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Summary: Advent of microarray technologies revolu-
tionized the nature and scope of genetic and genomic
research in human and other species by allowing
massively parallel analysis of thousands of genomic
sites. They have been used for diverse purposes such
as for transcriptome analysis, CNV detection, SNP
and CNV genotyping, studying DNA-protein interac-
tion, and detection of genome methylation. Microar-
rays have also made invaluable contributions to
research in chicken which is an important model or-
ganism for studying embryology, immunology, oncol-
ogy, virology, evolution, genetics, and genomics and
also for other avian species. Despite their huge con-
tributions in life science research, the future of micro-
arrays is now being questioned with the advent of
massively parallel next generation sequencing (NGS)
technologies, which promise to overcome some of
the limitations of microarray platforms. In this article
we review the various microarray resources devel-
oped for chicken and their past and potential future
applications. We also discuss about the future of
microarrays in the NGS era particularly in the context
of livestock genetics. We argue that even though NGS
promises some major advantages—in particular,
offers the opportunity to discover novel elements in
the genome—microarrays will continue to be major
tools for research and practice in the field of livestock
genetics/genomics due to their affordability, high
throughput nature, mature established technologies
and ease of application. Moreover, with advent of
new microarray technologies like capture arrays, the
NGS and microarrays are expected to complement
each other in future research in life science. genesis
51:337–356. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

The research and applications in the field of genetics
and genomics have seen tremendous progress over the
last two decades. While it is the human genomics that
has experienced the greatest development, other organ-
isms—both animals and plants—are following suit.
From among the farm animal species, chicken has
emerged as an important model organism for research
in diverse fields such as for studying embryological de-
velopment, immunology, oncology, virology, evolution,
genetics and genomics, and especially as a model for
other avian species. For instance, the ready access to its
embryos in incubated eggs and ease of manipulating
the embryos for experimental purposes, have made
chicken an ideal candidate for studying vertebrate em-
bryonic developments (Brown et al., 2003; Stern, 2005)
and much of the insights on the human limb formation
have originated from studying chicken (Schmutz and
Grimwood, 2004). Chicken has made invaluable contri-
butions to the field of immunology through its use for
elucidating the roles of lympohocytes in adaptive im-
munity, discovery of B cells, studying the mechanisms
of gene conversion in the unique environment of Bursa,
discovering the roles of chicken Major Histocompatibil-
ity Complex (MHC) in rendering resistance to infec-
tious diseases, and by becoming one of the first model
systems for discovering vaccines against viral diseases
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(Davison, 2003). It has also been used as a model for
human genetic disorders such as muscular dystrophy,
epilepsy and decreased immunological responses and
chicken lines that show similar symptoms to those of
human patients have been created for these diseases
(Schmutz and Grimwood, 2004). Chicken has also been
considered to be an important species for evolutionary
and comparative genomic studies both for closely
related and distant species. Since chicken has diverged
from humans more than 310 million years ago, it is con-
sidered a good example of an “outgroup” which can be
used to identify highly conserved genomic regions hav-
ing important regulatory and functional roles (Interna-
tional Chicken Genome Sequencing Consortium,
2004). Due to its importance as a major farm animal,
chicken has been a focus of diverse genetic and
genomic research for many years leading to an accumu-
lation of vast knowledge-base and resources for this spe-
cies. For instance, chicken is the first farm animal to
have its full genome sequenced (International Chicken
Genome Sequencing Consortium, 2004). A high resolu-
tion consensus linkage map consisting of >9,000 SNP
and microsatellite markers are now available showing
the recombination patterns in chicken genome and
allowing fine mapping of QTLs (Groenen et al., 2009).
Many QTL analysis studies have been conducted on
chicken leading to the detection of 3,442 QTLs for 286
different traits which have been curated in the chicken
QTL database (http://www.animalgenome.org/cgi-bin/
QTLdb/GG/summary). A genome-wide physical map of
chicken consisting of 2,331 overlapping BAC (Bacterial
Artificial Chromosomes) contigs has been constructed
providing a powerful platform for research in many
areas of chicken genomics such as targeted marker de-
velopment, fine mapping of QTLs, positional cloning,
analysis of genome organization and evolution, compar-
ative genomics, and large-scale genome sequencing
(Ren et al., 2003). Over 600,000 chicken Expressed
Sequence Tags (ESTs) are now available in the current
version of dbEST (release 120701). All these resources
have further uplifted the status of chicken as a model
species. Furthermore, chicken is ideal for biological
research for many other reasons such as the ease of
maintaining chicken flocks, their rapid reproduction,
large family size, and the availability of generations of
pedigree and phenotypic records for maintained and
farm populations (Schmutz and Grimwood, 2004).

