and physiological
parameters

Although there are many parameters that can be used to quantify aspects of fitness in an
organism, one of the easiest to measure is size at age. This assumes that differences in growth
rates of individuals of the same age, strictly grown in the same environment from fertilisation, are
a reflection of genetic differences between them. To test whether there is a relationship between
size at age and genetic heterozygosity, individuals of the same age are weighed (or measured)
and then scored at a number of genetic loci. Some will be heterozygous at, say, three of the loci
(and homozygous at the rest), others heterozygous at four, five, six etc., loci. Each has a weight
and a heterozygosity class to which it can be assigned and these can be graphed (Figure B4.3)
and tested to see if there is a significant relationship between them. Usually there is a weak
positive correlation as illustrated.
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Figure B4.3 Illustration of the principle of increased weight and reduced variance with
increasing multi-locus allozyme heterozygosity (MLH). Vertical lines through points on the
graph indicate the standard error of the mean. There is a weak (but significant) positive
correlation between MLH and weight, and the variance around the mean weights decreases
with increased MLH.

One other feature which is commonly reported when tests of this type are carried out is the
fact that variance around the mean weight is greatest in the low heterozygosity classes and de-
creases in high heterozygosity classes. So, although the average weight of highly homozygous
oysters is low, there is a wide spread of weights among this group. In contrast, there is a narrow
spread around the mean weight of the most highly heterozygous oysters. The suggestion is that
the development and growth of highly heterozygous individuals is better determined and more
tightly controlled than that of extensively homozygous individuals. This idea has been extended
to test for control, during development, of bilaterally symmetrical features in fish such as fin
ray numbers and fin dimensions. There is evidence (although weak and sometimes disputed)
that highly homozygous fish (at a few allozyme loci) are more asymmetrical than those that are
highly heterozygous. This is, however, well demonstrated in other species. This phenomenon
of fluctuating asymmetry has been looked at in humans too. According to some research,
human facial symmetry is a very important fitness-related character that we use in selecting our
partners. It is noticeable that catwalk models have highly symmetrical faces and bodies and,
apparently, it is partly this symmetry that we use unconsciously to define attractiveness.

What are the mechanisms by which high heterozygosity could increase fitness and possibly
reduce asymmetry? There have been two main theories. One theory is that the possession of
two different alleles at many loci provides an individual with an advantage because biochemical
differences between the products of the alleles enable them to deal with a wider biochemical
environment both inside and outside the cell. The main alternative idea is that there is no
particular advantage to being highly heterozygous but that there is a distinct disadvantage for an
individual to be highly homozygous, because this exposes faulty alleles (deleterious recessive
alleles) in the homozygous condition. It is beyond the scope of this book to review the evidence
one way or the other, but it is likely that both mechanisms operate across the genome as a
whole.
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Genetic markers for identification of hatchery product

There are a number of situations where being able to identify hatchery-produced in-
dividuals is of great importance. We have noted in previous comments about mixed
stock analysis in salmonids that it is possible to use variation at several microsatellite
loci to identify certain natural stocks and also, in some cases, to identify individuals to
particular stocks. There have been many cases of loss of hatchery-reared salmon into the
wild, caused by breakage of nets in storms or due to boat damage. How can we identify
these fish in order to find out what happens to them? Do they survive? Do they become
part of the wild population? If they do, does this have a significant genetic effect on wild
stocks?

A good illustration of the early use of a genetic marker to detect hatchery-produced
individuals among wild stock is provided in the development of cod ranching in Norway.
Cod is an extremely important commercial species in the North Atlantic and has suf-
fered from overfishing to such an extent that the famous Grand Banks fishery grounds
off Newfoundland and Labrador are now completely closed. Some level of artificial
production of cod for enhancement of wild stocks was carried out in Norway over much
of the twentieth century, but the evaluation of any release project is dependent on a reli-
able method for the identification of the released fish. Traditional identification methods
involve mechanical or chemical tagging, but these can be time-consuming and expensive
and they are not always readable in older fish.

Variation at the glucose phosphate isomerase (GPI-1∗) allozyme locus in wild pop-
ulations of cod off Norway includes the rare GPI-1∗ 30 allele. Using electrophoresis
of tissue from fin-clips, individuals heterozygous for this rare allele were identified and
spawned together. Yolksac larvae, 25% of which would be GPI-1∗ 30/30 homozygotes,
were reared in artificial seawater ponds and later, when mature, these GPI-1∗ 30/30 ho-
mozygotes were identified from fin-clips and selected for spawning. Offspring of these
matings, all GPI-1∗ 30/30 homozygotes, were used in a release experiment in Masfjorden
together with an equal number of a control group from matings between unselected cod.
Juvenile fish from both groups were chemically tagged with oxytetracycline supplied
in the diet so that they could be identified when caught the following year. Table 4.2
shows the GPI-1∗ allele frequencies of the released fish and wild fish of different ages.

Table 4.2 GPI-1∗ allele frequencies in populations of cod sampled from Masfjorden during an
experiment to test the value of the rare GPI-1∗ 30 allele as a marker for hatchery-produced fish.

Fish sampled GPI-1∗ 30 GPI-1∗ 70 GPI-1∗ 100 GPI-1∗ 150

4-year-old wild cod 0.03 0.00 0.71 0.26
3-year-old wild cod 0.03 0.00 0.71 0.26
2-year-old wild cod 0.03 0.03 0.66 0.28
1-year-old wild cod 0.05 0.01 0.75 0.19
1-year-old released cod 0.49 0.02 0.43 0.06

Source: Data adapted from Jorstad et al. (1994).
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It is clear that the GPI-1∗ 30 allele is rare in all the age classes of wild cod but that it
is present at a frequency of 0.49 in the released fish. All released fish (those with the
chemical oxytetracycline tag) could be clearly and unambiguously assigned to either the
genetically tagged group of GPI-1∗ 30/30 homozygotes or the non-genetically tagged
group. Because equal numbers of wild-type and genetically tagged fish were released,
the presence of the GPI-1∗ 30 allele at a frequency close to 50% indicates that there
has been no significant selection against the genetically tagged fish – an important fact
which needs to be established before such tags can be used commercially.

Although this example of using allozymes to identify hatchery-produced cod is ef-
fective, it took several generations to provide a genetically marked broodstock. Also, in
spite of the lack of apparent selective difference between GPI-1∗ 30/30 homozygotes
and other GPI-1∗ genotypes, there is always the risk of inbreeding having an effect
during the development of a broodstock of ‘rare homozygotes’.

The use of a few highly variable microsatellite markers can make it possible to identify
individuals produced in the hatchery to particular families. With enough variation at
several loci, the multiple genotypes of individual broodstock parents will be unique to
those parents and therefore to each hatchery cross carried out. In Chapter 5 we will see
how this ability to identify individuals to their family can assist in the estimation of the
heritability of quantitative traits by allowing all aquaculture progenies to be grown in
the same environment.

In addition, using recently developed powerful analytical methods, the analysis of
a suitable suite of multiple highly variable microsatellite loci can produce a unique
genotype profile for each individual sampled from a population. Such microsatellite
profiles are highly disciminating and have the potential to identify hatchery-produced
individuals within a population of wild fish that has received an accidental release of
hatchery product. The likelihood of 100% successful assignment of individuals in this
situation will depend on the genetic similarities between the hatchery product and the
wild stock. For example, if hatchery broodstock is derived from the local wild population,
then hatchery releases back into that population will be difficult to identify. It is therefore
a good strategy to attempt to introduce a specific genetic tag into hatchery-produced fish –
as in the case of the GPI-1∗ 30/30 marker in the Norwegian cod – and this can be achieved
using microsatellites or SNPs.

Genetic markers for pathogen identification

One of the major constraints on aquaculture is disease. In the wild there is a natural
balance between organisms and their pathogens, but this balance is badly upset when
organisms are cultured at high densities in enclosed situations. Entire broodstocks or
complete production batches can be lost if the early stages of a disease cannot be
identified and preventative measures employed. Molecular biology techniques can be
used to assist in the early identification of disease-causing organisms such as viruses,
bacteria and parasites, as in the following examples.
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The mycobacteriosis disease of the European sea bass (Dicentrarchus labrax), an
important Mediterranean culture species, debilitates the fish, slows their growth and is
eventually fatal. Unfortunately, infected fish cannot be identified visually during the early
stages of the disease. Following direct sequencing of the host and pathogen 16S rRNA
genes, the disease-causing organism was identified as Mycobacterium marinum. Primer
pairs for the 16SrRNA gene were then used in PCR trials to identify length products
specific to the sea bass and products specific to M. marinum. A diagnostic 220 bp PCR
product from M. marinum was identified from a particular primer pair and this method
was then developed to reliably amplify the product from blood samples. This technique
therefore provides a rapid non-destructive means of monitoring the broodstock of sea
bass for the development of mycobacteriosis.

A serious viral disease of penaeid shrimp, white spot syndrome virus, was first
identified in Asia and has recently spread worldwide. The symptoms are white spots
inside the carapace and a reddish body discoloration. The disease is very virulent and
can wipe out a complete hatchery stock of shrimp within a week or two. Viral DNA
has been sequenced and primers have been designed to amplify a short (341 bp) PCR
product diagnostic for the disease from shrimp haemolymph. Not only can the presence
of the viral DNA be identified, but using quantitative competitive PCR the numbers of
viral genomes in an infected shrimp can also be estimated. This method uses an internal
standard which is co-amplified with the target viral DNA. It is amplified by the same
primers but is about 50 bp shorter than the viral PCR product, and the amount of this
internal standard added to the PCR is known. The two PCR products are separated on
agarose gel, and the intensity of the stain coloration for each band is measured by a
densitometer, allowing a direct estimation of viral numbers based on stain intensity.

Another major disease of shrimp, Taura syndrome (TS), first appeared in Ecuador in
1992, but outbreaks of TS have since occurred in the major shrimp farming areas in
the American and Asian continents. The disease is caused by the Taura syndrome virus
(TSV) and its genome has been fully sequenced. Comparison of various capsid protein
sequences within the 10,205 nucleotide virus genome has revealed at least four major
groups that have been called the ‘Belize’, ‘Americas’, ‘SE Asia’ and ‘Venezuela’ TSV
variants. Additional TSV variation can be identified by testing against a TSV monoclonal
antibody.

The development of quantitative PCR (Box 2.2) allows us not only to identify
pathogenic organisms but also to quantify their numbers in the host. An example is
the oyster herpesvirus 1 (OsHV-1) that can cause high mortalities at larval and spat
stages in several bivalve species. Its genome has been fully sequenced, and numerous
PCR primers have been developed for qPCR. These primers have enabled quantification
of the viral load over time and the implication of the virus in summer mortality of the
Pacific oyster, C. gigas.

Although these methodologies do not provide cures for diseases, these types of molec-
ular biological tool are valuable additions to the armoury that pathologists need to detect,
identify and investigate the progression of diseases in aquaculture organisms. These tools
are also highly valuable to select for resistance against these diseases.
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Chapter 5

Genetic variation of traits

So far we have concentrated on markers at the DNA or protein level, how they can be
identified and how they can be used to assess genetic variation across the genome. Now
we need to consider phenotypic traits that are influenced by variation at one or more
loci. A trait is a characteristic of an organism, and examples of such characteristics
in aquaculture species include colour, fin size or shape, body weight at age, disease
resistance, numbers of fin rays, age at maturity, larval growth rate and percentage
of fat in the meat. There are two main groups of trait – qualitative and quantitative.
Qualitative traits can be defined by discrete categories (e.g. colour variants) and can be
under the control of just one or two loci, while quantitative traits require measurement
or enumeration and are usually controlled by many genes (e.g. weight at age, length,
numbers of fin rays). An alternative way to group traits is to distinguish between those
which are strongly affected and those which are weakly affected by environmental
factors. Both qualitative and quantitative traits can be influenced by the environment,
but the higher the number of genes controlling a trait, the higher the likelihood that it
might be influenced by environmental factors.

Qualitative traits

When a breeder discovers an attractive new variant, the first thing to establish is whether
the variant is inherited at a single locus in a simple Mendelian way. We have dealt
with inheritance of alleles at single locus in previous chapters. However, there is a
complication which often arises in the expression of a qualitative phenotypic trait,
owing to the dominant or recessive nature of the alleles controlling the trait. Let us
take a simple example of the gold colour variant in carp (Cyprinus carpio), which is
controlled at a single locus by two alleles, a wild-type allele (W) and a variant gold-
producing allele (G). The gold phenotype is only expressed in the fish when the G allele
is present in the homozygous condition (i.e. the genotype is GG), while the other two
genotypes (WW and WG) will always have wild-type colouration. We describe the W
allele as being dominant because its phenotypic expression will occur when allele W is
present in either the homozygous or heterozygous condition. Conversely, the G allele
is described as recessive because its phenotype is not expressed in the heterozygous
condition. Similar cases are also known for shell colour in shellfish. Shell colours and
patterns in the Manila clam (Ruditapes philippinarum) are presumed to be controlled by

99
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Parental genotypes GG x WW

Parental phenotypes Gold x Wild-type

F1 genotypes WG x WG

F1 phenotypes Wild-type x Wild-type

F2 genotypes WW WG GG

F2 phenotypes Wild-type Wild-type Gold

Genotype ratio 1 : 2 : 1

Phenotype ratio 3 wild-type : 1 gold

Figure 5.1 The phenotypic and genotypic consequences of inheritance of a recessive gold
coloration allele (G) and a wild-type allele (W) in carp (Cyprinus carpio) through the F1 and F2
generations.

two major genes, one for the symmetry of the pattern (Asymmetry A being dominant
over Symmetry S) and the other for ornamentation (Wave V and Zebra Z being dominant
over variegated Bi).

If the gold variant in carp is of higher market value, how can the breeder produce
them in large numbers? Ideally, we need to mate a GG male with a GG female to ensure
GG offspring; however, in a wild population, there are likely to be only occasional
individuals expressing the gold coloration. So, to begin with, what happens if we mate
our novel gold-coloured (GG) fish to a wild-type (WW) fish (Figure 5.1)? Usually no
gold offspring would appear in the F1 generation because the G allele is rare in the
natural population and a wild-type fish taken at random is unlikely to have the G allele
but rather be homozygous for the W allele. Without the G allele being present in both
the father and the mother, no GG genotypes – and therefore no gold phenotypes – will be
present among the F1 progeny. However, all F1 offspring from this GG × WW cross will
be heterozygotes with one copy of the G allele and if these are mated together then this
will produce GG genotypes (gold phenotypes) among the F2 generation. Assessing the
ratio of gold-coloured to wild-type fish in this F2 generation (Figure 5.1) should allow us
to identify the precise relationship between the G allele and the gold phenotype, and GG
males and females from this F2 generation can be mated to produce all-gold offspring.

Although this example of gold coloration in carp is straightforward, in the real world
of aquaculture, things are not usually simple. Perhaps the colour variant is sex-linked, so
that it occurs only in one of the sexes. More commonly, dominance may be incomplete,
such that heterozygotes will express a different colour to those expressed in the two
homozygote classes. An example of partial dominance is found with the ‘gold’ phenotype
in the tilapia species Oreochromis mossambicus, where the wild-type allele (W) is
only partially dominant over the gold-type allele (G) – GG genotypes are gold, GW
heterozygotes have a ‘bronze’ skin colour and WW homozygotes express the normal
black coloration.
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In some situations the two alleles at a locus are co-dominant – that is, both contribute
equally to the phenotypic character of the heterozygote. This inheritance pattern is
difficult to distinguish from the partial dominance of a single allele, but fortunately the
consequences, from the point of view of the breeder, are similar. Obviously, to produce
100% heterozygote phenotype offspring, matings must occur between two homozygotes.
When more than two alleles exist, the hierarchy of dominance of the different allele can
be determined. For example, in the clam Macoma baltica, four alleles at a single locus
display a linear hierarchy of dominance: white < yellow < orange < red.

A further level of complexity occurs when we consider the inheritance of two or
more traits and, additionally, whether there might be any interaction between them.
First, we will consider two phenotypic characters in the guppy (Lebistes reticulatus) –
gold colour and spinal curvature – controlled independently at separate loci. At the first
locus, the dominant wild-type allele (W) produces grey body colouration, while the
recessive (G) allele produces gold coloration in homozygous (GG) fish. Because of the
complete dominance of the W allele, heterozygous (WG) fish are grey. At the second
locus, a recessive variant (C) causes curvature of the spine in CC homozygotes. The
dominant wild-type allele (Z) gives homozygous (ZZ) and heterozygous (ZC) fish a
normal spine. The conventional way to calculate the proportions of offspring genotypes
and phenotypes from matings between individuals is to use the Punnett square design
where the gamete types are arrayed as column and row headers and cells within the square
are simply completed by the addition of the column and row headings. In the case of
guppies, following the strategy of mating between double heterozygotes, the Punnett
square illustrates that the offspring phenotypes would be in the ratio of 9 wild type (grey
with a normal spine) : 3 gold with a normal spine : 3 grey with a curved spine : 1 gold
with a curved spine (Figure 5.2).

In this example of inheritance of two characters in the guppy, there is no interaction
between the two loci. The colour of the fish is not affected by the spinal curvature, and
vice versa. Where there is interaction between loci in the expression of the phenotypes
they control, this is called epistatic interaction. An example of this is the ‘pearl’ character
of Nile tilapia (Oreochromis niloticus) where the phenotypic opalescent white character
of the scales (designated ‘pearl’) is controlled epistatically at two loci. Each locus
has a wild-type allele and an alternative pearl-type allele, and the pearl phenotype is
expressed only in individuals that carry pearl-type alleles from both loci. This does not
involve the standard type of dominance because pearl-type alleles can be expressed in
the heterozygous condition. It is simply the presence of the pearl-type alleles at both
loci that confers the pearl phenotype on its carrier. This is illustrated in a Punnett square
(Figure 5.3) where the wild-type alleles at the two loci are W and Z, and the pearl-type
alleles are designated P and L, respectively.

A further example of epistatic interaction involves the pattern of the scales in the
common carp (C. carpio), one of the world’s most important cultured fish. Carp with a
reduced scale pattern are highly valued in the European market, while Asian consumers
prefer the wild-type scale pattern. At one locus (wild-type allele, W; variant allele, S)
the S allele reduces the overall scaliness of the fish such that SS homozygotes exhibit a
phenotype called ‘mirror’. At the other locus (wild-type allele, Z; variant allele, N) the
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Figure 5.2 Punnett square design showing the consequences of a mating between F1 guppies
which are heterozygous at two loci (WG ZC), where the first locus controls gold colour by a
recessive allele (G, wild-type = W) and the second locus controls curvature of the spine by a
recessive allele (C, wild-type = Z). Phenotypes: grey with normal spine (grey normal), gold with
normal spine (gold normal), grey with curved spine (grey curved) and gold with curved spine (gold
curved).

presence of the Z allele modifies the pattern of scales in heterozygotes, but is lethal in the
homozygous state (ZZ). This locus is epistatic to the W/S locus – it also modifies scale
pattern – and it shows incomplete dominance as although ZZ homozygotes die, het-
erozygotes (ZN) survive and NN homozygotes have wild-type scale pattern. Figure 5.4
illustrates the ratios of the different phenotypes produced by mating carp which are
double heterozygotes at these loci. The phenotypes are ‘normal scaled’; ‘line’, where the
scales are mostly restricted to the lateral line; ‘mirror’, where a few scales are scattered
across the body and ‘leather’, where scales are virtually absent (Figure 5.5).

So far we have assumed that scaling pattern loci in carp only affect scale density and
pattern. However, allelic variation at a single locus may have effects on more than one
biochemical pathway and this can have subtle effects on other phenotypic characters.
This is called pleiotropy and there are a number of performance-based pleiotropic effects
on mirror, line and leather carp. The wild-type scaled carp generally grow, survive and
resist disease better than do mirror, line or leather carp.

Globally, the development of colourful phenotypes of fish is of great economic im-
portance. The Taiwan Fisheries Research Institute has spent many years developing the
potential of red variants of O. mossambicus that are controlled by recessive alleles.
They developed hybrids with O. niloticus and, following several generations of artificial
selection, produced stable red and white strains of the hybrids.
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Figure 5.3 Punnett square illustrating inheritance of the ‘pearl’ phenotype in the Nile tilapia
(Oreochromis niloticus) based on variation at two epistatic loci. At the first locus the wild-type allele
is designated W and the pearl-type allele is indicated by P. At the second locus the wild-type allele
is designated Z and the pearl-type allele is given as L. Matings were between doubly heterozygous
F1 individuals (WP ZL × WP ZL).

Figure 5.4 Punnett square illustrating inheritance of wild-type, mirror, line and leather
phenotypes of carp (Cyprinus carpio). The mating is between fish which are double heterozygotes
at two loci. One locus (wild-type allele = W, variant allele = S) controls scale density and the other,
an epistatic locus (wild-type allele = Z, variant allele = N), controls the pattern of scales. Allele Z is
a partially dominant lethal allele.
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(a) (b)

(c)

(e)

(d)

Figure 5.5 Colour varieties of carp. (a) Common carp or European carp (Cyprinus carpio),
(b) mirror carp with irregular and patchy scaling, (c) crucian carp (Carassius carassius) showing a
yellow/gold mutation similar to a phenotype that early goldfish may have been bred from, (d) a
fancy goldfish (Carassius auratus, pearl scale), (e) nishikigoi, Japanese or koi carp – ornamental
domesticated varieties of the common carp C. carpio. (Images courtesy of Wikipedia.) (See Plate
5.1 in the colour plate section.)
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There are as yet few examples of the commercial use of qualitative traits in shellfish,
such as the golden-coloured Pacific oyster (Crassostrea gigas) from Tasmania, the
‘notata’ form of the hard-shell clam (Mercenaria mercenaria) in the USA or the white-
coloured Manila clam (R. philippinarum) in France.

Further descriptions of the profusion of albino types and colour variants in tilapias
and other fish such as koi carp (Figure 5.5) are outside of the scope of this volume, but
all are based on the principles of Mendelian inheritance, albeit complicated by partial
dominance, the involvement of more than one locus, more than two alleles per locus,
epistasis, sex linkage or pleiotropy.

Quantitative traits

Now we move on to the consideration of traits that are usually controlled by more than
just one or two genes – polygenic traits for which continuous, quantitative, variation is
observed. The study of these polygenic, or quantitative, traits is the aim of quantitative
genetics. Unlike qualitative trait loci, genes that are assumed to be influencing or con-
trolling a quantitative trait are numerous and therefore in most cases not identified, but
their location in the genome can be defined through the mapping of quantitative trait
loci (QTLs) (see Chapter 6).

Of course, although a quantitative trait will be influenced through its QTLs, it is very
likely that the trait will also be influenced by the environment in which the organisms
exist. A well-fed prawn will grow faster than a poorly fed one, regardless of its genotype.
When we use the term ‘environment’ here, this covers all aspects of the way in which an
organism has interacted with the physical and biological environment around it during
its life up to the time that the trait is measured. It will also include the internal cellular
environment in which the proteins produced by the genes have to operate. So when
considering the influence of the environment on a particular trait, it is not enough to
consider only the tanks in which fish might be swimming around or simply to count the
number of mysids being fed to a growing lobster larva. Environmental interactions are
numerous and extremely complex. As a result many aspects of such interactions will
be invisible, undetectable, unexpected or simply unknown. They will often be simply
referred to as ‘environmental variance’.

Biologists study quantitative trait variation for a number of reasons, but we shall
concentrate here on the use of quantitative genetics as a tool for understanding and
implementing selective breeding of aquatic organisms in culture. The effect of natural
selection on quantitative trait variation in the wild is in many ways similar to selective
breeding although selective pressures and environmental variations are usually much
more difficult to identify and quantify in the wild than in controlled culture conditions.
Selective breeding of some form or other has been undertaken for hundreds, sometimes
thousands, of years in agricultural and domestic plants and animals. The results are
all around us and we take them for granted. Cattle have been bred either for meat or
for dairy use; sheep have been bred for wool or meat and for mountain or lowland.
There are hundreds of varieties of cereals and crops that have been selectively bred for
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particular soils, seasons or production characteristics. Perhaps the most striking range
of phenotypic variation obtained by artificial selection within a single species is evident
in the domestic dog (Canis domesticus) ranging from the tiny Chihuahua to the giant
Irish Wolfhound.

Among aquatic organisms, probably the first to be intensively bred and managed were
the carps (Cyprinus spp.) and in the Far East intensive selection has taken place over
hundreds of years for unusual colour variants, leading to a highly valuable ornamental
fish market (Figure 5.5). However, very few aquatic species brought into commercial
culture have been subjected to the application of scientifically based artificial selection,
particularly quantitative genetics. Indeed, it is only really within the past 35 years that any
studies of quantitative traits in aquatic species have been carried out, and these have been
limited to a few species of fish and shellfish. In this chapter we will illustrate and discuss
how quantitative genetics, investigating the genetic bases of quantitative traits, is likely
to be used in the process of artificial selection and the development of commercially
adapted strains of aquatic species as part of their domestication and genetic improvement.

What kinds of traits are important?

For the evolutionary biologist, phenotypic traits are important as they can be relevant to
the fitness of the organism and therefore evolve under the pressure of natural selection.
For the aquaculturist, traits that are relevant to production will be of particular interest.
Such traits include growth rate, age at maturation, feed conversion efficiency, disease
resistance, flesh quality and marketability.

Variation of a quantitative trait

In a random sample of organisms, measurements of a continuously variable trait, such as
weight or size at age, will tend to be distributed normally (Figure 5.6) and its distribution
can be described using standard statistical notation. There will be a mean (symbol, x̄), a
standard deviation from the mean (symbol, s) and a variance (symbol, s2) which is the
square of the standard deviation from the mean. The variance represents the spread of
measurements to either side of the mean: the greater the spread of measurements, the
larger the variance. Some part of that variance will be the result of genetic differences
between individuals, and the remaining parts will be the result of differences in the
environments experienced by different individuals and the interaction between genetic
and environment components. We need to know the relative influences of these factors –
there will be no genetic gain in breeding from the largest members of a broodstock if
they are only the largest because of the environment in which they grew up and not
because their large size is in some way controlled by genes.

The total variance of a trait can be divided into that produced by genes and that
produced by the environment such that:

Vp = Vg + Ve + (
Vg × Ve

)
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Figure 5.6 Normal distribution of a trait in a sample of organisms, showing the mean and
standard deviation (s). The variance of the trait is equal to the square of the standard deviation (s2).

where the total phenotypic variance is Vp, the variance produced by genetic differences
among individuals is Vg and the component of variance produced by environmental
differences is Ve. Some part of the variance will be produced by gene–environment
interaction, so the term (Vg × Ve) is included in the formula. This component can be
of importance when there is extensive environmental variation, but is often negligible
when organisms are grown under similar rearing conditions. There is one more element
of the variance that should be mentioned. It is the variance that is the result of maternal
factors, both genetic and environmental (e.g. traits coded in mitochondrial DNA, egg
size, brooding behaviour, nesting location), and that can represent a considerable fraction
of Vg and Ve.

The proportion of the variance of a trait which is under genetic control is termed the
heritability, denoted by the symbol h2. The broad-sense heritability is:

h2 = Vg/Vp

which represents the proportion of the total variance (Vp) which is produced by genetic
variance (Vg).

