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Abstract. The Zebra Finch (Taeniopygia guttata) is the first species of passerine bird with a complete genome sequence,
making it an exciting time for avian evolutionary biology. Native to Australia and the Lesser Sunda Islands, this species has
long played an important role in the study of ecology, behaviour and neuroscience. With the sequencing of its genome, the
Zebra Finch now also represents an important model system for evolutionary and population genomics. The production of a
genome sequence for the Zebra Finch will have far-reaching impacts on the study of avian biology. Here we discuss the
genomic resources available for the Zebra Finch, including the genome sequence itself, and some of the ways in which they
will facilitate the study of avian diversity. We also highlight recent examples from the literature that have already begun to
leverage Zebra Finch genomic tools towards the study of birds in nature.

Introduction

The Zebra Finch genome is the first passerine genome to be
sequenced and only the second avian genome to be sequenced
after that of the Chicken (Red Junglefowl, Gallus gallus). Zebra
Finches are estrildid finches (family Estrildidae), a group of 140
species found in Africa and Australasia (Goodwin 1982). They
are also a passerine, or perching bird, belonging to a clade (order
Passeriformes) comprising over 5000 species and representing
over half of all bird diversity. With the second avian genome in
hand, it will now be possible to draw conclusions about the
general features of the avian genomeaswell as the unique features
of the genomes of both Zebra Finches and Chickens.

As a passerine, the Zebra Finch represents a lineage with the
rare trait of producing learned vocalisations, a trait they sharewith
humans and only a few other vertebrates. They are also highly
social, living in often large colonies, and display a complex
system of vocal communication in which individual males can
be identifiedon the basis of song. The choice of theZebra Finch as
a target species for whole genome sequencing was motivated in
large part by its critical and growing role as the best experimental
model of vocal learning and communication (Doupe and Kuhl
1999;Brainard andDoupe 2002; Jarvis 2004). TheZebra Finch is
also notable in its adaptation to the arid zone of Australia
(e.g. Zann 1996; Perfito et al. 2007) and Richard Zann cham-
pioned the development of the Zebra Finch, and birds in general,
as ecological and evolutionary model systems (Zann 1996). As a
result, the Zebra Finch and some its close relatives are now
important model systems for the study of adaptation and
speciation (Smith 1993; Sorenson et al. 2003; Balakrishnan
and Edwards 2008; Pryke and Griffith 2009a, 2009b). The
Zebra Finch genome will bolster efforts in these fields as well.
Our primary aim here is to place the Zebra Finch and its genome

in a comparative context, highlighting some of the ways in
which the Zebra Finch genome can facilitate evolutionary
studies across the passerine radiation.

Nuts and bolts of Zebra Finch genomics

Agenome represents the totality of deoxyribonucleic acid (DNA)
in an individual’s cells. The effort to sequence the Zebra Finch
genome emerged through a series of commitments by the Na-
tional Institutes of Health in the USA, beginning in 2002with the
construction of a Zebra Finch Bacterial Artificial Chromosome
(BAC) library (Arnold andClayton2002; seebelow), followedby
production of a physical genetic map (Clayton et al. 2005a), and
finally by a draft assembly of the whole genome sequence itself
(Clayton et al. 2005b; Warren et al. 2010). The Zebra Finch
genome was generated using DNA derived from a single Zebra
Finch – a captive male bird from the colony of Dr Art Arnold
of the University of California, Los Angeles.

The construction of a genome involves two key steps: se-
quencing and assembling. Owing to limitations of current
sequencing chemistry, the genome is first sheared into short
fragments (~1000–2000 base pairs (bp)) and these fragments are
then sequenced (so-called ‘shotgun sequencing’). This of course
leads to the issue of assembly, in which the sheared fragments
must be reconnected to one another and linked to their respec-
tive chromosomes. Most genomes, including that of the Zebra
Finch, are sequenced to a coverage of 6�, meaning that six
times as many bases are sequenced as exist in the genome. This
redundant sequencing is done to ensure adequate overlap
between the small sequence-fragments, allowing them to be
assembled. Although, on average, each base pair is sequenced
six times, the stochastic nature of the sequencing process means
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that some areas are not sequenced at all, and some areas are
sequenced many more than six times.

