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Research

Copy number variation, chromosome rearrangement,
and their association with recombination during
avian evolution
Martin Völker,1 Niclas Backström,2 Benjamin M. Skinner,1,3 Elizabeth J. Langley,1,4

Sydney K. Bunzey,1 Hans Ellegren,2 and Darren K. Griffin1,5

1School of Biosciences, University of Kent, Canterbury, Kent CT2 7NJ, United Kingdom; 2Department of Evolutionary Biology,

Evolutionary Biology Centre, Uppsala University, Norbyvägen 18D, SE-752 36 Uppsala, Sweden

Chromosomal rearrangements and copy number variants (CNVs) play key roles in genome evolution and genetic disease;
however, the molecular mechanisms underlying these types of structural genomic variation are not fully understood. The
availability of complete genome sequences for two bird species, the chicken and the zebra finch, provides, for the first time,
an ideal opportunity to analyze the relationship between structural genomic variation (chromosomal and CNV) and
recombination on a genome-wide level. The aims of this study were therefore threefold: (1) to combine bioinformatics,
physical mapping to produce comprehensive comparative maps of the genomes of chicken and zebra finch. In so doing, this
allowed the identification of evolutionary chromosomal rearrangements distinguishing them. The previously reported
interchromosomal conservation of synteny was confirmed, but a larger than expected number of intrachromosomal
rearrangements were reported; (2) to hybridize zebra finch genomic DNA to a chicken tiling path microarray and identify
CNVs in the zebra finch genome relative to chicken; 32 interspecific CNVs were identified; and (3) to test the hypothesis
that there is an association between CNV, chromosomal rearrangements, and recombination by correlating data from (1)
and (2) with recombination rate data from a high-resolution genetic linkage map of the zebra finch. We found a highly
significant association of both chromosomal rearrangements and CNVs with elevated recombination rates. The results
thus provide support for the notion of recombination-based processes playing a major role in avian genome evolution.

[Supplemental material is available online at http://www.genome.org. The array CGH data from this study have been
submitted to ArrayExpress (http://www.ebi.ac.uk/arrayexpress/) under accession no. E-TABM-841.]

Large-scale variations in genomic structure include chromosomal

rearrangements and copy number variants (CNVs)—lengths of DNA

1 kb or larger, present in variable copy number compared to a refer-

ence genome. Both have been strongly implicated as playing an

important role in phenotypic variation, genetic disease, and genome

evolution (e.g., Shaw and Lupski 2004; Coghlan et al. 2005; Bailey

and Eichler 2006; Sharp et al. 2006; Ferguson-Smith and Trifonov

2007; Hoffmann and Rieseberg 2008; Hurles et al. 2008; Manolio

et al. 2009; Zhang et al. 2009).

The full extent and impact of CNVs (in the human and other

genomes) is becoming increasingly apparent due to the availability

of complete genome sequence assemblies, high-throughput detec-

tion platforms (i.e., microarrays), and robust bioinformatics analysis

protocols. For instance, there is now evidence that CNVs encompass

more nucleotide content per human genome than single nucleotide

polymorphisms (SNPs) (Redon et al. 2006); that CNVs are associated

with numerous human diseases (Wain et al. 2009; Zhang et al.

2009); and that CNVs play a role in evolutionary adaptation (Perry

et al. 2007; Nair et al. 2008). Moreover, studies in primates have

revealed many lineage-specific CNVs, including gene copy number

changes (Cheng et al. 2005; Perry et al. 2006; Dumas et al. 2007;

Marques-Bonet et al. 2009).

The medical and evolutionary importance of large-scale struc-

tural chromosomal rearrangements is much more well-established;

they underlie numerous human diseases, specifically cancer, birth

defects, and infertility (Online Chromosomal Variation in Man,

http://www.wiley.com/legacy/products/subject/life/borgaonkar/access.

html). They also can cause or reinforce reproductive isolation be-

tween species (Noor et al. 2001; Rieseberg 2001; Delneri et al. 2003).

The underlying causes of structural genomic variation are not

entirely understood; however, the available data suggest a role for

recombination-based mechanisms. Specifically, non-allelic homol-

ogous recombination (NAHR; also known as ‘‘ectopic recombina-

tion’’) and break-induced replication (BIR) are thought to be major

causes of both CNVs and chromosomal rearrangements (Stankiewicz

and Lupski 2002; Lupski and Stankiewicz 2005; Gu et al. 2008;

Hastings et al. 2009). Both NAHR and BIR are based on homologous

recombination, and both can result in CNVs and/or chromosomal

rearrangements if recombination occurs between homologous se-

quences in different (non-allelic) chromosomal positions. Further

support for the suggested link between NAHR/BIR and structural

genomic variation comes from studies in humans, other primates,

mice, dogs, and Plasmodium falciparum. These studies reported a

significant correlation between CNVs and segmental duplications,

(i.e., large, low copy repeats up to 400 kb in size that are thought to

provide the substrate for NAHR) (Locke et al. 2003; Sharp et al. 2005;

Goidts et al. 2006; Mok et al. 2008; Perry et al. 2008; She et al. 2008;

Nicholas et al. 2009). Moreover, some disease-associated chromo-

somal rearrangements in humans occur in recombination hotspots

(Visser et al. 2005; Lindsay et al. 2006; Myers et al. 2008). Taken to-

gether, the evidence for a relationship between recombination and
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structural genomic variation is strong; however, to the best of our

knowledge, it has not been ascertained fully in an evolutionary

context, i.e., between species. That is, if recombination were indeed

a driver of structural genomic change, and if the recombination

landscape has remained conserved during evolution, then we would

expect to see an enrichment of CNVs and chromosomal rearrange-

ments in genomic regions with elevated recombination rates. The

purpose of this study is to test this hypothesis using two recently

sequenced bird genomes as models.