Genetic and genomic research has been revolution-
ized with the development of high-throughput genome
analysis tools which allow simultaneous analysis of
many genomic regions. One of the most important
high-throughput technologies is the DNA microarray
which has been applied to a diverse range of studies
such as for transcriptome analysis, detection and char-
acterization of genetic variants (e.g. Single Nucleotide
Polymorphism (SNP), Indels and Copy Number Variants
(CNVs)), studying DNA-protein interaction, and

detecting genome methylation. A DNA microarray is
defined as a collection of microscopic DNA spots
attached on to a solid surface (such as glass, plastic or
silicon slides) where each spot contains a minute quan-
tity (picomoles) of a specific DNA sequence called a
probe (http://en.wikipedia.org/wiki/DNA_microarray).
There are, however, other variants of microarrays
where the probes are attached to small microspheres
(or beads of 3 to 5 mm in diameter) rather than on to a
fixed surface (Tsuchihashi and Dracopoli, 2002). Each
bead contains thousands of copies of a specific probe
for capturing the target. These beads may remain sus-
pended in assay solution (Luminex platform) or be cap-
tured in solid wells (Illumina platform). Unlike in the
chip-based arrays where the position of each probe-spe-
cific DNA spot is already known, in bead arrays the
probe-specific beads are randomly positioned (both
when in solution or when deposited on a solid surface)
and the identity of each bead is decoded using either
different concentrations of fluorescent dyes or by
barcoding the probes using some unique sequence
(Tsuchihashi and Dracopoli 2002; http://www.ncbi.
nlm.nih.gov/projects/genome/probe/doc/TechBeadArray.
shtml). By containing thousands of probes, a single
array can perform massively parallel high resolution
analysis of many genetic sites. Although microarrays
have been developed on many different platforms (e.g.
Affymetrix, Illumina, Luminex, Agilent, Nimblegen etc.)
or for different purposes (e.g. gene expression profil-
ing, genotyping, CNV analysis etc.), the underlying ba-
sic principles of their functioning are same and these
are: (1) hybridization between the target and the probe
sequences due to their complementary nature and (2)
fluorescent or chemi-luminescent detection of hybridiza-
tion signal using sophisticated laser instrument for fur-
ther analysis. Apart from the use of chip-based or bead-
based arrays, the microarray platforms also vary on many
other aspects such as the type of probes used (cDNA
probes, PCR product or oligonucleotide probes),
whether the probes were pre-synthesized or in situ syn-
thesized, method of printing/deposition/attachment of
probes to glass slides or beads, methods of target DNA
preparation, nature of fluorescent dyes, hybridization
approach, the nature of scanner used for interpretation
of hybridization signal, and the type of algorithms used
for analyzing data (Hardiman, 2004; Miller and Tang,
2009; Yauk and Berndt, 2007). Some good reviews on
different microarray technologies, their characteristics,
advantages and limitations are provided by Tsuchihashi
and Dracopoli (2002), Hardiman (2004), Yauk and
Berrndt (2007), and Miller and Tang (2009).