The first draft assembly of the Zebra Finch genome has now
been completed (Warren et al. 2010) and is publicly accessible
(http://www.songbirdgenome.org, accessed 17 July 2010). Al-
together, the sequenced genome spans 1.2 gigabases (Gb, or
billion base pairs) of which 1Gb has been assigned to 33
chromosomes and three linkage groups. A total of 17 475 genes
have been predicted, representing roughly 90% of the expected
gene content of the genome. The missing 10% of genes is
expected, even given 6� coverage. As indicated above, either
by chance, or by the specific properties of the region in question
(some regions just donot sequence easily), portionsof thegenome
simply have not yet been sequenced.

Zebra Finch genomic resources

Before the actual genome sequencing had even begun, three key
genomic resources had already been developed. First, a BAC
librarywasproduced at theArizonaGenomics Institute (Luo et al.
2006). BAC libraries are a type of large-insert genomic library
and represent the foundation of genome-sequencing efforts
(e.g. Couzin 2002; Hillier et al. 2004; Warren et al. 2008). Long
genomic DNA fragments, of between 100 and 200 kilobases
(kb) are cloned into a bacterial vector and these constructs can
then be propagated in bacteria. These long inserts are useful for
accessing large genomic regions surrounding genes of interest
(e.g. Luo et al. 2006) and are also the basis for physical mapping
of the genome (linking of genome sequence data to physical
chromosomes). Another Australian bird for which a BAC
library exists is the Emu (Dromaius novaehollandiae; Shedlock
et al. 2008).

Expressed sequence tag (EST) databases are another key set of
resources. ESTs are sequences of complementary DNA (cDNA)
derived from transcribed ribonucleic acid (RNA) or messenger
RNA (mRNA); they are a large collection of sequences, often
from a specific tissue, that include many different genes. Genes
that are transcribed into RNA are a major source of functional
information for the Zebra Finch. Over the last 5 years, cDNA
sequences derived from brain-expressed genes have been gath-
ered by a number of research groups and organised into online
databases (e.g. Replogle et al. 2008). The efforts of the different
research groups have now been unified into a searchable database
‘ESTIMA songbird’ (Table 1). Sequences of expressed tran-

scripts are essential to the genome annotation process as they
provide direct evidence of gene structure to complement gene-
prediction algorithms.

A third important resource, developed before the completion
of theZebra Finch genome,was a linkagemap for theZebra Finch
(Stapley et al. 2008). By genotyping a pedigreed population
using large sets of genetic markers dispersed across the genome
(i.e. determining the type of variation in the genome at many
different places across the chromosomes), linkage mapping
allows the estimation of the physical position of markers in the
genome (a marker simply being any type of DNA feature that can
be easily amplified and characterised by tools such as the poly-
merase chain reaction (PCR)). These data have provided a
valuable validation of the Zebra Finch assembly because of the
strong correlation between the physical location of the markers
achieved by linkage mapping and the locations of those same
markers by shotgun sequencing. Linkage mapping also sets the
stage for making associations between genotype and phenotype
(e.g. Forstmeier 2005). Linkage mapping studies have now been
carried out in a diversity of passerine species (e.g. Hansson et al.
2005; Åkesson et al. 2007; Backström et al. 2008a; Jaari et al.
2009).

Two online databases are essential tools for examining the
complete genome: the University of California – Santa Cruz
(UCSC) genome browser (Kent et al. 2002; Karolchik et al.
2003), and the Ensembl genome browser (Birney et al. 2001;
Table 1). Both of these provide an interface with which one can
map sequences of interest to genomes, search for genes of interest,
and extract sequence data. Both of these databases also provide
access to comparative sequence data from other completed
genome projects. Below we describe several recently published
case studies illustrating the utility of the Zebra Finch genome and
the associated resources for ecological and evolutionary studies.
We also highlight some of the first findings from the analysis of
the Zebra Finch genome itself.

