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Genomic Variations and Marker 
Technologies for Genome - based Selection    

  Zhanjiang (John)     Liu       

   Genetic Variations at the Genomic Level 

 The genome compositions of each individual of the same species are similar but 
different at the level of DNA sequences and its encoding capacity (sometimes in 
terms of what genes are transcribed, but perhaps more often in terms of how 
much the gene products are made), and thereby have different transcriptional 
activities, encoding similar but different proteins, or encoding same or similar proteins 
in different quantities, leading to different biological characteristics and performance. 
Upon comparison of the genomes of individuals within a population with their 
reference genome sequence of the species, several general types of genetic variations 
can be found (Figure  1.1 ): (1) a deletion due to the loss of one or more of bases; (2) 
insertion due to gain of one or more bases; (3) base substitution at various positions; 
(4) inversion of a DNA segment in its orientation; (5) rearrangements of multiple 
DNA segments within a both small and larger scope of the genome; and (6) 
copy number variation (CNV) due to insertions, deletions, and duplication or 
multiplication of a DNA segment(s). A deletion mutation and an insertion mutation 
can be viewed as the same phenomenon depending on what is used as the reference. 
Deletions/insertions in random genomic locations probably do not have much 
impact to its biological activities except when deletion/insertion happens within a gene 
or within its regulatory elements. Insertion/deletion of single base or two bases within 
a protein coding sequence would cause frameshift of the protein being encoded, thus 
leading to the completely different amino acid sequences downstream of the 
mutation. However, deletion/insertion of three bases or multiple of three bases (e.g., 
6 base pair [bp  ], 9   bp) within a protein coding sequence would cause a deletion of 
one amino acid or multiple amino acids depending on the extent of the deletion/
insertion. In the fi rst case of deletion/insertion of one or two bases into a protein 
coding sequences, the biological impact could be highly signifi cant. Such mutations 
could cause total loss of functions of the protein. In the later case, deletion/insertion 
of three or multiple of three bases would lead to a protein missing one or a few 
amino acids but the upstream and downstream amino acid sequences should still 
be the same. In this case, the protein function may or may not be altered depending 

3

Next Generation Sequencing and Whole Genome Selection in Aquaculture           Edited by Zhanjiang (John) Liu

© 2011 Blackwell Publishing Ltd.  ISBN: 978-0-813-80637-2



     Figure 1.1     Types of genome variations. In principle, fi ve types of genomic variations exist: 
1. Indels that involve insertions or deletions of a segment, as indicated by the shaded 
boxes. 2. Base substitutions or single - nucleotide polymorphisms (SNPs) are simply differences 
of bases at a given DNA location. In the example, a T/C   SNP is highlighted by the oval. 
3. Rearrangements are genomic difference that resulted from the relocation of certain 
genomic segments of various sizes. Shown are three DNA segments that are present in both 
genomes, but they are located in different genome locations. Practically, such rearrangements 
can be intrachromosomal or extrachromosomal. 4. Segment inversions are changes of DNA 
segments in their orientation in the genome, as indicated by the change of the arrow direction. 
5. Copy number variations are differences in copies of DNA segments (genes or just genomic 
segments) within genomes. In the example, one open box segment is in the fi rst genome, but 
two open boxes are in the second genome; similarly, different numbers of segments exist 
between the two genomes as indicated by different sketched boxes.  

(b) Deletions(a) Insertions

2.  Base substitutions/single nucleotide polymorphisms  

3. Rearrangements  

1. Indels 

ACTGCAGTTTGCTCCAGTCTTTGAGAATTTACAGCTCACCACCAAAAAGACGAAAGAGCT
|||||||||||||||||||||||||||| |||||||||||||||||||||||||||||||

5. Copy number variations 

4. Segmental inversions 

ACTGCAGTTTGCTCCAGTCTTTGAGAATCTACAGCTCACCACCAAAAAGACGAAAGAGCT
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on the position of the mutation and the amino acids involved. Serious biological 
impact can still result. For instance, in the case cystic fi brosis (CF), a 3 - bp deletion at 
the amino acid position of 506 of the cystic fi brosis transmembrane regulator (CFTR) 
protein would lead to the most serious form of CF  , even though the resulting protein 
losses just one amino acid.   

 Genome variations involve a wide range of segmental inversions or rearrange-
ments. Very similar to the situation of deletions and insertions, such sequence changes 
could have huge biological impact depending on the location of the mutation and the 
genes or gene regulatory sequences involved in such mutations. 