Since its emergence in 1990s, the microarrays have
played a paramount role in genetic and genomic
research in human and other model organisms includ-
ing chicken. However, as the technological advance-
ments have progressed, massively parallel sequencing

338 GHEYAS AND BURT

http://www.animalgenome.org/cgi-bin/QTLdb/GG/summary
http://www.animalgenome.org/cgi-bin/QTLdb/GG/summary
http://en.wikipedia.org/wiki/DNA_microarray
http://www.ncbi.nlm.nih.gov/projects/genome/probe/doc/TechBeadArray.shtml
http://www.ncbi.nlm.nih.gov/projects/genome/probe/doc/TechBeadArray.shtml
http://www.ncbi.nlm.nih.gov/projects/genome/probe/doc/TechBeadArray.shtml


technologies have now emerged with the promise to
revolutionize, yet again, genetic and genomic research.
With the advent of these next generation sequencing
(NGS) technologies, many are predicting the end of the
microarray era. In this paper, we would like to review
the existing microarray resources for chicken, discuss
their past and potential future applications, and shed
some light on the future of microarray-based research
in chicken in the NGS era. We argue that in spite of cer-
tain advantages of NGS, the microarrays will continue
to exist as major tools in livestock genetic and genomic
studies due to their lower price, high throughput na-
ture, established mature technology, and ease of appli-
cation. We envisage that NGS and microarrays will
complement each other rather than substitute.

The rest of this review article is structured around
three main sections. The first section, consisting of sev-
eral subsections, reviews the development and usage of
different chicken microarrays viz. gene expression
arrays, SNP genotyping arrays, CGH arrays and capture
arrays. The second section compares the microarrays
and NGS based on their limitations and advantages to
discuss the future of array based research and practice.
Finally the article ends with a brief section with con-
cluding remarks.

MICROARRAY RESOURCES IN CHICKEN AND
THEIR APPLICATIONS

Most of the DNA microarrays that have so far been
developed in chicken are either gene expression arrays,
genotyping arrays or CGH arrays for characterizing
CNVs. Only a recent study has reported the use of cap-
ture array technology for enrichment of targeted
regions in chicken genome for follow-on sequencing. In
the following sections we review the major microarray
resources for chicken and their various applications.

Gene Expression Microarrays

Gene expression microarrays are used to study the
transcriptome profiles of organisms and have been used
for different purposes such as for discovering gene
function, elucidating genetic regulation and biological
pathways underlying specific physiological conditions,
investigating hosts’ response to pathogenic infections,
disease diagnosis and drug discovery (Murphy, 2002).
The basic principle of array-based gene expression anal-
ysis is quite simple and is based on comparison of
expression patterns between two samples. The entire
mRNA content from both the samples are first
extracted, purified and then converted to cDNA (Mur-
phy, 2002). The two cDNAs are then labeled with differ-
ent fluorescent dyes and are hybridized to probes
present in the array. The hybridization signals and inten-
sities are then analyzed to interpret differential expres-
sion of genes in the two analyzed samples. The probes

for gene expression arrays can either be cDNA or oligo-
nucleotides. Although in the early stages, the cDNA
based arrays were more prevalent but due to problems
with annotation, clone identity and probe performance
associated with these arrays, oligonucleotide (50–70
mer) platforms increasingly became more popular
(Woo et al., 2004). Comparisons showed that oligonu-
cleotide arrays offer several advantages over cDNA plat-
forms in terms of specificity, sensitivity, and
reproducibility (Hughes et al., 2001).

Over a dozen microarrays (either cDNA or oligonu-
cleotide arrays) have been developed for chicken to
study the gene expression profiles (Cogburn et al.,
2007). Most of the early stage microarrays were devel-
oped in-house and were custom-made for specific stud-
ies such as a 3K cDNA lymphocyte array was developed
to investigate the gene expression during myc onco-
gene-induced lymphomagenesis in the Bursa of Fabri-
cius (Neiman et al., 2001); a 8K cDNA array specific for
pineal gland was developed to study the transcriptional
profiles related to the circadian rhythms of melatonin
biosynthesis (Bailey et al., 2003); a retina specific
cDNA microarray was used to identify and characterize
genes expressed in the retinas of chicken embryos to
serve as candidate genes involved in the development
and function of photoreceptors and other retinal cell
types (Hackam et al., 2003); a cDNA array specific to
Bursa of Fabricius was used to detect changes in gene
expression in this organ during the development of
neoplasm due to the presence of a mutant c-myb locus
(Neiman et al., 2003); a 11K cDNA heart specific array
was constructed to study the genes expressed specifi-
cally in chicken heart progenitor cells (Afrakhte and
Schultheiss, 2004); a 5K cDNA neuroendocrine micro-
array was developed based on the RNAs expressed in
the hypothalamus, anterior pituitary gland and pineal
gland of embryonic and young chickens to identify
genes that are potentially involved in proliferation and
differentiation of cell types in the anterior pituitary
gland during embryonic development (Ellestad et al.,
2006).