The variation produced by genes may come from three different sources. First, the
variation may be related to the straightforward presence or absence of particular alleles in
a given genotype. This is the additive genetic variance (Va) and is an important element
of genetic variation for the aquaculture breeder as the presence or absence of particular
alleles is a character which is passed unchanged to the next generation and therefore
leads to cumulative gains over generations.
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A second cause of genetic variation is due to the presence or absence of particular
genotypes, i.e. combinations of alleles. For example, a particular heterozygous combi-
nation of alleles at a locus may confer an advantage or a disadvantage on an individual
with respect to a particular trait. This is dominance genetic variance (Vd), usually con-
sidered as more complex and less easy to use in selective breeding programmes because
genotypes are broken down during meiosis and put together again in different combi-
nations in the next generation. Therefore, breeding from individuals that are superior
because of their higher heterozygosity does not guarantee genetic gain in their progeny.
However, crossing between inbred, highly homozygous lines does guarantee predictable
heterozygosity in the offspring and such ‘F1 hybrids’ are commonly used in plant breed-
ing, especially in out-crossing species such as maize and numerous vegetable species.
As yet, development of such inbred lines in aquatic species is in its infancy because
development of inbred lines requires rearing through several generations (unless using
chromosome manipulation techniques – see Chapter 7) and also because dominance
genetic variance is low relative to additive variance in most aquaculture species. In
addition, inbreeding depression can lead to difficulties in the development of inbred
lines, such as lower viability and fertility. The Pacific oyster, C. gigas, is however one
of the few aquaculture species for which dominance genetic variance is used to develop
superior hybrid progenies. In addition, superior performance of polyploid organisms
(see Chapter 8) can be partly due to dominance variance because additional sets of
chromosomes often increase heterozygosity. The combination of both approaches, i.e.
producing (1) inbred polyploid lines and subsequent hybrids or (2) inbred lines and
subsequent polyploidisation remains to be investigated in aquaculture species.

The third component of genetic variation is produced by interactions between loci and
is called epistatic or non-allelic interaction genetic variance (V i). Here we are considering
that an individual may be highly ranked for a trait as it possesses particular combinations
of genotypes across two or more loci. For example, it may be an AC heterozygote at
one locus, an EE homozygote at a second and a PQ heterozygote at a third, and it is
this particular combination that gives it the high ranking. It is easy to see that only a
very sophisticated breeding scheme designed for such individuals could guarantee this
particular combination in any of the offspring.

So the genetic component of variance can be partitioned such that:

Vg = Va + Vd + Vi

and the ratio of additive genetic variance (Va) to the total phenotypic variance is called
the narrow-sense heritability:

h2 = Va/Vp

Values of h2 (either broad-sense or narrow-sense) theoretically vary from zero, where
phenotypic variance is entirely the result of environmental effects, to 1.0, where all the
variance is the result of genetic effects. The higher the heritability, the greater will be
the resemblance between parents and offspring. It is this resemblance between related
individuals that is used experimentally to estimate heritabilities of studied traits.
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How can we estimate narrow-sense heritability?

A number of methods can be used to estimate h2, such as regression of full-sib means
on the mid-parent mean or comparison of full-sibs and half-sibs using analysis of
variance (Box 5.1). Given that much of quantitative genetics was developed around
agricultural animals, the reader will find that in the literature, male parents are often
called sires and female parents are often called dams. When possible, self-fertilisation
is included in some of the experimental designs that have been used to estimate heri-
tabilities in plants. In aquaculture species, these methods could be applied to simultane-
ous hermaphrodites such as scallops, or, using cryopreservation of gametes (Box 5.2),
to sequential hermaphrodites such as oysters but few examples are yet available. Ho-
mozygous inbred lines, obtained by chromosome manipulation (i.e. gynogenic or an-
drogenic lines, see Chapter 8), are employed in other methods for the estimation of
heritability.

In order to produce reliable estimates of h2 using analysis of variance of full-sib
and half-sib hatchery crosses, all crosses must be performed under identical conditions.
Practically, they must be produced at the same time and all offspring from all families
must be reared in the same environment. Achieving simultaneous crosses is relatively
simple in many fish and molluscs, but can be a real problem in other species. Some
bivalves, such as scallops, are simultaneous hermaphrodites, and great care is needed
to avoid self-fertilisation in hatchery conditions that leads to mixed progenies, includ-
ing inbred and outbred offspring. Female and male flat oysters are indistinguishable
by appearance as this is an alternate hermaphroditic species (individuals change sex
over time) and the females brood the larvae in their mantle cavity. Many pairs of oys-
ters therefore need to be set up to ensure that a sufficient number of full-sib families
are generated. Strip spawning of catfish males is not usually possible, so the males
have to be allowed to perform multiple matings separated by varying periods of time.
This results in uncontrollable differences in size or age between half-sib families and
may bias the estimation of h2. Similarly, strip spawning is not possible in the gilt-
head sea bream (Sparus aurata), leading to difficulties in setting up controlled crosses.
Females of some prawn species cannot normally be induced to ovulate at a specified
time, and males cannot be strip spawned. In fact, they deposit their spermatophore on
the cephalothorax of the female just following her pre-spawning molt which makes
control of timing of crosses very difficult. In some crustaceans, such as the freshwater
crayfish, the females mate at intervals with several different males and retain their at-
tached spermatophores until they ovulate. Consequently, not only it is very difficult to
organise the timing of the crosses, but also the identity of the male parent needs to be
established.

Optimal crossing designs for a particular species, in terms of the type of factorial cross
and the number of recorded individuals per full-sib and half-sib family (see Box 5.1),
can often best be defined using simulations based on the biological constraints imposed
by the species.

Once crosses have been performed, the offspring must be kept in replicated containers
in the same environment. Many environmental factors such as water quality, food quality
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and quantity, temperature, stocking density and level of disturbance must be monitored
and held as constant as possible. In order to avoid density-dependent effects, food is
often provided in excess (i.e. ad libitum). The potential for variation of any of these
factors generally means that statistical analysis of large numbers of families is required
to provide meaningful h2 estimates. This requires a considerable investment in space
and facilities, which is often not feasible in a small-scale hatchery.

Box 5.1 Estimation of narrow-sense heritability

Parent–offspring regression

If the variance in a trait, for example weight, is mainly of genetic origin then we would expect
heavy parents to produce heavy offspring. If weight is mainly environmentally controlled, then this
would not be the case. This is the principle behind parent–offspring regression, where the mean
of a trait in offspring is regressed against the mid-parent value for the trait. A series of matings
is carried out with the offspring from all families being reared under the same environmental
conditions. Each cross produces one point on the regression. The slope of the regression is
equal to the heritability (h2) of the trait. Figure B5.1 shows an example of weight-at-age data
and the regression line has a slope of h2 = 0.33.

Full-sib and half-sib mating designs

As with parent–offspring regression, it is the resemblance between relatives that provides a
means of estimating the heritability of a trait. If the trait is under strong genetic control (high
h2) and is variable in the studied population, the variation in that trait within one family is going
to be less than the variation between unrelated individuals. Some of the experimental designs
for estimating narrow-sense heritability are called North Carolina experiments (NCI, NCII, NCIII)
because they were first described by scientists from North Carolina in the 1950s. Here we will
consider the NCI method where a number (n) of males (sires) are each mated to two or more
(f ) females (dams), with no dam being mated to more than one sire. This will produce (n × f )
full-sib families. In order to arrive at estimates of h2 with reasonably low standard errors, the
number of families needs to be as high as possible. Each set of families with the same sire
constitutes a half-sib family group. So we have n half-sib groups, each made up of f full-sib
families. Measurements of the trait are made from r samples taken from each family, and there
are therefore n × f × r progeny to be scored and analysed. The data are analysed by hierarchical
or nested analysis of variance (ANOVA). The generalised results of such an ANOVA are given
in Table B5.1.

Table B5.1 General ANOVA of a North Carolina I experiment to estimate heritability of a trait.

Source d.f. MS Estimates of variance components

Between sire HS family groups n–1 MSs σ 2
w + rσ 2

s/d + rfσ 2
s (= σ 2

total)
Between FS families within

sire HS family groups
n(f − 1) MSs/d σ 2

w + rσ 2
s/d

Within FS families nf (r − 1) MSw σ 2
w

Total nfr − 1

HS, half-sib; FS, full-sib; d.f., degrees of freedom; MS, mean square; σ 2, variance; s, sire component; d, dam
component; w, within FS families.
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The three components of variation, offspring, dam and sire (σ 2
w, σ 2

s/d and σ s
2), can thus all

be calculated and used to estimate the additive genetic variance (Va), since:

Va = 4σ 2
s

and since h2 = Va/Vp, narrow-sense heritability is given by:

h2 = 4σ 2
s /σ 2

total

For full details of the various designs for estimating heritabilities, the reader is referred to
Kearsey and Pooni (1996), Falconer (1989) or Lynch and Walsh (1998).

Figure B5.1 The use of parent–offspring regression to estimate the narrow-sense heritability
(h2) of a trait.
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Box 5.2 Cryopreservation

Cryopreservation was first used to assist in reproductive strategies for agricultural animals and
the basic methods have since been transferred to aquaculture. This technology enables the
aquaculturist to produce seed stock out of season, but also, importantly, allows for the long-term
storage of valuable genetic material. Such material has value in selective breeding plans, in the
production of hybrids and as a conservation tool for endangered or rare species.

Care must be taken when freezing live material since the water it contains expands during
ice crystal formation, potentially rupturing the cell – that is why freezing strawberries make
them go mushy (peas can be successfully frozen and thawed because, as seeds, they have a
much lower water content). Cryopreservation thus requires a careful management of cell water
content, through the use of cryoprotectants. Essentially gametes or embryos are bathed in an
‘antifreeze’ solution containing cryoprotectants and are then frozen down to the temperature of
liquid nitrogen (−196◦C). When required for use, the material is gently thawed.

Cryoprotectants can be of two types, penetrative or non-penetrative, depending upon whether
they pass easily across the cell membrane or not. Dimethyl sulphoxide (DMSO), glycerol and
ethylene glycol are examples of penetrative chemicals, while larger molecular-weight molecules
such as carbohydrates and proteins generally do not penetrate the cell membrane over short
periods.

As the cells cool below 0◦C, water begins to freeze out of solution and this increases the
concentration of the remaining solution. With further reduction in temperature, the solution gets
more concentrated as more water freezes out. Eventually a point is reached – the eutectic point –
at which the whole solution freezes. The cryoprotectant mixture used must effectively protect
the cells against damage during this cooling process. Gametes and other cells have an internal
concentration of solutes (an osmolality) that must be balanced against a similar concentration
of solutes outside the cell.

Initially, when cells are placed in a cryoprotectant, the cells shrink as water leaves the cell
to dilute the cryoprotectant on the outside and then the cryoprotectant enters the cell until
equilibrium is reached. To reduce the mechanical dangers of this, cryoprotectant can be added
at slowly increasing concentrations. If cells are cooled too rapidly, lethal ice crystals can form,
but cooling too slowly allows extended contact with the cryoprotectant solution that can be toxic.
Once the cells have reached their eutectic point and no more water comes out of solution (−35
to −80◦C), they can be rapidly cooled to −196◦C by plunging them into liquid nitrogen.

Non-penetrative cryoprotectants are often used to offset problems of cell expansion and the
formation of ice crystals during thawing, and as with cooling, the rate of temperature change can
be critical.

The sperm or spermatophores of a range of fish and shellfish can be cryopreserved and an
example is given here for the cryopreservation of trout spermatozoa.

Semen is stripped from the trout by abdominal massage and then diluted with a cryoprotectant
solution containing DMSO and glycerol. The diluted semen is drawn up into narrow ‘straws’ and
these straws are then frozen in the vapour of liquid nitrogen in an insulated box. The freezing
process takes about 3–4 minutes before plunging into liquid nitrogen. Thawing is accomplished
in about 30 seconds by holding the straws at 25◦C and the rate of thawing is critical to obtaining
good viability of spermatozoa.

Attempts to cryopreserve fish eggs and embryos have not been very successful, probably
due to the size of the eggs and the presence in many species of a relatively impermeable egg
membrane. However, in recent years, methods for the cryopreservation of the eggs, embryos
and larvae of many invertebrates such as oysters, mussels, rotifers and ragworms have been
published.
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As soon as individuals can be tagged or individually identified in some way, they can
all be reared together in a common environment which usually greatly reduces envi-
ronmental variation between families (i.e. tank effect) and also rearing costs. Numerous
individual tagging methods have been proposed for various species, such as heat- or
cold-branding, fin clipping, injection of coloured elastomers or gluing plastic tags on
shells. One of the most effective methods used for identifying individual fish and crus-
tacea is that of inserting a passive integrated transponder (PIT) tag into the flesh. Such
tags can also be glued onto the shells of bivalves, but their cost remains relatively high
and therefore constrains their use in large progenies.

The development of highly variable genetic markers that can be detected from minute
quantities of tissue provides a neat alternative solution to this problem. In particular,
microsatellites (Chapter 2, Box 2.7) are used regularly to identify young individuals into
their families in an increasing number of aquaculture fish and shellfish species. A suite
of just a few highly variable microsatellite loci is usually sufficient to enable more than
95% of the progeny generated by crossing large number of parental individuals. At a
highly variable microsatellite locus, individual parents are likely to differ in at least one
of their alleles from all other parents. When this is extended to several highly variable
loci, the multi-locus genotypic signal of each parent is almost certain to be distinct, and
therefore the multi-locus genotypic signature of the offspring of crosses between these
parents can be identified.

Several methods of parentage assignment have been developed and corresponding
softwares are available online. Exclusion is a simple and efficient method for assigning
parents to an offspring that uses incompatibilities (based on simple Mendelian inher-
itance rules) between parents and offspring. A major drawback of exclusion is that
it is extremely sensitive to genotyping errors or mutations. Alternatively, maximum-
likelihood assignment methods have been proposed to manage genotyping errors. The
choice of the most appropriate assignment method will depend on the type of data
available, notably completeness of parents sampling (i.e. knowledge of the genotypes
of all candidate parents). Characteristics of the molecular markers, such as the number
and distribution of alleles, segregation distortion and occurrence of null alleles, linkage
disequilibrium will determine assignment success.

This technology is used in an increasing number of species for which microsatellite
markers are available. It is now used to provide reliable estimations of genetic parameters
and is also used in commercial selective breeding for major aquaculture species for which
such tools can be afforded. Modelling has been shown to be very useful to optimise such
approaches.

Table 5.1 illustrates heritabilities in Atlantic salmon and rainbow trout for certain
traits of importance in salmonid aquaculture. Apart from the observation that none of
the heritabilities are greater than 0.5, and most are much less than this, a number of other
considerations should accompany these figures. First, heritabilities can be very different
for the different traits. In Atlantic salmon, approximately 35% of the variation in growth
rate is controlled by additive genetic variation (h2 = 0.35), but none of the variation in
overall survival is so controlled (h2 = 0.0). Second, even though these two species are
fairly closely related, there are big differences between them in the heritability of certain



P1: IFM/UKS P2: SFK

BLBK242-05 BLBK242-Beaumont December 30, 2009 17:54 Printer Name: Yet to Come

114 Biotechnology and Genetics in Fisheries and Aquaculture

Table 5.1 Estimates of heritability (h2 ± standard error) for characters of
importance in salmonid aquaculture.

Trait Atlantic salmon Rainbow trout

Body weight at harvest 0.35 ± 0.10 0.21
Age at maturation 0.15 0.05
Fat percentage 0.30 ± 0.09 0.47
Flesh colour 0.09 ± 0.05 0.27
Survival overall 0.00 ± 0.02 0.16 ± 0.03
Furunculosis survival 0.04 ± 0.17 –

Source: Data from Gjedrem (2000).

traits. For example, the age at which Atlantic salmon mature appears to be more strongly
under the control of additive genes than the age at which rainbow trout mature. In contrast,
flesh colour has a much higher heritability in rainbow trout than in Atlantic salmon.

The heritability values in Table 5.1 have large standard errors. This illustrates a third
factor that heritability may vary between populations within a species. This variation
can result from genetic differentiation between natural populations that are adapted to
different environmental conditions, or from genetic drift that frequently occurs in hatch-
ery broodstock. More generally, heritability estimates must be considered population-
dependent until several estimates are available. Finally, heritability estimates can strongly
vary when different environmental rearing conditions are encountered. This variation
depends on the importance of genotype by environment interaction, which in turn de-
pends on the range of environmental variation that is experienced by the studied families
(Box 5.3). As a result, the message is that heritabilities are not easily predictable: differ-
ences in heritabilities between different populations within a species reared in different
environmental conditions are commonly reported. Therefore, the effectiveness of gains
from artificial selection will be greatest using the population, and the same environmental
conditions, that provided the initial heritability estimate.

Box 5.3 Genotype × environment interaction

A given genotype can present several values for a given trait (i.e. different phenotypes) in
different environments. This phenomenon is easy to demonstrate in species where a single
genotype can be replicated into several ‘copies’, using vegetative (i.e. clonal) multiplication or
in selfing species producing full-homozygote and genetically identical progenies. In species for
which this is not the case, individuals showing significant relatedness (e.g. full-sib or half-sib
families) can be used. The phenotypic variation that can be observed for a given genotype (or a
given family) in a given range of environmental variation – at least two levels for a given factors
such as temperature or food supply – defines its ‘reaction norm’. Significant interaction between
genotypes and environment (G × E) implies that different genotypes present different reaction
norms. Different types of G × E can be observed, resulting in differences in the slope (when
linear) or shape (when non-linear) of the reaction norm of the different genotypes. Firstly, different
genotypes can show no differences in one environmental condition but significant differences
in another one. Secondly, the ranking of different genotypes or families can be conserved in
different environments but the slopes may be significantly different. Finally, this ranking can be



P1: IFM/UKS P2: SFK

BLBK242-05 BLBK242-Beaumont December 30, 2009 17:54 Printer Name: Yet to Come

Genetic variation of traits 115

modified, up to a level where slopes of the reaction norms can be positive from some genotypes
and negative for others (Figure B5.3).

Figure B5.3 (a) The two genotypes G1 and G2 show identical phenotypic plasticity of a trait
(P) in response to variation of an environmental factor (E). In that case, there is no genetic
variance for the plasticity of the trait and no genotype by environment interaction. (b) G1 and
G2 have a different degree of plasticity, which is therefore genetically determined and
significant genotype by environment exists.

G × E is more likely to be observed when the range of environmental variation is high
(i.e. when genotypes are reared under contrasted conditions). When estimating heritability of
a trait, if the range of environmental variation is low, as it is usually under communal rearing,
the part of the variance produced by gene–environment interaction is most often negligible.
When environmental variation is larger (i.e., when families are reared in different sites or under
contrasted rearing conditions), significant G × E can arise. In that case, ‘generalist’ genotypes
will show less variation across environments and therefore show higher homeostasis for the
particular trait than ‘specialist’ genotypes. The relative interest of selective breeding for generalist
or specialist lines will therefore depend on the level of G × E and on the relative difference
between these two extreme types of genotypes in a given range of environments (as proposed,
for example, for the Pacific oyster along the Pacific coast of North America).

Variation in heritability means that some traits are far more amenable to rapid change
by selection than others – the relatively high h2 of salmon body weight at market size
(h2 = 0.35) implies that this trait will respond well to selection. This has been confirmed
by the genetic gains in growth rate ranging from 11 to 15% per generation achieved in
the National Norwegian Breeding Programme for salmon, which was initiated in the
1970s. Here we have evidence of realised heritability.

Realised heritability

Although we can estimate heritabilities by the various methods described in Box 5.1, the
only way to establish the true, or realised, heritability of a trait is to carry out selection
trials and measure the actual response (Box 5.4).
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Box 5.4 Response to selection and realised heritability

The most accurate way to determine the heritability of a trait is to actually carry out selection
trials and measure the response to selection for the trait. Figure B5.4 illustrates an example
where we have a population of organisms with a mean weight (at 24-month-old) of 20 g and
only individuals over 21.5 g in weight are selected for spawning to produce the next generation.
The difference between the mean weight of all the original population and the mean weight of
those selected (22.1 g) is called the selection differential (s = 2.1 g). When the offspring are
24 months old, they are weighed and the difference between the mean weight of the offspring
(21.0 g) and that of the original population (20.0 g) is the response to selection (r = 1.0 g).
When we know the selection differential (s) and the response to selection (r), the realised
heritability can be calculated as r/s. It follows also that when we already have an estimate
of h2 and can choose a selection differential, we can estimate an expected response to
selection.

Figure B5.4 Response to mass selection.
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There is, however, a potential problem with this method. The environmental conditions during
the growth of the offspring may not be the same as those in which the original population
was grown. In such a case, any apparent response to selection might simply be a response
to improved rearing conditions and have little to do with additive genetic variance. To obviate
this problem, it is critical to compare response to selection in the selected population against
a control population derived from a large number of parents taken at random from the original
population. Therefore, whenever a group of selected parents is spawned, a control group of a
similar number of randomly chosen parents should also be spawned and their offspring reared
in identical environments.

Remember, however, that the realised heritability is only true for the particular envi-
ronment in which the selection was carried out and for the particular strain or broodstock
that has been selected. There are many instances where researchers in different laborato-
ries have published very different realised heritabilities for the same species in apparently
similar environments. Some realised heritabilities for commercially important traits in
fish, molluscs and crustaceans are given in Table 5.2.

Table 5.2 Some examples of realised heritability (h2) for quantitative traits in fish, molluscs and
crustaceans.

Group and species Trait h2

Fish
Carp (Cyprinus carpio) Body shape 0.42 ± 0.03

Antibody production 0.37 ± 0.36
Tilapia (Oreochromis niloticus) Growth rate 0.12
Golden shiner (Notemigonus crysoleucas) Growth in length 0.42
Atlantic salmon (Salmo salar) Growth 0.2–0.45

Molluscs
Bay scallop (Argopecten irradians) Growth 0.21
Hard clam (Mercenaria mercenaria) Growth at medium density 0.40

Growth at high density 0.0
Chilean oyster (Tiostrea lutaria) Live weight at 40 months 0.43–0.69
European flat oyster (Ostrea edulis) Growth in weight and length 0.11–0.24
Oyster (Saccostrea cucullata) Growth to market size 0.28 ± 0.01
Pacific oyster (Crassostrea gigas) Yield 0.01–0.50

‘Summer mortality’ survival 0.63 ± 0.07

Crustacea
Marron crayfish (Cherax tenuimanus) Growth and tail size 0.30–0.60
Redclaw crayfish (Cherax quadricarinatus) Growth 0.24 ± 0.06
Pacific white shrimp (Litopenaeus vannamei) Weight gain 0.40 ± 0.06

TSV∗ resistance 0.09 ± 0.03
Prawn (Macrobrachium nipponense) Larval tolerance of fresh water 0.24 ± 0.07
Prawn (Macrobrachium rosenbergii) Cold tolerance 0.50–0.90

∗ TSV, Taura syndrome virus.
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Correlated traits

The phenotypes of organisms comprise thousands of characters. Many of these characters
are interlinked in one way or another, for example, because they are determined by
common genes, or because are part of chain of traits involved in a given physiological
function. Therefore, it is likely that if you select for one particular trait which is of value
in aquaculture, you will unintentionally affect other traits among which some could be
deleterious for aquaculture production. For example, fast growth rate in salmon could be
correlated with age at maturity such that beyond a certain point, the advantages of fast
growth will be outweighed by the tendency of these fish to mature earlier than wanted
by the fish farmer. Fortunately, where such tests have been carried out in fish, high
correlations have been found between feed conversion efficiency and growth rate, and
low correlations between growth rate and survival. One unwanted correlation, however,
is between body weight and fat content in salmonids, which means that it is not easy to
artificially select for increased growth rate without also increasing the body fat content.

In channel catfish (Ictalurus punctatus) the time of maturation is dependent on age
rather than size. This can create difficulties as selected fast-growing fish in some strains
reach such a large size before becoming mature that they are too big to be accommodated
in conventional spawning refuge chambers. However, one useful genetic correlation in
these species is that between the traits of body density and dress-out percentage (the
proportion of the fish’s weight remaining after gutting). Normally, dress-out percentage
can be assessed only after slaughter, but because of the strong genetic correlation of
this trait with body density, measurements of body density on living fish can be used to
estimate dress-out percentage.

In the Pacific oyster, resistance to summer mortality (a syndrome leading to heavy
losses in several oyster-producing countries and whose causal factors are complex) has
been shown to be a highly heritable trait. When selecting for increased or decreased
survival to summer mortality following a family-based breeding design, the resulting
progenies showed different reproductive effort and time of spawning time but did not
show differences in growth. Progenies selected for susceptibility to summer mortality
invested more energy in reproduction and spawned later than did ‘resistant’ progenies.
These results are congruent with genetic correlations between growth, survival and
reproductive effort in this oyster. However, the positive or negative nature of these
correlations is influenced by environmental factors. This may explain why additive
genetic variance for these traits (sufficient to allow artificial selection) is maintained in
the wild where oysters are likely to encounter variable environmental conditions.

What types of artificial selections are there?

In any breeding programme, individuals are going to be of different value depending
on how much improvement in a trait their offspring produce. This is an individual’s
breeding value. Similarly, the number of offspring of a given family is the family’s
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breeding value. Most breeding programmes aim to increase or decrease the mean value
of one or several traits in the selected population, which is called directional selection.
When the objective is to decrease the variance of the trait, this type of breeding is called
stabilising selection.

Mass selection

Mass selection – also called individual selection because selection is performed at
the individual level – is the simplest type of artificial selection that involves select-
ing the best-performing individuals for the trait in question from a population and
breeding from them to produce the next generation. If the trait is significantly heri-
table, it will result in an increase in the mean of the trait in the offspring compared
with the parental population that will depend on both heritability and selection dif-
ferential. Mass selection can be performed for several generations, cumulating ad-
ditive genetic gain, until the desired shift in the mean value of the trait has been
obtained. However, one of the outcomes of this process will be a reduction of ge-
netic diversity and increase of relatedness in the resulting population than can lead to
(1) a decrease of heritability and consequent reduced response to selection over gener-
ations and (2) inbreeding depression. The speed at which such deleterious effect will
occur mostly depends on the initial effective population size of the population and on
its genetic load.

The selection differential, s, is the difference between the mean value for the trait
in the parental population and the mean value of the individuals used for breeding.
If the heritability of the trait is known in the selected population, then the expected
improvement in the mean value of the trait (the response to selection, r) can be estimated
as the product of the heritability and the selection differential (Box 5.4). In addition,
even if an estimated heritability is not available, a ‘realised’ heritability can be calculated
following an artificial selection trial where the selection differential is known and the
response to selection can be measured in the offspring.

One of the difficulties associated with predicting the response to selection is that h2

will usually have been estimated under experimental conditions that may have been very
different from the production-scale environment under which the selection is carried
out. Because heritabilities may vary considerably between environments, the predicted
response may not be achieved. In addition, the h2 value estimated for one population
may not apply to another because the amounts of additive genetic variance for the trait
may be very different between the two.