Bird genomes possess a unique combination of features that

make them particularly suitable for analysis of the relationship

between CNVs, chromosomal rearrangements, and recombina-

tion. Firstly, they have a small and conserved size; that is, the mean

size of bird genomes and the range of variation in genome size

are the smallest observed in any vertebrate group (http://www.

genomesize.com). Data from the chicken genome sequencing

project show that on a molecular level, the small size is due to a

lower number of interspersed repeats, segmental duplications, and

pseudogenes compared to mammalian genomes, despite a similar

number of genes (The International Chicken Genome Sequencing

Consortium 2004). Similarly, overall karyotype structure is highly

conserved in birds, with the vast majority of extant species dis-

playing a karyotype with about 2n = 80 chromosomes, comprising

few macro- and many small microchromosomes, and a ZZ/ZW sex

chromosome pair (Christidis 1990; Rodionov 1997; Griffin et al.

2007). In line with the above data, recent studies of CNVs in turkey

and duck (relative to chicken) have suggested that bird genomes

also contain a low number of CNVs compared to mammalian ge-

nomes (Griffin et al. 2008; Skinner et al. 2009). Recombination

rates in chicken and zebra finch, the only two bird species for

which there is information on absolute rates of recombination

(The International Chicken Genome Sequencing Consortium 2004;

Groenen et al. 2009; Backström et al. 2010), are higher overall than

in mammals. They also show substantial variation within the same

genome, particularly between macro- and microchromosomes.

Moreover, the evolutionary conservation of avian genomes in terms

of size, overall karyotype structure, and limited structural variation

forms a distinct contrast with the situation in mammals (Ferguson-

Smith and Trifonov 2007). Taking all the above points together, we

would therefore contend that studies in birds are particularly suit-

able as a starting point to ask whether hypotheses pertaining to

genome dynamics derived from studies in mammals apply generally

across the animal kingdom.

The availability of complete genome sequences for two bird

species, the chicken (Gallus gallus, GGA; The International Chicken

Genome Sequencing Consortium 2004) and zebra finch (Taeniopy-

gia guttata, TGU) (Warren et al. 2010), provides, for the first time, an

ideal opportunity to analyze the relationship between structural

genomic variation (chromosomal and CNV) and recombination

on a genome-wide level between two avian species. The aims of

this study were therefore:

1. To combine bioinformatics, synteny analyses, and physical map-

ping by fluorescent in situ hybridization (FISH) to produce com-

prehensive comparative maps of the genomes of chicken and

zebra finch. In so doing, this allowed the identification of evo-

lutionary chromosomal rearrangements distinguishing them.

Previous chromosome painting studies demonstrated a high de-

gree of conserved synteny in chicken and zebra finch macro-

chromosomes, with only two interchromosomal rearrangements

(GGA1 has undergone a fission that produced TGU1 and TGU1A,

and GGA4 is present as two separate chromosomes, TGU4 and

TGU4A, in the zebra finch genome) (Itoh and Arnold 2005).

Despite this, a genetic linkage mapping study has suggested nu-

merous intrachromosomal rearrangements between the two spe-

cies (Stapley et al. 2008).

2. To hybridize zebra finch genomic DNA to a chicken whole-

genome tiling path array to identify and locate CNVs in the

zebra finch genome relative to chicken.

3. To test the hypothesis that there is an association between CNV,

chromosomal rearrangements, and recombination by correlating

data from (1) and (2) with recombination rate data from a high-

resolution genetic linkage map of the zebra finch (Backström

et al. 2010).

Results

Comprehensive comparative genomic maps between
chicken and zebra finch reveal chromosomal
rearrangements and conserved synteny

With respect to aim (1) in the introduction, whole-chromosome

alignments of draft genome sequences confirmed previous results

demonstrating a high degree of conserved synteny in the macro-

chromosomes, with only two interchromosomal rearrangements

distinguishing the chicken and zebra finch genomes (Itoh and

Arnold 2005). Our analysis suggested that synteny is also con-

served in the microchromosomes, with the possible exception of

chicken chromosome 16 and its zebra finch ortholog. This chro-

mosome bears the major histocompatibility complex (MHC) genes

in chicken and may have undergone a fission in the zebra finch

(CN Balakrishnan, R Ekblom, M Völker, H Westerdahl, R Godinez,

H Kotkiewicz, DW Burt, T Graves, DK Griffin, WC Warren, et al.,

unpubl.). Alignment of whole-chromosome sequences of orthol-

ogous chicken and zebra finch chromosomes to visualize large-

scale intrachromosomal rearrangements, however, identified a

large number of differences. In total, 114 tentative intrachromo-

somal rearrangements (56 inversions and 58 translocations) were

detected in all macro- and microchromosomes except chicken

chromosomes 17 and 19. Figure 1 illustrates these findings for

chicken chromosome 4 and its zebra finch orthologs ‘‘4’’ and ‘‘4A.’’

Due to the small amount of sequence available for chicken chro-

mosomes 16 and W (and their zebra finch orthologs), these chro-

mosomes could not be analyzed.

Refinement of the above analysis by comparing the order of

10,499 orthologous gene pairs in the chicken and zebra finch ge-

nomes identified a total of 199 homologous synteny blocks (HSBs)

ranging in size from 23 kb to 77,507 kb with mean and median sizes

of 5015 kb and 1782 kb, respectively (Supplemental Table 1). Three

of these HSBs were nested within other HSBs and six overlapped

with other HSBs. For subsequent analyses, overlapping HSBs were

merged, and nested HSBs were treated as independent HSBs (see

Methods for details), leaving a remainder of 193 HSBs. The genomic

location of HSBs was consistent with the rearrangements suggested

by the alignment of whole-chromosome sequences.

In order to validate these results, we selected a subset of chro-

mosomal rearrangements on chicken chromosomes 1–8 and Z and

their zebra finch orthologs for physical mapping by FISH with

131 chicken and 131 zebra finch bacterial artificial chromosomes

(BACs) containing orthologous sequences (Supplemental Table 2).

Figure 1 also summarizes the results of the sequence alignments

and the FISH mapping experiments for chicken chromosome 4 and

the orthologous chromosomes 4 and 4A, which revealed several
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inversions and translocations as well as a large region of conserved

linkage on the distal part. Overall, the results of sequence align-

ments and FISH mapping were in close agreement, which provides

independent cytogenetic evidence for the accuracy of the chicken

and zebra finch genome sequence assemblies.

The small size of avian microchromosomes precluded the

analysis of marker order by FISH on metaphase chromosomes.