Initially, one of the major setbacks in developing high
density gene expression arrays for chicken was the lack
of ESTs from different tissues and organs of chicken. In
order to boost the functional genomics research in
chicken, a number of major projects were undertaken
to develop cDNA libraries and sequence ESTs. For
instance, in the year 2000, a major functional genomics
project for chicken was initiated with the support from
USDA-IFAFS to generate a comprehensive catalogue of
tissue specific ESTs and develop a number of high den-
sity tissue-specific and system-specific gene expression
microarrays (Cogburn et al., 2003). Five primary and
normalized chicken cDNA libraries from liver, abdomi-
nal fat, breast and leg muscle epiphyseal growth plate,
neuroendocrinal system (pituitary/hypothalamus/
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pineal), and reproductive tract were constructed. Over
30,000 clones from these libraries were sequenced for
generating ESTs. One liver specific and two high den-
sity multitissue DNA microarrays (representing genes
from metabolic/Somatic system and neuroendocrine/
reproductive system) were constructed under this
USDA-IFAFS project using non-redundant ESTs. The
metabolic/somatic Systems microarray was constructed
using a set of 11K non-redundant ESTs originally
sequenced from cDNA libraries from liver, abdominal
fat and skeletal muscle/epiphyseal growth plate. The
Neuroendocrine/Reproductive System microarray (8K)
was developed using ESTs sequenced from cDNA libra-
ries from the pituitary gland, hypothalamus, pineal
gland and reproductive tract including oviduct, ovary
and testis. The three arrays developed from this project
were used for global gene expression profiling in two
populations of broiler chickens divergently selected (1)
for extremes in growth rate i.e. a fast growing line
(FGL) and a slow growing line (SGL), and (2) for high
and low fat contents at a similar growth rate (fat line, FL
and lean line, LL). These two system-specific microar-
rays, however, were later combined to develop a new
integrated microarray, called the Del-Mar 14K Chicken
Integrated Systems microarray (Cogburn et al., 2004,
2007).

Another large EST sequencing project was initiated
by a consortium of the Biotechnology and Biological
Sciences Research Council (BBSRC), University of Dela-
ware (UD) and Fred Hutchinson Cancer Research Cen-
ter (FHCR) (Boardman et al., 2002; Burnside et al.,
2005; Cogburn et al., 2003). The BBSRC project gener-
ated in total of 339,314 ESTs from 64 cDNA libraries
representing a wide range of embryonic and adult tis-
sues (http://www.chick.manchester.ac.uk/; Boardman
et al., 2002). The UD Chick EST project had a major
focus on the immune system while the FHCRC EST col-
lection was generated from cDNA from chicken Bursal
cell lines (Burnside et al., 2005; Caldwell et al., 2005).
By combining resources from all these sources, a multi-
tissue cDNA microarray with 13,007 features including
160 control spots was developed. This array provided a
broad coverage of the genes expressed in varieties of
tissues and also of tissue specific genes. The array is
available for academic researchers from genomics@fhcr-
c.org (Burnside et al., 2005).