Multilocus phylogeography and population genetics

Advances in population genetic theory, in particular the devel-
opment and now common usage of models rooted in the coales-
cent theory (reviewed in Wakeley 2008), have made it clear
that single-locus gene trees can vary from gene to gene; the tree
for a single gene neednot resemble the species history.The failure
of a single locus such as mitochondrial DNA (mtDNA) to

Table 1. Web resources for avian genomics
All websites were last accessed on 29 July 2010

URLs Summary

Zebra Finch genome http://www.songbirdgenome.org Central website for basic information regarding the Zebra Finch
genome

Comparative genomics
UCSC genome browser http://genome.ucsc.edu All-purpose genome browser, particularly useful for exporting

data tables
Ensembl http://www.ensembl.org All-purpose genome browser, particularly useful for comparing

gene sequences from published complete genomes
Aviangenomes.org http://aviangenomes.org A developing resource for comparative genomics of birds

Gene expression
ESTIMA http://www.illinois.edu/goto/songbird Database of Zebra Finch brain cDNA sequences
ZeBRA http://ignrhnet.ohsu.edu/finch/songbird/index.php Online brain atlas showing gene expression patterns in the brain
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accurately reflect population history could occur due to deter-
ministic factors (e.g. sex biased gene flow or natural selection)
or stochastic factors such as incomplete lineage sorting (Avise
1994). Mitochondrial DNA data, which has long been the work-
horse of phylogeography, are now routinely supplemented
with data from the nuclear genome and indeed discordance
among loci is commonplace (e.g. Canestrelli and Nascetti
2008; Gompert et al. 2008; Brito and Edwards 2009; Edwards
andBensch 2009). Discordance among loci, however, should not
be thought of as hindering multilocus approaches, but rather as
providing added resolution into the central tendency of genes in
the genome and demographic history at the population and
species levels (Balakrishnan et al. 2010a). The Zebra Finch
genome has already increased the accessibility of sequence-
based nuclear markers for population genetic studies of song-
birds. Having a genome, however, not only aids in the develop-
ment of the markers themselves, but also provides important
supplementary information, such as their placement on the
chromosome, their distance from known coding genes and their
genomic copy number. These details can contribute greatly to
our understanding of patterns of molecular evolution and
phylogeography.

Zebra Finch population genetics

In a recent study, Balakrishnan and Edwards (2008) used se-
quence data from the developing Zebra Finch genome project to
characterise patterns of polymorphism and divergence in wild
Zebra Finches. Markers were designed based on published BAC
sequences that, as mentioned above, are long tracts of DNA. By
sequencing sets of markers within such tracts, Balakrishnan and
Edwards were able to characterise both patterns of divergence
among Zebra Finch populations, and also patterns of linkage
disequilibrium (LD) in the genome. LD is a measure of the
strength of correlation among the allelic states at different sites
in the genome. The extent of LD is an indicator of genomic
properties, such as the recombination rate, as well as of demo-
graphic parameters. Balakrishnan and Edwards found higher
LD in the Lesser Sundas subspecies of Zebra Finch (Taeniopygia
guttata guttata) than in Australian populations (T. g. castanotis),
supporting the hypothesis that Zebra Finches had passed
through a population bottleneck, or founder event, during the
colonisation of the islands. The ability to map genetic distances
among loci in combination with coalescent analyses therefore
contributed to the ability to answer questions about historical
demography (Fig. 1).