 The most widespread genomic variation among individuals within a population is 
base substitution. Such base substitution along the DNA chain is defi ned as single -
 nucleotide polymorphisms (SNPs). 

 Inversion of a DNA segment in its orientation can be quite widespread in the 
genome, but this type of variation have not been well studied and probably will not 
be very useful for large - scale genomic studies. 

 CNV due to insertions, deletions, and duplication or multiplication of a DNA 
segment is widespread, and this type of genomic variation caught the attention of 
genome researchers just recently. CNV can involve large or small genome segments 
that are duplicated or multiplied in one genome while not in another. Such CNVs 
can involve genes or just genomic segments that do not harbor genes. Obviously, 
when genes are involved, the duplicated or multiplied genes can affect genome 
expression activities. The signifi cance of CNV has caught much attention recently, 
and CNV could potentially be used for whole genome selection programs upon 
identifi cation of correlation or causation of certain genome segments with perfor-
mance traits. The importance of CNV in teleost fi sh is further signifi ed by the fact 
that teleost fi sh had an additional round of genome duplication followed with random 
gene loss, thereby resulting in various CNV situations involving various genes. 
Because of this signifi cance, CNV is included as an independent chapter in this book 
(Chapter  2 ).  

  A Review of  DNA  Marker Technologies 

 The entire task of DNA marker technologies is to provide the means to reveal DNA -
 level differences of genomes among individuals of the same species, as well as among 
various related taxa. Historically, these measurements relied on phenotypic or quali-
tative markers. Morphological differences such as body dimensions, size, and pig-
mentation are some examples of phenotypic markers. Genetic diversity measurements 
based on phenotypic markers are often indirect, and are inferential through con-
trolled breeding and performance studies (Parker et al.,  1998 ; Okumu ş  and  Ç iftci, 
 2003 ). Because these markers are polygenically inherited and have low heritability, 
they may not represent the true genetic differences (Smith and Chesser,  1981 ). Only 
when the genetic basis for these phenotypic markers is known can some of them be 
used to measure genetic diversity. Molecular markers including protein markers and 
DNA markers were developed to overcome problems associated with phenotypic 
markers. 
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  Allozyme Markers   

 Much before the discovery of DNA markers, allozyme markers were used to identify 
broodstocks in fi sh and other aquaculture species (Kucuktas and Liu,  2007 ). Allozymes 
are different allelic forms of the same enzymes encoded at the same locus (Hunter 
and Markert,  1957   ; Parker et al.,  1998 ; May,  2003 ). Genetic variations detected 
in allozymes may be the result of point mutations, insertions, or deletions (indels). 
Allozymes have had a wide range of applications in fi sheries and aquaculture 
including population analysis, mixed stock analysis, and hybrid identifi cation (May, 
 2003 ). However, they are becoming a marker type of the past due to the limited 
number of loci that in turn prohibits genome - wide coverage for the analysis of 
complex traits (Kucuktas and Liu,  2007 ). In addition, mutation at the DNA level that 
causes a replacement of a similarly charged amino acid may not be detected by 
allozyme electrophoresis. Another drawback is that the most commonly used tissues 
in allozyme electrophoresis are the muscle, liver, eye, and heart, the collection of 
which is lethal.  

  Restriction Fragment Length Polymorphism ( RFLP ) 

 Two specifi c technological advances, the discovery and application of restriction 
enzymes in 1973 and the development of DNA hybridization techniques in 1975, set 
the foundation for the development of the fi rst type of DNA markers, RFLP (for a 
recent review, see Liu,  2007a ). Restriction endonucleases cut DNA wherever their 
recognition sequences are encountered. Therefore, changes in the DNA sequence 
due to insertions/deletions (indels), base substitutions, or rearrangements involving 
the restriction sites can result in the gain, loss, or relocation of a restriction site. 
Digestion of DNA with restriction enzymes results in fragments whose number and 
size can vary among individuals, populations, and species. Two approaches are widely 
used for RFLP analysis. The fi rst involves the use of Southern blot hybridization 
(Southern,  1975 ), while the second involves the use of PCR. Traditionally, fragments 
were separated using Southern blot analysis, in which genomic DNA is digested, 
subjected to electrophoresis through an agarose gel, transferred to a solid support 
such as a piece of nylon membrane, and visualized by hybridization to specifi c probes. 
Most recent analysis replaces the tedious Southern blot analysis with techniques 
based on polymerase chain reaction (PCR)  . If fl anking sequences are known for a 
locus, the segment containing the RFLP region is amplifi ed via PCR. If the length 
polymorphism is caused by a deletion or insertion, gel electrophoresis of the PCR 
products should reveal the size difference. However, if the length polymorphism is 
caused by base substitution at a restriction site, PCR products must be digested with 
a restriction enzyme to reveal the RFLP. 