For chicken several microarrays were developed to
study gene expression related to immune response. For
instance a 14K cDNA Macrophage specific array (Bliss
et al., 2005) was constructed to obtain a better insight
into the functions of avian macrophages which are criti-
cal components of the immune system and plays impor-
tant roles in both innate and acquired immune
responses. This array has been used to examine the
transcriptional response of chicken macrophages to
Gram-negative bacteria and their cell wall components

and to evaluate the contribution of the Toll-like recep-
tor (TLR) pathway. A well-annotated 5K cDNA immune
array was developed by the Roslin Institute for examin-
ing host immune response in relation to various avian
diseases (Smith et al., 2006). The array was created
from libraries developed from a pool of stimulated
immune tissues including Bursa, spleen, Peyers patch,
and thymus from chickens which were previously vac-
cinated against a number of common bacterial, proto-
zoan and viral diseases. The tissues that were chosen
for library construction were highly representative of T
and B cell populations. The array contained genes that
were known to be involved in a wide spectrum of
immune function as well as genes previously unknown.
This array is available from the ARK Genomics resource
centre (http://www.ark-genomics.org/). These immune
related microarrays provide robust platforms for charac-
terizing host response in chicken against invasion of a
variety of pathogens.

Within the last few years, a number of oligo-based
microarrays have been developed for whole genome
transcriptome profiling in chicken and have been made
commercially available. These include a 20K Roslin/
ARK CoRe Array V1.0 genome array (Operon Roslin/
ARK 2007), a 33K Affymetrix GeneChip microarray
(Affymetrix 2007), and a 44K Agilent whole genome
transcriptome microarray (Li et al., 2008). The 20K
array from Roslin/ARK is a long oligonucleotide (70-
mer) array representing 20,673 transcripts. This array is
available from Operon (https://www.operon.com/) in
ready-to-spot 384-well plates or as printed arrays from
the University of Arizona (http://www.grl.steelecenter.
arizona.edu/) and ARK Genomics (http://www.
ark-genomics.org/) (Cogburn et al., 2007). The Affyme-
trix 33K GeneChipVR array is a short oligonucleotide (25-
mer) array with a comprehensive coverage of 32,773
chicken transcripts along with 684 viral transcripts from
17 different avian viruses. Sequence information for
developing the array was selected by searching most of
the major public databases such as GenBankVR , UniGene,
and Ensembl (http://www.affymetrix.com/estore/browse/
products.jsp?productId5131426#1_1]). The 44K Agi-
lent microarray (Li et al., 2008) is, so far, the most com-
prehensive gene expression platform developed for
chicken. The array consists of 42,034 oligonucleotide
probes (60-mer), which have been designed from all
potential genes based on the chicken reference genome
(WASHUC2.1). The probes represent 28 autosomes,
two sex chromosomes, the unlocalized chromosomes
and mitochondria, plus 1,264 positive control features
and 153 negative control features. This array also
includes probes designed from 150 chicken microRNA,
43 Marek’s disease virus genes and 20 avian influenza vi-
rus genes (10 H5N2 and 10 H5N3 genes). These three
commercially available arrays have mostly replaced the
in-house microarrays as they offer more standardized
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platforms for gene expression studies and hence, offer
better reproducibility (Cogburn et al., 2007).

The above described microarrays have made invalu-
able contributions in advancing functional genomics
research in chicken by providing insight into metabolic
and regulatory pathways associated with different phys-
iological processes and phenotypes, roles of different
organ-systems in controlling various biological proc-
esses at different phases of life, mechanisms of host-
pathogen interaction and the roles of immune system
components in fight against pathogenic invasion, gene-
environment interaction etc. (Cogburn et al., 2004,
2007). Table 1 provides brief descriptions of some of
the selected recent studies on chicken using gene
expression microarrays showing their diverse usage.
Some good reviews on gene expression studies using
microarray techniques in chicken can be found in Cog-
burn et al. (2004, 2007).