Therefore, the comparative FISH-based analysis of these chromo-

somes was restricted to the examination of conserved synteny

by dual-color FISH with two BACs assigned to the same micro-

chromosomes in the chicken and zebra

finch genome assemblies. The FISH ex-

periments confirmed the conserved syn-

teny suggested by the bioinformatics

analysis for all microchromosomes for

which probes were available (chicken

chromosomes 9–15, 16–28, and zebra

finch chromosomes 9–15, 16–28). Figure

2 illustrates this finding for orthologous

chicken/zebra finch chromosomes 24.

Relative CNVs in the zebra finch
compared to chicken

With respect toaim(2) inthe introduction,

we detected relative CNVs in the zebra

finch (compared to chicken) following the

approach previously established for the

analysis of CNVs in turkey (Griffin et al.

2008) and duck (Skinner et al. 2009), i.e., by performing array

comparative genomic hybridization (CGH) with zebra finch geno-

mic DNA samples on a chicken whole-genome tiling path micro-

array. In the Discussion and Methods sections, we have outlined

the caveats pertaining to how sequence divergence between the

two species may lead us to call an apparent loss in copy number by

this approach; however, correct identification of Z chromosome

copy number in male/female hybridizations provided indepen-

dent validation of hybridization success. We detected 19 CNVs in

the male zebra finch and 13 CNVs in the female zebra finch (Table

1). A total of 17 CNVs (63%) showed gains relative to chicken (i.e.,

suggesting that there were more copies of this sequence in zebra

finch than chicken) and 10 CNVs (37%) contained losses (imply-

ing fewer copies relative to chicken). Overlapping CNVs found in

both individuals analyzed (i.e., CNVs at the same locus in both

birds) were, for the purposes of this study, defined as copy number

variable regions (CNVRs). According to this definition, we detected

five CNVRs: Four of these indicated relatively more copies of this

locus in both zebra finches compared to the chicken reference;

while in the fifth, the relative fluorescent ratios were consistent

with either sequence loss, sequence divergence, or fewer copies in

zebra finch compared to chicken.

In order to determine the genomic coordinates of CNVs in the

zebra finch genome, the entire chicken sequence contained within

a given CNV was aligned against the zebra finch genome using

the BLAT algorithm. This analysis, which takes chromosomal rear-

rangements and sequence divergence into account, returned best

hits on the expected orthologous zebra finch chromosome for 22

out of 27 CNVs. Of the remaining five CNVs, number 22 did not

produce any hit; numbers 4, 8, and 27 produced hits on several

chromosomes; and number 5 returned a hit on a different chro-

mosome from the one expected (Table 1); we excluded these from

further analyses. All five CNVs that failed to give unequivocal BLAT

results contained losses in zebra finch relative to chicken.

The genomic coordinates of CNVs in the chicken and zebra

finch genomes allowed for a comparison of CNV and CNVR sizes as

estimated by array and alignment data. The sizes estimated from the

array data ranged from 20.1 kb to 1225 kb, with mean and median

sizes of 246.1 kb and 127.1 kb, respectively, while the sizes estimated

from the BLAT alignments ranged from 12.6 kb to 1488.1 kb, with

mean and median sizes of 314.1 kb and 142.9 kb, respectively. The

sizes estimated from array and alignment data were highly corre-

lated (Spearman’s rank correlation, r = 0.97, n = 22, P < 0.01).

Figure 1. Comparative analysis of marker order on chicken chromo-
some 4 (GGA4) and its zebra finch orthologs, TGU4 and TGU4A. The
central part of the figure was created by aligning whole-chromosome
sequences using the program GenAlyzer (Choudhuri et al. 2004). Line
color between chromosome bars indicates the lengths of sequences
exhibiting 100% sequence identity (between 100 and 900 bp). The
rearrangements suggested by this analysis were verified using fluorescent
in situ hybridization (FISH). Numbers indicate the positions of chicken and
zebra finch bacterial artificial chromosome (BAC) clones with orthologous
sequence content in the genome sequences of both species. Yellow dots
illustrate the physical position as determined by FISH.

Figure 2. Analysis of conserved synteny in chicken (Griffin et al. 2008) and zebra finch (TGU)
microchromosomes by dual color fluorescent in situ hybridization (FISH) using chicken and zebra finch
bacterial artificial chromosome (BAC) clones with orthologous sequence content. (A) Chicken BACs
WAG-20E08 (red) and WAG-21I18 (green) on GGA24. (B) The corresponding zebra finch BACs TGAC-
82A15 (red) and TGAC-321M03 on TGU24.

CNVs, chromosome rearrangements, and recombination

Genome Research 505
www.genome.org

 Cold Spring Harbor Laboratory Press on January 23, 2012 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


T
a
b

le
1

.
C

N
V

R
s

a
n

d
a
ss

o
ci

a
te

d
g

e
n

e
s

in
th

e
ch

ic
k
e
n

(G
a

ll
u
s

g
a

ll
u
s,

G
G

A
)

a
n

d
z
e
b

ra
fi

n
ch

(T
a

en
io

p
yg

ia
g

u
tt

a
ta

,
T

G
U

)
g

e
n

o
m

e
s

C
N

V
R

ID
G

G
A

ch
r

G
G

A
st

a
rt

G
G

A
e
n

d

G
G

A
C

N
V

R
si

z
e

(B
a
la

k
ri

sh
n

a
n

2
0
1
0
)

G
e
n

e
s

a
ss

o
ci

a
te

d
in

G
G

A
T

G
U

ch
r

T
G

U
st

a
rt

T
G

U
e
n

d

T
G

U
C

N
V

R
si

z
e

(B
a
la

k
ri

sh
n

a
n

e
t

a
l.