Mass selection is simple to carry out when the selected trait can be reliably recorded
on individuals prior to their breeding. This is clearly the case for traits such as weight or
size at age but is not possible for post-mortem traits like fillet yield or flesh color. It is
easy to implement in a hatchery situation because a single population has to be managed.
It is only really effective when the true value of h2 is greater than around 0.3 and when
large selection differentials can be employed. Large selection differentials cannot be
repeatedly employed when there are only small broodstock populations available because
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only a few individuals would be mated and inbreeding would result. Monitoring of
genetic diversity using genetic markers is strongly recommended to estimate inbreeding
in mass-selected populations, especially in species such as oysters for which large
variance in reproductive success between breeders has been reported.

Family selection

Alternatively, selection can be performed at the family level rather than at the individual
level. Family selection is commonly favoured when the h2 value for a trait is low
(<0.30) and/or when only a low selection differential can be employed. This involves
choosing entire families, usually groups of full-sibs or half-sibs, rather than individuals
for breeding. The families are selected on the basis of the mean trait value across
the whole family, which can usually be estimated with much higher precision but
requires much more labour. In family selection, an individual’s trait value is not directly
considered in the selection process: the individual just has to be from a particular family.
One of the main advantages of family selection is that it enables the testing of subsets
of each family in different environments. In this way, the importance of interaction
between families and the environment can be assessed. Eventually ‘generalist’ families
with good performance in all tested environments and ‘specialist’ families with superior
performance in a particular environment can be identified. An important limitation
of this method is the need to maintain a number of different families separately as
broodstocks. Strategies to control inbreeding will also be required, involving avoiding
crosses between related families. On the one hand, this aspect is easier to implement
because the genealogy of families is easy to record but, on the other hand, can only
be efficient if a large number of families are produced and monitored. Nevertheless,
when h2 is low, family selection produces a greater response than mass selection. This
is mainly because family selection provides better estimates of the genetic value of
selected families than would mass selection for selected individuals.

An alternative approach that can be usefully employed is within-family selection
where individuals are selected for breeding on the basis that they are highly ranked
for the trait in question within their family. In this situation, the family mean for the
trait is not considered. Although individuals from poorly performing families may have
a low value for the trait relative to the population as a whole, their inclusion in the
breeding scheme provides an effective counterbalance to the inbreeding that can occur
when family selection alone is employed. Because of this, fewer families need to be
maintained for an equivalent increase in inbreeding relative to family selection. This is
a real advantage in most aquaculture enterprises where the cost of holding broodstock
families separately can be prohibitive. However, this approach has a similar efficiency
to mass selection for low-heritability traits.

A mixed approach combining within- and between-family selection is likely to provide
the best results for most traits. Within each family, family breeding value can be estimated
using some individuals and others can be used for individual selection. In this way,
interaction between families and environment can be taken into account. The optimal
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balance between within- and between-family selections will depend on heritability,
acceptable increase of inbreeding in the selected population and demand for rapid genetic
gain. As parentage assignment is now feasible using molecular markers, this mixed
approach can be implemented using markers to assign individuals to their families. Walk-
back selection refers to breeding programmes where a group of superior individuals is
first selected and then only the selected animals are genotyped for family relations.
In that case, the key parameter is the number of individuals that are genotyped to be
assigned to their families. If this number must be kept small, to keep genotyping costs
as low as possible, only breeding candidates will be genotyped, i.e. individuals that are
potential parents for the next generation due to their individual performance. In this
‘selected nucleus’, family assignment will be used either (1) simply to maximise genetic
diversity and reduce inbreeding by avoiding matings between close relatives or (2) to
take into account family breeding value (estimated only from genotyped individuals) in a
real mixed approach. If more individuals can be genotyped, family breeding value can be
better estimated or tested under more environmental conditions. This is a cost-effective
method because only a small fraction of the potentially very large number of individuals
reared need to be genotyped. This is especially useful for species for which no extensive
resources are available, or for species whose reproduction cannot be fully controlled.

Marker-assisted selection

A more sophisticated method of selecting individuals for breeding is the use of marker-
assisted selection (MAS) or gene-assisted selection (GAS). During the process of
genome mapping (see Chapter 6) the genetic markers used can be tested to ascer-
tain whether possession of particular alleles at these loci is correlated with performance.
Any locus markers that are found to show a significant association with the selected
trait (QTL) can be of value in artificial selection (see Chapter 6). MAS involves scoring
broodstock individuals and selecting them on the basis of their genotypes at QTL to
improve the precision of the estimation of their breeding value by combining pheno-
typic data and genotypic data. Consequently, MAS is especially useful for traits that
are difficult to select for using traditional means, such as those which are costly or
difficult to record (e.g. feed efficiency, disease resistance, concentration of specific fatty
acids), or that requires slaughtering of individuals (e.g. fillet yield and meat quality).
Similarly, GAS uses genotypic information at a given gene – or several genes – that
is known to be involved in the determinism of the selected trait. Where this gene is a
major factor influencing the trait, GAS can be extremely efficient at selecting for that
trait and its use will mostly depend on the relative cost of measuring the trait versus
genotyping the individuals. Ultimately, genomic selection refers to novel methods that
mostly rely on genotypic information identified across the whole genome. Allelic vari-
ation at thousands of loci and the potential effects on economic traits of this variation
must first be estimated. These extensive data then enable an improved estimation of the
genomic breeding values of individuals. Methods to collect such data are currently under
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development and they embrace novel high-throughput genotyping technologies such as
single nucleotide polymorphism arrays.

More than one trait of importance to aquaculture production can be used to estimate
the breeding value of an individual or a family. An individual or a family can therefore
be given an index that is the weighted sum of its breeding value for all of the traits where
performance of its offspring is known. A further refinement is to weight these breeding
values on the basis of the relative importance of the traits from the aquaculture point
of view. Thus, selection based on a carefully weighted index of the breeding value of
individuals is a desirable endpoint in any breeding programme. However, considerable
investment has to be made before such index-based selection is possible, and it is unlikely
that many aquaculture enterprises will be able to reach that endpoint. In particular, the
short lives of individual fish or shellfish represent a practical limitation to development
of this level of sophistication, although this could be offset by the cryopreservation of
gametes (Box 5.2).

Multiple traits can be dealt with in other ways besides using breeding values. Tandem
selection involves selecting for one trait in one generation and another trait in the next.
Independent culling requires that each individual selected for breeding has to score well
for more than one trait. Finally, if two traits are known to be highly genetically correlated
then it is possible to select for one trait (the secondary trait) as a means of improving the
other (the primary trait); such indirect selection is particularly useful when heritability
for the primary trait is low but that for the secondary trait is high.

Setting up a breeding programme

The initial requirement for any breeding programme is to acquire certain basic infor-
mation about the population of fish or shellfish involved in the programme. First, of
course, there must be a recognised method of culture that closes the life cycle. Next,
there should be variation associated with the traits of commercial interest, and the extent
of the phenotypic and genetic variation of these traits must be quantified. This is done
by establishing, for each important trait, its range, mean, variance and heritability. When
this background knowledge is in place, the breeding goals can be more precisely defined.
In principle, all economically valuable traits that can be clearly measured should be in-
cluded in the breeding goal. Nevertheless, breeding goals must be realistic, practicable
and take account of costs, space available, generation time and predicted gain. The plan-
ning of a breeding programme is a major task and requires meticulous care in designing
every aspect. For example, broodstock individuals need to be made identifiable and as
much information as possible about their breeding value documented. They must be
maintained in good health and their reproductive activity must be properly managed.
The types of crosses to be carried out need to be carefully considered based on the type
of selection to be employed (mass, family or within family), and the genetic integrity of
all families of offspring needs to be strictly maintained within the hatchery and under
nursery culture.
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There is always the possibility that artificial selection produces little or no gain. This
is often the case and can be the result of there being limited genetic variation within the
broodstock or the population being selected. Even if h2 is high, in the absence of variation
to exploit there can be little progress from generation to generation. One explanation
for the lack of variation could be that the population was the result of an initial founder
event and that many subsequent generations of significant inbreeding have resulted in
high homozygosity across the genome. One obvious solution is to introduce new genetic
variation into a broodstock by introducing individuals from alternative populations or
broodstocks.

Inbreeding, cross-breeding and hybridisation

We discussed the genetic consequences of inbreeding in an earlier chapter; now we shall
consider the use of inbreeding as a tool for the production of inbred strains as part of a
breeding programme.

So far in this chapter we have considered mainly the additive genetic component
(Va) of the variance of a trait. Although the dominance component (Vd) of the variance
of a trait can occasionally be estimated in heritability analysis, it is not an easily
predictable quantity. To remind ourselves, dominance variance is the variability of a
trait due to the different combinations of alleles (as genotypes) at a locus. Dominance
effects represent interactions between pairs of alleles at the same locus, but genotypes
are disassembled at meiosis and reassembled randomly during syngamy. Because of
this, when breeding from a population we cannot guarantee the exclusive production
of particular genotypes except in certain circumstances. For instance, breeding
from a broodstock of animals that are all homozygous for a single fixed allele at
a locus will produce all-homozygous offspring. But if some of the broodstock are
heterozygotes then it is not possible to produce all-heterozygous or all-homozygous
offspring.

In Chapter 4 we encountered the phenomena of inbreeding depression (Box 4.1) and
hybrid vigour or heterosis (Box 4.3), and the genetic architecture associated with them:
inbreeding depression – high homozygosity across the genome and hybrid vigour –
high heterozygosity across the genome. These qualities are therefore directly related
to dominance genetic effects. The expression of heterosis, where highly heterozygous
offspring exhibit increased fitness, can be an important goal of hatchery production.
One of the simplest ways to do this is to develop different strains or lines of highly
homozygous individuals for crossing. But, of course, such highly homozygous lines risk
inbreeding depression and may be difficult to grow and maintain in the hatchery. An
alternative method is to cross between different natural strains, or even between closely
related species, although in most cases the resulting hybrids show no superior or even
lower performance. All offspring from such crosses or hybridisations will have identical
heterozygous genotypes at loci that are homozygous for different fixed alleles in the
parents.
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Evidence for the superior fitness of cross-bred or hybrid offspring is common in some
agricultural crops. In many species and for many traits, they significantly exceed the
best-performing parental line. Nevertheless, there are also plenty of examples where
the crossed phenotypes are only intermediate between, or even inferior to, the two
parental phenotypes. Hybridisation and crossing between strains are, therefore, not
guaranteed to be successful in improving the performance of offspring. Nevertheless,
where heterosis has been produced in cross-bred offspring, some of this heterosis will
remain in subsequent generations as long as random mating occurs and the effective
population size is sufficiently large to avoid inbreeding.

Where a trait has a very low narrow-sense heritability (low Va), cross-breeding can be
used as an alternative to improve that trait. However, because dominance effects are not
predictable, the potential performance of an individual strain used for cross-breeding can
only be assessed on the results of a number of line-by-line crosses. In this way the mean
performance of the cross-bred offspring of a particular line in relation to the average
performance of cross-bred offspring from all possible lines can be assessed. This is the
general combining ability of the line, while its specific combining ability is a measure
of the performance of its offspring when crossed with an individual line. Currently,
developments in the domestication of most aquaculture species have not reached the
point at which sufficient numbers of inbred lines or strains are available to consider their
combining abilities. However, recent research developed on the west coast of the USA
on the Pacific oyster, C. gigas, clearly demonstrated heterosis for growth in that species,
but the potential of cross-breeding relative to other breeding strategies based on additive
genetic variance still remains to be investigated.

Hybridisation between closely related species can be seen as simply an extension of
cross-breeding between strains or lines within a species. Although, strictly speaking,
appropriate only for interspecies crosses, the terms ‘hybridisation’ and ‘hybrids’ are
nevertheless often used rather loosely about cross-breeding within species. Part of the
difficulty comes from the problem of precisely defining the blurred species boundaries
in cases where extensive hybridisation can occur between ‘species’ in the wild. It is not
the purpose of this book to indulge in semantics, but simply to point out that there are
several biological definitions of the term ‘species’ and there are still disputes about the
specific status of some common aquaculture organisms, for example the closely related
mussels Mytilus edulis, Mytilus trossulus and Mytilus galloprovincialis, which hybridise
extensively in areas of overlap but remain clearly differentiated in other parts of their
geographical distribution.

Hybridisation trials have been carried out in a number of groups of aquaculture
organisms with varying success. When the species differ in their mechanisms of sex
determination, the hybrids will often be of only one sex. The production of monosex
hybrids can be a very valuable feature because it enables better control of grow-out as
animals reach maturity. Where both sexes are present during grow-out, often a consid-
erable amount of the energy provided in the feed goes towards the costs of fighting,
courting and copulation. In some cases hybrids are effectively sterile and this may be
advantageous.
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It is also important to consider species’ differences in maternal effects such as mito-
chondrial DNA, egg quality and brooding. For example, in hybridisations between the
striped bass (Morone saxatilis) and the white bass (Morone chrysops) best results were
obtained by using females of the larger striped bass crossed with male white bass. This
is because the striped bass produces more eggs and the hybrid larvae from this direction
of cross are larger and hardier. However, sometimes in the real hatchery factors other
than genetics control what can be achieved – adult female striped bass are neither all
that easy to collect nor to maintain in good spawning condition, so the industry has had
to compromise and use the less productive direction of cross, white bass females with
striped bass males.

In oysters of the genus Crassostrea, hybrid crosses will usually produce larvae but
in most cases these do not survive. It must be emphasized that the use of genetic
markers is needed to confirm the hybrid status of the progeny because low levels of
interculture contamination are very difficult to avoid during the larval stages. Only the
cross between Crassostrea rivularis and the Pacific oyster, C. gigas, seems to produce
viable offspring, and even then there is a difference between the reciprocal directions of
hybridisation. Male C. gigas crossed with female C. rivularis produces feebler offspring
than C. gigas eggs fertilised with C. rivularis sperm. In no cases so far have oyster hybrid
offspring grown faster or survived better than either of the pure species lines in properly
controlled experiments, so this does not look like a particularly rewarding avenue of
further research effort. In spite of this, there is still the potential that hybridisation
could bring together other qualities from the parental species, for example salinity
tolerance or disease resistance, which could be more highly valued than simply growth
performance.

Within the salmonids as a group, many attempts have been made to improve per-
formance by hybridisation or cross-breeding between strains, but with mixed results.
Crossing between two strains of Oncorhynchus mykiss, the freshwater (and effectively
domesticated) rainbow trout and the anadromous steelhead trout, produced a cross-
bred strain which had reduced seasonal variation in seawater adaptability compared
with the pure steelhead trout. Similarly, stocking success of Salmo trutta, the brown
trout, has been improved by cross-breeding between a domestic and a wild strain, while
crosses between certain domestic strains can produce hybrids with improved growth
rates. However, hybridisation trials between arctic charr (Salvelinus alpinus) and brook
charr (Salvelinus fontinalis) demonstrated that hybrids were viable, but that there was
no evidence for heterosis in growth or any other commercial trait. Similarly, no sig-
nificant advantage in resistance to a hemoflagellate disease organism was obtained
in hybrids between coho (Oncorhynchus kisutch) and sockeye salmon (Oncorhynchus
nerka).

In spite of the mixed results seen in salmonid interstrain crosses and hybridisations,
significant and therefore commercially valuable heterosis has been demonstrated in a
number of other fish species, such as sturgeons (Acipenser ruthenus × Acipenser baeri),
tilapias (Nile × red; Stirling Nile × Korean Nile; Stirling Nile × Japanese Nile) and
African catfish (Clarias anguillaris × Clarius gariepinus).
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These mixed results of hybridisation trials illustrate that although there is the potential
for genetic improvement through hybridisation, success is very hard to predict and
considerable research needs to be done on a case-by-case basis before commercial
application is considered. Nevertheless, one prediction that can be made is that successful
hybridisation between species that have different chromosome numbers, or strongly
differing karyotypes (numbers of acrocentric, metacentric, etc., chromosomes), is very
unlikely. Therefore, a detailed knowledge of the karyotypes of potentially hybridising
species is of importance for this type of development in aquaculture.

Current status of selective breeding programmes in aquaculture

Amongst aquaculture species, selective breeding programmes are most advanced in
salmonids. This is notably because of important public and private investment directed
at increased productivity in these fish. Because genetic improvement through selective
breeding is often a long-term process, current selective breeding programmes, especially
in species with a long-generation time, are still in their infancy. However, there are
now an increasing number of aquaculture species benefiting from selective breeding,
particularly salmonids and peneid shrimps. Programmes must be adapted to the size
of the corresponding industry, and in many cases small-scale breeding programmes
must first be established before implementing more ambitious plans. For example, the
benefits of genetic gains for aquaculture industry are often demonstrated in publicly
funded experimental programmes before being implemented at a larger scale by the
industry. Enlightened government policy can drive large-scale public programmes, for
example the extensive Atlantic salmon selective breeding programme in Norway was
initially government funded but is now transferred to the industry.

While originally only valued as ornamental fish, tilapias, or ‘aquatic chickens’ as
they are sometimes known, are now an extremely important international aquaculture
product, especially in Africa (their region of origin) and in the Far East. Using many
of the methods described in this chapter, extensive efforts have been made to develop
better breeds of tilapia, particularly by the International Centre for Living Aquatic
Resource Management (ICLARM) based in the Philippines, where a selective breeding
programme to develop genetically improved farmed tilapias (GIFT) was begun in the
1980s. Extending this approach, ICLARM has set up an International Network on
Genetics in Aquaculture (INGA), which fosters research into the genetics of species such
as the catla (Catla catla), rohu (Labeo rohita) and silver barbs (Barbodes gonionotus)
in Bangladesh and India; the common carp (C. carpio), silver carp (Hypopthalmichthys
molitrix) and tilapias in China; the mrigal (Cirrhinus mrigala) in Vietnam; the freshwater
prawn (Macrobrachium rosenbergii) in Malaysia and tilapias in many African and Asian
countries.

Selective breeding of economically important bivalves is less developed than in fish or
shrimp species. Mass selection programmes to improve resistance to specific pathogens
have shown positive results (e.g. resistance of the European flat oyster to Bonamia
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ostreae; resistance of Crassostrea virginica to Perkinsus marinus and Haplosporidium
nelsoni; resistance of Saccostrea commercialis to Mikrocytos roughleyi and Marteilia
sydnei) but have often faced some limitations due to rapid loss of genetic variability and
subsequent inbreeding depression. In the Pacific oyster, the establishment of hatcheries
to provide regular supply of seed to the farmers in areas where natural recruitment is
limited (e.g. west coast of the USA) led to the development of family selective breeding
programmes. The Molluscan Broodstock Program (MBP), initiated in 1996, is the most
important bivalve selective breeding programme established to date. This is a family-
based selection programme aimed at improving oyster performance and yields along the
Pacific coast of the USA and similar programmes are being developed in Australia and
New Zealand.
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Chapter 6

From genetics to genomics

What is the genome?

Genomics is a relatively recent and rapidly evolving field of science that deals with the
structure, function and evolution of the genome. The genome of an organism can be
defined as its entire DNA content. The entire RNA content of an organism is called its
transcriptome. The genome and the transcriptome are intimately linked and between
them define and produce the proteome – the entire protein content of an organism.

The extremely rapid recent technological development of high-throughput DNA- or
RNA-based technology (Box 2.4) means that many DNA- and RNA-based studies are
contributing to our knowledge of the genome and transcriptome. As a result, there are
increasing links between the genetics, genomics, transcriptomics, proteomics and the
physiology of organisms. One important use of genomic technology has been to obtain
many large fragments of genome sequence and to assemble them into full chromoso-
mal sequences (i.e. whole genome sequencing). Genome maps (described later in this
chapter) provide a scaffolding of markers that can assist in the assembly of whole
genome sequences and also provide the basis for identification of quantitative trait loci
(QTLs, see Chapter 5). Comparative genomics is the study of gene content, gene order
and structure in different species leading on to investigation of the evolution of their
whole genomes.

Another recent development is the study of the expression of large numbers of genes
using microarrays or other high-throughput expression RNA profiling. Expressed se-
quence tags (ESTs) are obtained by sequencing cDNA libraries. Such libraries can
be obtained from specific tissues or from whole organisms (when small enough), or
they may be generated by suppressive subtractive hybridisation (SSH). The specific
purpose of SSH is to select cDNAs that are detected in one condition but not in an-
other (e.g. disease-challenged individuals versus control individuals), and therefore
to identify genes expressed in this condition. Once identified, ESTs can be fed into
general databases (e.g. http://www.ncbi.nlm.nih.gov/Genbank/) or databases specific
to important marine species such as Atlantic salmon Salmo salar: http://web.uvic.ca/
cbr/grasp/ and oyster Crassostrea gigas: http://public-contigbrowser.sigenae.org:9090/
Crassostrea gigas/index.html).

129
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Genome mapping

Genome mapping is one way to represent the genome of an organism. Different types
of map can be obtained by using two different approaches: linkage mapping or physical
mapping.

A map of the genome is a representation of the relative position of markers. Groups
of markers ultimately correspond to chromosomes.

Linkage maps

A linkage map, also called a genetic map, is an ordered collection of genetic markers
grouped in clusters or ‘linkage groups’ that ultimately correspond to the chromosomes of
a species. Distances between markers are estimated on the basis of the number of recom-
bination events observed between them, rather than on precise physical distances along
chromosomes. All types of genetic markers (allozymes, random amplified polymorphic
DNAs (RAPDs), amplified fragment length polymorphisms (AFLPs), microsatellites or
single nucleotide polymorphisms (SNPs), see Chapter 2) can be used for the construction
of linkage maps as long as they show some polymorphism. Microsatellite loci are ideal
markers for linkage mapping because they are highly polymorphic and co-dominant,
and for these reasons they have been used in development of linkage maps for aquacul-
ture species. However, because developing large numbers of microsatellite loci for new
species is expensive and labour-intensive, cheaper and simpler markers such as AFLPs
have been used for the first linkage mapping of some species such as sea bass, channel
catfish, mussel and flat oyster in spite of the fact that they are not co-dominant markers.
SNPs are regarded as the marker of choice for the future because of their very high fre-
quency in the genome and their ease of identification with new technology. Increasing
numbers of SNPs have been identified for Atlantic salmon, cod and Pacific oyster, and
are now being incorporated in linkage maps.

How is a linkage map built?

The process of mapping the position of a locus on a linkage group depends on the
formation of chiasmata (crossovers) during meiosis. As was noted in Chapter 1, re-
combination involves the formation of one or more chiasmata along the length of a
chromosome pair during prophase of meiosis I. Let us consider the situation of two
loci, one of which is situated close to the end of a chromosome arm (locus 1) and the
other close to the centromere on the chromosome (locus 2, Figure 6.1). Both loci are
heterozygous with alleles A and B at locus 1 and alleles D and E at locus 2. In one of
the pair of chromosomes, alleles A and D are present, and in the other chromosome of
the pair, alleles B and E are present. If no recombination occurs between these two loci
during meiosis then there will be two A + D gametes and two B + E gametes produced.
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Figure 6.1 Consequences of recombination during meiosis on the combination of alleles passing
to the gametes. A pair of chromosomes are illustrated from an individual which is heterozygous at
two loci, one close to the end of the chromosome (alleles A and B) and the other close to the
centromere (alleles D and E). Without recombination, the gametes contain the two parental
combinations (AD and BE), but if recombination occurs, there are four gamete types: the two
parental types (AD and BE) plus two recombinant types (BD and AE).

However, if a crossover occurs on the chromosome arm between the positions of the
two loci then four gamete types will be produced: A + D, A + E, B + D and B + E.
Now consider if we looked at the products of 100 meiotic divisions. If there is never any
crossing over between the two loci then there will be 200 A + D gametes and 200 B
+ E gametes. This tells us something about the position of the loci: they are physically
so close together that chiasmata almost never occur between them. In this case the loci
are said to be in complete linkage disequilibrium or just complete linkage. Now let us
consider if crossovers occurred between the two loci during 60 of the 100 meioses. The
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result would be 60 each of the recombinant genotypes (A + E and B + D) and 140
each of the undisturbed pairings (the parental genotypes, A + D and B + E). The loci
are in partial linkage or linkage disequilibrium. Of course, if two loci occur on different
chromosome pairs then they will segregate entirely independently of each other and
therefore be in linkage equilibrium.

Now let us make the assumption that recombination is random, by which we mean
that there is an equal chance of crossovers occurring at any position along a pair of
lined-up chromatids. It follows from this that the number of crossovers will be greater
between loci which are far apart, and fewer between loci which are close together.
Consequently, the frequency with which loci are decoupled by recombination – their
recombination frequency – is directly proportional to the distance between them on the
chromosome. If we are able to calculate the recombination frequencies between pairs
of loci, we can begin to construct a map of their relative positions on the chromosomes
(Figure 6.2). Pairs that always occur in complete linkage equilibrium will be on different
chromosomes, while linkage disequilibrium soon makes it clear that which loci can be
assigned to a particular linkage group. And each linkage group, of course, represents a
chromosome pair.

There are complications with this simple outline. Firstly, it transpires that the assump-
tion that recombination events are random along the chromosome arms is not always

Figure 6.2 An example of the construction of a genetic map from recombination frequencies.
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correct. Particular regions of a chromosome (recombination hotspots) may be more likely
to have crossovers than others. Secondly, there is not always only one recombination
event along a chromosome arm. There can sometimes be two or more crossovers and
when this occurs, it can produce parental genotypes between two widely separated loci
rather than the expected recombinant genotypes. Nevertheless, despite these limitations,
linkage analysis will generally provide the correct information about the order of loci
on the chromosomes and give distance estimates using dedicated software to provide a
clear framework for further genome analysis.

How do we carry out linkage analysis?

The commonest method involves the analysis of the progeny of experimental crosses
carried out between parents of known genotype. Of course, this approach cannot be
used for analysis of the human genome, where an alternative method is based on family
pedigrees. Similarly, in species such as cattle, where there are usually only a few progeny
possible to specific parents, a similar family pedigree method is used. However, no such
problems occur with fish and shellfish as there are seldom difficulties in producing large
numbers of progeny from pair matings. Indeed, the ability to test hundreds of progeny
from a single mating makes the data on linkage disequilibrium far more robust than
when only a few progeny can be tested.

As we have seen in the previous section, our assessment of linkage depends upon
identifying the di-locus haplotypes of gametes. Although, in principle, alleles from
individual spermatozoa could be identified using polymerase chain reaction (PCR), this
is not feasible in practice, so we do not examine the haploid gametes directly. Instead,
we identify the di-locus genotypes of the diploid progeny. The complication with this is
that the progeny are the result of two meiosis events – one in each parent – and we need
to disentangle from the genotypes of the progeny the crossover events that occurred in
these meioses. This is most easily done if we are able to select specific parents for the
mating, so the standard method is to use a test cross, an example of which is given in
Figure 6.3. In this case one of the parents is heterozygous at both loci and the other
parent is homozygous at both loci.

The resulting progeny are genotyped at the loci in question and the proportion of
recombinant genotypes calculated. A standard test cross is straightforward to carry out
if you already have inbred lines of individuals which are homozygous at most markers
and F1 hybrids, produced by crossing such inbred lines, which are heterozygous at
most loci. As this is not yet the case for most aquaculture species, random crosses
fortunately can also be used to estimate recombination frequencies (Figure 6.3). The main
requirement is that at least one of the parents is doubly heterozygous for the two loci being
investigated. Random crosses are less informative than test crosses because recombinant
genotypes will not be identifiable for all loci in the progeny. Nevertheless, during
the early stages of domestication of aquaculture species, before inbred homozygous
lines and F1 hybrid crosses have been developed, random crossing is the only method
available.
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Figure 6.3 Identification of recombinant genotypes in (a) a standard test cross and (b) a random
cross. Locus 1 has alleles A, B and C, and locus 2 has alleles D, E and F. Parent 1 has alleles in
the pairs A+D and B+E.