Apart from their classical use in elucidating gene
expression profiles under various genetic and environ-
mental conditions, the array based transcriptome analy-
ses have been combined with genetic linkage analysis
to identify expression QTLs (eQTL) in different organ-
isms, leading to the development of a new integrative
field called Genetical Genomics (de Koning et al.,
2007). This approach treats the expression levels as
quantitative traits and aims to find the genetic variants
that influence gene expression (de Koning et al., 2007).
The detected eQTL can be either cis-acting (that lies
close to the gene being controlled) or trans-acting
(unlinked to the gene being controlled), which provide
valuable information regarding the genetic pathways
underlying complex trait variation. Recently, a few stud-
ies (Blum et al., 2011; Le Bihan-Duval et al., 2011; Le
Mignon et al., 2009) on chicken have shown the useful-
ness of integrating the transcriptome data with QTL
analysis. Le Mignon et al. (2009) applied three different
but complementary approaches to combine the tran-
script data from a 20K chicken oligonucleotide array to
improve the characterization of a chicken QTL for Ab-
dominal Fat (AF) previously detected on distal region of
chromosome 5 (GGA5). The first approach dissected
the AF phenotype by identifying animal subgroups
according to the gene expression profile of 660 tran-
scripts. This led to the identification of a novel QTL in
the middle of GGA5 and increased the significance of
distal GGA5 QTL, thereby refining its location. The sec-
ond approach aimed to identify genes which were
potentially correlated with the AF trait and regulated by
the GGA5 AF QTL region. Five of the 660 genes were
considered to be controlled either by the QTL itself or a
mutation near to it; one of those being related to lipid
metabolism. A QTL analysis with a multiple trait model
combining this five gene set and AF was performed
which allowed refining the QTL region. The third
approach used the transcriptome profiles of these five

genes to predict the paternal Q versus q AF QTL muta-
tion for each recombinant offspring. This approach
could reduce the confidence interval of QTL location
from 31 cM (with 100 genes) to 7 cM (12 genes).
Another example of successful integration of classical
QTL analysis and gene expression QTL in chicken was
to identify causal gene or QTG underlying a highly sig-
nificant QTL controlling the variation of breast meat
color in a F2 cross between divergent high growth and
low growth chicken lines (Le Bihan-Duval et al., 2011).

These results show that the gene-expression arrays
are extremely valuable resources for advancing our
understanding of chicken genome. Moreover, the ESTs
and cDNA sequences that have been generated to cre-
ate these arrays are also extremely important resources
which have facilitated the annotation of the genome
improving the status of chicken as a model species
(Cogburn et al., 2007).

Genotyping Array

While gene expression microarrays completely
changed the dynamics of genomic research in 1990s,
the use of genotyping arrays (also called genotyping
assays) for high throughput genome-wide analysis came
into play much later due to a number of bottlenecks
associated with distinguishing allelic change at single-
base resolution and multiplexing the reactions over
thousands of markers (Syvanen, 2005; Tsuchihashi and
Dracopoli, 2002). However, over the past ten years tre-
mendous progress has been made in developing robust
platforms for high throughput genotyping arrays and
this has revolutionized the way how we can now inves-
tigate the genetic architectures of animal and plant
genomes. The currently available major genotyping
platforms either use allele-specific hybridization
approach (Affymetrix) or single-base primer extension
method (Illumina). In the first method, the distinction
between SNP alleles is achieved using the difference in
thermal stability between a perfectly matched and mis-
matched allele-specific oligonucleotide (ASO) probe
and its target sequence (Syvanen, 2005). The thermal
stability depends on several factors such as the
sequence context of the SNP and the stringency of the
reaction conditions including the temperature and ionic
strength of assay solution. With this approach, it is how-
ever, difficult to achieve optimal hybridization across all
the probes. To overcome this problem, SNPs for the
array are carefully selected on the basis of their pre-
dicted performance in the assay and also several redun-
dant probes are used to interrogate each SNP. Genotype
is determined by analyzing differential hybridization of
the target DNA over all the redundant probes. The
primer extension method on the other hand, does not
depend on the sequence context of the SNP and hence
require fewer probes per assay (Syvanen, 2005). This
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Table 1
Some Selected Recent Studies on Gene Expression Analyses in Chicken Using Microarrays