 The major strength of RFLP markers is that they are codominant markers; that 
is, both alleles in an individual are observed in the analysis. The major disadvantage 
of RFLP is the relatively low level of polymorphism. In addition, either sequence 
information (for PCR analysis) or a molecular probe (for Southern blot analysis) is 
required, making it diffi cult and time - consuming to develop markers in species 
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lacking known molecular information. Due to these disadvantages, the application 
of RFLP markers in aquaculture and fi sheries has been, and will be, limited.  

  Mitochondrial Markers 

 Mitochondrial genome evolves more rapidly than the nuclear genome. The rapid 
evolution of the mitochondrial DNA (mtDNA  ) makes it highly polymorphic within 
a given species. The polymorphism is especially high in the control region (D - loop 
region), making the D - loop region highly useful in population genetic analysis. The 
analysis of mitochondrial markers is mostly RFLP analysis, or direct sequence analy-
sis (Liu and Cordes,  2004 ). Due to the high levels of polymorphism and the ease of 
mtDNA analysis, mtDNA has been widely used as markers in aquaculture and fi sher-
ies settings. However, mtDNA is maternally inherited in most cases, and this non -
 Mendelian inheritance greatly limits the applications of mtDNA for genome research. 
In addition, most aquaculture - related traits are controlled by nuclear genes. For most 
aquaculture fi nfi sh species, their nuclear genome is at the level of a billion base pairs, 
while their mitochondrial genomes are usually tens of thousands of times smaller 
than the nuclear genome. Clearly, in spite of their usefulness for the identifi cation 
of aquaculture stocks, mtDNA markers will not be tremendously useful for aquacul-
ture genome research and genetic improvement programs in aquaculture. However, 
some recent studies suggested that mtDNA could infl uence performance traits such 
as growth (Steele et al.,  2008 ).  

  Microsatellite Markers 

 When the Human Genome Project was launched in the mid - 1980s, the capacity and 
capabilities of available DNA marker technologies seriously limited genome research. 
Such severe limits put pressure to develop more effi cient marker systems for analysis 
of complex traits and genome organizations. At the end of 1980s, the simple sequence 
repeats (SSRs) or microsatellites were discovered; and they have since been used as 
one of the most preferred marker types because of their high levels of polymorphism, 
abundance, roughly even genome distribution, codominant inheritance, and small 
locus size that facilitate PCR - based genotyping (Tautz,  1989 ). 

 Microsatellites can be viewed as special cases of insertions or deletions. An addi-
tion of a dinucleotide microsatellite repeat can be viewed as an insertion of 2   bp into 
the genome. They are perhaps the most abundant type of insertions and deletions. 

 Microsatellites are SSRs of 1 – 6   bp. They are highly abundant in various eukaryotic 
genomes including all aquaculture species studied to date. In most of the vertebrate 
genomes, microsatellites make up a few percent of the genome in terms of the 
involved base pairs, depending on the compactness of the genomes. Generally speak-
ing, more compact genomes tend to contain smaller proportion of repeats including 
SSRs, but this generality is not always true. For example, the highly compact genome 
of Japanese pufferfi sh contains 1.29% of microsatellites, but its closely related 
 Tetraodon nigroviridis  genome contains 3.21% of microsatellites (Crollius et al.,  2000 ). 
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During a genomic sequencing survey of channel catfi sh, microsatellites were found 
to represent 2.58% of the catfi sh genome (Xu et al.,  2006 ; Liu et al.,  2009 ). In fugu, 
one microsatellite was found for every 1.87   kb of DNA. For comparison, in the human 
genome, one microsatellite was found for every 6   kb of DNA (Beckmann and Weber, 
 1992   ). It is reasonable to predict that in most aquaculture fi sh species, one microsatel-
lite should exist every 10   kb or less of the genomic sequences, on average. 