Physical maps

Unlike linkage maps, physical maps are not based on recombination frequencies be-
tween polymorphic markers but rather on the ‘true distance’ measured in base pairs that
exist between two markers in the genome of an organism. Two main techniques are used
in aquatic species to build physical maps: radiation hybrid (RH) panels and bacterial
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artificial chromosome (BAC) libraries. In addition, where we already have some se-
quence information about a gene or genetic marker, its position on the chromosome can
be obtained directly by the process of fluorescent in situ hybridisation (FISH, Box 6.1).

Box 6.1 Fluorescent in situ hybridisation (FISH)

The FISH technique enables a genetic marker to be precisely located to its position on a
chromosome. FISH makes use of the ability of two complementary strands of DNA to form a
stable base-paired hybrid molecule.

First, cells are arrested at metaphase of mitosis using colchicine or some other chemical (as
in the standard chromosome counting method) and are spread or squashed onto a microscope
slide. The DNA in the chromosomes is then denatured into single strands using formamide, and
a fluorescently labelled probe is added. The probe will be a DNA sequence which is complemen-
tary, or almost complementary, to the sequence of DNA being targeted. This could be part of a
gene, or another part of the DNA that is non-coding. After washing away any unhybridised probe,
the chromosome spread is viewed under UV light and the position or positions where the probe
has hybridised with the chromosomal DNA can be seen. In this way, FISH can be used as part
of a gene-mapping programme to physically locate the position of markers used (Figure B6.1).

Figure B6.1 Localisation of the 28S rRNA gene (arrowed) on the chromosomes of the
American oyster, Crassostrea virginica, using fluourescent in situ hybridisation (FISH).
Chromosome spreads are from (a) the embryo to (b, c) adult gill cells. (From Zhang, Q., Yu, G.,
Cooper, R.K. & Tiersch, T.R. (1999) Chromosomal location by fluorescence in situ
hybridisation of the 28S ribosomal RNA gene of the eastern oyster. Journal of Shellfish
Research, 18, 431–435.)
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Radiation hybrid maps

RH mapping is based on random fragmentation by irradiation of the genome of the
species of interest (the ‘donor’ species) and subsequent mixing of all these fragments
in special cells (generally from hamster) that are then cultured. As a result, the genome
of the target species is amplified and divided into a set of independent hybrid cell lines.
Markers to be mapped are analysed by PCR amplification of DNA from each cell line.
If amplification is successful for a given cell line, this means that the marker is located
on the donor’s DNA fragment that was included in this cell line. After scoring presence
of all the markers to be mapped in all of the cell lines, one will know which markers are
amplified (i.e. present) in each cell line and therefore closely located to one another in
the donor’s genome. Data analysis can determine the linear order of markers enabling a
map of each chromosome to be constructed. The resolution of the map can be improved
by increasing the number of donor’s genome fragments (i.e. reducing their mean size)
and increasing the number of hybrid cell lines scored. It is important to note that these
markers do not need to be polymorphic to be mapped, but only to be amplified by
PCR, so that almost any genomic region of the donor genome can be mapped. So far,
RH maps are available for two fish species: the zebrafish Danio rerio and the gilthead
sea bream Sparus aurata. Improvements are expected in the near future to overcome
technical problems such as compatibility between host and donor cells to make RH
panel development faster and easier.

BAC-based physical maps

BAC fingerprinting is the most common method used to establish physical maps of
genomes. The donor’s DNA is digested by a restriction enzyme that cuts the DNA into
large fragments. These fragments are then size-selected for 100–300 kb in length by
electrophoresis and ligated into a cloning vector. This recombinant DNA (the vector plus
the large fragment insert) is transformed into bacterial cells for cloning (see Box 2.1)
and a BAC library is produced. The large inserts from the library are then analysed for
their restriction enzyme profile using one or more restriction enzymes. The particular
pattern of restriction cut sites along the fragment can then be matched with the patterns
on other fragments from the BAC library to identify areas of overlap between fragments.
In this way, the restriction profiles of BAC clones are assembled in the correct order to
obtain a map. BAC libraries are now available for several fish and shellfish species, and
a first BAC-based map has been recently reported for the barramundi (Lates calcarifer).
Similarly, a BAC library of the Pacific oyster (C. gigas) has been recently produced and
fingerprinted. Because high-throughput DNA sequencing technology is getting cheaper,
sequencing the ends of the large inserts (BAC-end sequencing) will most probably be
used in the near future to order BAC clones in species for which a closely related full
genome is available. For example, there appears to be a relatively high level of similarity
(synteny) between the genomes of the stickleback and sea bass (Dicentrarchus labrax)
or gilthead sea bream (S. aurata). End-sequenced sea bass BAC clones can be ordered
based on the stickleback genome, thus identifying the key clones to be sequenced.
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Whole genome sequencing: the ‘big picture’

The ultimate representation of the genome is indeed its ‘full picture’, this is to say
that the whole genome sequence is given. Full genome sequences can be based on the
sequencing and assemblage of BACs containing large DNA fragments of the whole
target genome, or using shotgun approaches. Hybrid approaches, combining both shot-
gun and BACs, can also be used. Full genome sequences are now available for sev-
eral model organisms, among which are fish such as zebrafish D. rerio (http://www.
sanger.ac.uk/Projects/D rerio/), fugu Takifugu rubripes (http://www.fugu-sg.org/),
puffer fish Tetraodon nigroviridis (http://www.genome.gov/11008305), medaka Oryzias
latipes (http://dolphin.lab.nig.ac.jp/medaka/index.php) and stickleback Gasterosteus ac-
uleatus (http://www.genome.gov/12512292). The most recent sequence assemblies for
all these genome sequences are available at www.ensembl.org.

Sequencing of whole genomes of fish and shellfish contributes not only to the un-
derstanding of evolution of these species but also to environmental genomics and aqua-
culture. To date, funding has been obtained for whole genome sequencing of at least
four commercially important aquaculture species, tilapia, catfish, Atlantic salmon and
Pacific oyster. The recent developments in DNA sequencing technology (Box 2.4) are
guaranteed to greatly decrease the cost of these and future genome sequencing projects.
Sequence assembly (linking together all overlapping DNA sequences in order to ‘assem-
ble’ the whole genomes into chromosomes) is therefore likely to be the most challenging
step for whole genome sequencing of species having a highly polymorphic genome,
such as the Pacific oyster, or species resulting from duplication of their genome such as
salmonids.

QTL mapping

Marker–trait association, the basis of QTL mapping, relies on linkage between marker
alleles and QTL alleles. Significant linkage means that different genotypes at the marker
locus have different values for the trait and that both the marker locus and the QTL are
polymorphic. Mapping QTLs consists of genotyping individuals at markers together with
scoring their phenotype for the quantitative trait. If significant difference in phenotypic
value is observed among genotypes at a given marker, or preferably at a set of markers
closely located within a linkage group, a QTL is identified.

Different types of pedigreed material can be used for QTL mapping. The most pow-
erful approaches are based on the use of isogenic lines, inbred lines, nearly inbred lines
and double haploids. However, this type of material is not available for most aquatic
species, and the most frequently used experimental designs in these species are back-
crosses (between F1 individuals and the parental strain) or F2 families resulting from
the crossing of F1 hybrids between two strains, populations or species showing clear
phenotypic divergence, maximising the likelihood of identifying QTLs. The power of
detection of a QTL is influenced by numerous factors: the number of individuals per
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family, the number of families, the number and type of markers, the genome coverage
of these markers and the accuracy of phenotyping. QTL mapping studies often require
the phenotyping of several hundred individuals and their genotyping at more than 100
markers. In order to reduce scoring efforts and costs, selective genotyping has been
proposed and is particularly relevant in aquatic species with high fecundities. Selective
genotyping consists of scoring only individuals showing extreme phenotypes (i.e. those
corresponding to the tails of the character distribution). One of the important aspects of
QTL mapping is related to the amount of variance associated with each QTL: a high
associated variance means that the QTL is a major contributor to the genetic compo-
nent of the trait. Another aspect is related to its confidence interval, which is strongly
influenced by the density of markers in the targeted portion of the linkage group.

Data analysis for QTL mapping and test of their significance require rather complex
statistical methods. For each pair of adjacent markers on the linkage map, the
likelihood of a QTL being at any given position between them is inferred. The test of
significance is usually based on a log-likelihood ratio, or ‘LOD score’. A variety of
statistical methods (interval mapping, multiple regression analysis, composite interval
mapping, Bayesian methods) and of related softwares (e.g. QTL express: http://qtl.
cap.ed.ac.uk; MapQTL: http://www.kyazma.nl/index.php/mc.MapQTL; Mapmaker/
QTL: http://www.broadinstitute.org/ftp/distribution/software/mapmaker3/) have been
developed.

Application of QTLs in aquaculture and fisheries management

A number of QTL studies have been carried out in species of aquaculture importance,
particularly in salmonids. Most of these studies are on growth-related or disease resis-
tance traits. In most cases, several QTLs were identified for each trait, confirming their
polygenic basis, but few of these studies provide really detailed QTL mapping because
most linkage maps have a low to medium density. As a result, few applications of QTLs
are yet available in aquatic species. When allelic variation at a marker locus is signifi-
cantly linked to the variation of a trait (i.e. when a QTL is identified), the marker locus
provides information about the inheritance of the trait and therefore adds information on
the breeding value of individuals carrying these alleles. Depending on the heritability of
the trait, the proportion of genetic variance associated with the marker and the breeding
scheme, this information can increase the efficiency of MAS. QTL mapping for several
traits and in several aquatic species highlights the potential for MAS in selective breed-
ing of important aquaculture species, but the finest possible scale of QTL mapping is
still needed to ensure successful MAS.

Information provided by QTL analyses about the genetic architecture of quantitative
traits can also be of use in the management of wild populations. QTL mapping allows
the identification of markers that are linked to functional genes, potentially under
differential selection in the wild, and therefore behave as ‘outliers’ when compared with
neutral markers (see Chapter 3). These markers can provide valuable information about
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natural or fisheries-induced selective pressures that are driving genetic differentiation
between populations.

Marker-assisted selection (MAS): from QTLs to genomic selection

MAS refers to a selection procedure which combines classical quantitative breeding
approaches (see Chapter 5) and genotypic information from genetic markers. To be
informative, allelic variation of genetic markers must be linked to phenotypic variation
for the traits of interest. Such markers therefore provide additional information relative
to phenotypic information. MAS is of special interest when individual phenotypic in-
formation is difficult or costly to record, such as feeding efficiency, disease resistance or
lipid content. This is also the case for traits that cannot be recorded without slaughtering
(e.g. fillet yield) or can only be recorded late in the life of the individuals.

MAS can be divided into three groups of increasing complexity: single locus (or
gene-assisted) selection, breeding value selection and genomic selection. When a major
gene locus affecting a trait is known and deleterious alleles at that locus can be identified,
gene-assisted selection can be applied. Individuals are non-destructively sampled and
those carrying deleterious alleles are removed from the breeding stock. This approach
is used in terrestrial farmed animals (e.g. to increase scrapie resistance in sheep) but
remains to be applied in farmed aquatic species.

Estimation of breeding values of individuals can be improved by combining QTLs and
phenotypic information in pedigreed populations under selection. The effectiveness of
this approach is improved by very tight linkage between markers and QTLs and by high
QTLs variance. High-density linkage maps make it more likely to find markers closely
linked to QTLs, but the variance associated with the QTLs is dependent on the trait and
the species in question. Generally speaking, there is a greater chance of identifying sig-
nificant QTLs for traits with high rather than low heritability. Unfortunately, the need for
QTL-assisted selection is higher for low-heritability traits because selective breeding for
high-heritability traits is efficient without MAS. Marker breeding values are used in many
agricultural crop and animal species but have yet to be developed for aquaculture species.

Genomic selection is a very recent method and is still under development. Selection
is based on allelic variation at thousands of markers throughout the genome. This
approach relies upon using SNP arrays (Box 2.5) to simultaneously score thousands of
SNPs, allowing very sensitive QTL analyses. The effects of allelic variation on the traits
to be selected must first be estimated and then, in the generations following selection,
SNP scoring is repeated. After several generations the effects of allelic variation on the
traits should be estimated again to optimise further selection.

Transcriptomics

Technologies available to identify and quantify gene expression range from single-gene
real-time PCR (Box 2.2) to high-throughput methods, such as cDNA macro- and
microarrays, serial analysis of gene expression (SAGE) and massively parallel
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sequencing-by-synthesis (MPSS, Box 2.4). Novel approaches, providing enormous
amounts of data, are constantly reducing the relative cost of transcriptome analyses. As
a result, technologies tend to be outdated very rapidly.

Several of these techniques are based on retro-transposition of mRNA to DNA. This
is performed similarly to conventional PCR (Box 2.2). Fragments can be quantified
by fluorescence using a real-time PCR machine. Primers can be designed from EST
sequences from the studied species or from related species. As a result, the number
of mRNA molecules present in the sample can be measured, giving the level of ex-
pression of the corresponding gene. This quantification is usually compared with the
value obtained using a ‘housekeeping’ gene, i.e. a gene showing a constant level of
expression (or at least presumed to be more stable than the studied gene). Comparison
of samples between individuals, genotypes, environmental conditions or developmental
stages makes it possible to establish relationships between these factors and the gene
expression level. Such information about the different levels of gene expression between
samples enables elucidation of the putative function of the gene in the studied species.
However, a more complete understanding of gene function requires direct approaches
such as mutagenesis or RNA interference (i.e. in vivo or in vitro silencing of specific
genes by the use of small interfering RNA fragments), and studies taking these direct
approaches are rare in aquaculture and fisheries species.

Retro-transcribed mRNA can also be hybridised on cDNA macro-, micro- or oligoar-
rays. In that case, large numbers of gene fragments (up to 600,000 in case of oligoarrays)
are spotted on membranes (macroarrays) or coated glass slides (micro- and oligoarrays).
In the case of microarrays, PCR-amplified cDNA fragments (of a few hundreds base
pairs) are spotted on slides. In the case of oligoarrays, much shorter fragments are
present on the slide, but they result from in situ synthesis (i.e. on the glass slide itself)
of short fragments (less than 100 bp). Until recently, the arrays available for marine fish
and shellfish species were spotted cDNA microarrays, but as a result of the increasing
EST resources, the first oligoarrays have recently been synthesised for the gilthead sea
bream (S. aurata) and sea bass (D. labrax).

Tissues or organs are sampled and any genes that were transcribed into mRNA (and
therefore are represented by retro-transcribed mRNA) are labelled and hybridised on
the slide. Following the hybridisation, the slide is scanned and the resulting image,
composed of thousands of spots, is analysed. Spots are filtered according to their quality
(i.e. spot shape, intensity relative to local background). Analyses of the massive amounts
of data commonly produced in studies using micro- or oligoarrays are based on analysis
of variance (ANOVA) but, more recently, analysis models have been based on artificial
neural networks.

Novel high-throughput sequencing techniques now revolutionise transcriptomic stud-
ies. Relatively short sequences (‘tags’) from RNA samples are obtained and the abun-
dance of each tag is analysed. Unlike previous methods, this approach allows the de-
tection of extremely rare transcripts. SAGE (based on the Sanger sequencing method)
or MPSS (Box 2.4) provides an abundance of 14–20-bp tags. These approaches have
recently been used to study heterosis and immune response to pathogens in the Pa-
cific oyster. More recent developments provide much longer tags, based on Illumina’s
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sequencing technology (www.illumina.com) or ABI’s 454 and SOLiD technologies
(www.cd-genomics.com).

In addition to the application of transcriptomics to aquaculture-related questions, it can
also be applied to wider environmental questions. For example, in the blue mussel that
is often used as a marine sentinel to monitor pollution, micro- and oligoarrays have been
designed to identify genes whose expression level could serve as biomarkers of costal
water pollution. Similarly, this approach is now used to assess the global physiological
response of aquatic organisms to environmental variation across large spatial scales,
integrating genomics, physiology and aquatic ecology.
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Chapter 7

Triploids and beyond:
why manipulate ploidy?

An organism’s ploidy is the number of copies of each chromosome set that it has.
Usually gametes have a single set – they are haploid – and two gametes fuse to form
a diploid zygote. However, it is viable for organisms to possess three (triploid), four
(tetraploid) or more copies of each chromosome, in which case they are known as
polyploids. Polyploidy can happen in nature – one example being hexaploidy in wheat –
but it can also be induced. Because the eggs of most fish and shellfish are released into
water before fertilisation, it is relatively easy to access the maturation divisions of the
egg and the early divisions of the embryo. Such access allows manipulation to create
polyploid embryos and can also be used to produce diploid embryos that contain only
maternal chromosomes – gynogens, or only paternal chromosomes – androgens. This is
one field of biotechnological development in aquaculture that does not have its origin in
agriculture, given the difficulty in accessing the egg in agricultural animals and plants.

The reader’s first question might be: What is the point of ploidy manipulation? The
short answer is that by manipulating ploidy, we can produce sterile, unisex, faster
growth or highly homozygous cohorts of animals. The aquacultural value of such lines
will be discussed later in the chapter; let us first consider the basic principles of ploidy
manipulation. In Chapter 1 we gave an outline of the process of meiosis and it will be
recalled that there is an initial reduction division (meiosis I) in which the chromosome
number is halved, followed by a mitotic-type division (meiosis II) during which these
haploid chromosome sets are copied into two daughter cells each. Thus, in males, four
haploid spermatozoa are produced from each diploid germ cell. However, in females,
both meiosis I and meiosis II produce daughter cells of such very uneven size that
the smaller cells (the polar bodies) often do not complete meiosis; therefore, only one
haploid egg and two (rarely three) polar bodies are formed from each diploid germ
cell. It is not just that fish and shellfish eggs are released into water that makes ploidy
manipulation possible, but rather that the meiotic divisions have not been completed
when the eggs are spawned. In the case of most molluscs, eggs are released at metaphase
of meiosis I. The first polar body has yet to be produced, and an even more convenient
feature is that activation by spermatozoa is required before meiosis will proceed. In most
fish the eggs are released after meiosis I, with the first polar body present, but further
development through meiosis II is again dependent on activation by spermatozoa.
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We should note that although there is external fertilisation in most fish and molluscs,
this is not generally the case in crustacean shellfish nor in gastropods such as the whelk,
and that this limits the potential of ploidy manipulation in these groups. Also, among
the bivalve molluscs, the flat oysters (e.g. the European native oyster, Ostrea edulis)
retain their eggs and brood their embryos in the mantle cavity, which makes ploidy
manipulation more difficult (but not impossible).

The basic idea behind the method of ploidy manipulation is to allow chromosome
replication, but prevent cell division. In that way, daughter cells have double the number
of chromosomes. If we are able to access the eggs and suppress the cytoplasmic division
of meiosis I, as we can in mollusc eggs, then the resultant single cell will contain all the
pairs of chromosomes and no first polar body is formed. What would normally be two
haploid cells will be a single diploid cell. If, on the other hand, meiosis I is allowed to
proceed as normal and cytoplasmic division in meiosis II is suppressed instead, then the
chromosomes normally expelled into the second polar body are retained and a diploid
cell again results. Thus, manipulating ploidy at either meiosis I (molluscs) or meiosis II
(molluscs and fish) makes the egg diploid rather than haploid. Subsequent syngamy with
the haploid male pronucleus results in a triploid embryo. In fish, meiosis II is always the
division targeted for the production of triploids because meiosis I has been completed
and the first polar body has been extruded before the eggs are released. In molluscs,
while it may not initially appear to matter whether the triploids produced come from
suppression of meiosis I (MI triploids) or meiosis II (MII triploids), there is a potential
effect on heterozygosity, which we will consider later.

Another trick is to allow both meiotic divisions to take place, and to allow the male
and female pronuclei to unite in syngamy, but to suppress the first cleavage division
of the zygote. This again produces a daughter cell with double the number of chromo-
somes – a tetraploid. Although tetraploid fish are produced using this approach, it is far
less successful in molluscs; alternative methods have been developed for the tetraploidi-
sation of oysters and these will be discussed later. The general details of triploid and
tetraploid production are illustrated in Figure 7.1.

How is it done?

So how is the cytoplasmic division of the cell suppressed? Surprisingly simply, it turns
out. All that is needed is some kind of physical or chemical shock delivered at the
start of division and maintained for a short period. Physical and chemical shocks are
very seldom 100% effective, and the proportion of eggs that respond depends upon a
number of factors – principally shock magnitude and timing. Of the physical shocks,
heat and cold are the easiest to administer and consist of a sudden raising or lower-
ing of the temperature by 5–10◦C from ambient. Although hot and cold shocks can
produce good results in warm- and cold-water fish, hot shocks seem to produce better
results in cold-water fish and vice versa. Another physical shock method commonly
used is to place eggs into a pressure chamber and subject them to pressure of up to
9000 lb/in.2 (≈60 MPa or 600 bar; normal SCUBA tanks are pressurised to around
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Figure 7.1 How chromosomal manipulation works – the production of meiosis I triploids, meiosis
II triploids and tetraploids in molluscs and fish. For simplicity, only a single homologous pair of
chromosomes is shown. (a–d) Normal development: (a) primary (mollusc) oocyte at release which
is activated by spermatozoa; (b) meiosis I, 1st polar body extruded (note that fish eggs are
released at this stage); (c) meiosis II, 2nd polar body extruded and syngamy occurs; (d) 1st
cleavage. (e–g) Following shock at meiosis I, female chromosomes are retained in the egg and a
meiosis I triploid is produced. (h, i) Shock at meiosis II produces meiosis II triploids. (j, k) Shock at
1st cleavage induces tetraploids. Note that fish release oocytes which have already undergone
meiosis I, so MI triploid fish cannot be produced. (From Beaumont, A.R. & Fairbrother, J.E. (1991)
Ploidy manipulation in molluscan shellfish: a review. Journal of Shellfish Research, 10, 1–18.)

3000 lb/in2). Apart from the hazards of working with such a high-pressure vessel, a
further problem with this method is that the number of eggs that can be treated at
any one time is limited by the volume of the pressure chamber. The application of
highly optimised procedures is required to ensure 100% or almost 100% triploidy. The
key factors influencing the effectiveness of pressure and temperature shocks are the
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timing, intensity and duration of the shock, and the optimum procedures are different
for different species.

Physical shocks seem to work reliably in fish species, but less consistently in molluscs.
The original chemical method for cell division suppression in molluscs (initially devel-
oped for oysters) involved the use of cytochalasin B (CB). CB is a fungal extract which
apparently inhibits microfilament formation and development of the cleavage furrow,
and therefore prevents cells from dividing successfully. As it is not very water soluble,
CB is first dissolved in dimethyl sulphoxide (DMSO) which enables it to be subsequently
dissolved in water. In addition, DMSO assists the chemical to enter the eggs through the
cell wall (DMSO is so highly penetrative that it is also used as a cryoprotectant and as
an ingredient in the spray-on pain killers used by athletes). As might be expected by its
mode of action, CB is highly toxic to humans and although the amounts used are very
small (up to 2 mg/L) and the application of CB takes place before the embryo begins
to develop, concerns have been expressed about the danger to humans when consuming
ploidy-manipulated oysters. Partly as a result of these concerns, the less toxic chemical,
6-dimethylaminopurine (6-DMAP), which is water soluble, was developed in the 1990s
for use in shellfish ploidy manipulation. As with the use of pressure and temperature
shocks in fish, careful optimisation is required to reliably produce 100% or almost
100% triploids using chemicals in molluscs. Temperature and pressure shocks have also
been used to induce triploid molluscs, but nowadays, for the key species, the Pacific
oyster, commercial triploids are mainly produced by crosses between tetraploids and
diploids.

Production of gynogens and androgens

The method to produce gynogens is illustrated in Figure 7.2 and involves the destruction
of a complete male chromosome set together with the division suppression methods used
in making triploids and tetraploids. In gynogen production, sperms are treated for a short
time with X-rays, gamma rays, or, most commonly, by UV irradiation. This effectively
breaks up the chromosomes but does not destroy the motility or the ability of such sterile
spermatozoa, or sterizoa, to activate eggs. Eggs activated by sterizoa would normally
result in haploid embryos and these are invariably non-viable. However, in fish, meiosis
II and first cleavage can be targeted to ensure diploidy, while in molluscs, any one of
the three divisions – meiosis I, meiosis II or first cleavage – can be suppressed in order
to double the chromosome number. In all cases, the diploid embryos produced contain
only the chromosomes of the female parent. Because there is no contribution from male
chromosomes, inbreeding is high, but the level of inbreeding in gynogens will depend
on which division is targeted. Doubling the chromosome number at first cleavage results
in homozygosity at every locus in the genome. That is not to say that all the embryos
are identical clones, but each individual is homozygous at all of its loci and thus 100%
inbred. These mitotically produced individuals are called mitogynes, and because all
loci are homozygous, any deleterious recessive alleles are exposed with consequent
reduction in viability. Gynogens produced by suppression of meiosis I or meiosis II are
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Figure 7.2 Gynogen production. For simplicity, only a single homologous pair of chromosomes is
shown. The primary oocyte (a) is activated by UV-irradiated spermatozoa (sterizoa) and without
any shock treatment will develop through meiosis I (b), meiosis II (c) and 1st cleavage (d) to
produce a haploid embryo. With shock administered at meiosis I or meiosis II, MI (e) or MII
(f) meiogynes are produced. Shock administered at 1st cleavage produces mitogynes (g). Note
that fish release oocytes which have already undergone meiosis I, so MI meiogynes of fish cannot
be produced. (From Beaumont, A.R. & Fairbrother, J.E. (1991) Ploidy manipulation in molluscan
shellfish: a review. Journal of Shellfish Research, 10, 1–18.)

called meiogynes, and they will not be entirely inbred because of recombination events
occurring during meiosis. We will consider this in more detail later.

Androgens are individuals whose chromosomes are entirely paternal. They can be
produced by two methods, both of which require that eggs are irradiated to destroy
their chromosomes. The first uses normal haploid sperm to fertilise the irradiated eggs
and then the first cleavage division is suppressed to produce a diploid embryo. The
second employs diploid sperm – the gonad product of a tetraploid male – to fertilise the
irradiated egg and diploid embryos are produced without further treatment.

Identification of ploidy change

Identification of ploidy on large numbers of individuals is required when establishing
methods of ploidy manipulation. Production of triploids by physical or chemical sup-
pression of divisions seldom results in 100% triploids and production of tetraploids
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is even less certain. For this reason, hatcheries need to establish how successful their
triploid or tetraploid induction efforts have been. A balance must be struck between the
proportion of triploids in a batch and the costs of ensuring triploidy induction. There
are a number of ways in which the ploidy of individual fish or shellfish can be iden-
tified and the quickest method is to use a flow cytometer, which measures the amount
of DNA-specific stain taken up by nuclei of individual cells in a sample. A graphical
display allows calculation of the proportion of cells in the sample that are triploid and
the proportion that are diploid (or of other ploidies) by measuring the areas under the
peaks coinciding with the amount of DNA present in the nuclei of each ploidy type. The
main problem with this method is that the price of a flow cytometer is prohibitive for
most hatcheries. Nowadays, however, there are companies that have specialised in the
production of triploids of one or two of the main commercial aquaculture species and
they will have their own flow cytometers. Smaller producers can buy in ready-produced
triploid seed or fry. In addition, research institutions and private companies with these
facilities are not averse to providing a costed service for smaller-scale operators who
may wish to carry out their own ploidy modification work.