Reference Array used Description of study

(Wang et al., 2007) Affymetrix GeneChip Chicken
Genome Array

Excessive accumulation of lipids in the adipose tissue is a major
problem in the broiler industry. This study analyzed the
expression of adipose tissue genes that are involved in path-
ways and mechanisms leading to adiposity in chickens.
Chicken Genome Array was used to investigate differentially
expressed genes (DEG) from 7-week-old broilers from lean
and fat lines divergently selected over eight generations for
high and low abdominal fat weight. Depending on the individ-
ual bird, gene expression profiles detected 13,234-16,858
probe sets in adipose tissue. Genes involved in lipid metabo-
lism and immunity such as fatty acid binding protein (FABP),
thyroid hormone-responsive protein (Spot14), lipoprotein lipa-
se(LPL), insulin-like growth factor binding protein 7(IGFBP7)
and major histocompatibility complex (MHC), were highly
expressed. In contrast, some genes related to lipogenesis,
such as leptin receptor, sterol regulatory element binding pro-
teins1 (SREBP1), apolipoprotein B(ApoB) and insulin-like
growth factor 2(IGF2), were not detected. While most of the
previous studies on lipid accumulation focused on liver, this is
the first investigation on adipose tissues providing the ground-
work for further understanding of the basic genetic control of
growth and development of chicken adipose tissues.

(Chiang et al., 2008) 44K Chicken Agilent Oligo
microarray

Contaminated poultry products are the usual sources of salmo-
nella infection and Salmonella enterica serovar Enteritidis (SE)
is a major serotype in many countries. Previous studies on SE
resistant and SE susceptible broiler lines have shown that het-
erophils (a type of leukocyte) play important roles in defence
against SE infections. This study investigated the DEG profile
in heterophils from these two genetically divergent lines fol-
lowing in vitro stimulation with SE with the goal to dissect the
interplay between heterophils and SE infection. More DEGs
were found between different lines than between infected and
non-infected control samples within line. The immune-related
genes were more strongly unpregulated in resistant line heter-
ophils compared with those in susceptible line, and these
genes include several components in the Toll-like receptor
(TLR) signaling pathway, and in T-helper cell activation. The
study concludes that higher expression of immune-related
genes might be more beneficial to enhance host immunity in
the resistant line.

(Kano et al., 2009) 44K Chicken Agilent Oligo
microarray

Using transcriptional analysis, this study aimed to understand
the protective mechanism provided by Marek’s disease (MD)
vaccine, produced from antivirulent strain of MD virus (MDV).
The gene expression analysis was conducted in MDV-infected
chickens with and without vaccination at 7 and 21 days post-
infection (dpi). The expression data suggested that
CD8a(high) T cell receptor (1) 1 cell population is probably
one of the key factors involved in the protective mechanism
induced by the viral strain of MD vaccine.

(Bureau et al., 2009) 21K Operon Roslin/ARK
CoRe Array

Components of the Hypothalmic-Pituitary-Adrenal (HPA) axis
are known to be important in re-establishing homeostasis fol-
lowing stress. The adaptability response to stress varies con-
siderably among different species, breeds and even
individuals within a population as a result of genetic diversity
and HPA axis component may play a role in this variability of
response to stress. The aims of the present study were to
identify genes involved in the regulation of adrenal activity fol-
lowing ACTH (Adrenocorticotrophic hormone) stimulation and
to examine differentially expressed adrenal genes in individu-
als with high and low plasma corticosterone response follow-
ing ACTH treatment. Gene expression analysis in this study,
indicated that ACTH treatment affected the expression of 134
genes. Several genes involved in the adrenal ACTH signaling
pathway and steroidogenic enzymes were found to be differ-
entially expressed by ACTH treatment. Quantitative RT-PCRs
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were used to validate 18 genes. Only 4 genes revealed to be
differentially expressed between higher and lower adrenal res-
ponders to ACTH treatment. The results from the present
study reveal putative candidate genes and their role in regula-
tion of adrenal functions.