The extent of LD is also a key determinant of the feasibility of
associating genomic variation with phenotypic variation. For
example if LD is high, one can find associations between a
genomic polymorphism and at trait by genotyping a locus in the
same genetic region as the causal mutation. In contrast, if LD is
very low, one essentially has to genotype the causal polymor-
phism itself to find an association between the genotype and
phenotype. Two recent studies of LD in captive Zebra Finches
(Backström et al. 2010; Stapley et al. 2010) suggest that LD is
fairly high in these populations, a property that will facilitate
mapping traits (e.g. Forstmeier 2005). This contrasts with wild,
out-bred populations of Zebra Finch that indicated lower levels of
LD (Balakrishnan and Edwards 2008). This difference in LD

between wild and captive populations is expected based on
population genetics theory.

Facilitating the genomics of other non-model
avian species

The Zebra Finch genome, however, is not only useful for studies
of Zebra Finches. A recent study of White-throated Sparrow
(Zonotrichia albicollis) provides an exceptional example of how
Zebra Finch genomic resources can be used to characterise the
genetics of a relatively divergent avian lineage (Thomas et al.
2008). The White-throated Sparrow represents perhaps the best
avian example linking genetic and behavioural variation. Two
colour-morphs exist– tan andwhite-striped (Lowther 1961)– and
these phenotypes correlate with a chromosomal inversion
(Thorneycroft 1966, 1975). The colour-morphs are further
correlated with striking behavioural variation: white-striped
males sing more, are more territorial and are more promiscuous
than tan-striped birds, whereas tan-striped birds of both sexes
invest more in parental care than white-striped birds (e.g. Tuttle
2003). The polymorphism is maintained because these birds
tend to mate disassortatively, each preferring to mate with the
other morph (Lowther 1961; Houtman and Falls 1994). Cyto-
genetic mapping studies previously mapped the inversion to
Sparrow chromosome two (Thorneycroft 1966; 1975), but the
use of Zebra Finch genomic tools has provided added resolution
to the history of the inversion. Thomas et al. (2008) used probes

Fig. 1. Divergence history of Zebra Finches based on multilocus analysis
of 30 nuclear loci (Balakrishnan and Edwards 2009). The two Zebra Finch
subspecies are estimated to have diverged between 1 and 2million years ago
(mya) when a small number of founders (estimated at ~10, but see
Balakrishnan and Edwards 2009) colonised the Lesser Sunda Islands.
Numbers shown represent effective, not actual, population sizes of the
ancestral, descendent, and founding populations; the population in Australia
is characterised by a history of expansion.
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targeted to the known region of the inversion to screen the Zebra
Finch BAC library (Fig. 2). Probes were either ‘universal’,
designed from Chicken–human sequence comparisons (Kellner
et al. 2005), or avian, designed from comparisons of sequencing
reads from the Zebra Finch and the Chicken genomes (Thomas
et al. 2008). Once BAC clones were identified, they were
mapped onto the Sparrow chromosomes using fluorescence
in situ hybridisation (FISH). In FISH mapping, BAC sequences
are labelled with a fluorescent dye and then bound to chromo-
some spreads such that the physical placement of the BACs can
be visualised by microscopy. By placing a series of Zebra Finch
BACs on alternative forms of the Sparrow chromosomes,
Thomas et al. found that Sparrow chromosome 2 was actually
orthologous to Chicken chromosome 3, and were able to
characterise the details of the inversion that had taken place.
As expected, in the alternative forms of the chromosomes, the
BAC markers were arranged in different orders. The FISH
mapping data, however, also revealed that the inversion was
complex and in fact was the result of multiple inversions
(Thomas et al. 2008). These researchers further used alignments
of Chicken and Zebra Finch sequences to design PCR primers
targeted to sequences within and around the inversion. By
characterising polymorphism in the inversion, they were then

able to estimate that the inversion arose ca. 2.2million years
ago. Polymorphism data also supported the prediction that
recombination was suppressed within the inversion (Thomas
et al. 2008).