 Dinucleotide repeats are the most abundant forms of microsatellites. For instance, 
in channel catfi sh, 67.9% of all microsatellites are present in the form of dinucleotide 
repeats; 18.5% are present as trinucleotide repeats; and 13.5% as tetranucleotide 
repeats. Of the dinucleotide repeat types, (CA) n  is the most common dinucleotide 
repeat type, followed by (AT) n , and then (CT) n  (Toth et al.,  2000 ; Xu et al.,  2006 ). 
(CG) n  type of repeats is relatively rare in the vertebrate genomes. Partially, this is 
because the vertebrate genomes are often A/T - rich. Of the trinucleotide repeats and 
tetranucleotide repeats, relatively A/T - rich repeat types are generally more abundant 
than G/C - rich repeat types. Microsatellites longer than tetranucleotide repeats 
(penta -  and hexanucluotides) are much less abundant, and are therefore are less 
important as molecular markers (Toth et al.,  2000 ). It is important to point out that 
the defi nition of microsatellites limiting to repeats of six bases long are quite arbi-
trary. Technically speaking, repeats with seven bases or longer sequences are also 
microsatellites, but because they become rarer as the repeats are longer, they are less 
relevant as molecular markers. 

 Microsatellites are distributed in the genome on all chromosomes and all regions 
of the chromosome. They have been found inside gene coding regions (e.g., Liu 
et al.,  2001 ), introns, and in the nongene sequences (Toth et al.,  2000 ). The best 
known examples of microsatellites within coding regions are those causing genetic 
diseases in humans, such as the CAG   repeats that encode polyglutamine tract, result-
ing in mental retardation. In spite of their wide distribution in genes, microsatellites 
are predominantly located in noncoding regions (Metzgar et al.,  2000 ). Only about 
10% – 15% of microsatellites reside within coding regions (Moran,  1993 ; Van Lith and 
Van Zutphen,  1996   ; Edwards et al.,  1998 ; Serapion et al.,  2004 ). This distribution 
should be explained by negative selection against frameshift mutations in the trans-
lated sequences (Metzgar et al.,  2000 ; Li and Guo,  2004 ). Because the majority of 
microsatellites exist in the form of dinucleotide repeats, any mutation by expansion 
or shrinking would cause frameshift of the protein encoding open frames if they 
reside within the coding region. This also explains why the majority of microsatellites 
residing within coding regions have been found to be trinucleotide repeats, although 
the presence of dinucleotide repeats and their mutations within the coding regions 
do occur. 

 Most microsatellite loci are relatively small, ranging from a few to a few hundred 
repeats. The relatively small size of microsatellite loci is important for PCR - facilitated 
genotyping. Generally speaking, within a certain range, microsatellites containing a 
larger number of repeats tend to be more polymorphic, although polymorphism has 
been observed in microsatellites with as few as fi ve repeats (Karsi et al.,  2002 ). For 
practical applications, microsatellite loci must be amplifi ed using PCR. For best sepa-
rations of related alleles that often differ one another by as little as one repeat unit, 
it is desirable to have small PCR amplicons, most often within 200   bp. However, due 
to the repetitive nature of microsatellites, their fl anking sequences can be quite a 
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simple sequence as well, prohibiting the design of PCR primers for the amplifi cation 
of microsatellite loci within a small size limit. 

 Microsatellites are highly polymorphic as a result of their hypermutability, and 
thereby the accumulation of various forms in the population of a given species. 
Microsatellite polymorphism is based on size differences due to varying numbers of 
repeat units contained by alleles at a given locus. Microsatellite mutation rates have 
been reported as high as 10  − 2  per generation (Weber and Wong,  1993 ; Crawford and 
Cuthbertson,  1996 ; Ellegren,  2000 ), which is several orders of magnitude greater than 
that of nonrepetitive DNA (10  − 9 ; Li,  1997 ). In several fi sh species, the mutation rates 
of microsatellites were reported to be at the level of 10  − 3  per locus per generation: 
1.3    ×    10  − 3  in common carp (Zhang et al.,  2008 ), 2    ×    10  − 3  in pipefi sh (Jones et al., 
 1999 ), 3.9 – 8.5    ×    10  − 3  in salmon (Steinberg et al.,  2002 ), and 2    ×    10  − 3  in dollar sunfi sh 
(MacKiewicz et al.,  2002 ). 

 Microsatellites are inherited in a Mendelian fashion as codominant markers. This 
is one of the strengths of microsatellite markers in addition to their abundance, even 
genomic distribution, small locus size, and high polymorphism. Genotyping of mic-
rosatellite markers are usually straightforward. However, due to the presence of null 
alleles (alleles that cannot be amplifi ed using the primers designed), complications 
do exist. As a result, caution should be exercised to assure that the patterns of mic-
rosatellite genotypes fi t the genetic model under application. 

