
  Chapter 2 
Copy Number Variations  

  Jianguo     Lu    and    Zhanjiang (John)     Liu       

     Copy number variation (CNV  ) is a segment of DNA with copy number differences 
by comparison of two or more genomes. The segment may vary in size, ranging from 
one kilobase (kb) to several megabases (Cook and Scherer,  2008 ). Although copy 
number differences involving segments smaller than 1   kb can also be technically 
viewed as CNVs, research methods and applications involved in the study of smaller 
tandem segments are quite different. Therefore, they are not included in the CNV 
discussions here (see Table  2.1 ).   

 CNVs can be caused by changes in genomic architecture including deletions, inser-
tions, and duplications. Low copy repeats are regionally specifi c repeat sequences, 
which are susceptible to genomic rearrangements that result in CNVs. The size, 
sequence similarity, orientation, and distance between the copies of repeated 
sequences are important factors for causing CNVs (Lee and Lupski,  2006 ). In spite 
of being known for a long time, serious research on CNVs and their impact on 
genomes and genome expression has been a recent event. Structure variations in the 
human genome have been intensely studied recently. In some cases, the human 
structural variations in copy number and translocations and rearrangements were 
found to be associated with disease   (Iafrate et al.,  2004 ; Sebat et al.,  2004 ; Tuzun 
et al.,  2005 ; Redon et al.,  2006 ; de Smith et al.,  2007 ). As the information on CNV 
accumulates, it is clear that CNVs are important in terms of genome expression and 
function. 

 In aquaculture species, research on CNVs is essentially lacking, but it is important 
to understand the impact of CNVs and its signifi cance in aquaculture. In particular, 
this is because many aquaculture species are teleost fi sh. In teleost fi sh, another major 
mechanism could also account for many instances of CNV: Teleost fi sh went through 
an additional round of whole genome duplication followed by gene loss during evolu-
tion. This would mean that teleost fi sh contain genomes with various levels of CNVs 
involving coding genes, ranging from almost a complete tetraploid fi sh to almost a 
diploid fi sh with duplicated genes in small proportions of the genomes. 

 Although CNVs can infl uence genome expression and function, it is almost certain 
that CNV polymorphism can infl uence performance traits, and therefore are highly 
relevant when discussing whole genome selection. However, as CNV research in 
aquaculture species is in its infancy, we will not be able to provide information 
concerning applications of CNV in whole genome - based selection. Rather, in this 
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  Table 2.1    Methods summary for the detection of structural variations in the human genome. 

   Types     Defi nitions     References  

  Single - nucleotide 
polymorphism 
(SNP)  

  Base substitution involving only a single 
nucleotide  

  Gibbs et al. (2003  )  

  Structural variant    A genomic alternation (e.g., a CNV, an 
insertion) that involves segments of 
DNA  >  1   kb  

  Feuk et al. ( 2006 )  

  Duplication    A duplicated genomic segment  > 1   kb in 
length with  > 90% similarity between 
copies  

  Feuk et al. ( 2006 )  

  Indels    Variation from insertion or deletion event 
involving  < 1   kb of DNA  

  Feuk et al. ( 2006 )  

  Intermediate - sized 
structural variant 
(ISV)  

  A structural variant that is  ∼ 8 – 40   kb in 
size; this can refer to a CNV or a 
balanced structural rearrangement  

  Tuzun et al. ( 2005 )  

  Low copy repeat 
(LCR)  

  Similar to segmental duplication    Lupski ( 1998 )  

  Multisite variant 
(MSV)  

  Complex polymorphic variation that is 
neither a PSV nor a SNP  

  Fredman et al. 
( 2004 )  

  Paralogous sequence 
variant (PSV)  

  Sequence difference between duplicated 
copies (paralogs)  

  Eichler ( 2001 )  

  Segmental 
duplication  

  Duplicated region ranging from 1   kb 
upward with a sequence identity of 
 > 90%  

  Eichler ( 2001 ); 
Sharp et al. ( 2005 )  