2
0
1
0
)

S
ta

tu
sc

M
a
le

/
fe

m
a
le

G
e
n

e
s

a
ss

o
ci

a
te

d
in

T
G

U

1
1

2
6
8
4
7
9
9
3

2
6
9
1
7
6
4
5

6
9
.6

5
2

C
A

V
1

_
C

H
IC

K
,

N
P
_
0

0
1

0
0

7
0

8
7

.1
1
A

2
4
4
9
9
4
2
6

2
4
5
7
5
0
8
9

7
5
.6

6
3

Lo
ss

M
C

A
V

1
,

C
A

V
2

2
1

1
6
9
7
2
5
1
3
3

1
6
9
7
5
2
5
6
4

2
7
.4

3
1

N
o
n

e
1

5
9
9
9
1
0
2
5

6
0
0
1
7
6
6
1

2
6
.6

3
6

Lo
ss

M
N

o
n

e
3

1
0

3
9
1
2
5
0
0

3
9
3
7
5
0
0

2
5
.0

0
0

N
o
ve

l
1
0

1
2
8
1
6
5
4

1
3
0
9
8
9
2

2
8
.2

3
8

G
a
in

M
N

o
ve

l
4

a
1
1

2
6
7
5
0
4
6

3
1
9
0
2
2
7

5
1
5
.1

8
1

N
o
n

e
U

n
,

6
,

2
2

n
/a

n
/a

n
/a

Lo
ss

F
n

/a
5

1
2

1
5
2
0
8

4
2
8
2
6

2
7
.6

1
8

LI
M

S
1

1
2
7
2
7
7
1
1
3

2
7
2
9
3
5
5
9

1
6
.4

4
6

Lo
ss

F
X

P
_
0

0
2

1
9

2
3

7
6

.1
,
N

o
ve

l
6

a
,b

1
3

1
8
7
8
0
4
4
7

1
8
9
0
7
5
4
4

1
2
7
.0

9
7

EG
R
1

_
C

H
IC

K
1
3

1
2
0
1
3

8
3
5
5
9

7
1
.5

4
6

Lo
ss

F
EG

R
1

_
T
A

EG
U

,
R
EE

P
2
,

JM
JD

1
B

7
1
5

9
1
7
5
4
4

9
3
7
6
9
3

2
0
.1

4
9

N
P
_
9

8
9

7
9

6
.1

1
5

7
8
8
3
6
6
6

7
8
9
9
8
4
9

1
6
.1

8
3

G
a
in

M
T
B
X

1
8

a
,b

1
6

1
2
5
0
0

4
3
2
8
5
1

4
2
0
.3

5
1

M
o
st

o
f

G
G

A
1
6

se
q

u
e
n

ce
M

u
lt

ip
le

n
/a

n
/a

n
/a

Lo
ss

M
+
F

n
/a

9
1
7

1
0
1
3
7
7
0
9

1
0
1
7
0
1
5
0

3
2
.4

4
1

N
o
ve

l
1
7

1
0
6
2
3
6
9
6

1
0
6
5
6
0
8
8

3
2
.3

9
2

G
a
in

M
G

P
R
1

4
4
,

N
R
5

A
1

1
0

1
8

9
5
6
5
0
4
3

9
8
5
7
5
1
5

2
9
2
.4

7
2

EN
P
P
7
,

C
B
X

8
,

N
P
_
9

8
9

9
7

3
.1

,
T
B
C

1
D

1
6
,

C
B
X

2
,

C
1

Q
T
N

F1
,

Q
8

JG
T
3

_
C

H
IC

K

1
8

1
4
0
3
9
1
2

1
7
2
7
0
8
8

3
2
3
.1

7
6

G
a
in

M
+
F

M
u
lt

ip
le

,
kn

o
w

n
a
n

d
n

o
ve

l

1
1

2
1
7
7
5
1
4

4
8
7
5
0
0

3
0
9
.9

8
6

A
G

A
P
3

2
1
4
6
1
4
4

5
4
5
9
3
4

3
9
9
.7

9
0

G
a
in

M
M

u
lt

ip
le

,
kn

o
w

n
a
n

d
n

o
ve

l
in

cl
.