Genomic markers for population genetics

In the study described above, alignments of Chicken and Zebra
Finch sequences were used to design primers that would likely
amplify inmanybird groups. This highlights one of the benefits of
having a second avian genome: by identifying conserved regions
of the genome; it is possible to design primers that will be useful
across bird groups. Backström et al. (2008b) used the same
approach at a genome-wide scale, designing primers spanning
the genome based on conserved regions in the Chicken and Zebra
Finchgenomes.Backström et al. (2008b) tested theutility of these
primers in five bird species: Chicken, Peregrine Falcon (Falco
peregrinus), Collared Flycatcher (Ficedula albicollis), Blue Tit
(Cyanistes caeruleus), and Great Reed-Warbler (Acrocephalus
arundinaceus). Karaiskou et al. (2008) similarly identified mi-
crosatellite sequences in Zebra Finch EST databases and tested
these loci in seven species of passerine and one species of owl.
Both of these studies reported roughly 80% success in the

(a) Screen Zebra Finch BAC library
 probe DNA

(b) Map identified genes to chromosomes in study species 

(c) Examine polymorphism in White-throated Sparrow 

Use of the Zebra Finch genome to study evolution in a Sparrow

BAC vector

Genomic regionMorph 1 Morph 2
of interest

Different gene order among 
sparrow morphs

Identified BAC clones containing genes of interest

Inversion arose ca. ~2.2 million years ago

Recombination suppressed within inversion

Fig. 2. Strategy used by Thomas et al. (2008) to characterise a chromosomal inversion in the
White-throated Sparrow (Zonotrichia albicollis). (a) Zebra Finch BAC clones that map to the
genomic regionof interestwere identified; (b)BACcloneswereFISHmapped toalternativeversions
of the Sparrow chromosomes clarifying structural differences among populations; and (c) primers
were designed using Zebra Finch genomic data to amplify with PCR and sequence portions of the
Sparrow chromosome. Polymorphism data revealed the divergence time of the two chromosomal
morphs and suppressed recombination within the inversion.
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amplification of the designed loci across species. These primer
sets shouldhavebroadutility acrossbird species andwill facilitate
the use of multilocus data in avian population genetics.

Whereas universal primers are now easily accessible,
one possible drawback of such approaches is ascertainment bias
(e.g. Wakeley et al. 2001). By amplifying regions of the genome
that are particularly conserved, or linked to ESTs, one might not
accurately represent patterns of genomic polymorphism. A par-
ticularly powerful class of genomicmarkers that are less subject to
such biases are anonymous nuclear loci (e.g. Jennings and
Edwards 2005; Balakrishnan and Edwards 2008; Lee and
Edwards 2008). Anonymous loci are loci selected at random
from genomic libraries generated from the species of interest.
Anonymous loci are sequence-basedmarkers,whichoffer several
advantages over microsatellites (Brito and Edwards 2009). Be-
cause these markers are anonymous, until now we have had no
information on where they fall within the passerine genome (but
see Dawson et al. (2006) for an example mapping microsatellites
to the Chicken genome). Ideally, anonymous markers would
represent a sampling of chromosomal locations. The Zebra Finch
genome allows us to map anonymous loci, at least from passer-
ines, to the genome. We can test whether they are, in fact,
intergenic or whether they are closely linked to a gene. We can

also ensure they are single-copy markers, and not duplicated,
which would complicate the genotyping process. Of course such
tests are really tests of the markers from the test species on the
Zebra Finch genome, and do not guarantee the chromosomal
location of amarker, for example, in the test species. But they can
provide insight, particularly if the genome arrangements of the
test species and Zebra Finches are conserved.