  Interchromosomal 
duplication  

  Duplications distributed among 
nonhomologous chromosomes  

  Eichler ( 2001 )  

  Intrachromosomal 
duplication  

  Duplications restricted to a single 
chromosome  

  Eichler ( 2001 )  

  Copy number 
variant (CNV)  

  A segment of DNA that is 1   kb or larger 
and is present at a variable copy 
number in comparison with a reference 
genome  

  Feuk et al. ( 2006 )  

  Copy number 
polymorphism 
(CNP)  

  A CNV that occurs in more than 1% of 
the population; originally, this 
defi nition was used to refer to all CNVs  

  Sebat et al. ( 2004 )  

  Inversion    A segment of DNA that is reversed in 
orientation with respect to the rest of 
the chromosome; pericentirc inversions 
include the centromere, whereas 
paracentric inversion do not  

  Feuk et al. ( 2006 )  

  Translocation and 
rearrangement  

  A change in position of a chromosomal 
segment within a genome that involves 
no change to the total DNA content 
Translocations can be intra -  or 
inter - chromosomal  

  Feuk et al. ( 2006 )  

22



Copy Number Variations  23

chapter, we will provide an introduction of CNV research, summarize methods for 
CNV discovery, review the different approaches for CNV detection, and discuss the 
potential application of CNV for aquaculture genome research.  

  Characteristics of  CNV  s  

 As the term CNV itself suggests, it refers to any changes in chromosome structure 
resulting in the change of copy number — including insertion or deletion of segments 
in some genomes in the population of a species, but not in all genomes of the 
population — translocations or rearrangements joining two formerly separated DNA 
sequences, leading to the net difference in copy numbers among genomes  . However, 
for scientifi c communications, the defi nition of CNVs has been quite dynamic. The 
original defi nition is that CNVs are intra -  or interchromosomal duplications or dele-
tions of segments larger than 1   kb, but not including high copy number repetitive 
sequences such as long interspersed nucleotide elements (LINEs) or pericentromet-
ric tandemly repeated DNA sequences (Feuk et al.,  2006 ; Freeman et al.,  2006 ). 
However, CNVs smaller than 1   kb and complex structures within these CNVs among 
humans have been reported using high - resolution genome maps (Korbel et al.,  2007 ; 
Kidd et al.,  2008 ). Thousands of insertion and deletion polymorphisms, less than 1   kb 
in length, have been detected and also referred to as CNVs (Mills et al.,  2006 ). Hence, 
the broad - sense defi nition of CNVs is often expanded to include gains and losses of 
DNA segments of a few hundred bases and larger (Gokcumen and Lee, 2009  ). It was 
suggested in that CNVs should not cover insertion/deletion of transposable elements 
in order to reduce the complexity of CNV analysis ( “ The Effects of Genomic 
Structural Variation on Gene Expression and Human Disease Workshop, ”  The 
Wellcome Trust Sanger Institute, Hinxton, UK, November 27 – 28,  2005   ). Therefore, 
CNVs include copy number polymorphisms (CNPs; Sebat et al.,  2004 ), large - scale 
copy number variants (LCVs; Iafrate et al.,  2004 ), and intermediate - sized variants 
(ISVs; Tuzun et al.,  2005 ), but does not encompass retroposon insertions (Table  2.1 ).  

  Impact of  CNV  s  on Gene Expression and Phenotypes 

 CNVs are a vital source in evolution, and have been found to be involved in many 
human diseases such as developmental disorders, mental diseases, and cancer. In 
human population, CNV was shown to represent a major type of polymorphism; 
approximately 12% of the human genome is subjected to CNV (Redon et al.,  2006 ). 
Although the extent of CNV is unknown at present from many other species, it is 
reasonable to assume that CNVs are a huge source of genome variation in most, if 
not all, species. In teleost fi sh species, due to the additional round of genome duplica-
tion followed by gene loss, CNVs could be one of the largest genome variations, and 
their impact on phenotypes could be tremendous. 