Other methods of identifying triploids and tetraploids include direct chromosome
counting, sizing of nuclei of cells from blood or other tissues and scoring genetic
markers. Chromosome counting requires experience and can be quite time-consuming,
but has the advantage that it is a direct and precise method. Using blood for nuclear sizing
is cheap, rapid and effective and can be non-destructive, but nuclear sizing of the cells
of other tissues requires the sacrifice of the sampled animals. Use of genetic markers
such as microsatellites for ploidy confirmation relies on the fact that some polyploids
will exhibit more than two alleles at highly polymorphic loci. For example, a triploid
could express three alleles, with the genotype ABC. In theory, a triploid heterozygote
with only two alleles (e.g. AAB) could be distinguished from a diploid (AB) by the
stronger signal from the band produced by the double allele, but in practice this is not
very reliable. However, identification of such heterozygotes is not usually critical when
using a suite of microsatellite loci because the high number of alleles at each locus
would ensure identification of three allele triploids at one of the loci.

Confirming that diploid gynogens or androgens have been successfully produced is
a bit more tricky than confirming the presence of triploids or tetraploids. Obviously,
there is no difference in chromosome number, nuclear size or DNA content between
normal diploids and gynogens or androgens. Here we will consider gynogens, but similar
methods apply to androgens. Remember that gynogens are produced by activating eggs
with sterizoa and then using a shock to suppress a cell division (meiosis I, meiosis II or
first cleavage). One method that provides indirect confirmation of gynogen production
is to use two controls without the shock to suppress cell division – one using untreated
spermatozoa and the other using sterizoa. If everything has worked properly (sperm
irradiation and the shock method) then the untreated spermatozoa control will produce
normal diploid offspring, while the sterizoa control will produce haploid embryos that
do not survive. If these controls show the expected results then any surviving embryos
from the fully treated group should be gynogens.
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Sometimes the spermatozoa of a closely related species can be used to fertilise eggs,
producing non-viable hybrids. In this situation, sterizoa of the closely related species
can be used in gynogen production. Given that hybrids are non-viable, any surviving
offspring must be gynogens.

Alternatively, genetic markers can be used to confirm individuals as gynogens. For
example, albinism is a recessive trait and spermatozoa from a male trout which is
homozygous for pigment production (AA) can be used with eggs from an albino (aa)
trout. Gynogens will all be albino (aa) and normal diploids will be pigmented (Aa).
Microsatellite loci can also be used to identify gynogens when the allele(s) present in
the spermatozoa are different to the allele(s) present in the egg.

Value of Triploids

Production of triploids is the most common target of ploidy manipulation attempts,
and they have a variety of uses in aquaculture. Triploids have been produced, at least
experimentally, in almost all commercially aquacultured fish species, including carps,
catfish, Tilapia and salmonids, and in most molluscan shellfish groups such as oysters,
clams, scallops and abalones. The key fish species where triploidy is of continuing
commercial interest are rainbow trout, brown trout, various other salmonids, ayu, loach
and grass carp. The Pacific oyster is the major shellfish species where triploids are
produced commercially.

Sterility

One important reason for producing triploids is that they are generally effectively sterile.
During early gametogenesis, germ cells begin the process of meiosis and it could be
that attempts to pair up the chromosomes in early meiosis are impeded by the fact that
there are three homologous chromosomes rather than two. Whatever the reason, gonad
development is in most cases much reduced in triploids. Some eggs and spermatozoa
can develop in triploids, but these are seldom of normal ploidy and are usually aneuploid
(missing chromosomes or parts of chromosomes). Triploid sterility means that as triploid
fish or shellfish reach maturity, energy that, in diploids, would go to developing gametes
is – at least partly – available for somatic growth. As they get older, therefore, triploids
effectively grow faster than diploids. Whether this potential for increased somatic growth
is realised as a reduced time to market size depends on a number of factors, not least the
species being cultured. Triploid fish and shellfish generally demonstrate a clear growth
advantage over diploids during annual gametogenesis, but there may be more than
1 year of maturity before market size is reached and the advantage from the first year
may not be carried over to the next. Similarly, superior growth performance of triploids
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in many fish species is by no means guaranteed and has often only been demonstrated,
if at all, for a small part of their life histories.

Apart from the actual or potential increase in somatic growth, there are other advan-
tages that accrue from the sterility of triploids. Sterility makes feasible the aquaculture of
non-native species or genetically depauperate hatchery-produced stock, either of which
might otherwise cause adverse environmental impact if they or their gametes were to
escape into the wild. Before beginning such an enterprise, it is necessary to confirm,
first, that all individuals are triploid and, second, that even if they produce some ga-
metes, these will never produce offspring. Considering the first requirement, methods
are needed to ensure 100% triploid production and also to assess the ploidy of every
individual that is to be introduced. Rather than try to perfect other triploidy induction
methods, the development of tetraploids as broodstock has been the favoured option.
A tetraploid individual will produce diploid gametes and these, when combined with
haploid gametes from a normal diploid, produce 100% triploids. Triploids produced by
this method are called interploid triploids. Generally, tetraploid males are more valuable
because the diploid spermatozoa produced can be used to fertilise the eggs from a large
number of females. Even though this method is quite certain to produce only triploids,
regulatory bodies are wise to insist on certification that all individuals for importation
are triploid (contaminations can occur at various stages), based on flow cytometry or
some other proven method, and that any gametes produced from triploid individuals are
effectively non-viable.

The licensed importation of non-native, triploid grass carp into many states in the
USA was allowed only when research had established that even after induction of
gametogenesis by hormonal injection, almost all the spermatozoa released by these
triploids were abnormal. Calculations indicated that the probability of triploid grass
carp having fertile offspring was so low that they could be considered to be sterile for
all practical fishery management purposes.

Another example of the importance of regulation and monitoring of the introduction
of triploids of non-native species concerns triploid Pacific oyster (Crassostrea gigas)
on the east coast of the USA. The background to this is that the American oyster
Crassostrea virginica had suffered severe declines in the latter part of the twentieth
century, mainly caused by two protozoan parasites – dermo (Perkinsus marinus) and
MSX (Haplosporidium nelsoni). Several eastern US states had considered the possibility
of introducing the Pacific oyster, which is not affected by these diseases, as an alternative
for the local oyster culture industry. A trial introduction programme of triploid C. gigas
was instigated, in which the triploid nature of every individual was confirmed by flow
cytometry of blood samples. After a year or so, as oysters were retested for ploidy
confirmation, it was discovered that some oysters (or at least some tissues from some
oysters) had reverted to diploidy. Obviously, this was a serious blow to the plans to use
triploid oysters in this way, and further research is continuing to explore this unexpected
phenomenon. In addition, it is now established that triploid Pacific oysters can produce
and eventually spawn viable gametes that mostly result in non-viable aneuploid larvae.
However, small proportions of viable diploids, triploids and aneuploids can be observed
in the resulting progeny (see Box 7.1).
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Box 7.1 Aneuploidy in bivalve molluscs

Two types of aneuploidy can be distinguished in bivalves. Firstly, aneuploidy can be the result of
the reproduction of triploid individuals producing primarily aneuploid gametes. This is due to the
random segregation of the three sets of chromosomes into two cells at meiosis. The resulting
progeny from triploid Pacific oysters show very low viability, but the few surviving individuals are
mostly diploid, triploid or aneuploid with 2n + 1, 2n + 2, 2n + 3, 3n − 2 and 3n − 1 chromosomes.
The chromosome number is the same in all cells of each individual. Chromosome counting is
needed to identify such individuals, as current flow cytometry methods are not precise enough.

Secondly, partial somatic aneuploidy has been reported in several bivalve species. In this
situation, only some cells (usually in the gill) are aneuploid, forming a mosaic of ‘normal’ and
aneuploid cells. This phenomenon is best documented in the Pacific oyster, where up to 34% of
the gill cells can exhibit up to three missing chromosomes. What causes this is not known, but it
is possible that artefacts of chromosome preparation could explain some instances of apparent
aneuploidy. A negative correlation between the degree of somatic aneuploidy and growth has
been demonstrated within families of the Pacific oyster, C. gigas, and the Portuguese oyster,
Crassostrea angulata. Aneuploidy in oysters and mussels is also increased by exposure to pol-
lutants, such as pesticides, aromatic hydrocarbons or heavy metals. Interestingly, chromosome
pairs are not affected at random and certain chromosome pairs seem more likely to be lost in
aneuploidy. Further investigation is required to understand why this is the case, and also how
cells seem to tolerate the loss of these chromosomes.

Somatic aneuploidy can also be observed in tetraploid C. gigas at higher frequency and level
than in diploids. The relationship between aneuploidy and reversion from higher to lower ploidy
in bivalves remains to be investigated.

An important application of triploidy is in farming of rainbow trout (Oncorhynchus
mykiss). Early sexual maturation of males at 1 year old results in poor meat quality and
increased mortality, and this problem was previously solved for the “pan-size” market
(whole, small fish weighing 250–350 g) by the use of hormonally produced all-female
(XX) diploids. However, with increased consumer demand for fresh and smoked adult
fillets, larger fish were required. In older fish, female sexual maturation creates similar
meat quality problems to male sexual maturation, so all-female (XXX) triploids were
produced to improve the quality of adult fish for filleting. In this species of fish the
employment of triploidisation is all about improving quality of the final product, not
about getting fish to market more quickly, because triploid rainbow trout may grow as
much as 10% slower than diploids. In other salmonids such as brown trout, brook trout
and Arctic charr, triploids are used for stocking small fish into rivers for the angling
market, which is an important economic activity in many countries.

In salmon aquaculture, triploidy was initially proposed as a method to overcome
problems associated with grilsing. Grilse are fish (both male and female) that mature
after only 1 year at sea, leading to deterioration in flesh quality and a transfer of energy
from somatic to gonadic growth as maturity approaches. Identifying, sorting and trying
to market grilse create practical difficulties, and the use of sterile triploid salmon was
an approach considered by the industry. However, strains of salmon that have been
artificially selected for late maturity are now available and these have become the
preferred means of reducing grilsing in salmon farms.
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In spite of uncertainties concerning reversion to diploidy and sterility, there is one
area where triploid Pacific oysters have been a huge commercial success. This oyster
was first introduced from Japan into the Pacific north-west of the USA in the middle
of the last century and soon became naturalised. This population formed the basis
of a significant hatchery-based aquaculture industry supplying Pacific oysters to the
market at a time when production of the native American oyster (C. virginica) was
in decline. However, there is a problem with Pacific oysters, which is less significant
in C. virginica: they become unmarketable when they reach sexually maturity in the
summer. The reproductive tissues ramify throughout the oyster’s body and its glycogen
stores are converted into gametes. This changes the normal sweet flavour of the oysters
and significantly reduces the quality of both taste and texture. In triploid oysters, little
gametogenesis takes place and stored glycogen remains unconverted and they therefore
provide a firmer, more palatable product that can be marketed throughout the year. With
the successful development of tetraploid Pacific oysters, commercial supplies of 100%
triploid oyster seed are readily available and nowadays most commercially hatchery-
produced Pacific oysters in the USA, and many produced in Europe, are triploids.

A further potential value of triploidy in bivalves concerns the production of artificial
pearls from pearl oysters (Pinctada spp.). The method requires that a ‘seed’ pearl is
implanted into tissue close to a vestigial loop of the gut, but it is a tricky operation and
usually results in some mortality and some implant rejections. In ripe individuals, the
gut is surrounded by gonadic material which adds to the difficulty of implantation, so
sterile triploids could be used to reduce mortality and implant rejections.

For some shellfish, such as sea urchins and some scallops (in Europe), the roe or
gonad is the important market product. In these cases there is obviously little commercial
advantage to producing triploids.

The process of triploidisation can also be of value when interspecific hybrids of fish
or shellfish are produced. For some reason, possibly the presence of a double set of
chromosomes from one or other parent species, interspecific hybrid triploids can often
outperform their diploid counterparts. Indeed, in some circumstances, triploidisation of
hybrids may be the only way to produce survivors of interspecific crosses.

Increased heterozygosity

Although the advantages that accrue to triploids through their sterility or reduced game-
togenesis are the most important ones from the aquaculture point of view, we should also
consider the question of the potential effect of increased overall heterozygosity of the
genome of triploids compared with diploids (Figure 7.3). Genetic theory is steeped with
the notion that heterozygosity is an advantage over homozygosity, and that this is linked
with the phenotypic phenomena of hybrid vigour and inbreeding depression. Accepting
this, there is nevertheless a difficulty in mapping these effects back to heterozygote
advantage at more than a very small proportion of single gene loci in the genome as is
allowed under neutral theory. In-depth discussion of this topic is outside the scope of
this volume, but we must consider that the increased heterozygosity across the genome
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Figure 7.3 Genetic consequences of triploidy induction in relation to recombination and
heterozygosity at a locus. Potential genotypes of diploid and triploid offspring from a female
heterozygous for alleles A and B, mated with a male homozygous for allele C. Note that fish
release oocytes which have already undergone meiosis I, so MI triploid fish cannot be produced.

in triploids could be similar to the increased heterozygosity of hybrid genomes. In that
case, we should expect to find evidence of increased performance in many quantitative
traits, and not just in growth, in triploids. Leaving aside the advantages due to sterility
that we have already considered, performance in triploids (usually measured as increased
growth at larval or juvenile stages) is sometimes, but by no means always, better than
that of diploids. It is seldom worse.

Polyploid gigantism

To confuse matters further, there is the question of how the cells of triploids cope with
having a larger nucleus than the cells of diploids. In plants, where cell walls are quite
rigid, increased ploidy does result in increased cell size, but is this the case in animal
cells? And if triploid cells are larger, are there as many of them in a triploid as in a
comparable-sized diploid individual? If there are the same numbers of cells in diploids
and triploids, but triploid cells are larger, then this could account for any apparent
increased size at age (i.e. faster growth). This is called polyploid gigantism. On the
other hand, the relative proportions of nucleus and cytoplasm in cells will have arisen
by the process of natural selection and, if the cells of triploids are no bigger than those
of diploids, deviation from these proportions might put triploid individuals at a selective
disadvantage. In that event we might expect triploid fish to underperform in comparison
with diploids. While there is no evidence of major differences in the biochemistry or
physiology of triploids compared with diploids, there is still much to learn about the
more subtle consequences of triploidisation in fish and shellfish.

Tetraploids

The principal value of tetraploids is that they can be used as a source of diploid
gametes in the production of interploid triploids and androgens. Tetraploid fish have
been successfully produced by targeting the first cleavage division as illustrated in
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Figure 7.1, but this approach has not been productive in molluscs. It is possible that
the differences in early embryonic divisions in these two groups may account for this.
In fish the early cleavage divisions are equal. In contrast, the two-cell stage in bivalve
molluscs consists of two unequally sized nucleated cells with a cytoplasmic ‘polar lobe’
extruded from the larger of them. The polar lobe is resorbed back into this cell during
second cleavage. Suppressing first cleavage, if it interferes with polar lobe formation, is
likely to have considerable consequences on early embryonic development and might
explain the non-viability of tetraploids produced in this way.

Because of the failure of suppression of first cleavage to produce viable tetraploid
molluscs, researchers sought an alternative approach. Targeting both the first and second
meiotic divisions in some shellfish can produce a small percentage of tetraploid embryos
together with triploids, pentaploids or aneuploids, and these tetraploids can sometimes
be grown through the larval stage to spat. Although a few young adult tetraploid mussels,
for example, have been produced by this method, it has yet to be properly optimised
for any shellfish species. A patented method of producing small numbers of tetraploid
broodstock of the Pacific oyster was developed in the 1990s. This method relies on
suppressing the meiosis II division in (rare, often aneuploid) eggs from triploid oysters
and fertilising them with ordinary haploid spermatozoa. A number of different ploidies,
including a few tetraploids, are produced by this method, and unlike mollusc tetraploid
embryos induced by most other methods, sufficient numbers of these tetraploids survive
to maturity to provide a tetraploid broodstock. It is suggested that the extra cytoplasm
present in a triploid egg is needed to support the tetraploid nucleus during early em-
bryogenesis and that this potential effect of polyploidy gigantism explains why these
tetraploids are viable. However, production of tetraploid C. gigas by CB inhibition
of second polar body expulsion in diploid females crossed with tetraploid males has
demonstrated that this extra cytoplasm is not always needed. Unfortunately, although
this technique for tetraploid production has transferred adequately to other oysters such
as the Suminoe oyster, Crassostrea ariakensis, it has so far proved difficult to develop
or optimise in other molluscan shellfish.

Adult male tetraploid fish and oysters have now been used successfully to produce
interploid triploids, although diploid spermatozoa tend to be less active and less viable
than normal haploid spermatozoa. Eggs from female tetraploid fish have also been
successfully crossed with normal haploid spermatozoa.

Obviously, using diploid sperm from tetraploid males to fertilise diploid eggs from
tetraploid females will result in all-tetraploid offspring, and tetraploid broodstock lines
have been developed for rainbow trout and some other fish by this method. It is pos-
sible that in tetraploids some of the potential dangers of the homozygous exposure of
deleterious recessive genes as a result of inbreeding in an enclosed broodstock might
be ameliorated by the fact that there are four copies of each chromosome. On the other
hand, nothing is known about the genetic, physiological or biochemical consequences
of inbreeding of a tetraploid stock. Alternative methods, notably involving diploid ×
tetraploid matings and subsequent meiosis II suppression, are developed in fish and
shellfish to enable new genetic material to be introduced into tetraploid broodstocks,
and this will reduce the potential risks of inbreeding effects.
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Gynogens and androgens

Diploid gynogens are individuals that contain two copies of the maternally inherited
chromosome set. One of the most useful features of gynogens is that in species where
there is an XY sex-determining system, all gynogens will be XX and therefore all
female. Monosex populations of fish can also be produced by hormonally induced sex
reversal – as we have noted earlier for the pan-size market in rainbow trout – but
gynogen production avoids the use of chemicals and produces genotypic, rather than
‘phenotypic’, females. If some of the all-female gynogens are then hormonally sex-
reversed to phenotypic males, they can then be mated with other gynogens to produce
all-female offspring without having to go through the process of gynogenesis again.

Simple chromosomal sex determination in fish may be by the XY system, where
the female is the homogametic sex (XX), or by the WZ system, where the male is
the homogametic sex (WW) (see Chapter 1). However, sex determination is usually
more complex than a simple chromosomal system as several autosomal gene loci are
also involved. Gynogens can be used to explore whether a simple chromosomal sex-
determining mechanism is present in a species: if half are male and half are female, this
would point to a WZ system; if all are female, the XY system is indicated. The sex-
determination mechanism of molluscs is not well understood, but certainly does not con-
sist of a simple chromosomal system. Indeed, many bivalve molluscs are hermaphrodites
and some, including oysters, are sequential hermaphrodites, usually changing from male
to female during their lives. So the study of gynogens is not expected to be much help in
elucidating the sex determination mechanisms in bivalve molluscs. Sex ratios in triploid
Pacific oysters are very similar to those observed in diploids. However, it should be
noted that in triploid blue mussels, Mytilus edulis, sex ratio is highly skewed in favour
of males.

A further important value of gynogens is that they are strongly inbred and have the
potential to provide the basis for inbred lines in just a single generation. Mitogynes are
expected to be 100% homozygous at all their gene loci while meiogynes will be less
inbred, and the level of homozygosity at particular loci will depend on the frequency
with which those loci are involved in recombination events (Figure 7.4). Such high levels
of inbreeding result, as expected, in inbreeding depression. Gynogens generally have

With recombinationWithout recombination

AA or BBAB

ABAA or BB

AA or BB

Meiosis I

Meiosis II

AA or BBFirst cleavage

Figure 7.4 The genetic consequences of gynogenesis induction in relation to recombination and
heterozygosity at a locus. Eggs are from a female heterozygous for alleles A and B. Note that fish
release oocytes which have already undergone meiosis I, so MI meiogynes of fish cannot be
produced.
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Fry

Hormonal feminisation

XY phenotypic females

Eggs

Activation with irradiated sperm

Heat shock to suppress meiosis II

Gynogens : 50% XX females and 50% YY males

Cull all females, remaining fish are YY supermales

Figure 7.5 Method for the production of YY supermale tilapia.

higher mortality and slower growth than normal diploids, especially in species having
a high genetic load, but if they survive to maturity, they can provide an inbred line for
later out-crossing. As discussed in Chapter 5, inbred lines that are homozygous at many
or all of their loci can be crossed to produce highly heterozygous F1 offspring; the value
of F1 hybrids is well proven and their use is extremely common in agriculture.

There is a further potential use of gynogens. If it is possible to produce mitogynes
that reach maturity and produce eggs, and these eggs can again be treated to produce
mitogynes, then these offspring will be genetically identical clones of one another.
They will be homozygous for the same allele at every locus. The experimental value of
such clones of a sexually reproducing species is high and they have been successfully
produced in some species of fish.

In a further twist, it has proven possible to develop ‘supermale’ tilapia individuals that
have two Y chromosomes but no X chromosome (Figure 7.5). These YY supermales
produce only male offspring and therefore provide the complement to female monosex
production.

Diploid androgens differ from gynogens in that both chromosome sets are obtained
from the male parent. The uses of androgens are similar to those of gynogens. In fish with
a WZ sex-determination system, androgens will all be male (WW) and this therefore
enables monosex production. Alternatively, in fish with an XY sex-determination system,
half of the androgenic offspring will have two Y chromosomes and, if they survive to
sexual maturity, will be YY supermales.
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The reader should note that although there are all these possibilities for the use
of androgens and gynogens, not all have yet been realised. Research has been mainly
directed at developing and refining methods for their production; their use in commercial
hatcheries is not yet routine.
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Chapter 8

Genetic engineering in aquaculture

What do we mean by ‘genetic engineering’? You may think that the cutting and splicing
of DNA and alteration of chromosome numbers that we have already discussed should
qualify as genetic engineering; however, the term is used to refer specifically to the
transfer of genetic material or genes between species. An organism that has been engi-
neered to contain novel genetic material within its genome, whether that be a coding or
non-coding DNA sequence, is classed as a genetically modified organism (GMO). Under
this definition, polyploids (e.g. triploids or tetraploids) are not classed as GMOs. Given
what was discussed in Chapter 1 about the boundless quantities of genetic variation
within species, why should we wish to transfer genes between species? One important
answer is time. Why go through the lengthy process of selection over many generations
for improvement in a trait when we can add to or enhance the trait by inserting a gene
from another species directly into the genome of our aquaculture organism? Selective
breeding is still preferable where improvement in a trait is not too difficult to achieve in
this way, but genetic engineering is really the only commercially feasible way of bridg-
ing large gaps between an organism’s natural characteristics and what the aquaculturist
wants. For example, much of Canada’s coastline is too cold for salmon aquaculture.
Artificial selection might eventually produce a cold-tolerant strain, but only after many
generations of careful breeding. In some cases, no amount of selective breeding will
produce the required trait because the trait is not genetically variable (i.e. h2 = 0). For
example, artificial selection of salmon is very unlikely to produce novel DNA sequences
that code for freeze-resistant proteins. In principle, genetically modifying salmon by
inserting DNA that codes for the antifreeze protein in winter flounder could extend their
range in one or two transgenic generations.

The most important factors that are currently being addressed by transgenic technolo-
gies in fish are increased growth rates, better resistance to disease and cold tolerance. In
the future it is possible that aquatic organisms could be engineered to produce novel or
medicinal substances with fewer animal welfare problems than when mammals are used.

The main fish species that have been the subject of transgenic research are commer-
cially farmed species such as various salmonids, the carps, goldfish, tilapia and channel
catfish, and model (non-commercial) species such as zebrafish (Danio rerio), medaka
(Oryzias latipes) and loach (Misgurnus anguillicaudatus). In molluscan and crustacean
shellfish there is research interest, particularly with the view to use genetic modification
to develop disease-resistance, but there are very few published data and there is no
evidence of any current commercial transgenesis in these groups.

161
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The DNA construct

The initial step in transgenesis (creation of a GMO) is to design and build a DNA
construct. Genetic engineering generally has the aim of inserting DNA which enables
the GMO to produce a protein in a specific tissue at appropriate times and at a sufficient
concentration. The construct therefore must consist of the DNA to code for the protein
of interest (the transgene) together with DNA coding for regulatory elements that direct
gene expression (the promoter).

The transgene

The most commonly employed genes so far in fish transgenesis are growth hormone (GH)
genes – the specific GH genes of humans, rats, cattle, chinook salmon, rainbow trout,
tilapia and sea bream have all been used in attempts to increase growth rates and thus
reduce time-to-market size. Another gene which is of special relevance to aquaculture in
polar regions is the antifreeze protein gene which is found in fish such as ocean pout or
winter flounder that can live in subzero temperatures. As mentioned previously, if other
non-polar species could be genetically modified to produce an antifreeze protein then
this could extend the area available for their aquaculture. However, success has so far
been rather limited in salmon due to insufficient levels of expression of the antifreeze
proteins. Transgenesis is also being developed as a way to induce immunity to disease-
causing organisms in fish. It is possible to induce immunity somatically by injecting
DNA that codes for viral coat protein directly into muscle tissue. However, this requires
the handling and injection of every individual fish in an aquaculture system, and more
research on such genetic vaccination would be required before veterinary approval could
be obtained. An alternative approach is to insert the gene for the viral coat protein into
the germline, which means that every fish in that line would have built-in immunity to
a particular virus. Enhancement of bacterial disease resistance is also possible by the
insertion of lytic peptide genes such as cecropin B: this approach has been shown to
give a two- to fourfold improvement in resistance to bacterial disease in catfish.

Finding the gene that codes for a protein of interest can be a long and laborious
process. Fortunately, because of rapid improvements in technology, the reduced costs of
DNA sequencing and the expansion of the field of bioinformatics, more gene sequences
of more species are being identified (see Chapter 6) and these can provide the basis
for the design of probes to search for similar genes in other species of importance in
aquaculture. Alternatively, if the amino acid sequence of the protein is known, it can be
used to design a DNA probe for the gene.

When a gene is used as part of a construct for transgenesis, it is not usually taken
directly from the donor’s DNA. This is because, as we noted in Chapter 1, gene sequences
are interrupted by introns, regions of DNA that are not part of the coding sequence.
These introns are spliced out during production of mRNA, and mRNA therefore carries
the uninterrupted coding sequence for the complete gene. If mRNA is extracted from
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cells or tissues where the gene is expressed, then complementary DNA (cDNA) can be
synthesised from the mRNA by the enzyme reverse transcriptase. This cDNA can then
be inserted into a plasmid vector and cloned into Escherichia coli in the normal way
(Chapter 2, Box 2.1) to produce a cDNA library. The cDNA library is then screened
using a probe based on the DNA sequence of the gene (or even the sequence from a
related species or group, if the sequence is unknown for the species in question) to
identify the matching cDNA. The cDNA is then snipped out of the plasmid and spliced
to the promoter sequence.