A recent study on Red-backed Fairy-wrens (Malurus mela-
nocephalus) developed 29 anonymous loci and used them to
reconstruct thedivergencehistory for thegroup (Lee andEdwards
2008). To examine the chromosomal distribution of the markers
used in that study, we used BLASTn in the Ensembl browser to
place markers on Zebra Finch chromosomes. Given the evolu-
tionary distance between fairy-wrens and Zebra Finches, and
that the chosen markers are non-coding, we were somewhat
surprised to find strong BLAST hits for all of the loci examined
(Table 2). As expected from anonymous markers, we found hits
across at least 14 chromosomes (1 locus mapped to an unmapped
region), and most markers only had strong hits in one place
(Table 2). In contrast, the Zebra Finch study described above
(Balakrishnan and Edwards 2008) used primers based on
existing BAC sequence data. Six of the seven marker sets used
in that study are now found to map to chromosome 1a (the other

Table 2. Mapping of 29 anonymous nuclear loci from the Red-backed Fairy-wren to the Zebra Finch genome
The variation in percent identity between Red-backed Fairy-wren (Malurus melanocephalus (MAME)) loci and the Zebra Finch
genome highlight the fact that anonymous loci represent a genomic sampling of polymorphism, and will reflect the variability
among loci in evolutionary rate. Nonetheless, most Fairy-wren loci produced only one strong match to the genome, increasing
confidence that the marker in the Fairy-wren is homologous to its closest match in the Zebra Finch genome. Exceptions to this are

indicated with an asterisk. % ID, % sequence identity

Locus Locus length (bp) Hit length (bp) % ID Chromosome: position

MAME_AL01 337 331 85.50 Chr1A: 6480559–6480885
MAME_AL02 451 252 86.51 Chr9: 26032035–26032283
MAME_AL03 453 453 95.14 Chr2: 70618937–70619387
MAME_AL04 579 230 81.91 Chr23: 2241012–2241239
MAME_AL05 553 554 85.38 Chr3: 47997479–47998030
MAME_AL06 445 269 92.94 Chr2: 147513094–147513359
MAME_AL07 494 489 86.50 Chr7: 8968530–8969016
MAME_AL08 467 353 83.29 Chr5: 27224773–27225122
MAME_AL09 495 320 81.88 ChrUn: 36507638–36507957
MAME_AL10* 229 171 68.42 ChrZ: 49371592–49371756
MAME_AL11 396 401 69.33 Chr2: 34797912–34798305
MAME_AL12 457 437 87.64 Chr9: 11906729–11907151
MAME_AL13 437 386 85.23 Chr1: 102583383–102583763
MAME_AL14 389 420 74.29 Chr1: 101991439–101991848
MAME_AL15 433 401 89.03 Chr2: 88493834–8494234
MAME_AL16* 419 175 77.14 Chr14: 10575636–1057880
MAME_AL17* 441 167 79.64 Ch4a: 15878798–15878962
MAME_AL18 423 388 87.89 Chr12: 9148656–9149041
MAME_AL19 398 326 76.69 Chr3: 28184617–28184940
MAME_AL20 464 424 67.45 Chr2: 96011318–96011720
MAME_AL21 511 193 86.53 Chr3: 75463218–75463407
MAME_AL22 500 440 84.55 Chr9: 8852091–8852522
MAME_AL23 439 528 89.20 Chr18: 8233399–8233921
MAME_AL24 530 400 82.75 Chr14: 616963–617351
MAME_AL25 460 218 81.65 Chr3: 19971531–19971741
MAME_AL26 389 292 79.11 Chr4: 12668275–12668562
MAME_AL27 473 341 85.92 Chr1: 24307993–24308325
MAME_AL28* 460 303 87.79 Chr5: 33104313–33104615
MAME_AL29 309 303 87.79 Chr1a: 6480559–6480885
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maps to chromosome 2). This suggests that the BAC sequences
that were available at the time were not a thorough sample of
the genome and that the survey of the genome was more limited
than intended. The results from mapping Fairy-wren and
Zebra Finch loci highlight the added information the genome
assembly provides. The ability to map anonymous loci from a
fairy-wren, a species long diverged from Zebra Finches, to
the Zebra Finch genome supports the conservation and use of
anonymous loci as a means of quantifying genome-wide
patterns of polymorphism, and also indicates that comparative
mapping of markers to the Zebra Finch genome is a useful
source of supplementary information on species-specific mar-
kers. Ironically, by mapping anonymous loci to the genome
they lose their anonymity, so effort should be made to select
loci for population surveys in a random way thus avoiding
ascertainment bias.