 CNVs can come from meiotic division processes and somatic division processes. 
While the meiotic origin of CNVs is well documented, good examples of CNVs 
derived from somatic processes exist. For example, monozygotic twins (identical 
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twins) display different DNA CNV profi les (Bruder et al.,  2008 ); CNVs even vary in 
differentiated human tissues and organs from the same individual (Piotrowski et al., 
 2008 ), both demonstrating the mitotic origin of CNVs. 

 CNV can have great phenotypic impact by adjusting gene dosage, disturbing 
coding sequence, or regulating long - range gene expression (Kleinjan and van 
Heyningen,  2005     ). Gene expression levels can be positively correlated with copy 
number increment (Somerville et al.,  2005 ; McCarroll et al.,  2006 ) or negatively cor-
related with copy number increment (Lee et al.,  2006 ). For example, the deletion of 
a transcriptional repressor can increase gene expression. There is at least 17.7% 
heritable variation in gene expression caused by CNVs in human (Stranger et al., 
 2007 ). Gain and loss of gene functions can have both benefi ciary and detrimental 
impact to the organism. This is particularly true for dosage - sensitive genes. 

 Most CNV research has been, to date, conducted in humans. However, due to the 
importance CNV polymorphism, CNV research has recently been conducted in other 
species, including agriculturally important species such as cattle (Liu et al.,  2008, 
2010 ), and chicken (V ö lker et al.,  2010 ). As CNV research in agricultural species is 
still at its early stages, phenotypic impact of CNVs awaits further elucidations.  

  Methods for  CNV  Detection and Analysis 

  Microscopic Level Analysis of Structural Variation 

 CNVs can be detected at the microscopic level through karyotyping. At the molecular 
level, CNV can be caused by translocations, inversions, deletions, and duplications. 
If the involved chromosomal segments are large in size, such chromosomal alterations 
can be detected by cytogenetic techniques such as karyotype analysis. With the 
improved chromosome banding techniques, many structural variations and structural 
abnormalities have been identifi ed, especially in disease samples (Jacobs et al.,  1978, 
1992 ; Coco and Penchaszadeh,  1982 ; Warburton,  1991 ; Barber et al.,  1998 ; Kim 
et al.,  1999 ). Moreover, with fl uorescence  in situ  hybridization (FISH), structural 
variations can be discerned even when a small chromosomal segment is involved. 
Chromosome banding also allows detection of a great variety of heteromorphisms. 
The most commonly detected heteromorphisms involved increases in length or inver-
sions in human chromosome 9 (Verma et al.,  1978   ). The structure variations of this 
region may involve unequal exchanges and repetitive sequences at recombination 
positions near the centromere (Starke et al.,  2002 ). It should be noted that cytoge-
netic techniques such as chromosome banding or FISH has the ability to detect 
CNVs, but nonetheless, they are insensitive techniques, and they lack the ability to 
detect genome - wide CNVs of various sizes.  

  Array Comparative Genome Hybridization ( CGH ) 

 In recent years, a number of experimental approaches and computational strategies 
were used to detect human genome structural variations with different resolutions 
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(Table  2.1 ). The most popular approach for the analysis of CNV is the array - based 
CGH (array CGH or a - CGH). 

 Array CGH is also called molecular karyotyping. It is a technique to scan the 
genome for gains and losses of chromosomal segments to discover CNVs (Solinas -
 Toldo et al.,  1997 ; Pinkel et al.,  1998 ; Lucito et al.,  2003 ; Iafrate et al.,  2004 ; Sebat et 
al.,  2004 ; Selzer et al.,  2005 ; Tyson et al.,  2005 ). It is a hybridization - based approach 
using array as a platform. The use of array allowed for the placement of a large number 
of features (target sequences, sometimes also referred to as probes; but we will use 
features to avoid confusion with hybridization probes), which in this case are short 
sequence oligos based on the reference genome sequence. For instance, if the genome 
of interest is 1 billion base pairs (bp  ) in size, various numbers of features can be 
designed to provide the desired resolution. For instance, if one would like to know the 
copy number situation across the entire genome with one feature every 100   kb, a total 
of 10,000 short oligos would be required, with each of them designed based on the 
reference genome sequence with a spacing of 100   kb among them. Array CGH is the 
most widely used approach for the analysis of CNVs. 