In some cases it appears that certain introns are required for the full expression of the
gene. This implies that some introns may have a regulatory function even though the
sequence is not translated.

The promoter

There are estimated to be 30 000–100 000 genes in the vertebrate genome but only about
10%, mainly housekeeping genes involved in simple cellular functions, are switched on
and expressed in every cell all of the time. In addition, perhaps a few thousand more
genes are involved in directing activities specific to a cell’s particular function. So the
majority of genes are not normally switched on in a cell and a critical requirement of
transgenesis is that the gene inserted into the GMO be expressed. For this reason, any
gene sequence in a construct is accompanied by a promoter. The promoter consists of
DNA sequences that direct transcription and translation of the gene into protein. The
promoter sequence regulates when, where and how much expression of the gene will
occur. Early experimental work on fish transgenesis used promoters from avian (Rous
sarcoma virus) or primate viruses (simian virus [SV40], cytomegalovirus [CMV]), but
nowadays it is more common to use an ‘all-fish’ promoter from fish genomes rather than
the genomes of other groups. Examples of the types of genes and promoters that have
been used for transgenic research into aquacultured species are given in Table 8.1.

Once the DNA construct has been formed by splicing together the gene and the pro-
moter, it must be amplified to produce the millions of copies needed for each transgenesis
attempt. The usual method is to insert the construct into a plasmid which is replicated
in E. coli by standard cloning methodology (Chapter 2, Box 2.1). In most experimental
trials, and certainly in any commercial application, the plasmid DNA is removed before
transgenesis because this removes the risk of insertion of any of the prokaryote plasmid
DNA into the target organism. One potential effect of prokaryote DNA on eukaryotic
transcription and translation processes is methylation (replacement of hydrogen by a
methyl group, CH3, in a DNA base) but this, and other effects, are not predictable
and must therefore be avoided. Of course, there are hundreds of millions of bacterial
genomes normally in intimate contact with organisms in their gut, gills and exterior
surfaces, but these intimate associations have evolved, and are continuing to evolve,
by natural selection and can therefore be regarded as ‘normal’ and environmentally
balanced.
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Table 8.1 Major aquaculture species which have been genetically
engineered with examples of the constructs used.

Construct

Species Gene Promoter

Salmon hGH, bGH, rGH mMT-1
csGH opAFP
sbGH wfAFP
coIGF csMT-1

Trout hGH SV40
rGH mMT-1
sbGH cβ-actin
IHNV-G protein CMV-tk
cα-globin cα-globin

Tilapia hGH, rGH mMT-1
rGH cβ-actin
tiGH RSV
tiGH CMV
wfAFP RSV

Catfish hGH mMT-1
rtGH, csGH RSV-LTR

Carp hGH mMT-1
rtGH RSV-LTR

Genes transferred: GH, growth hormone (h, human; b, bovine; r, rat; cs, chinook
salmon; sb, seabream; ti, tilapia; rt, rainbow trout); coIGF, coho salmon insulin-like
growth factor; IHNV-G protein, infectious hematopoietic necrosis virus G protein;
cα-globin, carp α-globin; wfAFP, winter flounder antifreeze protein.
Promoters used: mMT-1, mouse metallothionein; opAFP, ocean pout antifreeze
protein; wfAFP, winter flounder antifreeze protein; csMT-1, chinook salmon metal-
lothionein; SV40, simian virus 40; cβ-actin, carp β-actin; CMV-tk, cytomegalovirus
with herpes simplex virus thymidine kinase; cα-globin, carp α-globin; RSV, Rous
sarcoma virus; CMV, cytomegalovirus; RSV-LTR, Rous sarcoma virus with long-
terminal repeat.

Once the DNA construct has been created, amplified and purified out of the plasmid,
it can be delivered into the eggs of the target organism.

Transgene delivery

Several transgene delivery methods have been employed but only a few give more than
limited success. Initial trials have often used special reporter genes, which are simply
genes that are very obvious if they have successfully been incorporated into the host
genome – for instance, they code for proteins which cause the embryo to turn blue
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or fluoresce green. This makes it easier to compare the success of different delivery
methods and develop the best technique for delivery of the true target gene.

Microinjection

Microinjection was first developed for use on mice and it is the most common transgene
delivery method used for fish, though other methods seem to be more promising for
molluscs. It simply involves using remote-control levers to operate a micropipette tipped
with a very fine glass needle. Individual fertilised eggs are held steady by suction against
a blunt ended tube and the micropipette needle is inserted into the egg (Figure 8.1). A
small volume of buffer (usually 1–2 nL) containing a high copy number (106–107 copies)
of the transgene construct is then injected into the egg, the needle is removed and the egg
is incubated in the normal way. Some of the difficulties inherent in the microinjection
of mouse eggs, such as working in utero with minute eggs, are removed when working
with fish. Nevertheless, although fish eggs are abundant, large and easily accessible, they
do have characteristics that make microinjection difficult. Fish eggs are surrounded by
a chorion that rapidly hardens after fertilisation, making it difficult to penetrate. Partly
owing to the hardening of the chorion, it is also extremely difficult to identify the position
of the chromosomes in fertilised eggs. Being able to locate the injected DNA as close
as possible to the region where the chromosomes are located is an important criterion,
because otherwise the integration of the novel DNA into the chromosomes of the GMO
is far less likely. However, without special in vivo fluorescent staining and the use of a
UV light source which enables precise localisation of the male and female pronuclei,
injection of construct into the pronuclear region is bound to be rather hit and miss.
Attempts have been made to remove the chorion from eggs before microinjection, but
this turned out to be a slow and labour-intensive procedure which did not significantly

Figure 8.1 Microinjection of DNA construct into a fish egg.
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improve success. In some species, the egg has a micropyle through which microinjection
is feasible.

In contrast to mice, the time from spermatozoa activation to first cleavage in fish is
quite short and early embryonic cell division is rapid, which means there is only a short
window of opportunity for microinjection into the fertilised egg or early embryo. Even
so, depending on the species of fish, an experienced operator with logistical support may
be able to inject several hundred eggs before the cleavage divisions are too advanced.
Ideally, the transgene should be injected at the single cell stage to ensure integration in
all the cells of the GMO. However, even when this is done, it has been shown in salmon
that integration (if it happens at all) usually takes place only after two or more cleavage
divisions have occurred. This produces mosaic embryos where the transgene is present
in some cells but not others. Mosaicism is a very common outcome of transgene delivery
by the microinjection method.

In general, the injection method is rather inefficient. Injection can cause damage that
affects embryonic survival and can result in quite high mortalities. Often fewer than 50%
of eggs which have been microinjected express the transgenic DNA in early embryos
and expression can decrease significantly after a few days. Usually fewer than 1% of
microinjected salmonid eggs develop to the adult stage with the transgene integrated
into the genome, though better results can be obtained experimentally with smaller fish
species such as zebrafish and medaka.

Electroporation

Electroporation is a method which was first developed for work with cells in tissue
culture, and it involves subjecting the cells to a short burst of electrical impulse. When
cells are treated like this, their cell walls become temporarily much more porous and
larger molecules than usual pass through by natural diffusion. Cells to be treated are
suspended at high concentration in a solution of high-copy-number DNA construct and
held in a 1–2 mL container with flat electrodes on each side. The transient current is
passed and DNA construct molecules pass through the cell membrane. The electrical
pulse can have a range of voltages and different rates of decay after the pulse, and these
are characteristics that are varied in order to produce optimum electroporation results. A
major advantage of electroporation over microinjection is that there is no need to handle
and manipulate eggs individually.

Electroporation has been tried on fish eggs and can be successful with some species,
such as catfish, zebrafish and carp. For example, hatching rates for electroporated cat-
fish embryos can be better than for microinjected embryos. The eggs of some species
have a relatively impermeable chorion, but even after chorion removal, which is time-
consuming and therefore reduces the number of eggs that can be treated within the
appropriate time window, the results have not encouraged further development. For
these species the stresses on embryos seem greater with this electrical method than the
cell puncture used in the injection method, since embryo survival following electro-
poration is poor. While there are problems with some fish eggs, the method has great
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potential for transgenesis in molluscs and successful experimental trials have been con-
ducted with abalones and oysters. The eggs of most commercially important molluscan
shellfish are rather small – less than 100 μm in diameter – which makes it quite tricky to
micromanipulate individual eggs. In addition, there is no development of an imperme-
able layer following fertilisation and the egg cell wall remains unprotected by any kind
of chorion. For these reasons electroporation has greater potential than microinjection
for transgenesis in molluscan shellfish.

Sperm-mediated transfer

The spermatozoon is the one thing that is guaranteed to get into the egg and deliver a
package of DNA directly to the female pronucleus. It turns out that DNA binds readily to
the outer coat of spermatozoa, so at first sight this looks like a perfect method of getting
novel DNA into the egg. Encouraging though this prospect seems, it is evident that
there are a number of pitfalls with this method. Firstly, in most cases it is only a single
spermatozoon that enters the egg and reaches the pronucleus. Therefore, the number of
copies of the DNA construct entering the egg or reaching the target is quite small when
compared with the numbers of copies employed in electroporation or microinjection.
Secondly, it is now clear that there are probably mechanisms in place in the host to
prevent the ingress of foreign DNA by this process. Spermatozoa will often come into
contact with extraneous DNA (from cellular debris or bacteria) before fertilisation, so
it is not surprising that mechanisms have evolved to prevent such DNA from integrating
into the host genome. Attempts have been made to electroporate spermatozoa with DNA
construct before fertilisation; although this approach has not been extensively explored,
early work suggests that the difficulties of the methodology outweigh any benefits.

Biolistics

In plants, where there is a tough cell wall, experimenters have resorted to brute force to
get foreign DNA into the cells. The method is called biological ballistics, or biolistics,
and involves coating microscopic particles, usually of gold, with DNA construct and
explosively firing these particles directly into the cell through the cell membrane. This
method has been tried with fish, sea urchins and oysters, and results suggest that viable
transgenic embryos can be produced. However, there is currently no evidence that
biolistics offers a more effective or more efficient method of producing transgenic fish
than microinjection.

Viral vectors

An alternative gene transfer method is to use as a vector a virus that has been rendered
defective. The transgene is spliced into the defective virus that is nevertheless able to
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infect host cells and induce the replication of the transgene within those cells. Infection
of host cells can take place at any time, but injection of a retroviral construct into
immature gonad tissue has successfully produced transgenic minnows and crayfish.
Unfortunately, there is evidence that viral vectors can silence the transgene, or cause
unstable expression. In addition, there are obvious dangers involved in introducing viral
sequences into food fish and in engineering any virus to be good at infecting a wide
range of species.

Lipofection

Synthetic lipid vesicles containing encapsulated DNA can be taken up directly by animal
cells and this lipofection method has been tried with fish eggs. As with sperm-mediated
transfer, initial expression of foreign DNA was followed by a rapid loss of expression,
suggesting that the novel DNA may have been destroyed by the host embryos.

All that these delivery methods do is to get the construct into the egg. It must then
become incorporated into one or more of the chromosomes of the host.

Transgene integration

Irrespective of which method is used to introduce novel DNA into the egg, it appears
to initially replicate and amplify within the cytoplasm, only later becoming integrated
into the genome as development proceeds. This cytoplasmic transgenic material may
remain and continue to replicate for some time, and many embryos will show transient
expression of an inserted gene. Because true integration of the novel DNA into the chro-
mosomes is usually delayed until after first cleavage, most first-generation transgenic
(G0) fish are mosaics – that is, not all cells in all tissues contain the transgene. The number
of copies that are integrated can be very few or very many and transgenes can integrate
at different single or multiple chromosomal locations in individual GMOs. Fortunately,
a small proportion of inserted construct will usually become integrated spontaneously,
but methods are being developed to increase transgene integration success.

A major difficulty with the integration of a transgene is targeting its position on a
chromosome. Chromosomes are not homogeneous throughout their length but consist
of heterochromatic and euchromatic regions, and genes in heterochromatic regions are
seldom switched on. If the transgene gets incorporated in such regions then it is unlikely
to be expressed due to this position effect. Furthermore, some research has shown that
transgenes that had become successfully integrated and expressed in F0 and F1 fish were
not expressed in later generations. Assuming the transgenes were still integrated, their
expression must have been switched off in some way.

Three main experimental approaches are being used to try to get transgenes into the
nucleus and to locate them more precisely on the chromosomes. Firstly, many viruses
have proteins containing special amino acid sequences that assist the viruses to get into
the nucleus where they can replicate. These are called nuclear-localising sequences and
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such sequences can be added to the medium containing the transgene construct to assist
with entry into the nucleus.

Secondly, a pseudotyped retrovirus (murine leukaemia retrovirus with one of its genes
replaced by one from the vesicular stomatitis virus) that encodes a special integrase
protein can be used. Once inside the cell the integrase protein is produced and this can
assist with integration of the transgenic DNA into the chromosome. However, there are
significant risks attached to working with these viruses because they can infect any cell,
including those of the human experimenter. Far better to try to isolate and utilise such
integrase proteins directly and experiments to this end have been carried out.

The third approach involves harnessing the enzymes responsible for the insertion
of the highly mobile DNA elements known as jumping genes or transposons. These
transposases act in a fairly straightforward manner, cutting a DNA segment from one
place in a chromosome and pasting it at another on the same or a different chromosome.
Natural transposases isolated from a number of organisms failed to work well, so
a synthetic transposase has been manufactured and the result – the Sleeping Beauty
transposon – effectively enhances integration (up to about 20-fold in zebrafish embryos).

Detecting integration and expression of the transgene

The production of fish or shellfish GMOs by any method requires confirmation. We need
to establish that the DNA construct is present in the GMO, that it has become integrated
into the host genome and that the expected gene product is being expressed at the right
level and in the right tissues for the particular commercial application for which the
GMO was designed.

In order to detect the presence of the transgene in an early embryo, a simple method is
to carry out dot blots. DNA is extracted from putative transgenic embryos or larvae, and
the extracts are spotted onto a nylon membrane in a simple grid pattern. The DNA is heat-
treated to denature it and cause it to adhere to the membrane, and the membrane is then
hybridised with a chemically or radio-labelled probe of a DNA sequence complementary
to some part of the transgene. These labelled probes provide a signal so that positive blots,
where the probe has hybridised to the embryo DNA, can be identified. An alternative
method is to use polymerase chain reaction (PCR) to see if the transgene can be amplified
from the putative GMO.

Dot blots and PCR help us to identify those individuals in which the transgene is
present, but they do not demonstrate that the DNA has actually been incorporated into
the chromosomes. In fact, because only a tiny proportion of the millions of transgene
copies used per egg are ever integrated into the genome, there is bound to be extensive
non-incorporated transgene present in early embryos. In order to provide evidence of
transgene incorporation, a method involving restriction enzyme incubation and South-
ern blotting (Chapter 2, Box 2.3) has been used. The extracted DNA from the putative
transgenic organism is incubated with a selected suite of restriction endonucleases that
cut the DNA into fragments of different lengths. These fragments are then size-sorted on
an electrophoretic gel and Southern blotted, with the resulting membrane being probed
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and visualised in the usual way. If the transgene has not become incorporated into the
chromosomes then its length (and therefore position on the gel) should be the same as
before it was introduced into the organism. However, where the transgene has become
incorporated into the genome, it will occur in fragments of greater length than the orig-
inal transgene. Not only can those individuals which have the transgene be identified
using this method, but also integration of the transgene into the chromosomal material
can be indicated. Unfortunately, there remains room for error here because of the vast
numbers of unintegrated transgenes, many of which can recombine in unknown ways.
Recombined transgenes will be longer than single transgenes and could lead to indi-
viduals in which the transgene has not become incorporated being wrongly identified
as GMOs following blotting. An alternative approach is to use fluorescent in situ hy-
bridisation (Chapter 4, Box 4.4) of a probe to the transgene to confirm its presence on
chromosome spreads.

Ultimately the surest method of confirming the integration of a transgene into an
individual is to demonstrate that it has passed the transgene on to its offspring in a true
Mendelian fashion. Using the simplest assumption of the transgene being integrated into
a single chromosome, only half of all gametes produced by the transgenic individual
(the F0 generation) will contain the transgene. Therefore, the expectation is that, at the
very most, only 50% of the F1 generation will contain a copy of the transgene. In reality
the percentage is always much lower. The main reason for this is that F0 transgenics are
almost all mosaics and many of them will not have the transgene incorporated into the
nucleus of germline cells. They will therefore be unable to pass the transgene to the next
generation.

How can we discover if the transgene is being expressed? We could look for mRNA
produced by the gene, but it is better to evaluate the level of production of the protein
itself. One method of identifying the protein is to use an immunological approach (Box
2.11) where the presence of a particular protein can be identified by raising antibodies
against it. Alternatively, of course, we can simply measure the phenotypic consequences
of the transgene in the GMO. For example, with the use of an antifreeze protein,
GMOs can be tested for cold tolerance. Similarly, if a GH gene has been used, we can
assess whether the transgenic group grow significantly faster than non-GMO controls
(Table 8.2)

Table 8.2 Increase in growth rates in transgenic fish relative to controls over a single
generation when using growth hormone genes from different sources.

Species Gene Growth increase (%)

Carp Trout GH 50–90
Tilapia Tilapia GH 50–90

Salmon GH + ocean pout antifreeze promoter 200–400
Salmon Chinook salmon GH + ocean pout antifreeze promoter >1000

GH, growth hormone.
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Results of transgenesis efforts in fish

Early results demonstrated that huge growth improvements could be achieved in
salmonids by the use of inserted GH gene. For example, Devlin and colleagues ge-
netically modified coho salmon (Oncorhynchus kisutch) by microinjecting eggs with an
‘all-fish’ gene construct consisting of the chinook salmon GH gene and the ocean pout
antifreeze protein promoter. Some of these F0 transgenic fish matured and were mated
to wild-type coho salmon. Identification of the transgene in offspring was based on PCR
amplification of a specific segment of the ocean pout promoter sequence. Depending
on the family, transgenic transmission from F0 fish to the F1 generation ranged from
0 to 19%. It was noted that the post-larval F1 fish – alevins – were of two different
colours. The majority had the normal brown coloration, but some were much paler with
a distinct greenish hue. PCR tests showed that all of the greenish alevins were transgenic
(Figure 8.2). This unexpected pleiotropic effect, producing a simple phenotypic marker
of transgenic coho salmon alevins, provided a useful identifier without having to carry
out PCR analysis. The greenish coloration was not a permanent marker because after
first feeding, the colour of transgenics, although paler, gradually became much less
distinguishable from the colour of non-transgenic fish.

Figure 8.2 Agarose gels showing results of attempts to polymerase chain reaction (PCR) amplify
a portion of a DNA construct (ocean pout antifreeze promoter + chinook salmon growth hormone)
in alevins of putatively transgenic coho salmon. Size markers are provided at both sides of the
gels. On each gel, the two samples nearest the right-hand size markers are negative and positive
control reactions. The transgene is present in the green alevins and absent in the brown alevins.
(Reprinted from Devlin, R.H., Yesaki, T.Y., Donaldson, E.D. & Hew, C.-L. (1995) Transmission and
phenotypic effects of an antfreeze/GH gene construct in coho salmon (Oncorhynchus kisutch).
Aquaculture, 137, 161–169. Copyright 1995, with permission from Elsevier Science).
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Figure 8.3 Effect of transgenesis with a growth hormone gene on mean length (cm) and weight
(g) of coho salmon alevins from four families. In every family the transgenics are significantly
longer and heavier than the non-transgenics. (Modified from Devlin, R.H., Yesaki, T.Y., Donaldson,
E.D. & Hew, C.-L. (1995) Transmission and phenotypic effects of an antfreeze/GH gene construct
in coho salmon (Oncorhynchus kisutch.) Aquaculture, 137, 161–169. Copyright 1995, with
permission from Elsevier Science).

At the pre-feeding alevin stage the transgenic fish were significantly heavier and
longer than the non-transgenics (Figure 8.3), providing evidence for the enhanced
activity of GH in the fish. However, associated with the enhanced size was evidence
of morphological abnormality, even at this early stage. Transgenic fish had larger
heads than non-transgenics, and this abnormality became more pronounced as the F1
fish got older (Figure 8.4). Some severely abnormal fish had difficulty feeding due to
excessive jaw growth and had problems ventilating their gills because of the extent of
operculum overgrowth. Similar abnormalities had been apparent in the F0 generation
of transgenics and this produced high mortalities in both F0 and F1 generations.

Further work on coho salmon has shown that different transgenic strains exhibit differ-
ent levels of growth enhancement and viability. These strains also show other differences
from non-transgenic salmon, including earlier hatching time, precocious development,
variations in behaviour, physiology and morphology and an overall reduced life cycle
time.
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Figure 8.4 A 1-year-old transgenic fish (length 36 cm) showing morphological abnormality of the
head and an overgrown operculum. (Reprinted from Devlin, R.H., Yesaki, T.Y., Donaldson, E.D. &
Hew, C.-L. (1995) Transmission and phenotypic effects of an antfreeze/GH gene construct in coho
salmon (Oncorhynchus kisutch). Aquaculture, 137, 161–169. Copyright 1995, with permission from
Elsevier Science).

Maclean and colleagues have worked on transgenic tilapia produced by a co-injection
strategy involving a chinook salmon GH construct (csGH/opAFP ) and a reporter gene
(LacZ/cβ-actin) (Table 8.1). One such line was grown for 7 months in large-scale
facilities. The trial involved 400 transgenic and 400 non-transgenic fish and the GMOs
increased in mass by about 2.5 times more than the non-transgenics (Table 8.2 and
Figure 8.5). This particular line of transgenic tilapia is known to have only a single copy
of the GH construct integrated in its genome and this is thought to be advantageous
because the cellular GH level is not too high. As we have seen, high levels of GH
can produce much larger fish but can also lead to abnormalities (Figures 8.4 and 8.5).
Transgenic tilapia sampled at the end of this trial revealed no internal or external
abnormalities.

The transgenic tilapia had a 20% better food conversion efficiency than the non-
transgenics. Similarly, GH-transgenic Atlantic salmon have been shown to exhibit a
10% greater food efficiency compared with non-transgenics.

For most of the species of fish studied so far, growth can be significantly enhanced
(from a few percent up to 30-fold) in transgenic fish containing a GH gene and a suitable
promoter (Table 8.2). However, insertion of GH genes into strains of fish that have
already been highly domesticated does not necessarily have such a significant effect.
Figure 8.6 shows that similar enhancement of growth rate can be achieved by GH
transgenesis, traditional artificial selection or direct injection of GH in rainbow trout. In
addition, non-transgenic domesticated fish and GH-injected fish do not exhibit any of the
cranial abnormalities that have been clearly identified in some transgenics. Of course,
GH-injected fish have the significant disadvantage that each fish has to be subjected to
the stress of injection and no such fish can pass on their increased growth rate to the next
generation in the way that GH transgenics or domesticated fish can.

Disease-resistant transgenic catfish (Ictalurus punctatus) have been produced by elec-
troporation of an antibacterial peptide cecropin gene construct (with a CMV promoter)
into the eggs. Cecropin genes were originally isolated from a moth (Hyalophera ce-
cropia). Cecropins are of great use in aquaculture because they show activity against a
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Figure 8.5 Examples of 30-week-old transgenic (left) and non-transgenic (right) tilapia
(Oreochromis niloticus). (Reprinted from Maclean, N. & Laight, R.J. (2000) Transgenic fish: an
evaluation of benefits and risk. Fish and Fisheries, 1, 146–172. Copyright 2000, with permission
from John Wiley & Sons Inc.)

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------→
Figure 8.6 The effect of growth hormone in domesticated and non-domesticated trout and
salmon. (a) Pairs of transgenic (upper) and non-transgenic (lower) rainbow trout produced from
wild (left) and domesticated (right) strains reared at 8◦C. (b) Mature wild-strain trout. From upper to
lower: cultured transgenic female (14 200 g), cultured transgenic male (8 200 g), wild female
(171 g), wild male (220 g) (scale bar = 5 cm). (c) Growth of domestic and wild rainbow trout strains
injected intraperitoneally with 30 μL of a slow release formulation (Posilac) of bovine growth
hormone. Means-specific growth rates for weight are given on the right. All groups were
significantly different by the end of the trial. (d) Phenotype of growth-hormone-treated domestic
and wild strains of rainbow trout. (e) Weights (growth in freshwater to 263 days post-fertilisation) of
non-transgenic (blue bars) and transgenic (green bars) coho salmon in wild, domestic and wild
(F77)/domestic hybrid genetic backgrounds. Strain F77 has a wild genetic background. Statistically
distinct groups are indicated by different letters over the bars. (Reprinted from Devlin, R.H., Biagi,
C.A., Yesaki, T.Y., Smailus, D.E. & Byatt, J.C. (2001) Growth of domesticated transgenic fish.
Nature, 409, 781–782. Copyright 2001, with permission from Macmillan Publishers Ltd.) (See Plate
8.1 in the colour plate section.)
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broad spectrum of gram-negative bacteria, and in the particular case of catfish, against
the important bacterial disease Edwardsiella ictaluri that causes enteric septicemia. Bac-
terially resistant GMO catfish showed a significantly reduced mortality (60%) compared
with non-transgenic fish (85%) when directly challenged with E. ictaluri. In addition,
they showed 100% survival during a natural epizootic of a Flavobacterium species in
earthen ponds while only 27% of non-transgenics survived.

In spite of the continuing research into transgenisis in salmon, tilapia and catfish
that has demonstrated growth enhancement and disease resistance, more research is
required before transgenic aquacultured organisms can be expected to receive consumer
acceptance and thus commercial success.

So much for transgenics – what about cloning?

Dolly, the famous first cloned sheep, was produced by transferring the nucleus from
a mammary gland cell (hence named after Dolly Parton) of an adult sheep into an
enucleated oocyte from a different sheep. Actually, of course, Dolly was not a true
genetic clone but rather a chimeric animal with the mitochondrial DNA of one individual
and the nuclear DNA of another, but that is hardly the point.

Nuclear transfers have been undertaken in some fish species but generally with limited
success, and it is not clear precisely what purpose can be achieved by cloning fish or
other aquaculture species. The aquaculture industry already has a range of methodolo-
gies available based around traditional genetics, ploidy manipulation and gene transfer.
Indeed, true clones, with identical mitochondrial and nuclear genomes, have already
been produced through two generations of gynogenesis (Chapter 6).

Genethics

Genetic engineering, cloning and to a lesser extent ploidy manipulation have opened
a can of ethical worms that have wriggled into all aspects of modern society. Many
of the questions raised by these technologies are of a philosophical or ethical nature.
These questions are quite properly the remit of all in society – individual scientists are
as entitled to their own views on these questions as is any other member of the public.
The fact that they are scientists does not give them any advantage on such philosophical
matters or ethical questions. However, it is entirely appropriate to ask scientists to assist
the non-scientific public to understand the actual methods of genetic engineering, and it
is hoped that this book might in some small way contribute to this understanding.