Functional and comparative genomics

Ecological immunology

Birds have long played an important role in the study of immune
system function. This is true of the Chicken, in particular because
of its role as a domesticated species.Nowmore then ever,with the
emergence ofWestNileVirus (e.g. LaDeau et al. 2007) and avian
flu (e.g. Li et al. 2004; Olsen et al. 2006), it is clear that birds
represent an important vector for diseases that have direct impacts
on human health. The Zebra Finch genome provides a critical
point of comparison with the Chicken genome to expand our
understanding of the avian immune system.

The major histocompatibility complex (MHC) has been an
important focus of avian immunology (reviewed in Edwards
et al. 1999; Hess and Edwards 2002). The Chicken MHC is
remarkable in its highly streamlined, ‘minimal essential’, orga-
nisation (Kaufman et al. 1999). Beyond the order Galliformes
(Kaufman et al. 1999; Shiina et al. 2004), however, little is
known about the gene content and organisation of the avian
MHC. Population studies of birds indicate that the structure of
the avian MHC varies among lineages (e.g. Ekblom et al. 2003;
Alcaide et al. 2007;Westerdahl 2007;Burri et al. 2008). Analysis
of the Zebra Finch MHC, using the whole genome sequence
and targeted sequencing of BACs, indicates that the Zebra
Finch MHC differs markedly from the Chicken MHC. Most
surprising was the finding that genes that are tightly linked in
the Chicken MHC map to different chromosomes in the Zebra
Finch genome (Balakrishnan et al. 2010b). The finding of MHC
genes on multiple chromosomes has implications for the extent
towhich these genesmight coevolve (Kaufman 1999). The Zebra
Finch genome also offers the opportunity to move beyond
analyses of MHC in studies of immune function and the role of
the ‘immunome’more broadly in ecology. Using the Zebra Finch
genome Hellgren and Ekblom (2010), for example, have char-
acterised the repertoire of b-defensins finding evidence of gene
duplication and relaxed selection along the Zebra Finch lineage.
It will be of great interest to begin to explore the roles of the
diverse suite of immune-related genes, including toll-like recep-
tors, CD1genes, and defensins. LikeMHCgenes, thesemay even
play a role in local adaptation or mate-choice, or both, or at a
minimum will be of interest in terms of their rates and patterns
of molecular evolution.

The genetics of adaptation
The Zebra Finch genome paves the way for improving our
understanding of the genetics of adaptation in birds. Zebra Finch
microarrays provide a tool for surveying gene expression across
thousands of transcripts. Microarrays are slides on which thou-
sands of cDNA probes, each representing a gene, are attached.
Experimental RNA is extracted from birds under different phys-
iological or ecological conditions, reverse transcribed to cDNA,
after which this cDNA can be bound to the microarray.
The intensity of the binding of the experimental cDNA with
those genes or ESTs spotted on the microarray is a measure of
transcript abundance, and can then be used to profile transcript
abundance (‘gene expression’) under the experimental condi-
tions. So far, two large Zebra Finch cDNA microarrays have
been produced and each microarray was spotted with nearly
20 000 cDNAs from the EST collections described above (Wada
et al. 2006; Replogle et al. 2008). These ESTs were also used to
create an Affymetrix array, which uses shorter (20 bp) oligonu-
cleotide probes (chemically synthesised probes; Naurin et al.
2008). With the genome in hand, we now have the means to
understand better what these transcripts are andwhere they reside
in the genome.