 The fi rst step of making an array CGH is to place short oligo features representing 
very short genomic DNA segments spanning the entire genome on arrays (sometimes 
also referred to as microarrays because of the high density of features). The number 
of probes depends on the level of the resolution. For example, for a genome with a 
size of 1 billion bp, a set of 10,000 evenly spaced features would allow detection of 
CNVs at a resolution of one probe per 100   kb. The higher the resolution desired, the 
more target sequence features are needed. In an ideal situation, if short oligos of 
100   bp is used with no spacing among them, 10 million features would cover the entire 
1   Gb   genome. That would provide a complete  “ scan ”  of the entire genome for any 
possible CNVs. However, practically, it is a balance between the resolution and the 
cost that dictates the number of features. The more the features are, the greater the 
resolution, but the more the costs are as well. Most often, an interfeature spacing of 
50 – 100   kb is used. The tens of thousands of features can be derived from gene coding 
regions or from noncoding regions of the genome, depending on the purpose of the 
experiments. 

 The second step is to fl uorescently label the genomic DNA from a test sample and 
a normal reference sample using different fl uorophores, for example, Cy3 and Cy5. 
The idea is that when equal genomic DNA is used from the test and the normal DNA 
sample, hybridization of the Cy3 - labeled (say normal sample) and Cy5 - labeled (say 
test sample) probes will generate equal signals, thereby yellow fl uorescence, if there 
is no CNVs. Upon possession of any CNVs between the normal reference and the 
test samples, the hybridization signals will not be equal, thereby generating a red or 
green fl uorescence signal, depending on the ratio of Cy3 and Cy5 hybridization 
signals. If the test sample has more copy numbers, the Cy5 label will generate a 
stronger signal than the Cy3 label, and therefore the corresponding probes will be 
red (Figure  2.1 ).   

 Genomes often contain highly repetitive elements that interfere with hybridiza-
tion. In the designing of the features, repetitive elements should be avoided. 
Nonetheless, the highly repetitive elements in the genome probes can still cause 
problems. Therefore, hybridization by highly repetitive elements should be blocked 
by competitive hybridization using nonlabeled repetitive sequences such as COT - 1 
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sequences of human and mouse, which is commercially available. COT - 1 DNA is 
made of highly repetitive sequences based on genome information of the species. 
The term was derived from reassociation studies using Cot analysis where repetitive 
DNA reassociates rapidly. COT - 1 DNA contains DNA elements with a Cot value of 
1.0. In humans, COT - 1 DNA is composed of highly repetitive DNA sequences, such 
as the Alu, LINE - 1 and THE repeats. The COT - 1 DNA can block the repetitive 
sequences before the reference and test sample is hybridized to the arrays. 

 The third step of array CGH is the analysis of hybridization data based on fl uo-
rescence ratios. After hybridization, the ratio of the fl uorescence intensity of the test 
probe to that of the reference probe is calculated. The ratio, upon calibration, reveals 
the copy number differences between the genomes. 

 The hybridization result can be measured using microarray scanner. Then the 
feather extraction software can be used to quantify the hybridization images. Finally, 
the test fi le outputs are used to do the CNV analysis using CNV detection software. 

     Figure 2.1     Principles of array comparative genome hybridization (array CGH). A large 
number of evenly spaced features are designed from the reference genome sequence and placed 
to an array. Equal amount of reference genome (normal genome) and test genome DNA are 
labeled by differential fl uorescence, for example, Cy3 and Cy5, and hybridized to the array. 
The ratios of Cy3 and Cy5 defi ne CNV. If red fl uorescence is observed, the feature on the array 
has more copy numbers in the test genome than in the normal genome. See color insert.  
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 Typical applications of array CGH are for cancer studies because chromosome 
aberrations usually occur during tumor progression (Albertson et al.,  2003 ) and 
human genetic disease research (Albertson and Pinkel,  2003 ; Shaw - Smith et al., 
 2004 ). In many cases of cancers, the malignant genome is instable, and segmental 
duplications can happen in certain genomic regions depending on the cancer type. 
By using array CGH, it is relatively easy to detect genome regional duplications 
leading to CNVs (Figure  2.2 ).   