A
G

A
P
3

1
2

2
0

9
7
1
2
5
0
0

1
0
6
6
2
5
0
0

9
5
0
.0

0
0

M
u
lt

ip
le

,
kn

o
w

n
a
n

d
n

o
ve

l
2
0

7
3
4
4
7
6
3

8
5
1
3
5
2
6

1
1
6
8
.7

6
3

G
a
in

M
M

u
lt

ip
le

,
kn

o
w

n
a
n

d
n

o
ve

l
1
3

2
3

1
0
7
7
9
4
9

1
3
0
7
7
8
4

2
2
9
.8

3
5

S
C

M
H

1
,

C
T
P
S

2
3

1
5
6
7
3
9
4

2
0
5
5
8
4
9

4
8
8
.4

5
5

G
a
in

M
S
C

M
H

1
,

C
T
P
S

1
4

2
3

5
5
0
0
0
3
4

5
8
8
7
5
0
0

3
8
7
.4

6
6

S
Y
Y
C

_
C

H
IC

K
,

M
A

C
F1

,
P
P
IE

,
A

D
C

2
3

3
4
2
7
4
7
8

4
0
6
3
2
6
9

6
3
5
.7

9
1

G
a
in

M
+
F

M
u
lt

ip
le

,
kn

o
w

n
a
n

d
n

o
ve

l
1
5

2
8

2
9
0
0
2
1
9

2
9
4
5
3
5
7

4
5
.1

3
8

C
R
T
C

1
2
8

4
8
6
6
6
7
1

4
9
1
1
1
6
5

4
4
.4

9
4

Lo
ss

F
C

R
T
C

1
1
6

3
3
1
4
6
2
5
0
0

3
1
6
3
7
5
0
0

1
7
5
.0

0
0

C
A

N
X

_
C

H
IC

K
,

H
S
9

0
B
_
C

H
IC

K
3

3
1
1
1
2
7
1
6

3
1
3
5
3
3
1
8

2
4
0
.6

0
2

G
a
in

M
M

u
lt

ip
le

,
kn

o
w

n
a
n

d
n

o
ve

l
1
7

5
1
2
5
0
0

6
2
5
0
0

5
0
.0

0
0

Q
5

Z
M

T
2

_
C

H
IC

K
5

7
9
9
3
2
7
5

8
0
3
8
5
7
7

4
5
.3

0
2

G
a
in

M
+
F

P
LE

K
H

G
3

1
8

5
3
0
0
1
3
3

3
9
5
1
8
2

9
5
.0

4
9

D
D

B
1

_
C

H
IC

K
,

X
R
_
0

2
6

9
6

0
.1

,
P
EP

A
_
C

H
IC

K
,

N
P
_
9

9
0

2
5

2
.1

5
6
6
4
0
3
4
6

6
7
8
3
2
9
7

1
4
2
.9

5
1

G
a
in

M
M

u
lt

ip
le

,
kn

o
w

n
a
n

d
n

o
ve

l

1
9

6
2
3
6
5
0
3
6
3

2
3
9
7
0
4
1
9

3
2
0
.0

5
6

LC
O

R
,

S
LI

T
1
,

R
H

G
1

9
_
C

H
IC

K
,

M
M

S
1

9
,

LO
X

L4
,

R
R
P
1

2
_
C

H
IC

K
6

2
1
3
7
7
4
2
5

2
1
8
1
0
0
4
3

4
3
2
.6

1
8

G
a
in

M
M

u
lt

ip
le

,
kn

o
w

n
a
n

d
n

o
ve

l

2
0

b
7

2
3
6
3
0
4
0
9

2
4
0
3
7
5
0
0

4
0
7
.0

9
1

IN
H

A
_
C

H
IC

K
,

N
P
_
0

0
1

0
0

6
5

9
0

.1
,

N
P
_
9

9
0

2
6

0
.1

,
T
B
A

5
_
C

H
IC

K
,

N
M

_
2

0
4

1
7

9
.1

,
N

P
_
0

0
1

0
1

2
9

3
7

.1

7
1
0
1
7
1
9
2
5

1
0
7
9
1
8
4
3

6
1
9
.9

1
8

G
a
in

M
+
F

M
u
lt

ip
le

,
kn

o
w

n
a
n

d
n

o
ve

l

2
1

a
7

3
8
3
3
5
0
3
0

3
8
3
8
0
0
9
2

4
5
.0

6
2

N
A

T
5

7
3
9
8
1
3
4
6
4

3
9
8
2
6
0
0
2

1
2
.5

3
8

Lo
ss

F
M

A
R
C

H
7

2
2

a
8

1
0
2

2
2
6
5
7

2
2
.5

5
5

N
o
n

e
N

o
h

it
n

/a
n

/a
n

/a
Lo

ss
F

n
/a

2
3

8
2
1
0
3
7
5
0
0

2
1
5
1
2
5
0
0

4
7
5
.0

0
0

IP
O

1
3
,

P
R
N

P
IP

,
A

T
P
6

V
0

B
,

D
M

A
P
1
,

N
M

_
0

0
1

0
3

1
2

7
9

.1
8

1
7
1
5
0
7
4
7

1
7
7
5
2
5
1
8

6
0
1
.7

7
1

G
a
in

M
M

u
lt

ip
le

,
kn

o
w

n
a
n

d
n

o
ve

l

2
4

9
1
2
7
2
0
3
7
4

1
2
7
7
0
0
4
6

4
9
.6

7
2

N
o
n

e
9

1
3
1
6
3
9
4
5

1
3
2
2
1
9
7
4

5
8
.0

2
9

G
a
in

F
N

o
n

e
2
5

9
1
6
9
6
2
5
0
0

1
7
1
3
7
5
0
0

1
7
5
.0

0
0

N
P
_
0

0
1

0
1

2
9

5
2

.1
,

EP
H

B
3

_
C

H
IC

K
,

Q
5

Z
IM

4
_
C

H
IC

K

9
1
8
1
4
3
5
5
4

1
8
3
9
8
9
6
1

2
5
5
.4

0
7

G
a
in

M
M

u
lt

ip
le

,
kn

o
w

n
a
n

d
n

o
ve

l

2
6

Z
7
3
6
2
5
0
0

8
5
8
7
5
0
0

1
2
2
5
.0

0
0

M
u
lt

ip
le

,
kn

o
w

n
a
n

d
n

o
ve

l
Z

3
8
4
8
1
8
5
6

3
9
9
6
9
9
3
9

1
4
8
8
.0

8
3

G
a
in

M
M

u
lt

ip
le

,
kn

o
w

n
a
n

d
n

o
ve

l
2
7

a
,b

Z
7
1
6
8
7
5
0
0

7
1
8
1
2
5
0
0

1
2
5
.0

0
0

N
o
ve

l
M

u
lt

ip
le

n
/a

n
/a

n
/a

Lo
ss

F
n

/a

a
C

N
V

R
s

a
ls

o
fo

u
n

d
in

d
u
ck

,
A

n
a
s

p
la

ty
rh

yn
ch

o
s

(S
ki

n
n

e
r

e
t

a
l.

2
0
0
9
).

b
C

N
V

R
s

a
ls

o
fo

u
n

d
in

tu
rk

e
y
,

M
el

ea
g
ri

s
g
a
llo

p
a
vo

(G
ri
ff
in

e
t

a
l.

2
0
0
8
).

c
T
h

e
S
ta

tu
s

co
lu

m
n

in
d

ic
a
te

s
w

h
e
th

e
r

th
e

ze
b

ra
fi
n

ch
g

e
n

o
m

e
co

n
ta

in
e
d

m
o
re

co
p

ie
s

(g
a
in

)
o
r

fe
w

e
r

co
p

ie
s

(l
o
ss

)
o
f
th

e
D

N
A

se
q

u
e
n

ce
co

n
ta

in
e
d

w
it
h

in
a

g
iv

e
n

C
N

V
R

co
m

p
a
re

d
to

th
e

re
fe

re
n

ce
(c

h
ic

ke
n

)
g

e
n

o
m

e
.

n
/a

,
N

o
t

a
va

ila
b

le
.

Völker et al.

506 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on January 23, 2012 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


A total of 21 out of 22 CNVs (95%) with a plausible physical

location in the zebra finch genome according to BLAT alignments

were associated with genes, while 23 out of the total 27 CNVs

(85%) were associated with genes in the chicken genome sequence.

Six of the 27 CNVs had been previously detected in duck, four had

been found in turkey, and three in both (Griffin et al. 2008; Skinner

et al. 2009).