 The disadvantage of microsatellites as markers include the requirement for exist-
ing molecular genetic information, a large amount of up - front work for microsatellite 
development, and tedious and labor - intensive nature of microsatellite primer design, 
testing, and optimization of PCR conditions. Each microsatellite locus has to be 
identifi ed and its fl anking region sequenced for the design of PCR primers. 
Technically, the simplest way to identify and characterize a large number of micro-
satellites is through the construction of microsatellite - enriched small - insert genomic 
libraries (Ostrander et al.,  1992 ; Lyall et al.,  1993 ; Kijas et al.,  1994 ; Zane et al.,  2002 ). 
In spite of the variation in techniques for the construction of microsatellite - enriched 
libraries, the enrichment techniques usually include selective hybridization of frag-
mented genomic DNA with a tandem repeat - containing oligonucleotide probe and 
further PCR amplifi cation of the hybridization products. In spite of the simplicity in 
the construction of microsatellite - enriched libraries, and thereby the identifi cation 
and characterization of microsatellite markers, for a large genome project, the real 
need of direct microsatellite marker development may not be the wisest approach. 
Recent progress in sequencing technologies with the next generation of sequencers 
will allow large numbers of genomic sequence tags to be generated that would include 
numerous microsatellites. Microsatellites can be identifi ed and sequenced directly 
from genome sequence surveys such as bacterial artifi cial chromosome (BAC)   - end 
sequencing (Xu et al.,  2006 ; Somridhivej et al.,  2008 ; Liu et al.,  2009 ), and from 
expressed sequence tag (EST)   analysis from which many microsatellites can be devel-
oped into type I markers (Liu et al.,  1999 ; Serapion et al.,  2004 ). Caution has to be 
exercised, however, on microsatellites developed from ESTs. First, due to the pres-
ence of introns, one has to be careful not to design primers at the exon – intron 
boundaries. Second, the presence of introns would make allele sizes unpredictable. 
Finally, many microsatellites exist at the 5 ′  -  or 3 ′  - UTR, making fl anking sequences 
insuffi cient for the design of PCR primers. While introns are not a problem for 
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microsatellites derived from BAC - end sequencing, sequencing reactions often termi-
nate immediately after the microsatellite repeats, which also makes fl anking sequences 
insuffi cient for the design of PCR primers. 

 Microsatellites have been an extremely popular marker type in a wide variety of 
genetic investigations. Over the past decade, microsatellite markers have been used 
extensively in fi sheries research including studies of genome mapping, parentage, 
kinships, and stock structure. The major application of microsatellite markers is for 
the construction of genetic linkage and quantitative trait locus (QTL)   maps. This is 
because of the high polymorphic rate of microsatellite markers. When a resource 
family is produced, the male and female fi sh parents are likely to be heterozygous in 
most microsatellite loci. The high polymorphism of microsatellites makes it possible 
to map many markers using a minimal number of resource families. There are other 
reasons for the popularity of microsatellites. One of these is because microsatellites 
are sequence - tagged markers that allow them to be used as probes for the integration 
of different maps including genetic linkage and physical maps. Communication using 
microsatellite markers across laboratories is easy, and the use of microsatellite across 
species borders is sometimes possible if the fl anking sequences are conserved 
(Fitzsimmons et al.,  1995 ; Rico et al.,  1996 ; Cairney et al.,  2000 ; Leclerc et al.,  2000 ). 
As a result, microsatellites can be also used for comparative genome analysis. If 
microsatellites can be tagged to gene sequences, their potential for use in compara-
tive mapping is greatly enhanced. 

 In spite of the popularity and great utilization of microsatellites, several major 
limitations of microsatellites restrict them to rise to the top of all marker systems: 

  1.     In spite of being very abundant, development of hundreds of thousands or mil-
lions of microsatellite markers is practically almost impossible.  

  2.     Automation has not been possible for microsatellite genotyping. Multiplexing has 
been limited to about a dozen of loci, at the most.  

  3.     For the most part, microsatellites can be just associated with traits, but are not 
usually the causes of the phenotypic variations.    

 On top of these limitations of microsatellites, recent advances in molecular markers 
will have a major impact on the choice of DNA markers. In particular, the rapid 
progress in SNP including its rapid identifi cation and automation in genotyping make 
SNP the far more preferred marker system for genome studies.  

  Random Amplifi ed Polymorphic  DNA  ( RAPD ) Markers 

 At the beginning of the 1990s, efforts were also devoted to develop multiloci, PCR -
 based fi ngerprinting techniques. Such efforts resulted in the development of two 
marker types that were highly popular for a while: RAPD (Welsh and McClelland, 
 1990   ; Williams et al.,  1990 ) and amplifi ed fragment length polymorphism (AFLP; 
Vos et al.,  1995 ). 