 The target sequences on the arrays can be designed based on the needs of the 
experiments. The targets can be bacterial artifi cial chromosomes (BACs), cDNAs  , 
polymerase chain reaction (PCR)   products, or oligonucleotides (Figure  2.1 ). The 
array CGH with BACs have also been widely used recently (Kauraniemi et al.,  2001 ; 
Ishkanian et al.,  2004 ) because it can provide comprehensive coverage of the genome, 
low - noise hybridization, reliable mapping data, and accessible clones. However, 
BACs are usually around 80 – 200   kb. It is very diffi cult to detect high - quality single 
copy number difference smaller than 50   kb, even when hybridization noise is low. 

 cDNA clones have been used for array CGH to increase the resolution for analysis 
of single genes or partial genes (Pollack et al.,  1999 ; Kauraniemi et al.,  2001 ; Porkka 
et al.,  2002 ; Squire et al.,  2003 ). However, there are two shortcomings for this method: 
(1) the presence of intervening sequences in genomic DNA but not in cDNA due to 
introns can affect the Cy5   :   Cy3 ratio during the hybridization process; and (2) the 
uneven distribution of genes in the genome (Carter,  2007 ) would dictate the uneven 
resolution of the CNV analysis.  

  Multiplex Amplifi able Probe Hybridization ( MAPH ) 

 MAPH is a recently developed procedure for the analysis of CNV in targeted genomic 
regions based on previously known information (Armour et al.,  2000 ; Patsalis et al., 
 2005 ). For instance, certain genes can undergo duplications under malignant tumor 
conditions. Patient DNA can be subjected to MAPH analysis to detect if the genes 
are duplicated. In MAPH, target genomic DNA, along with controls in parallel, is 
immobilized to nylon membranes. Specifi c genomic segments previously known to be 
involved in duplications are used as probes. Upon hybridization, and washing away 
of all unbound probes, the hybridized probes are released and then quantifi ed by 

     Figure 2.2     An example of using array CGH for the detection of chromosomal segment dupli-
cations in cancer. See color insert.  
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PCR by comparison with the control DNA samples. This method is highly useful for 
cancer studies, but its application in aquaculture is limited because information of 
targeted genome duplication is unknown in aquaculture species.  

  Multiplex Ligation - dependent Probe Amplifi cation ( MLPA ) 

 MLPA is another recently developed method for the analysis of CNVs (Schouten 
et al.,  2002 ). In the MLPA technique, two  “ half probes ”  are designed to be adjacent 
to each other, with each harboring a universal primer sequence linked to its end. 
Upon hybridization to the target DNA template, the two half probes are brought to 
proximity to allow ligation. Once ligation happens, a joint molecule is generated that 
would allow PCR amplifi cation using the known universal primer sequences. The key 
measurement is the number of the half probes hybridizing to the target. The amounts 
of ligated probe produced are proportional to the target copy number. Through 
quantitative PCR of the ligated products, the copy number of the targets is quantifi ed. 
This approach, in spite of its high specifi city, also depends on the prior knowledge 
of duplicated regions for the design of the half probes. Therefore, its application in 
aquaculture species is limited. Similar approaches such as quantitative multiplex PCR 
of short fl uorescent fragments (QMPSF) also suffer from the same limitations: 
requiring prior knowledge for the design of fl uorescent primers (Charbonnier et al., 
 2000 ), and therefore are not highly useful for aquaculture.  

  Computational Approach for  CNV  Detection 

 Although the CNV detection methods are powerful based on array data, their appli-
cations are limited by the array density (array CGH  ) as well as by costs. CNVs can 
also be detected based on the computational approach if genome sequences are 
available. There would be no limitation for the resolution, and the CNVs can be 
detected at the nucleotide level. The limitation is the unavailability of genomic 
sequences at present. With the exception of humans, multiple genome sequences are 
not available from multiple individuals of any species at present. However, with the 
capacity of next generation sequencing, genome sequences from multiple individuals 
of the same species will soon become available for many species including agricultur-
ally important species and perhaps even some major aquaculture species. 