The genomic positions of both chromosomal breakpoints
and CNVs correlate to regions of high genetic recombination

In order to determine if there was an association between recom-

bination rate and chromosomal rearrangements (aim [3] in the

introduction), we compared recombination rates in 118 1-Mb non-

overlapping windows with chromosomal breakpoints with recom-

bination rates in 643 windows without breakpoints. The recom-

bination rates were estimated from zebra finch pedigrees (Backström

et al. 2010). This analysis revealed a significantly higher recom-

bination rate in windows with chromosomal breakpoints (mean 6

SD = 2.13 6 3.03 cM/Mb) than in windows without breakpoints

(1.14 6 1.95 cM/Mb; Wilcoxon’s rank sum test, W = 6376, P =

0.0000183; Fig. 3).

Likewise, we tested for an association between recombination

rate and CNVs by comparing the recombination rate for 17 CNV-

containing windows (median = 3.24 cM/Mb) with the recom-

bination rate in the remaining 741 windows (1.24 cM/Mb) (Table 2).

Again, the observed difference was statistically significant (Ran-

domization test, P-value = 0.033; Fig. 4). Although not verified with

statistical significance, a more detailed analysis indicated that win-

dows containing both chromosomal breakpoints and CNVs tend to

have a higher recombination rate (n = 5, median = 1.34 cM/Mb)

than windows with breakpoints only (n = 111, 0.47 cM/Mb; Ran-

domization test, P-value = 0.13) or CNVs only (n = 12, 0.69 cM/Mb,

P-value = 0.081).

Discussion
To the best of our knowledge, the present study provides the first

genome-wide analysis of correlation between chromosomal rear-

rangements, CNV, and recombination in any vertebrate genome.

Specifically, the conclusions and significant findings of this paper

are that:

1. This study and the zebra finch genome paper that it accom-

panies (Warren et al. 2010) present the first detailed compara-

tive cytogenetic map between two avian species by a combi-

nation of in silico and laboratory-based methods.

2. This study is the first to demonstrate the presence of in-

terspecific CNVs across an evolutionary distance of more than

100 Myr (thus providing proof of principle for future studies of

the evolutionary significance of CNVs).

3. Our findings demonstrate a highly significant association of both

CNV and chromosomal rearrangements with elevated recombi-

nation rates. This strongly suggests a role for recombination-based

processes in avian genome evolution (and possibly in eukaryotic

genomes in general) either as a cause or a consequence of struc-

tural genomic rearrangement. Our findings are consistent with

results from analyses of mammalian genomes that indicated that

NAHR is a major cause of CNVs and chromosomal rearrange-

ments (Stankiewicz and Lupski 2002; Lupski and Stankiewicz

2005; Gu et al. 2008; Hastings et al. 2009).

In addition to the global correlation of structural genomic varia-

tion and elevated recombination rates, some specific results of the

present study provide further support for the hypothesis that

structural genomic variation and recombination are correlated.

That is, we observed that seven out of 20 CNVs (35%) for which

plausible BLAT results and recombination rates were available were

associated with chromosomal rearrangements. This number is

higher than expected by chance alone (16%, or 118 out of 761

Figure 3. Box-whisker plot representing the recombination rates in 118
1-Mb windows in regions with chromosomal breakpoints (mean 6 SD =
2.13 6 3.03 cM/Mb) and in 643 1-Mb windows without chromosomal
breakpoints (1.14 6 1.95 cM/Mb). The observed difference between
the two is statistically significant (Wilcoxon’s rank sum test, W = 6376,
P = 0.0000183).

Table 2. Recombination rates in 1-Mb nonoverlapping windows
in the zebra finch (Taeniopygia guttata, TGU) genome that
contained either CNVRs only or both CNVRs and chromosomal
breakpoints

CNVR
ID

Chromosomal
breakpoint(s) present?

Recombination
rate (cM/Mb)

1 No 0.0448
2 No 0
3 No 12.9356
4 No n/a
5 No 0.0625
6 Yes 4.5498
7 No 0.6804
8 No n/a
9 No 2.8987
10 Yes n/a
11 Yes n/a
12 No 3.5381
13 Yes n/a
14 Yes 15.5701
15 No n/a
16 Yes 0.1806
17 Yes 0.7463
18 Yes 1.3407
19 No 0.5575
20 No 0.9955
21 No n/a
22 No n/a
23 No 0.7415
24 No 0.3693
25 No 0.6943
26 No 0
27 No n/a

n/a, Not available.

CNVs, chromosome rearrangements, and recombination

Genome Research 507
www.genome.org

 Cold Spring Harbor Laboratory Press on January 23, 2012 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


1-Mb windows), which points to a common mechanism of origin

of both types of structural variation. In addition, the average re-

combination rate in windows containing both CNVs and chro-

mosomal breakpoints was higher (4.86 cM/Mb) than for windows

with either CNVs (2.37 cM/Mb) or breakpoints (1.96 cM/Mb) only.

However, the sample size for this class was only n = 7, which

highlights the need for further studies.

In the present study, recombination rate was measured in

nonoverlapping 1-Mb windows. Recent studies in humans, chim-

panzees, and mice have shown that recombination rate can also

vary substantially on a local (smaller than 1 Mb) scale (McVean

et al. 2004; Myers et al. 2005; Ptak et al. 2005; Shifman et al. 2006).

Hence, measuring recombination rates based on 1-Mb windows

may not fully reflect variation within these windows, which raises

the possibility that some structural variants that we observed in

1-Mb windows with apparently low recombination rates may ac-

tually occur in small regions with high recombination rates within

these windows (and vice versa). We also note that some CNVs and

chromosomal rearrangements may also be linked to mechanisms

that are not related to recombination, such as non-homologous

end-joining (NHEJ), Fork Stalling and Template Switching (FoSTeS),

or microhomology-mediated break-induced replication (MMBIR)

(Gu et al. 2008; Kim et al. 2008; Arlt et al. 2009; Hastings et al.

2009).