 RAPD is a multilocus DNA fi ngerprinting technique using PCR to randomly 
amplify anonymous segments of nuclear DNA with a single short PCR primer (8 –
 10   bp in length) (for a recent review, see Liu,  2007b ). Because the primers are short, 
relatively low annealing temperatures (often 36 – 40 ° C) must be used. Once different 
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bands are amplifi ed from related species, population, or individuals, RAPD markers 
are produced. RAPD markers thus are differentially amplifi ed bands using a short 
PCR primer from random genome sites. Genetic variation and divergence within and 
between the taxa of interest are assessed by the presence or absence of each product, 
which is dictated by changes in the DNA sequence at each locus. RAPD polymor-
phisms can occur due to base substitutions at the primer binding sites or to insertions 
or deletions (indels) in the regions between the two close primer binding sites. The 
potential power for detection of polymorphism is reasonably high as compared with 
RFLP, but much lower than microsatellites; typically, 5 – 20 bands can be produced 
using a given primer, and multiple sets of random primers can be used to scan the 
entire genome for differential RAPD bands. Because each band is considered a bial-
lelic locus (presence or absence of an amplifi ed product), polymorphic information 
content (PIC) values for RAPDs fall below those for microsatellites. The major 
advantages of RAPD markers are their applicability to all species regardless of known 
genetic, molecular, or sequence information, relatively high level of polymorphic 
rates, simple procedure, and a minimal requirement for both equipment and techni-
cal skills. 

 RAPD has been widely used in genetic analysis of aquaculture species, but its 
further application in genome studies is limited by its lack of high reproducibility and 
reliability. In addition, RAPD is inherited as dominant markers, and transfer of 
information with dominant markers among laboratories and across species is 
diffi cult.  

   AFLP  Markers 

 Alternatives of RAPD that overcome the major problems such as its low reproduc-
ibility were actively sought in the early part of the 1990s. AFLP (Vos et al.,  1995 ) was 
the outcome of such efforts. AFLP is based on the selective amplifi cation of a subset 
of genomic restriction fragments using PCR (for a recent review, see Liu,  2007c ). 
Genomic DNA is digested with restriction enzymes, and double - stranded DNA adap-
tors with known sequences are ligated to the ends of the DNA fragments to generate 
primer binding sites for amplifi cation. The sequence of the adaptors and the adjacent 
restriction site serve as primer binding sites for subsequent amplifi cation of the 
restriction fragments by PCR. Selective nucleotides extending into the restriction 
sites are added to the 3 ′  ends of the PCR primers such that only a subset of the 
restriction fragments is recognized. Only restriction fragments in which the nucleo-
tides fl anking the restriction site match the selective nucleotides will be amplifi ed. 
The subset of amplifi ed fragments is then analyzed by denaturing polyacrylamide gel 
electrophoresis to generate the fi ngerprints. 

 AFLP analysis is an advanced form of RFLP. Therefore, the molecular basis for 
RFLP and AFLP are similar. First, any deletions and/or insertions between the two 
restriction enzymes, for example, between  Eco RI and  Mse  I that are most often used 
in AFLP analysis, will cause shifts of fragment sizes. Second, base substitution at the 
restriction sites will lead to loss of restriction sites, and thus a size change. However, 
only base substitutions in all  Eco RI sites and roughly 1 of 8   of  Mse  I sites are detected 
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by AFLP since only the  Eco RI primer is labeled and AFLP is designed to analyze 
only the  Eco RI -  Mse  I fragments. Third, base substitutions leading to new restriction 
sites may also produce AFLP. Once again, gaining  Eco RI sites always leads to pro-
duction of AFLP, gaining  Mse  I sites must be within the  Eco RI -  Mse  I fragments to 
produce new AFLP. In addition to the common mechanisms involved in the poly-
morphism of RFLP and AFLP, AFLP also scans for any base substitutions at the fi rst 
three bases immediately after the two restriction sites. Considering large numbers of 
restriction sites for the two enzymes (250,000  Eco RI sites and 500,000  Mse  I sites 
immediately next to  Eco RI sites for a typical fi sh genome with 1 billion bp), a com-
plete AFLP scan would also examine over 2 million bases immediately adjacent to 
the restriction sites. 