On the other hand, there are some important questions that scientists must ask about
the research they are doing, especially in the field of genetic engineering. Firstly we
must make it clear what is being classed as a GMO. For example, a triploid or tetraploid
oyster is not a GMO, but that does not mean that it is neither a matter of interest to the
consumer nor a matter of concern for the environment. Such an organism is artificially
engineered (indeed, how to produce it is even patented) and not present in the wild (as
far as we know) and in that sense is unnatural. However, there is no genetic material
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from another species present in its genome, only two extra sets of its own chromosomes.
It is now the accepted view, as clearly stated in European Directives, that tetraploids and
other products of ploidy manipulation, such as triploids, androgens and gynogens, are
rightly not classed as GMOs.

What about the artificial hybridisation of two species of closely related fish that
are nevertheless geographically isolated from one another? In the normal course of
events (on the human timescale) these two fish species would never meet. Here, in such
hybrids, we do have genetic material from two different species in the same organism:
surely these are GMOs. Well, again, most geneticists would argue that this kind of event
has been happening over evolutionary time in a natural way and that we may just be
speeding up a natural process as indeed is being done in ordinary selective breeding. So
such hybrids are not classified as GMOs.

Finally, if we consider a fish that carries in its genome an extra growth gene from an-
other vertebrate species together with a promoter from a third species, then clearly this is
what we mean by a GMO. Although such a transfer of genetic material from one species
to a totally unrelated one would seem at first sight to be unnatural, it is nevertheless
known that in the wild, pieces of genetic material have been, and are still being, trans-
ferred occasionally between phylogenetically distinct organisms. Such ‘horizontal gene
transfer’ is becoming increasingly recognized as an important evolutionary mechanism.
One extreme example is the photosynthesising sea slug, Elysia chlorotica. Its genome
contains functioning genes for photosynthesis acquired from its algal food, perhaps by
viral transfer. Individuals can biochemically maintain chloroplasts after ingesting them
and survive on the products of this photosynthesis alone. It is as if you went into your
garden and instead of finding slugs on your lettuce, you found a slug-lettuce hybrid. And
this plant–animal hybridisation has happened entirely naturally.

The most important practical questions to do with genetic engineering are questions
about risk. Do we really know enough about what we are doing for genetic modification
to be safe? We saw with the example of the change in colour of transgenic coho
salmon alevins that not all the effects of genetic modification are predictable. Even
though we now have sequenced the complete genome of several model species, we still
do not understand many details of how the genome works and current technologies for
transgenesis could be described as the equivalent of trying to reprogram a supercomputer
with a Swiss army knife.

A key question concerns the risk of accidental escape of GMOs into the wild. If, in
spite of all efforts to reduce the chance of escape, an accident occurs and some GMOs –
or their gametes – escape, what risk does that pose to (a) humans, (b) non-GMOs of the
same species and (c) the environment?

It is difficult to identify significant risk to human health by the consumption of GH
transgenic fish. However, if the method of transgenesis has involved viruses, then this
may be of concern.

In the event of accidental release, will transgenic fish out-compete native fish of the
same species? Fitness of transgenic fish relative to non-transgenic con-specifics in the
wild is a key factor in this risk assessment. The overall fitness of transgenic fish depends
upon several factors, notably survival at different life stages, age at maturity, fecundity
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of females and fertility and mating behaviour of males. It is therefore critical to evaluate
all these factors for each species and, importantly, for each transgenic strain on a case-
by-case basis, to arrive at a suitable and sufficient risk assessment. It is also necessary to
consider environmental effects on interactions between transgenic and non-transgenic
fish. For example, studies have shown that transgenic salmon can be more aggressive, can
show cannibalistic behaviour and can dominate feed acquisition when grown together
with non-transgenics in low-food environments.

On the other hand, if transgenic fish are poorly suited to the natural environment
and cannot survive well outside the captive conditions of aquaculture, as has been
suggested for some transgenic Atlantic salmon, then the risks to the environment of
their deployment in aquaculture systems are much reduced. It has been argued that
because GMOs have extreme phenotypes, this is likely to make them less fit than wild
individuals. While there is some evidence for this, it certainly cannot be relied upon with
every individual GMO and every modified trait that is produced.

Sterilisation

Sterilisation of transgenic fish is clearly the most effective approach to prevent breeding
between transgenics or interbreeding with non-transgenic fish and the transfer of the
novel genetic material into conspecific populations. As described in Chapter 7, triploidi-
sation is a method that has been proposed for sterilization, but 100% triploidy and 100%
sterility would be essential, and this cannot always be guaranteed with current triploidi-
sation technologies. Even using tetraploid × diploid crosses, there is evidence (at least
in oysters) that there can be reversion to diploidy in initially confirmed triploids. In
addition, triploid transgenics are generally less growth-enhanced than diploids.

It is now clear that apart from absolute physical containment, which is unrealistic for
most aquaculture situations, the use of transgenic fish in aquaculture will depend upon
ensuring that every individual is guaranteed to be sterile. Such fish must not be able
to produce any gametes whatsoever, and thus totally unable to reproduce. This creates
the problem of how to get the next generation of transgenic fish – so sterility must be
complete, but reversible in broodstock to be mated for the next generation. One route
to achieve this is to ‘knock out’ or ‘knock down’ a gene whose product is critical for
gonad development. To ‘knock out’ a gene, the DNA sequence of the gene itself has
to be altered to prevent transcription and translation of the protein, while to ‘knock
down’ the gene involves targeting the specific messenger RNA to prevent translation
alone. In fish, a candidate gene could be gonadotrophin-releasing hormone (GnRH)
which is a necessary prerequisite for gonad development. When required, GnRH can be
subsequently injected into fish that are held under complete physical containment and
have been chosen as breeders to produce the next generation of transgenics. Similarly, in
shellfish, silencing of the gene ‘vasa’ using in vivo RNA interference has recently been
shown to arrest meiosis (i.e. sterility) throughout the gonad in Pacific oysters. Further
studies are needed to assess if such approaches could be used to ensure complete genetic
containment.
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In conclusion, the ‘precautionary principle’ should dominate the development of
transgenic fish for aquaculture. It is an important precaution to thoroughly research
all potentially dangerous aspects of the development of genetically modified fish and
shellfish. The balance of environmental risk against the actual value to human society
has to be addressed. Such questions must all be thoroughly considered before allowing
commercial development and most developed countries have regulatory bodies that
ensure that this happens. Where experimental testing of risks of escape is possible, it
should be done. Some would argue that no amount of such testing will prove much,
one way or another, and that anyway, traditional methods of artificial selection can
produce many of the potential growth and disease-resistance advantages of transgenics.
Nevertheless, most observers would recognise that genetic engineering, for all its risks, is
here to stay. If that is the case then careful and intelligent research on genetic engineering
in aquaculture species based on the precautionary principle and with open, peer-reviewed
publication, is the best way forward.

Naturally, the raison d’être of a company is to make a profit for its owners or share-
holders. In the developed world, consumer resistance to certain kinds of genetically
modified foods is considerable and if the company were to sell GMOs that created a
problem for the aquaculturist or for the consumer then that would be bad for their busi-
ness. If these issues are to be overcome, companies must have their products properly
and openly tested and approved for use by government agencies. On the other hand,
because of the potential earnings from new or improved genetic engineering techniques,
commercial secrecy will remain a part of the balance in future developments.
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acrocentric (telocentric) Descriptive of a chromosome which has the centromere very
close to one end.

additive genetic variance That part of the genetic variance in a quantitative trait which
is due to the presence or absence of particular alleles.

adenine One of the bases acting as a coding letter in nucleotides in DNA and RNA
molecules; symbol A.

AIS See alike in state.
alike in state Descriptive of alleles present in a homozygote that are alike but which

are not recent copies of an ancestral allele.
allele One of two or more alternative forms of a DNA sequence at a locus.
allozymes Different forms of an enzyme produced by genetic variation at the locus

coding for that enzyme.
amino acids Chemicals which form the basic building blocks of proteins.
anadromous Descriptive of a species which spawns and reproduces in fresh water but

spends some or much of its adult life at sea.
anaphase The phase of mitosis or meiosis during which chromosomes migrate to

opposite poles of the spindle and separate to daughter cells.
androgen In genetics, an individual whose chromosomes come only from its male

parent (alternatively, a masculinising hormone).
aneuploid Possessing a number of chromosomes which is not an exact multiple of the

haploid chromosome number.
annealing The pairing up of single strands of DNA which have complementary se-

quences. In the case of polymerase chain reaction, this is where the primers join to
their complementary sequences on the template DNA.

antibodies Immunoglobulin molecules which are produced in the blood of vertebrates
in response to foreign proteins.

antigenic determinants Sites on the exterior of proteins which initiate the production
of antibodies in the blood of vertebrates.

antiserum Serum (blood with the cells removed) which contains antibodies to a
specified protein.

autoradiography The process of exposing a photographic negative to identify the
position of very small quantities of radioactively labelled DNA.

autosomes Chromosomes which are not sex chromosomes.
bacterial artificial chromosome (BAC) A large DNA construct in a plasmid used for

transforming and cloning in bacteria, usually E. coli.

181
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bacteriophage (phage) A virus which infects bacteria.
base Part of a nucleotide in DNA or RNA. Chemically, adenine (A) and guanine (G)

are purines, while cytosine (C), thymine (T) (in DNA) and uracil (U) (in RNA) are
pyrimidines. The sequence of the bases along the DNA or RNA molecules provides
the coding instructions for proteins.

bioinformatics The development and use of software to study gene and amino acid
sequence data.

biolistics A method for inserting DNA fragments into cells by bombarding them with
minute gold particles covered with the DNA.

bivalents Pairs of homologous chromosomes joined together during meiosis.
breeding value The value given to an individual which indicates how much improve-

ment over the population mean of a trait that its offspring are likely to produce.
broad-sense heritability The proportion of phenotypic variance in a quantitative trait

which can be attributed to all kinds of genetic variation whether this is directly
heritable or not. It includes additive, dominance and epistatic genetic variance.

cDNA See complementary DNA.
central dogma The understanding that information is transferred from DNA to RNA

to protein, believed to be broken only by the retroviruses.
centromere The constricted region on the chromosome where it attaches to the spindle

during cell division and which divides the chromosome into distinct arms.
chiasma (pl. chiasmata) The point on the chromosome at which recombination takes

place.
chloroplast Organelle present in plant cells in which photosynthesis takes place.
chromatid A daughter chromosome still joined to its pair at the centromere, visible

during meiosis or mitosis.
chromosomes Structures present in the cell nucleus which contain the DNA in com-

bination with proteins.
cloning A general term for the process of isolating and replicating fragments of DNA

by inserting them into vectors (such as plasmids), integrating the vectors into hosts
(such as the bacterium E. coli) and allowing the host and vector to replicate. Alterna-
tively, the process of artificially creating a number of genetically identical individuals.

coding strand (non-template strand, sense strand or + strand) The strand of DNA
which carries the sequence coding for the gene. This is the sequence that the mRNA
carries.

co-dominant Descriptive of loci where both alleles can be identified. Compare dom-
inant, recessive.

codon A set of three bases in the coding strand of DNA or in mRNA which specifies
a particular amino acid.

coefficient of genetic diversity (GST) An index of the degree to which a group of
populations is genetically subdivided.

complementary base pairing The arrangement whereby each base pairs up with only
one other base on the opposite strand of the two-stranded DNA molecule, such that
adenine always pairs with thymine and guanine always pairs with cytosine. This
means that the sequence of one strand can be used to predict the sequence of the
complementary strand.
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complementary DNA DNA copied from an RNA template by the enzyme reverse
transcriptase.

copy number The number of copies of a DNA fragment or plasmid.
crossing-over The process by which genetic material is exchanged between non-sister

chromatids during meiosis (= recombination).
cryoprotectants Chemicals used during the process of cryopreservation to reduce the

formation of ice crystals.
cytosine One of the bases acting as a coding letter in nucleotides in DNA and RNA

molecules; symbol C.
dam Mother.
ddNTPs See dideoxynucleotide triphosphates.
deletion Loss of part of a chromosome.
denaturation The separation of the two strands of the DNA molecule.
dendrogram An illustration in the form of a tree, used to show genetic relatedness

between different populations or taxa.
deoxynucleotide triphosphates The four nucleotide building blocks for DNA syn-

thesis (dATP, dCTP, dGTP and dTTP).
deoxyribose nucleic acid The molecule which forms the genetic code. A polymer

double helix of two strands of nucleotides, each consisting of a sugar (2-deoxy-d-
ribose), a phosphate (PO3) and one of four nitrogenous bases, adenine (A), cytosine
(C), guanine (G) and thymine (T).

dideoxynucleotide triphosphates Modified versions of deoxynucleotide triphos-
phates used as chain terminators in DNA sequencing.

dimer Something which consists of two parts, such as a protein consisting of two
subunits.

diploid Possessing two sets of chromosomes.
DNA See deoxyribose nucleic acid.
DNA construct The DNA transferred during transgenesis, consisting of a transgene

spliced to its promoter.
DNA library Genomic DNA from a particular organism fragmented and cloned into

a vector/host system (such as the plasmid/E. coli system).
DNA ligase The enzyme which catalyses the joining together of fragments of DNA.
dNTPs See deoxynucleotide triphosphates.
dominance genetic variance That part of the genetic variance in a quantitative trait

which is due to the presence or absence of particular genotypes.
dominant Descriptive of an allele which solely determines the phenotype of an indi-

vidual regardless of whether it is present in the homozygous or heterozygous condi-
tion. The alternative allele is the recessive allele.

dot blots A modification of Southern blotting in which DNA samples are spotted
in a grid pattern onto a nylon membrane and probed to identify those containing a
particular sequence.

duplication An extra copy of a gene or a chromosomal segment which occurs on the
same or a different chromosome.

effective population size The number of individuals in the population which con-
tributes genetically to the next generation.
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electroporation A method for inserting DNA into cells which involves applying a
short electrical pulse to the cells to increase their porosity.

epistatic genetic variance That part of the genetic variance in a quantitative trait
which is due to the interaction between genotypes at different loci. Sometimes called
non-allelic interaction genetic variance.

euchromatic Descriptive of relatively uncondensed regions of the chromosome
thought to contain mainly coding DNA.

eukaryote An organism containing cells with a membrane-bound nucleus.
exon That part of the sequence of a gene which is translated into an amino acid

sequence.
expressed sequence tags (ESTs) Short sub-sequences of reverse-transcribed messen-

ger RNA that are used to identify gene transcripts and their expression.
family selection In quantitative genetics, selection of particular individuals for mating

because they belong to a family which has a high value for a quantitative trait.
first polar body The smaller of the two daughter cells resulting from the meiosis I

division of the primary oocyte.
FIS A statistic used to estimate deviations from the Hardy–Weinberg model within

subpopulations (which make up the total population).
FIT A statistic used to estimate deviations from the Hardy–Weinberg model within the

total population (which is made up of subpopulations).
FST A statistic used to estimate the degree to which a total population is genetically

divided into subpopulations.
F-statistics A set of statistics (FIS, FIT and FST) used to estimate deviations from the

Hardy–Weinberg model in populations and to estimate the degree to which a group
of populations is genetically subdivided.

gametogenesis The process of gamete formation.
G-banding Chromosomal banding pattern produced using Giemsa stain.
gene A unit of information corresponding to a discrete segment of DNA that codes

for the sequence of an RNA molecule or for the amino acid sequence of a protein.
gene expression The process of transcription and translation of the DNA code into a

protein.
general combining ability The mean performance of cross-bred offspring of a par-

ticular line in relation to the average performance of cross-bred offspring from all
possible lines.

genethics The field of ethics in relation to genetic modification and genetic engineer-
ing.

genetically modified organism An organism whose genome has been artificially
modified by the addition of genetic material from another species.

genetic load A measure of the cost of lost alleles due to selection or mutation. In
quantitative terms it is the reduction in selective value for a population compared to
what the population would have if all individuals had the most favoured genotype.

genome The entire DNA content of an organism.
genotype The genetic composition of an individual at one or many loci.
GMO See genetically modified organism.
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GST Coefficient of genetic diversity, an index of the degree to which a group of
populations is genetically subdivided.

guanine One of the bases acting as a coding letter in nucleotides in DNA and RNA
molecules; symbol G.

gynogen An individual which contains only chromosomes from its female parent. Hap-
loid gynogens of fish and shellfish are non-viable, but viable diploid gynogens can be
produced.

h2 See heritability.
half-siblings Individuals related through having either the same mother or the same

father.
haploid Possessing a single copy of each chromosome.
haplotype A set of alleles inherited together, such as the mitochondrial DNA molecule.
Hardy–Weinberg model The model which relates genotype frequency to allele fre-

quency at a locus in a population.
heritability The proportion of phenotypic variance in a quantitative trait which can

be attributed to genetic variation.
heterochromatic Descriptive of very condensed regions of the chromosome thought

to consist mainly of non-coding DNA.
heterozygous Coding for two different alleles at a locus.
homologous pair A pair of chromosomes in diploids, one of which is derived from

the male parent and the other from the female parent. Chromosomes become arranged
together as homologous pairs during meiosis.

homozygous Coding for two identical alleles at a locus.
hybridisation Matings between different species or between different strains within

species.
hybrid vigour Phenomenon of the hybrid between two lines or species exhibiting

greater fitness than either parent group.
IBD See identical by descent.
identical by descent Descriptive of alleles present in a homozygote which have arisen

by replication of a single allele from a direct ancestor.
inbreeding Mating between close relatives.
inbreeding coefficient An index which estimates the level of deviation from the

Hardy–Weinberg model caused by inbreeding.
inbreeding depression The reduction in fitness of inbred offspring relative to

outbred.
independent assortment A process of chromosome shuffling whereby each homolo-

gous pair of chromosomes is divided between the two daughter cells during meiosis
I independently of the other homologous pairs.

independent culling Selective regime which involves breeding only from individuals
which demonstrate high values for each of two or more traits.

individual selection Artificial selection involving breeding from those individuals
scoring highest for a particular trait. Also called mass selection.

integrase protein A viral protein which assists with the integration of viral DNA into
chromosomes.
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interference A phenomenon by which a chromosomal crossover in one interval de-
creases the probability that additional crossovers will occur nearby.

interploid triploid A triploid produced by mating a diploid with a tetraploid.
introgression Movement of a gene from one species into the gene pool of another

through backcrossing between interspecific hybrids and their parental species.
intron That part of the sequence of a gene which is not translated into an amino acid

sequence, spliced out of pre-messenger RNA.
inversion Reversal of the position of a fragment of a chromosome.
karyotype Representation of the complete chromosome complement of an organism,

showing the position of the centromere on each chromosome pair.
LINE See long interspersed nuclear elements.
linkage The physical association between two genes that are on the same chromosome,

which means that alleles at each tend to be inherited together.
linkage analysis The method whereby recombination frequencies are used to estimate

the relative positions of loci on a chromosome.
linkage disequilibrium Situation in which alleles at two linked loci on a chromosome

are non-randomly associated with each other. The loci may be linked by physical
proximity or by selective forces.

linkage equilibrium Situation in which alleles at two loci are inherited randomly
with respect to each other because the loci are on different chromosomes and are not
co-selected.

linkage group The genes carried on any one chromosome.
lipofection A method for inserting DNA into cells by allowing synthetic lipid vesicles

containing encapsulated DNA to be taken up directly.
locus (pl. loci) The site on the chromosome at which a gene or genetic marker is

located.
long interspersed nuclear elements Identical or very similar DNA sequences, thou-

sands of base pairs long occurring in multiple copies dispersed around the genome.
long terminal repeats Identical or very similar DNA sequences with long repetitive

elements at the ends occurring in multiple copies dispersed around the genome.
LTR See long terminal repeats.
mass selection Artificial selection involving breeding from those individuals scoring

highest for a particular trait. Also called individual selection.
meiogyne A diploid gynogen produced by suppression of cell division following either

meiosis I or meiosis II in an egg activated by a sterizoon.
meiosis The process of cell division in which the chromosomes in diploid germ cells

are replicated and passed to haploid gametes.
meiosis I The first division in the process of meiosis, in which the homologous pairs

of chromosomes are divided.
meiosis II The second division in the process of meiosis, in which sister chromatids

are separated before cell division so that parent and daughter cells have the same
chromosome number.

messenger RNA The transcript of a protein coding gene.
metacentric Descriptive of a chromosome which has an approximately central cen-

tromere.
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metaphase The phase of mitosis or meiosis when chromosomes are aligned on the
equator of the spindle prior to separation.

methylation Replacement of hydrogen by a methyl group, CH3, in a DNA base.
microinjection A method for inserting DNA into cells by injection.
microsatellites Variable number tandem repeats where the repeat motif is from one to

four base pairs in length.
minisatellites Variable number tandem repeats where the repeat motif is from 5 to

100 base pairs in length.
mitochondrial DNA A circular molecule of DNA present in the mitochondria of

eukaryotic cells.
mitochondrion (pl. mitochondria) An energy-generating organelle present in eukary-

otic cells.
mitogyne A diploid gynogen produced by suppression of the first cleavage division

in an egg activated by a sterizoon.
mitosis The process of cell division in which the chromosomes are replicated and

passed to daughter cells.
molecular clock A theoretical clock based on the rates at which point mutations or

amino acid substitutions become fixed in particular evolutionary lineages. Assuming
these rates are approximately constant, the clock enables us to use sequence differences
to estimate the time since taxa diverged.

monomer Something which consists of a single part, such as a protein consisting of a
single subunit.

mosaic Descriptive of an organism containing cells of different ploidies, or containing
some cells with a transgene and others without.

mRNA See messenger RNA.
mtDNA See mitochondrial DNA.
narrow-sense heritability The proportion of phenotypic variance in a quantitative trait

which can be attributed to additive genetic variance and which is therefore amenable
to simple artificial selection.

Ne See effective population size.
NLS See nuclear-localising sequences.
non-allelic interaction genetic variance That part of the genetic variance in a quan-

titative trait which is due to the interaction between genotypes at different loci. Also
called epistatic genetic variance.

non-sister chromatids Chromatids in opposite chromosomes of a homologous
pair.

non-synonymous mutation A mutational base change in DNA that changes the amino
acid coded for.

non-template strand (sense, + or coding strand) The strand of DNA which carries
the sequence coding for the gene. This is the sequence that the mRNA carries.

nuclear-localising sequences Sequences of amino acids which assist molecules to get
into the cell nucleus.

nucleotide A unit of a nucleic acid consisting of a sugar (deoxyribose in DNA or
ribose in RNA), a phosphate (PO3) and one of the bases, adenine (A), cytosine (C),
guanine (G) and thymine (T) in DNA or uracil (U) in RNA.



P1: IFM/UKS P2: SFK

BLBK242-GLOSS BLBK242-Beaumont December 30, 2009 19:12 Printer Name: Yet to Come

188 Glossary

null alleles Alleles which cannot be detected by the method used to detect other alleles
at that locus.

oligomer Something which consists of a number of parts, such as a protein consisting
of several subunits.

operational taxonomic unit The taxonomic unit used in the preparation of a dendro-
gram.

OTU See operational taxonomic unit.
ovum (pl. ova) The single haploid cell resulting from meiosis of a female germ cell –

the female gamete, the egg.
paracentric inversion Inversion of part of a chromosome which does not include the

centromere.
PCR See polymerase chain reaction.
pericentric inversion A chromosomal inversion which spans the centromere.
phage (bacteriophage) A virus which infects bacteria.
plasmid Small self-replicating circular DNA molecules present in bacteria and yeasts.

They are used in genetic engineering as vectors to insert foreign DNA into bacteria for
cloning.

pleiotropy The condition where a single gene influences more than one phenotypic
character or trait.

point mutation A change in the identity of a base in a DNA sequence.
polygenic trait A trait controlled by many loci. Also known as a quantitative trait.
polymerase chain reaction A method for making millions of copies of short (0.1–

4.0 kb) fragments of DNA.
polynucleotide chain A chain of nucleotides making up a strand of DNA or RNA.
polyploid Possessing more than two complete sets of chromosomes.
position effect The effect of chromosomal positioning on the potential expression of a

transgene in a genetically modified organism. Transgenes which locate in heterochro-
matic regions are seldom switched on.

primary oocyte A female germ cell which has begun the first meiotic division.
prime Symbol (′) assigned to the numbered carbon atoms in the deoxyribose or ribose

sugar in DNA or RNA, respectively.
primers Short oligonucleotides, manufactured to a specified sequence, which are used

in the polymerase chain reaction process.
promoter A DNA sequence which is involved in the initiation of transcription and

translation of a gene.
prophase The first phase of meiosis or mitosis.
proteome The entire protein content of an organism.
pseudogene A sequence of DNA which is non-functional but which shows significant

sequence homology to a known functional gene.
purines Chemical description of the nitrogenous bases, adenine and guanine, present

in DNA and RNA. Purines will not bond with one another but will bond with pyrim-
idines.

pyrimidines Chemical description of the nitrogenous bases, cytosine and thymine,
present in DNA and of uracil in RNA. Pyrimidines will not bond with one another
but will bond with purines.
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QTL See quantitative trait locus.
qualitative trait A trait defined by simple discrete categories, often controlled by only

one or a few genes.
quantitative genetics The study of the inheritance of quantitative traits.
quantitative PCR Polymerase chain reaction (PCR) that can quantify the number of

effective cycles of amplification of DNA fragments. Also called real-time PCR.
quantitative trait A trait which shows a continuous graded variation around a mean

and can be measured quantitatively. Such traits, also called polygenic traits, are usually
partly controlled by many loci and partly controlled by the environment.

quantitative trait locus (QTL) A locus which has some effect on the expression of a
quantitative trait (Plural: quantitative trait loci (QTLs)).

quaternary structure The number of subunits present in a protein.
radiation hybrid (RH) A procedure for discovering the location of genetic markers

relative to one another.
random genetic drift The process of allele frequencies changing from one generation

to the next as a result of sampling effects.
realised heritability (realised h2) The broad sense heritability actually achieved fol-

lowing selection.
real-time PCR Polymerase chain reaction (PCR) that can quantify the number of

effective cycles of amplification of DNA fragments. Also called quantitative PCR.
recessive Descriptive of an allele which is expressed only in the homozygous state.
recombinant DNA DNA produced by joining DNA molecules from two different

sources.
recombination The process of genetic material being exchanged between non-sister

chromatids during meiosis (= crossing over).
recombination frequency The proportion of gametes which are the result of recombi-

nation events between two specified loci during meiosis. Recombination frequencies
are used to estimate distances separating loci on a chromosome.

recombination hotspot Position on a chromosome where recombination events are
more frequent than expected. Recombination frequencies for loci close to recom-
bination hotspots are biased estimators of the position of those loci in a linkage
group.

refugia Regions or habitats in which populations or entire species are able to survive
large-scale environmental changes such as glaciations.

replication origins The points at which the two strands of the DNA molecule open
up to allow the process of replication to occur.

replication slippage The process by which the number of repeat motifs in microsatel-
lites is thought to increase or decrease during DNA replication.

reporter gene Genes used in experimental transgenesis which have an obvious effect
on the embryo, enabling different incorporation methods to be easily assessed.

response to selection In quantitative genetics, the difference between the mean value
for the trait in the overall parental population and the mean value of the trait among
the offspring of the selected parents.

restriction endonucleases Enzymes extracted from bacteria which cleave DNA at
specific base sequences.
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restriction mapping The process of identifying the positions of restriction sites
for particular restriction endonucleases on chromosomes or mitochondrial DNA
molecules.

reverse transcriptase Enzyme which synthesises DNA from an RNA template. Such
DNA is called complementary DNA or cDNA.

ribose nucleic acid (RNA) A single-stranded form of nucleic acid involved in the
transcription and translation of the DNA code, consisting of a polymer of nucleotides,
each composed of a sugar (ribose), a phosphate (PO3) and one of four nitrogenous
bases, adenine (A), cytosine (C), guanine (G) and uracil (U).

ribosomal RNA RNA molecules present in ribosomes, involved in the translation of
the genetic code from messenger RNA into a sequence of amino acids.