An important point of note is whether the approach used in

this study to detect relative CNVs between species is reflective

of absolute differences in copy number that could be ascertained

by sequence analysis. The definition of a CNV is ‘‘a difference in

copy number compared to a reference genome’’ and is, most usu-

ally, measured by array CGH. Indeed, using an array CGH ap-

proach cross-species (such as in this study) is now reasonably well

established in the literature (Redon et al. 2006; Griffin et al. 2008;

Skinner et al. 2009). It is certainly the case, however, that differ-

ences in sequence divergence might appear as an apparent loss (but

not a gain) in the test genome compared to the reference using this

approach. For the purposes of this study, however, we would argue

first that the aim of our work was to determine whether there are

copy number differences between the two species, and thus the

question of absolute copy number is not relevant to our primary

hypothesis; further sequence-based studies will, ultimately, abso-

lutely determine copy number. Second, we would argue that, in

these experiments at least, aberrantly called losses due to sequence

divergence were rare due to the fact that we detected more gains

than losses. Third, we would argue that we accurately detected

whole-chromosome copy number differences of the sex chromo-

somes, thereby giving us confidence in the ability of our approach

to provide a general overview of relative copy number changes

between zebra finch and chicken. Thus, while we are in no doubt

that results on apparent relative copy number losses (but not gains)

may be confounded by sequence divergence, we nonetheless

contend that array CGH is a robust means of obtaining a reason-

ably accurate map of interspecific copy number variation.

In addition to the observed association of structural variation

with recombination, our results also paint a more diverse picture

of structural changes during avian genome evolution than previous

studies (Griffin et al. 2007, 2008; Skinner et al. 2009). In particular,

the finding of intrachromosomal rearrangements in almost all

chromosomes is in striking contrast to the extraordinary inter-

chromosomal evolutionary conservation of synteny and karyotype

structure in avian genomes (Christidis 1990; Rodionov 1997; Griffin

et al. 2007). It has been suggested that the low number of inter-

chromosomal rearrangements during avian genome evolution is a

consequence of the small amount of interspersed repeats, segmental

duplications, and pseudogenes in avian genomes, which provide

little opportunity for NAHR (Burt et al. 1999; Burt 2002). However,

the detailed comparative maps of the chicken and zebra finch ge-

nomes presented here suggest that the organization of bird genomes

is more plastic than previously appreciated based on chromosome

banding and chromosome painting data. The finding of extensive

intrachromosomal rearrangements on a general background of few

interchromosomal rearrangements is consistent with genetic map-

ping studies in the zebra finch, house sparrow (Passer domesticus), and

Siberian Jay (Perisoreus infaustus) (Hale et al. 2008; Stapley et al. 2008;

Jaari et al. 2009; Backström et al. 2010). Taken together, these results

raise the intriguing question of why overall bird genome structure is

so conserved when rearrangements of marker order are so common;

in other words, why are interchromosomal rearrangements so much

rarer in birds than intrachromosomal rearrangements?

Methods

Detection of chromosomal rearrangements and homologous
synteny blocks (HSBs) by whole-chromosome alignments
In order to visualize large-scale intrachromosomal rearrangements,
we aligned whole-chromosome sequences of orthologous chicken
and zebra finch chromosomes using the program GenAlyzer
(Choudhuri et al. 2004) with default settings. For a more detailed
analysis of HSBs and chromosomal breakpoints, we retrieved or-
thologous chicken and zebra finch gene pairs from BioMart (http://
www.ensembl.org/biomart/martview/, Ensembl 55 database, Gallus
gallus genes [WASHUC2] and Taeniopygia guttata genes [taeGut3.2.4]
data sets) and identified HSBs using the software SyntenyTracker
(Donthu et al. 2009) (http://www-app.igb.uiuc.edu/labs/lewin/
donthu/Synteny_assign/html/index.html) with default parameters
(distance between markers 1 Mb, block size 0 bp, block length 2 Mb,
jumping distance 2 Mb, reference genome ‘‘zebra finch,’’ target ge-
nome ‘‘chicken’’). We included only genes with orthology type
‘‘ortholog_one2one’’ and with known physical location in both ge-
nomes in this analysis. We concatenated overlapping HSBs and
treated nested HSBs as independent (i.e., each nested HSB contributed

Figure 4. An illustration of the randomization test. The histogram shows
the distribution of the difference in median recombination rate between
17 windows drawn at random from the entire sample and the remaining
windows. The thick vertical line represents the observed difference in
median recombination rate between the 17 windows that contain CNVRs
(median = 0.74 cM/Mb) and the remaining 741 windows (median =
0.23 cM/Mb).
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two breakpoints at the end positions of the inserted HSB). Regions
between HSBs were considered as chromosomal breakpoints.

Physical mapping using FISH

We used fluorescent in situ hybridization (FISH) to validate a sub-
set of the tentative chromosomal rearrangements suggested by the
bioinformatics analyses and to examine conservation of synteny
in chicken and zebra finch microchromosomes. Preliminary ex-
periments demonstrated that, probably due to the large evolu-
tionary distance between chicken and zebra finch, cross-species
FISH with chicken probes on zebra finch chromosomes did not
work sufficiently well to allow for the construction of a compre-
hensive comparative cytogenetic map. Therefore, we isolated 131
chicken and 131 zebra finch BACs with orthologous sequence
content from the Wageningen chicken BAC library (Crooijmans
et al. 2000) and the Clemson University Genomics Institute zebra
finch BAC library (http://www.genome.clemson.edu/), respec-
tively, and used these BACs to generate two corresponding cyto-
genetic maps for both species. We determined sequence orthology
by aligning chicken sequences retrieved from Ensembl (http://www.
ensembl.org/Gallus_gallus/Info/Index, WASHUC2 assembly) against
the zebra finch genome using BLASTN (Washington University
Genome Sequencing Center BLAST server, http://genomeold.wustl.
edu/tools/blast/, running WU-BLAST 2.0 with default settings, data-
base Taeniopygia_guttata-3.2.4 [chromosomes]). Chicken and zebra
finch metaphase chromosomes were prepared from lymphocytes
and fibroblasts according to standard protocols (Itoh and Arnold
2005; Griffin et al. 2008; Skinner et al. 2009). Isolation of BACs, la-
beling for single and dual color experiments by nick translation,
and FISH followed (Skinner et al. 2009). Briefly, BACs were isolated
by midi-preparation and labeled by nick translation with either
biotin-dUTP or digoxigenin-dUTP. FISH involved overnight hybrid-
ization, stringency washes with 50% formamide, detection with
Cy3-strepavidin or FITC anti-digoxigenin, and counterstaining with
DAPI. Images were captured using an Olympus BX61 epifluorescence
microscope attached to cooled CCD camera and SmartCapture soft-
ware (Digital Scientific UK). We used the software ImageJ (Abramoff
et al. 2004) to measure the position of FISH signals, which was de-
termined as the fractional length from the p terminus, FLpter
(Lichter et al. 1990). Supplemental Table 2 summarizes the results of
the BLASTN alignments and the BAC hybridizations.