 The potential power of AFLP in the study of genetic variation is enormous. In 
principle, any combination of a 6 - bp cutter with a 4 - bp cutter in the fi rst step can be 
used to determine potential fragment length polymorphism. For each pair of restric-
tion enzyme used in the analysis, for example,  Eco RI and  Mse  I, a total of approxi-
mately 500,000  Eco RI -  Mse  I fragments would exist for a genome with a size of 
1    ×    10 9    bp. Theoretically, 4096 primer combinations compose a complete genome -
 wide scan of the fragment length polymorphism using the two restriction enzymes if 
three bases are used for selective amplifi cation. As hundreds of restriction endonucle-
ases are commercially available, the total power of AFLP for analysis of genetic 
variation can not be exhausted. However, it is probably never necessary to perform 
such exhaustive analysis. Since over 100 loci can be analyzed by a single primer com-
bination, a few primer combinations should display thousands of fi ngerprints. For 
genetic resource analysis, the number of primer combinations required for construc-
tion of phylogenetic trees/dendrograms depends on the level of polymorphism in the 
populations, but probably takes no more than 5 – 10 primer combinations. 

 AFLP combines the strengths of RFLP and RAPD. It is a PCR - based approach 
requiring only a small amount of starting DNA; it does not require any prior genetic 
information or probes; and it overcomes the problem of low reproducibility inherent 
to RAPD. AFLP is capable of producing far greater numbers of polymorphic bands 
than RAPD in a single analysis, signifi cantly reducing costs and making possible the 
genetic analysis of closely related populations. It is particularly well adapted for stock 
identifi cation because of the robust nature of its analysis. The other advantage of 
AFLP is its ability to reveal genetic conservation as well as genetic variation. In this 
regard, it is superior to microsatellites for applications in stock identifi cation. 
Microsatellites often possess large numbers of alleles, too many to obtain a clear 
picture with small numbers of samples. Identifi cation of stocks using microsatellites, 
therefore, would require large sample sizes. For instance, if 10 fi sh are analyzed, each 
of the 10 fi sh may exhibit distinct genotypes at a few microsatellite loci, making it 
diffi cult to determine relatedness without any commonly conserved genotypes. In 
closely related populations, AFLP can readily reveal commonly shared bands that 
defi ne the common roots in a phylogenetic tree, and polymorphic bands that defi ne 
branches in the phylogenetic tree. 

 The major weakness of AFLP markers is their dominant nature of inheritance. 
Genetic information is limited with dominant markers because, essentially, only one 
allele is scored; and at the same time, since the true alternative allele is scored as a 
different locus, AFLP also infl ates the number of loci under study. As dominant 
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markers, information transfer across laboratories is diffi cult. In addition, AFLP is 
more technically demanding, requiring special equipment such as automated DNA 
sequencers for optimal operations. 

 AFLP has been widely used in aquaculture such as analysis of population 
structures, migration, hybrid identifi cation, strain identifi cation, parentage identifi ca-
tion, genetic resource analysis, genetic diversity, reproduction contribution, and 
endangered species protection (Jorde et al.,  1999 ; Seki et al.,  1999 ; Sun et al.,  1999 ; 
Cardoso et al.,  2000 ; Chong et al.,  2000 ; Kai et al.,  2002 ; Mickett et al.,  2003 ; 
Whitehead et al.,  2003 ; Campbell and Bernatchez,  2004 ; Mock et al.,  2004 ; Simmons 
et al.,  2006 ). 

 AFLP has also been widely used in genetic linkage analysis (Kocher et al.,  1998 ; 
Liu et al.,  1998, 1999 ; Griffi ths and Orr,  1999 ; Agresti et al.,  2000 ; Robison et al., 
 2001 ; Rogers et al.,  2001 ; Li et al.,  2003 ; Liu et al.,  2003 ; Felip et al.,  2005 ), and 
analysis of parental genetic contribution involving interspecifi c hybridization (Young 
et al.,  2001 ) and meiogynogenesis (Felip et al.,  2000 ). In a study of the black rockfi sh 
( Sebastes inermis ), Kai et al.  (2002)  used AFLP to distinguish three color morphot-
ypes, in which diagnostic AFLP loci were identifi ed as well as loci with signifi cant 
frequency differences. In such reproductive isolated populations, it is likely that 
 “ fi xed markers ”  of AFLP can be identifi ed to serve as diagnostic markers. Fixed 
markers are associated most often with relatively less migratory, reproductive isolated 
populations (Kucuktas et al.,  2002 ). With highly migratory fi sh species, fi xed markers 
may not be available. However, distinct populations are readily differentiated by dif-
ference in allele frequencies. For instance, Chong et al.  (2000)  used AFLP for the 
analysis of fi ve geographical populations of the Malaysian river catfi sh ( Mystus 
nemurus ) and found that AFLP was more effi cient for the differentiation of subpopu-
lations and for the identifi cation of genotypes within the populations than RAPD, 
although similar clusters of the populations were concluded with either analysis. 