Thus far, Zebra Finch microarrays have primarily been used
to survey patterns of gene expression in the Zebra Finch brain
(Wada et al. 2006; Lovell et al. 2008; Dong et al. 2009; London
et al. 2009; Tomaszycki et al. 2009). Replogle et al. (2008),
however, also demonstrated the utility of Zebra Finch micro-
arrays for study across a diversity of bird species by conducting
comparative genomic hybridisation (CGH) experiments. In their
CGH studies, genomic DNA (rather than cDNA) from each
experimental sample (four oscine passerines, one suboscine
passerine, and Chicken) was hybridised against an array with a
reference sample of Zebra Finch DNA. The relative intensity of
hybridisation of the sample and the reference essentially provides
a measurement of the genetic similarity between the two
species at each of the cDNAs on the array. Similarly, Naurin
et al. (2008) successfully used their array with samples from
Common Whitethroat (Sylvia communis), a passerine lineage
~25–50million years divergent from the Zebra Finch. The results
from both of these studies suggest that Zebra Finch cDNA and
oligo-arrays shouldbeuseful for geneexpressionprofilingand the
detection of changes in copy number (gene duplications and
losses) across passerine species.

A recent study by Cheviron et al. (2008) used Zebra Finch
microarrays to study plasticity and adaptation in Rufous-collared
Sparrows (Zonotrichia capensis). Rufous-collared Sparrows are
neotropical passerines that inhabit the Pacific slope of the Andes.
Their distributional range spans the Andean lowlands up an
elevational gradient to a maximum altitude of 4600m above sea
level. To test whether high-elevation Sparrows displayed geno-
mic adaptations to their elevation, Cheviron et al. (2008) com-
pared gene expression in high-elevation, low-elevation and
‘common garden’ birds. The use of Zebra Finch microarrays
allowed the identification of 333 transcripts that were differen-
tially expressed among high- and low-elevation populations
(Fig. 3). These genes included a statistical over-representation
of genes involved in metabolic processes such as oxidative
phosphorylation. In the common garden experiment, where high-
and low-elevation birds were acclimated to a common environ-
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ment, gene expression differences among populations were not
observed, suggesting that plasticity in gene expression was
responsible for the differences among populations, rather than
genetic adaptation. Complementary DNA arrays therefore rep-
resent a useful tool for studying adaptation in birds. Several
studies are currently underway in which Zebra Finch cDNA
microarrays are being used to study species other than Zebra
Finches under the Songbird Neurogenomics Initiative (Replogle
et al. 2008).

Complementary DNA arrays, however, are time consuming
and expensive to build because DNA needs to be grown and
extracted from genomic libraries. Oligonucleotide arrays for
the Zebra Finch are now also commercially available, offering
a lower cost alternative for avian transcriptomics. The most
recent Zebra Finch oligo-array was designed with fairly long
60 bp probes and again will be useful, at a minimum, across
passerine species. The next generation of transcriptomics tech-
nology, however, is already here as well and is accessible for
studies of species of wild bird (Bonneaud et al. 2008). High-
throughput sequencing platforms, such as Titanium 454 (Roche,
Basel, Switzerland) and Solexa (Illumina, San Diego, CA, USA)
offer the ability to directly sequence and quantify transcript
abundance without the reliance on cross-species hybridisation
to microarrays. The challenge of these approaches lies in the
assembly and analysis of billions of base pairs of sequencing data
that are typically generated in fairly short sequencing reads. The
Zebra Finch genome is also a valuable asset in this context,
providing a reference genome that will greatly facilitate the
assembly of the short sequencing reads generated by next-gen-
eration sequencing.

Conclusions

The sequencing of the Zebra Finch genome represents a
major step forward for avian ecology and evolutionary biology,
a step that we imagine Richard Zann would have been very
excited to see. The Zebra Finch provides a comparison point
among birds with which we can generalise patterns of avian

genomic evolution suggested by the genome of the Chicken. On
the other hand, and perhaps more importantly, the Zebra Finch
genome provides a resource that will encourage and improve
studies of wild populations of birds. Indeed such studies, includ-
ing those described above, are already being conducted but the
real benefits of the Zebra Finch genome sequencing effort are
still to come.
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