Analysis of relative copy number variation

The detection of relative CNVs in the zebra finch compared to the
chicken followed the approach previously used for the analysis of
copy number variation in turkey (Griffin et al. 2008) and duck
(Skinner et al. 2009). We interrogated the Roche NimbleGen
chicken whole-genome tiling array (Catalogue Number/Design
Name B3791001-00-01, galGal3 WG CGH; Roche NimbleGen)
with whole genomic DNA from one male and one female zebra
finch. The Roche NimbleGen array contains 385,000 50-mer oli-
gonucleotides with an average spacing of 2586 bp (source UCSC,
build galGal3). We extracted genomic DNA from blood using
a DNeasy Animal Blood and Tissue kit (QIAGEN No. 69504); the
reference (Red Junglefowl) DNA, from the same animal used in The
Chicken Genome Sequencing Project, was kindly provided by
Hans Cheng (Michigan State University). Roche NimbleGen per-
formed labeling of genomic DNA by random priming and hy-
bridization to the array. All hybridizations used two dyes per slide
(Cy3 and Cy5); Red Junglefowl reference DNA was co-hybridized
with zebra finch test DNA.

Roche NimbleGen performed the initial CGH analysis, which
proceeded in three stages: normalization, window averaging, and

segmentation. After combining the signal intensity and genomic
coordinate information, the Cy3 and Cy5 signal intensities were
normalized to one another using Qspline normalization (Workman
et al. 2002) and prepared for DNA segmentation analysis. This
included a window averaging step, where the probes that fall into a
defined base pair window size (25 kb) were averaged, using Tukey’s
biweight mean (Tukey 1960). A new position was assigned to this
average, which is the midpoint of the window. Segmentation was
also performed on unaveraged data to permit smaller segments
than the window size to be detected. The circular binary segmen-
tation algorithm (Olshen et al. 2004) was used to segment the
averaged log2 ratio data. DNA segments were called by attempting
to break the segments into subsegments by looking at the t-statistic
of the means. Permutations (n = 1000) were used to provide
the reference distribution. If the resulting P-value was below
the threshold (default of P = 0.01), then a breakpoint was called.
A pruning step was used to remove spurious segments, rejecting
segments where the standard deviation of the means was not
sufficiently different. By default, a cutoff of 1.5 standard deviations
was used. CNVs were called for segments in which the log2 ratio
was >|60.5|. Roche NimbleGen provided the results of this analysis
in the form of CSV (comma-separated variable) files containing the
genomic location of each segment detected by their algorithm. We
designed a template in Microsoft Excel to collate these data from
both specimens analyzed and further interrogate them. Following
the approach of Redon et al. (2006), we called only CNVs con-
taining more than four probes. We combined overlapping CNVs
into CNV regions (CNVRs) irrespective of the degree of overlap or
whether the change was a gain or loss relative to the Red Jungle-
fowl. It is noteworthy therefore that relative changes in fluorescent
intensity detect apparent differences in DNA copy number be-
tween test and reference samples (in this case, the two species), not
absolute numbers of copies. Moreover, significant sequence vari-
ation between the test and the reference may also lead to an ap-
parent relative loss of copy number by this approach. We exam-
ined individual CNVRs for association with known or novel genes
on the Ensembl database (release 52) (Hubbard et al. 2009). Further
information about the array, the experimental design as well as
the raw and normalized signal intensities, is available through
ArrayExpress (http://www.ebi.ac.uk/arrayexpress/) under the ac-
cession number E-TABM-841.

Recombination rate analyses

We obtained sex-averaged recombination rate estimates for 761
1-Mb nonoverlapping windows by comparing genetic and physi-
cal postions of ;1400 SNPs evenly distributed along the zebra
finch genome (for details, see Backström et al. 2010). To assess if
the recombination rate differed between regions with and without
chromosomal breakpoints, we partitioned the recombination data
into two classes, one with windows containing at least one break-
point and one with windows without breakpoints, using breakpoint
data from the SyntenyTracker analysis (see above). We applied a
non-parametric test (Wilcoxon’s rank-sum test as implemented in
R; http://www.r-project.org/) to assess the level of significance for
the difference in recombination rate between these two classes.

Identification of the genomic coordinates of CNVs
in the zebra finch genome

We identified the physical positions of CNVs in the zebra finch
genome by homology searches with the entire chicken regions
containing CNVs as queries in searches against the zebra finch
genome. We used the BLAT algorithm (http://www.ensembl.org/
Gallus_gallus/), which takes sequence divergence and chromosomal
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rearrangements into account. This analysis returned best hits on
the expected orthologous zebra finch chromosome for 22 out of
27 CNVs; we excluded the remaining five CNVs from the analysis
(see Results for details).

Recombination rates and CNVs

Recombination rate data were available for 17 CNVRs with a
plausible location in the zebra finch genome according to BLAT
alignments. Since the number of CNV-containing windows was
much smaller than the total number of windows, we used a ran-
domization test to test for a difference in recombination rates be-
tween CNVR-containing windows and all other windows. Using
a script in R (http://www.r-project.org/) developed in-house, we
generated a distribution (10,000 iterations) of the difference in
median recombination rate between 17 windows randomly drawn
from the entire sample and the remaining windows and calculated
the fraction of expected values higher than the observed (empiri-
cal) difference in median to get the P-value.

Randomization tests were also applied to evaluate the differ-
ence in recombination rates between five windows containing
both CNVRs and chromosome breakpoints and windows with ei-
ther only breakpoints or only CNVRs. In these analyses, five win-
dows were drawn at random to generate the expected distribution
of differences in median between classes.
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