 In spite of its popularity, AFLP has two fundamental fl aws that prohibit its wider 
applications in the future: the dominance inheritance and lack of information to link 
it to genome sequence information. In some cases, AFLP can be used as a rapid 
screening tool, and useful markers can then be converted to sequence - characterized 
amplifi ed region (SCAR) markers. However, genome - scale applications of SCAR 
markers are unlikely.  

   SNP  

 SNP describes polymorphisms caused by point mutations that give rise to different 
alleles containing alternative bases at a given nucleotide position within a locus (for 
a recent review, see Liu,  2007d ). Such sequence differences due to base substitutions 
have been well characterized since the beginning of DNA sequencing in 1977, but 
genotyping SNPs for large numbers of samples was not possible until several major 
technological advances in the late 1990s. SNPs are again becoming a focal point of 
molecular markers since they are the most abundant polymorphism in any organism, 
adaptable to automation, and reveal hidden polymorphism not detected with other 
markers and methods. SNP markers have been regarded by many as the markers of 
choice in the future. 
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 Theoretically, a SNP within a locus can produce as many as four alleles, each 
containing one of four bases at the SNP site: A, T, C, and G. Practically, however, 
most SNPs are usually restricted to one of two alleles (quite often either the two 
pyrimidines C/T or the two purines A/G) and have been regarded as biallelic. They 
are inherited as codominant markers in a Mendelian fashion.   

  Trend of  DNA  Marker Technologies 

 DNA marker technologies become essential for aquaculture genetics research 
and the genetic improvement of aquaculture species. As a matter of fact, DNA 
markers, both the quality and quantity, have always been a limiting factor for in - depth 
genome research. Throughout the years, aquaculture geneticists have used various 
markers including allozyme markers, mitochondrial markers, RFLP markers, 
RAPD, AFLP, microsatellites, and SNPs. The overall trend, however, has been 
driven by (1) the need for large numbers of markers for high density coverage of 
the genomes and (2) the need for sequence - tagged markers for comparative genome 
analysis. Such demands have driven aquaculture genetic research away from 
using systems that do not offer a great number of markers such as RFLP and allozyme 
markers, and away from anonymous dominant markers such as RAPD and 
AFLP. Microsatellites, being codominant and sequence - tagged, have recently 
become very popular. However, with the draft genome sequence very soon becoming 
available for major aquaculture species, microsatellites are not without limitations. 
Their genotyping can be multiplexed, but the extent of multiplexing is limited. 
Automation of microsatellite genotyping is limited, thus prohibiting large - scale 
genome - wide applications. Mapping of thousands of microsatellites to the genome is 
a lot of work, and analysis using tens or hundreds of thousands of microsatellites 
would be a daunting task, if not technically impossible, for repeated analysis. 
This only leaves the SNP marker system to be viable. SNPs are the most abundant 
in genomes when compared with any other types of markers; SNPs are sequence -
 tagged and therefore would allow comparative mapping analysis; SNP genotyping is 
highly automated and therefore is adaptable to large - scale genome - wide analysis. 
Therefore, it is clear that SNP markers are the choice marker of the future. In spite 
of the current lack of draft whole genome sequences for many aquaculture species, 
it is anticipated that they will soon become available for major aquaculture 
species. In addition, the availability of next generation sequencing technologies 
makes it unnecessary to have the whole genome draft sequences in order to develop 
a large number of SNP markers.  

  Assessment of the Usefulness of Various Markers 
for Genome - based Selection 

 The following are the characteristics of the markers suitable for genome - wide appli-
cations and genome - based selection: 
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  1.     The markers should provide the genome coverage as desired for the traits, whether 
that is a robust use of huge number of markers across the entire genome, or a 
subset of the markers previously identifi ed to be relevant for the traits.  

  2.     The markers should provide a uniform coverage of the genome in terms of inter-
marker distances.  

  3.     The markers can be genotyped with automation, and whole genome analysis is 
possible with just one or a limited number of genotyping analysis.    

 SNPs are the only marker type that are most suitable for genome - based selection 
as they meet the marker number test: large numbers of SNPs should be available for 
almost any species; they meet the genome distribution and spacing test as SNPs are 
very abundant and appropriate SNPs can be selected for use in genome - based selec-
tion; they meet the test of automation as many genotyping platforms are available 
for SNPs.  
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