  Paired - end Mapping ( PEM ) Based on Next Generation Sequencing 

 A large - scale CNV detection strategy, PEM, was developed recently (Korbel et al., 
 2007 ) based on next generation sequencing (Figure  2.3 ). Basically, with PEM, the 
genome DNA sequence was fi rst sheared into  ∼ 3 - kb fragments followed by massive 
sequencing using next generation sequencing. The 3 - kb fragments are ligated to 
biotinylated adaptors, circularized, and then linearized by shearing. The biotinylated 
adaptors mark the ends of the genomic fragments and allow the researchers to trace 
the orientation of the sequences. The sequences generated with next generation 
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sequencing are then mapped to the reference genome sequence by  in silico  mapping. 
A deviation in size (maximal 3.0   kb as dictated by the fragment) or orientation (as 
marked by the orientation of the adaptors) of the sequences generated from paired 
reads from the reference genome sequence provides evidence of structural variation. 
If a deletion or insertion is involved, a size difference is expected; if inversion is 
involved, the sequence orientation is expected to be different (Figure  2.3 ). Any inter-
nal segmental duplication within the sequenced segments would increase the size of 
the sequenced segments.    

  Cross - species Computational Analysis 

 The computational approach is useful for the analysis of gene CNVs among species 
with reference genome sequence available. For instance, the reference genome 
sequences are available from zebrafi sh, medaka, stickleback, fugu, and tetraodon. 
Analysis of gene CNVs among these would provide perspectives as to how duplicated 
genomes become diploidized (Lu et al., manuscript in preparation), providing insight 
into genome evolution. 

     Figure 2.3     Principles of paired - end mapping - based CNV detection. Genomic DNA is sheared 
into approximately 3 - kb fragments. The genomic fragments are then ligated to biotinylated 
adaptors to mark the orientation. The segments are circularized, followed by linearization at 
random sites. Next generation sequencing is used to massively sequence the segments. 
Bioinformatic mapping by  in silico  positioning of the sequences to the reference genome would 
detect any size difference or orientation difference, which suggest genome structural variations 
including CNVs. See color insert.  
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 The advantage of the computational approach for the analysis of CNVs is its great 
economic benefi ts without investing large amount of resources if the genome 
sequences are already available. It also has the advantage of detecting all kinds of 
structural variations, including translocations, inversions, large - scale CNVs ( > 50   kb), 
insertions or deletions (1 – 50   kb), and small sequence variants ( < 1   kb) (Feuk et al., 
 2006 ). Obviously, computational analysis requires the availability of genome 
sequences, which is the major disadvantage of computational approaches.    

  Genome - wide Association Studies Using  CNV  

 The use of genome - wide association studies has successfully linked genetic variants 
with susceptibility to a wide range of common polygenic diseases. Such genome - wide 
association studies, however, have almost exclusively focused on single - nucleotide 
polymorphisms (SNPs). Recent studies, however, have suggested that CNVs may 
contribute signifi cantly to genetic predisposition to several common diseases 
(Gonzalez et al.,  2005 ; Aitman et al.,  2006 ). Initially, CNV effect is most often 
approached through the tagging of CNVs using SNPs, but this approach is not 
without problems. This has led to the development of association studies directly 
targeting CNVs. Direct CNV association analysis requires the availability of the maps 
of common CNV polymorphisms of the genome of interest, which is not available 
for most aquaculture species at the moment. In the future, it is almost certain that 
CNV polymorphisms will be found to be important in aquaculture species. The 
readers are always reminded that the teleost fi sh have undergone an additional round 
of genome duplication followed by various levels of diploidization. Therefore, CNVs 
in teleost fi sh species will prove to be more important than in other vertebrate species 
such as humans.  
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