RNA See ribose nucleic acid.
rRNA See ribosomal RNA.
satellites Regions in the genome which contain tandem repeats of DNA sequences.

The number of repeated sequences can be variable between individuals and these
types of marker are also called variable number tandem repeats.

secondary oocyte The largest of the two daughter cells resulting from the meiosis I
division of the primary oocyte.

second polar body The smaller of the two daughter cells resulting from the meiosis
II division of the secondary oocyte.

selection The process of one allele or genotype at a locus having a different fitness to
other alleles or genotypes such that an organism carrying that allele or genotype has
a greater or lesser chance of reproducing.

selection differential In quantitative genetics, the difference between the mean value
for the trait in the population and the mean value for the trait in individuals selected for
breeding.

semi-conservative replication Description of the process of replication of DNA where
each copied molecule contains one strand derived from the parent molecule and one
newly synthesised strand.

sense strand (non-template strand, + strand, coding strand) The strand of DNA which
carries the sequence coding for the gene. This is the sequence that the mRNA carries.

sex chromosomes A pair of chromosomes which control the sex of the individual, for
example female XX, male XY.

short interspersed nuclear elements Identical or very similar DNA sequences, hun-
dreds of base pairs long occurring in multiple copies dispersed around the genome.

siblings Individuals having the same mother and the same father.
SINE See short interspersed nuclear elements.
sire Father.
sister chromatids Chromatids from the same chromosome.
somatic Descriptive of the non-reproductive parts of an organism.
Southern blotting The process of transferring DNA from a gel onto a nylon membrane

in order to create a stable base on which to probe for particular DNA sequences.
specific combining ability The mean performance of cross-bred offspring of a partic-

ular line when crossed with another individual line.
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spindle A structure present in the cytoplasm of the cell which guides the movement
of chromosomes during cell division.

sterizoon (pl. sterizoa) A spermatozoon which has been irradiated to denature the
chromosomes but which is still motile and capable of activating an egg. Sterizoa are
used in gynogenesis.

strand A polynucleotide chain making up half of a DNA molecule or all of an RNA
molecule. In the DNA molecule the two strands are oriented as a double helix.

submetacentric Descriptive of chromosomes which have the centromere between the
centre and one end.

subunits Units making up the quaternary structure of a protein.
suppression subtractive hybridisation (SSH). A PCR method that allows for the

amplification of only those cDNA fragments that differ between a control and an
experimental transcriptome.

syngamy The joining of the haploid male and female pronuclei to produce a diploid
zygote.

synonymous mutation A mutational base change in DNA that does not change the
amino acid coded for.

tandem selection Selection for one trait in one generation and for an alternative trait
in the next generation.

taxon (pl. taxa) A grouping of organisms assigned to a particular category of classifi-
cation, e.g. a species, genus or order.

telocentric (acrocentric) Descriptive of a chromosome which has the centromere at
one end.

telomere The end of a chromosome, usually consisting of a region of many short
repeats.

template DNA The DNA which is copied, particularly in the polymerase chain reac-
tion method.

template strand The strand of DNA which carries the sequence complementary
to that coding for the gene, acting as the template against which mRNA is
synthesised.

test cross An experimental cross between two individuals, one of which is homozygous
at two specified loci and the other of which is heterozygous at the two loci. The
F1 progeny genotypes from a test cross allow direct estimation of recombination
frequencies between the two loci.

tetramer Something which consists of four parts, such as a protein consisting of four
subunits.

tetraploid Containing four sets of chromosomes.
the central dogma The understanding that information is transferred from DNA to

RNA to protein, believed to be broken only by the retroviruses.
thymine One of the bases acting as a coding letter in nucleotides in the DNA molecule;

symbol T.
trait A quantifiable phenotypic character.
transcription The process whereby the genetic code in DNA is copied into an RNA

molecule.
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transcriptome The entire RNA content of an organism.
transfer RNA Short RNA molecules involved in translating codons in messenger

RNA into amino acids.
transformed cell A bacterial cell into which recombinant DNA has been inserted.
transgene Gene which is inserted into the genome of another species during transge-

nesis.
transgenesis The creation of an organism which contains a gene (a transgene) from

another species.
translation The synthesis, involving tRNA and rRNA, of a chain of amino acids

according to a particular mRNA sequence.
translocation Movement of a fragment from one chromosome to another chromo-

some.
transposases Enzymes which assist transposons to move from one position to another

in the genome.
transposons Highly mobile DNA elements that move from one position in genome to

another, also known as jumping genes.
triploid Containing three sets of chromosomes.
tRNA See transfer RNA.
uracil One of the bases acting as a coding letter in nucleotides in the RNA molecule;

symbol U.
variance The condition of having variation around a mean. In statistical terms, variance

is calculated as the mean of the squares of individual deviations from the mean.
within-family selection In quantitative genetics, artificial selection for a particular

trait by breeding from individuals which are highly ranked for that trait within their
family.

zygote The diploid cell produced by the joining together of the haploid male and
female pronuclei during syngamy.
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sperm-mediated transfer, 167
viral vectors, 167–168

transgene expression, 169–170
transgene integration, 168–169
transgenesis in fisheries, 171–176
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artificial selection, 118–122. See also traits

family selection, 120–121
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mass selection, 119–120

assortative mating, 53b
Atlantic herring (Clupeus harengus), 61
Atlantic salmon (Salmo salar)
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Atlantic salmon (continued)
realised heritability, 117t
wild populations, 81

autoradiography, 181
autosomes, 181

B chromosomes, 10
bacterial artificial chromosome (BAC)

libraries, 136, 181
bacteriophage, 182, 188
Barbodes gonionotus, 126
barramundi (Lates calcarifer), 136
base, 182
bay scallop (Argopecten irradians), 117t
bioinformatics, 182
biolistics, 167, 182
Biosciences Corp., 31b
bivalent chromosomes, 12, 182
bivalve molluscs, aneuploidy in, 153b
blue mussel (Mytilus edulis), 157
Bonamia ostreae, 71–72
Bonferroni correction, 68b
breeding programmes, 122–123, 126–127
breeding value, 182
broad-sense heritability, 182
brook charr (Salvelinus fontalis), 125
brown trout, 73

Canis domesticus, 106
Carassius auratus, 104f
Carassius carassius, 104f
Carcharadon carcharias, 83
catfish

DNA construct, 164t
transgenic, 173–174

catla, 126
Catla catla, 126
cecropin, 173–174
central dogma, 182, 191
centromere, 9, 182
Centropistis striata, 63
Cerastodema edule, 40b
chemical shock, 146–148
Cherax quadricarinatus, 117t
Cherax tenuimanus, 117t
chiasmata, 130, 182
Chilean oyster (Tiostrea lutaria), 117t

Chlamys islandica, 82
chloroplast, 182
chloroplast DNA, 16–18
chromatids, 9, 14, 182
chromosomes, 9–11, 182
cisco (Coregomus artedii), 63
Clarias anguillaris, 125
Clarias gariepinus, 125
cloning, 20–22f, 176, 182
Clupeus harengus, 61
cod, 79
coding markers, 61–63
coding strand, 182
co-dominant, 182
codon bias, 7
codons, 5f, 7, 182
coefficient of genetic diversity, 57–58, 182,

185
coho salmon (Oncorhynchus kisutch), 125,

171, 173f
common carp (Cyprinus carpio), 99, 101,

103f, 104f, 117t, 164t
comparative genomics, 129
complement fixation, 46–47b
complementary base pairing, 182
complementary DNA, 183
copy number, 183
Coregonus artedii, 63
correlated traits, 118
Crassostrea angulata, 153b
Crassostrea ariakensis, 156
Crassostrea gigas, 35, 78, 105, 117t, 125, 152
Crassostrea rivularis, 125
Crassostrea virginica, 61, 62f, 152
cross-breeding, 124
crossing-over, 183
crucian carp (Carrasius carassius), 104f
cryopreservation, 112b
cryoprotectants, 112b, 183
cutthroat trout, 74
Cyprinus carpio, 99, 101, 103f, 104f, 117t
cytochalasin B (CB), 148
cytosine, 1, 183

dams, 109, 183
Danio rero, 136, 137
Darwin, Charles, 91
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daughter chromatids, 9
degrees of freedom, 67b
deletion, 183
delivery of genes, 164–168

biolistics, 167
electroporation, 166–167
lipofection, 167–168
microinjection, 165–166
sperm-mediated transfer, 167
viral vectors, 167–168

denaturation, 24b, 183
dendograms, 62f, 183
deoxynucleotide triphosphates, 183
deoxyribose nucleic acid (DNA), 1–5

chloroplast, 16–18
definition of, 183
discovery of, 1
functional sequences, 4
junk DNA, 4–5
mitochondrial, 16–18
replication of, 3–4, 4f
structure of, 1, 2f, 3f
transcription of, 6f
translation of, 6f

dermo (Perkinsus marinus), 152
Dicentrarchus labrax, 136
dideoxynucleotide triphosphates (ddNTPs),

31b, 183
dimers, 8, 183
dimethyl sulphoxide (DMSO), 112b,

148
6-dimethylaminopurine (6-DMAP), 148
diploids, 11, 11b, 183
disassortative mating, 53b
DNA construct, 162–164

definition of, 183
promoter, 163–164
transgene, 162–163

DNA databases, 31b
DNA fingerprinting, 40b
DNA fragment size variation, 36–43

amplified fragment length polymorphisms,
42, 43b

DNA fingerprinting, 40b
microsatellites, 39–41b
mitochondrial DNA extraction analysis,

38b

random amplified polymorphic DNA, 41,
42b

restriction fragment length polymorphisms
(RFLPs), 36, 37b

variable number tandem repeats, 38
DNA fragments

cloning, 22f
separation of, 27–29b

DNA library, 183
DNA ligase, 183
DNA restriction fragments, 65b
DNA sequence variation, 19–36. See also

genetic variation
cloning, 20–23b
electrophoresis, 27–29b
polymerase chain reaction, 23–26b
Sanger method, 31b
second-generation DNA sequencing, 31b
single nucleotide polymorphisms, 34–36b

DNA sequencing, 31b
DNA strands, 3
dogs, phenotypic plasticity, 106
dominance genetic variance, 123, 183
dominant allele, 183
dot blots, 169, 183
Dover Systems, 31b
duplication, 183

Edwardsiella ictaluri, 176
effective population size, 89, 183
electrophoresis, 27–29b
electroporation, 166–167, 184
Elysia chlorotica, 177
end sequences, 20t
epistatic genetic variance, 108, 184
Eschericia coli, 20–21b, 163
ethylene glycol, 112b
euchromatic, 184
eukaryote, 184
European flat oyster (Ostrea edulis), 117t
exons, 5, 6, 184
expressed sequence tags (ESTs), 129, 184

family selection, 120–121, 184
first polar body, 184
FI S , 184
fish, mitochondrial genome of, 18f
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fisheries management, QTL mapping in,
138–139

Fisher-Wright equilibrium, 59b
FI T , 184
fluorescent in situ hybridisation (FISH), 135b
FST , 184
F-statistics, 55, 56–57b, 184
fugu (Tokifugu rubripes), 137
full-sib mating design, 110b
functional sequences, 4

Gadus morhua, 79
gametes, 145
gametogenesis, 184
Gasterosteus aculeatus, 137
gene, 5

definition of, 184
structure of, 5f

gene expression, 184
gene-assisted selection, 121–122
general combining ability, 184
genethics, 176–178, 184
genetic code, 7, 8t
genetic differentiation, 60–61
genetic distance, 59b, 65b
genetic diversity, coefficient of, 57–58, 182,

185
genetic engineering, 161–179

cloning, 176
detecting integration in, 169–170
DNA construct, 162–164

promoter, 163–164
transgene, 162–163

genethics, 176–178
overview, 161
selective breeding programmes, 126–127
sterilisation, 178–179
transgene delivery, 164–168

biolistics, 167
electroporation, 166–167
lipofection, 167–168
microinjection, 165–166
sperm-mediated transfer, 167
viral vectors, 167–168

transgene expression, 169–170
transgene integration, 168–169
transgenesis in fisheries, 171–176

genetic indices, 68b
genetic load, 184
genetic map, 130–133
genetic markers, 55–58

for hatchery products, 93–94
for pathogen identification, 94–95

genetic variation, 1–18
chromosomes, 9–11
codes, 7
comparison of, 66f
deoxyribose nucleic acid, 1–5
in hatcheries, 87–89
proteins, 7–8
quantitative traits, 107–108
ribose nucleic acid (RNA), 5–7
sexual reproduction, 11–16

genetic variation measurements, 19–48
DNA fragment size variation, 36–43
DNA sequence variation, 19–36

cloning, 20–22f
electrophoresis, 27–29b
polymerase chain reaction, 23–26b
single nucleotide polymorphisms,

34–36b
phenotypic variation, 47–48
protein variation, 44–47

genetically improved farmed tilapias (GIFT),
126

genetically modified organism (GMO), 162,
169–170, 176–178, 184

genome, 129, 184
genome mapping, 130–136

bacterial artificial chromosome libraries,
136

definition of, 130
fluorescent in situ hybridisation, 135b
linkage maps, 130–133
physical maps, 134–136
radiation hybrid maps, 136

genomics, 129–141
comparative, 129
definition of, 129
developments in, 129
genome mapping, 130–136
marker-assisted selection, 139
QTL mapping, 137–139
sequencing, 137
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transcriptomics, 139–141
whole genome sequencing, 137

genotypes, 51–52
alleles and, 51–52
definition of, 184
environmental variation, 114–115t
genetic variation and, 107–108

gigantism, 155
glucose phosphate isomerase, 8, 93–94
glycerol, 112b
golden shiner (Notemigonus crysoleucas),

117t
golfdfish, 104f
goodness-of-fit tests, 67b
great white shark, 83
growth hormone (GH) genes, 162, 171–173
GST , 185
guanine, 1, 185
guppy (Lebistes reticulatus), 101
gynogenesis, 157t
gynogens, 145, 148–149, 157–158, 185

haemoglobin, 8
half-sib mating design, 110b
half-siblings, 185
haploid, 11, 145, 185
Haplospiridium nelsoni, 152
haplotype, 185
hard clam (Mercenaria mercenaria), 117t
Hardy, Godfrey, 51
Hardy-Weinberg model, 51–52, 52–53b, 67b,

185
hatcheries, 85–87

genetic markers, 93–94
genetic variation in, 87–89
heterozygosity in, 89–91
small-population genetics in, 85–87

heritability, 185
hermaphrodites, 157
heterochromatic, 185
heterogametic sex, 11
heterozygosity, 56–57b, 89–91, 154–155, 185
heterozygous organism, 11
homogametic sex, 11, 157
homologous pair, 185
homozygous organism, 11, 185
horseshoe crab (Limulus polyphenus), 61

housekeeping gene, 140
Hyalophera cecropia, 173–174
hybrid vigour, 185
hybridisation, 124–126, 185
hypodiploidy, 11b
Hypopthalmichthys molitrix, 126

Ictalurus punctatus, 173
identical by descent (IDB), 86t, 185
inbreeding, 53b, 86t, 123–124, 185
inbreeding coefficient, 86t, 185
inbreeding depression, 185
indels, 34
independent assortment, 185
independent culling, 185
individual selection, 119–120, 185
initiation codon, 5f
integrase protein, 185
interference, 186
International Centre for Living Aquatic

Resource Management (ICLARM),
126

International Network on Genetics in
Aquaculture (INGA), 126

interploid triploid, 186
introgression, 186
introns, 5, 6, 186
inversion, 186

jumping genes, 169
junk DNA, 4–5

karyotype, 186
koi carp, 104f

Labeo rohita, 126
Lates calcarifer, 136
Lebistes reticulatus, 101
Limulus polyphenus, 63
linkage, 186
linkage analysis, 133, 186
linkage disequilibrium, 186
linkage group, 186
linkage maps, 130–133
lipofection, 167–168, 186
Litopenaeus vannamei, 117t
local population, 56b
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locus, 186
long interspersed nuclear elements (LINE),

186
long terminal repeats (LTR), 186

Macoma baltica, 101
macroarrays, 140
Macrobrachium nipponense, 117t
Macrobrachium rosenbergii, 117t, 126
manila clam (Tapes philippinarum), 17, 105
mapping, genome, 130–136

bacterial artificial chromosome libraries,
136

definition of, 130
fluorescent in situ hybridisation, 135b
linkage maps, 130–133
physical maps, 134–136
radiation hybrid maps, 136

marker-assisted selection (MAS), 121–122,
139

marron crayfish (Cherax tenuimanus), 117t
mass selection, 119–120, 186
massively parallel sequencing-by-synthesis

(MPSS), 139–140
medaka (Oryzias latipes), 137
meiogyne, 186
meiosis, 11–12, 13f, 186
meiosis I, 12, 145–146, 186
meiosis II, 12, 145–146, 186
Mercenaria mercenaria, 105, 117t
messenger RNA (mRNA), 5–6, 186
metacentric, 9, 186
metaphase, 12, 13f, 187
methylation, 187
microarrays, 140
microinjection, 165–166, 187
microsatellites, 39–41b, 66–67, 68b, 70–71,

187
migration, 53b
minisatellites, 187
mirror carp, 104f
mitochondrial DNA extraction analysis, 38b
mitochondrial DNA (mtDNA), 16–18, 71–72,

187
mitochondrion, 187
mitogyne, 187
mitosis, 11, 187

mixed stock analysis (MSA), 73–75
molecular clock, 187
Molluscan Broodstock Program (MBP),

127
monomers, 8, 187
Morone chrysops, 125
Morone saxatilis, 125
mosaic, 187
moth, 173–174
mrigal (Cirrhinus mrigala), 126
multiple-locus heterozygosity (MLH),

91–92b
Mytilus edulis, 9f, 37b, 60, 157
Mytilus galloprovincialis, 37b
Mytilus spp., 17

narrow-sense heritability, 109–115, 187
Nei, Masatoshi, 57b
New Zealand snapper (Pagrus auratus), 79
Nile tilapia (Oreochromis niloticus), 101,

103f
nishikigoi, 104f
non-allelic genetic variance, 108
non-allelic interaction genetic variance, 187
non-sister chromatids, 187
non-synonymous mutation, 187
non-template strand, 187
North Carolina experiments, 110b
Notemigonus crysoleucas, 117t
nuclear-localising sequences, 169, 187
nucleotides, 1–3, 187
null alleles, 53b, 188

oligoarrays, 140
oligomer, 188
Oncorhynchus kisutch, 125, 171, 173f
Oncorhynchus mykiss, 125
oocyte, 15, 16f
operational taxonomic unit, 188
Oreochromis mossambicus, 99, 102
Oreochromis niloticus, 101, 103f, 117t, 174t
Oryzias latipes, 137
Osmerus eperlanus, 40b
Ostrea edulis, 12

allozymes, 69–70
microsatellites, 70–71
mitochondrial DNA, 71–72
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population structure, 68–73
realised heritability, 117t

ovum, 15, 188

Pacific oyster (Crassostrea gigas), 78, 117t,
152

Pacific white shrimp (Litopenaeus vannamei),
117t

Pagrus auratus, 79
paracentric inversion, 188
parent-offspring regression, 110–111b
pathogen identification, genetic markers for,

94–95
pearl oysters, 154
Perkinsus marinus, 152
phase, 188
phenotypic variation, 47–48
physical maps, 134–136

bacterial artificial chromosome libraries,
136

fluorescent in situ hybridisation, 135b
radiation hybrid maps, 136

physical shock, 146–148
Pinctada maxima, 87–89
Pinctada spp., 154
Placopecten magellanicus, 82
plasmid, 188
pleiotropy, 188
Pleuronectes platessa, 79
ploidy, 145
ploidy manipulation, 145–158

androgens, 148–149, 157–158
basic principles, 145–146
gynogens, 148–149, 157–158
identification of ploidy change in, 149–151
meiosis and, 145–146
physical/chemical shocks in, 146–148
tetraploids, 155–156
triploids, 151–155

point mutation, 188
Polonator, 31b
polygenic trait, 188
polymerase chain reaction (PCR), 23–26b

definition of, 188
quantitative, 26b, 189
real-time, 189
transgene analysis with, 169

polymerisation, 24b
polynucleotide chains, 3, 188
polypeptides, 8
polyploid gigantism, 155
polyploidy, 10–11b, 145, 188
population, 49–75

allozymes, 61–63, 69–70
coding markers, 61–63
in flat oyster, 68–73
genetic differentiation and, 60–61, 60t
genetic markers, 55–58
local, 56b
microsatellite variation, 66–67
microsatellites, 70–71
mitochondrial DNA, 71–72
mixed stock analysis, 73–75
mtDNA variation, 63–64
overview of, 49–50
total, 56b
wild, 78–82

population size, 77–95
effective, 89
genetic markers, 82–84
in hatcheries, 85–87
overview, 77–78
small, 78–82

Portuguese oyster (Crassostrea angulata),
153b

position effect, 188
prawns, 117t
primary oocyte, 188
prime, 188
primer annealing, 24b
primers, 188
promoter, 163–164, 188
prophase, 13f, 188
protein variation, 44–47

allozymes, 44–46b
immunological identification, 46b

proteins, 7–8, 46–47b
proteome, 129, 188
pseudogene, 188
pseudotype retrovirus, 169
puffer fish (Tetraodon nigroviridis), 137
Punnet square design, 101, 103f
purines, 1, 188
pyrimidines, 1, 188
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QTL (quantitative trait locus) mapping,
137–139

qualitative genetics, 189
qualitative traits, 99–105, 189
quantitative PCR, 189
quantitative traits, 105–106. See also traits

definition of, 189
locus, 189
variation of, 106–108

quaternary structure, 189

radiation hybrid maps, 136, 189
rainbow trout (Oncorhynchus mykiss)

estimates of heritability for, 114t
triploidy in, 153

random amplified polymorphic DNA
(RAPD), 41, 42b

random genetic drift, 189
random mating, 53b
realised heritability, 115–117, 189
real-time PCR, 189
recessive allele, 189
recognition sequence, 20t
recombinant DNA, 189
recombination, 14, 189
recombination frequency, 189
recombination hotspot, 189
redclaw crayfish (Cherax quadricarinatus),

117t
refugia, 189
regression, parent-offspring, 110–111b
replication, 3–4, 4f
replication origins, 189
replication slippage, 189
reporter gene, 189
reproduction, 11–16

meiosis I, 12
meiosis II, 12
recombination, 14
syngamy, 14

resident trout, 73
response to selection, 189
restriction endonuclease, 20t, 36b, 189
restriction fragment length polymorphisms

(RFLPs), 36, 37b, 65b
restriction mapping, 190
retrovirus, pseudotyped, 169

reverse transcriptase, 190
ribose nucleic acid (RNA), 5–7, 190
ribosomal RNA (rRNA), 5–6, 190
Roche Applied Science, 31b
rohu (Labeo rohita), 126
Ruditapes philippinarium, 99, 105

Saccostrea cucullata, 117t
Salmo salar

DNA construct, 164t
estimates of heritability for, 114
genetic differentiation in, 60
genetic variation in, 66f
mixed stock analysis, 74
realised heritability, 117t
wild populations, 81

Salmo trutta, 73
Salvelinus alpinus, 125
Salvelinus fontalis, 125
sample size, 67b
Sanger method, 31b
satellites, 190
sea scallop (Placopecten magellanicus), 82
sea slug (Elysia chlorotica), 177
sea trout, 73
seaside sparrow (Ammodramus maritimus),

63
second polar body, 190
secondary oocyte, 190
selection differential, 190
selection trials, 116f
selections, 118–122. See also traits

definition of, 190
family selection, 120–121
gene-assisted, 121–122
individual, 119–120
marker-assisted selection, 121–122, 139
mass selection, 119–120

self-fertilisation, 86t
semi-conservative replication, 3, 190
sense strand, 190
Sequence by Oligo Ligation and Detection

(SOLiD), 31b
serial analysis of gene expression (SAGE),

139–140
sex chromosomes, 11, 190
sexual reproduction, 11–16
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meiosis I, 12
meiosis II, 12
recombination, 14
syngamy, 14

sharks, 83
short interspersed nuclear elements, 190
siblings, 190
silver barbs, 126
silver carp (Hypopthalmichthys molitrix), 126
single nucleotide polymorphisms (SNPs),

34–36b
sire, 109, 190
sister chromatids, 190
size of population, 77–95

effective, 89
genetic markers, 82–84
in hatcheries, 85–87
overview, 77–78
small, 78–82

slab gel DNA sequencer, 29f
small populations, 78–82
somatic, 190
somatic aneuploidy, 11b
Southern blotting method, 30f, 190
Sparus aurata, 136
specific combining ability, 190
spermatocytes, 16f
spermatozoa, 14–15, 16f
sperm-mediated transfer, 167
spindle, 191
stained gels, 44–46b
sterilisation, 178–179
sterility, 151–154
sterizoon, 191
stickleback (Gasterosteus aculeatus), 137
strand, 191
striped bass (Morone saxatilis), 125
sturgeons, 125
submetacentric, 9, 191
subunits, 191
Suminoe oyster (Crassostrea ariakensis), 156
supermale tilapia, 158f
supernumerary chromosomes, 10–11b
suppressive subtractive hybridisation (SSH),

129, 191
syngamy, 14, 191
synonymous mutation, 191

Taiwan Fisheries Research Institute, 102
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Thermus aquaticus, 23b
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genetic variation, 106–108
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normal distribution, 107f
qualitative, 99–105
quantitative, 105–106
realised heritability, 115–117
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transcriptome, 6, 129, 192
transcriptomics, 6, 139–141
transfer RNA (tRNA), 5–6, 192
transformed cell, 192
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transgene, 162–163
definition of, 192
expression, 169–170
integration, 168–169

transgene delivery, 164–168. See also genetic
engineering

biolistics, 167
electroporation, 166–167
lipofection, 167–168
microinjection, 165–166
sperm-mediated transfer, 167
viral vectors, 167–168

transgenesis, 192
transgenic fish, 171–176
translation, 192
translocation, 192
transposases, 169, 192
transposons, 169, 192
triploids, 151–155

definition of, 192
heterozygosity, 154–155
polyploid gigantism, 155
sterility, 151–154

trout (Salmo trutta), 73, 164t

True Single Molecule Sequencer (tSMS), 31b
Type I statistical error, 68b

uracil, 192

variable number tandem repeats (VNTR), 38
variance, 192
viral vectors, 167–168

Weinberg, Wilhelm, 51
white bass (Morone chrysops), 125
whole genome sequencing, 137
wild population, 78–82
wild-type allele, 99–100
within-family selection, 192
Wright, Sewall, 56

X chromosome, 11

Y chromosome, 11

zebrafish (Danio rero), 136, 137
ZQ sex-determination system, 11
zygote, 192
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