(Heidari et al., 2010) Affymetrix GeneChip Chicken
Genome Array

Marek’s disease (MD) is a lympho-proliferative disease of chick-
ens induced by alpha-herpesvirus called Marek’s disease vi-
rus (MDV). This study used a global host gene expression
analysis in the splenocytes (spleen lymphocytes) of MDV-
infected chickens to gain insight into the molecular mecha-
nisms associated with MDV infection and the chicken gene
expression pattern in response to the infection. Two-week-old
MD-susceptible chickens were challenged with an oncogenic
strain of MDV, and spleen samples were collected 5 and 15
days post-infection (dpi) for RNA isolation. Array data showed
a significant differential expression of immune response genes
between the two phases of MDV infection. At 5dpi, the
expression levels of more than 22 immune- related genes
were downregulated and at least 58 genes were upregulated,
compared with control birds of same age. In comparison, at
15 dpi (latency infection), 67 immune-related genes were
downregulated and only 6 genes were upregulated. Cyto-
kines, chemokines, MHC molecules and related receptors,
and adhesion molecules were among the many MDV-induced
downregulated genes that are critical for an effective antiviral
immune response. In addition, several apoptosis-associated
genes were decreased in expression during latent infection,
suggesting an MDV-induced blocking of initiation or progres-
sion of programmed cell death processes.

(Smith et al., 2011) Affymetrix GeneChip Chicken
Genome Array

This study used comprehensive gene expression analysis to
study the host response to MDV infection in both MD resistant
and susceptible chicken lines to identify genes and pathways
involved in susceptibility to the disease. The study suggested
a novel pathogenicity mechanism involving the downregula-
tion of genes containing H1C1 transcription factor binding
sites as early as 4 days post-infection. Since HIC1 drives anti-
tumor mechanisms; so its downregulation suggests that MDV
infection switches off genes involved in antitumor regulation
several days before the expression of the MDV oncogene. The
comparison of the expression data to previous QTL data iden-
tified several candidate genes for involvement in resistance to
MD. One of these genes, IRG1, was confirmed by SNP analy-
sis to be involved in susceptibility. The gene expression analy-
sis suggests that this gene probably has a role in apoptosis.

(Kong et al., 2011;
Bottje et al., 2012;)

44K Chicken Agilent Oligo
microarray

These two papers studied DEG in breast muscle of individuals
phenotyped for high or low feed efficiency (FE) within a single
male broiler line. Among the 782 DEGs, the first study only
looked into the top 10 unregulated and 10 downregulated
genes and found that the upregulated genes in the high-FE
group were generally associated with anabolic processes. In
contrast, most of the downregulated genes in the high-FE
group were associated with muscle fiber development, mus-
cle function, and cytoskeletal organization, while 3 genes
were associated with self-recognition or stress-response. The
2nd paper, investigated 27 focus genes that were selected
using the IPA (Ingenuity Pathway Analysis) software with the
goal to identify genes that could play critical roles in FE based
on frequency of appearance in key biochemical (canonical)
pathways. Focus genes that were upregulated in the high FE
phenotype were associated with important signal transduction
pathways (Jnk, G-coupled, and retinoic acid) or in sensing cell
energy status and stimulating energy production that would
likely enhance growth and development of muscle tissue. In
contrast, focus genes that were upregulated in the low FE
muscle phenotype were associated with cytoskeletal archi-
tecture (e.g., actin-myosin filaments), fatty acid oxidation,
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method uses two bead types (each with allele-specific
probes) per SNP assay whose probe sequences differ
only at the 3’ terminal base. The probes hybridize with
the target DNA immediately adjacent to the SNP site
and allele discrimination is achieved by polymerase
extension step of a single base. Primer extension and
fluorescence labeling occurs only when the probes
have hybridized to a perfectly matched allelic targets
(Gunderson et al., 2005).

The most important use of genotyping arrays have
been in mapping of human disease susceptibility loci as
can be seen from the catalogue of published genome-
wide-association studies (GWAS) (Hindorff et al., 2009).
A detailed human haplotype map has been created
using over a million SNP to facilitate the GWAS (The
International HapMap Consortium, 2005). This HapMap
is not only a valuable resource for designing GWAS but
also for detecting recombination hotspots across the
human genome, getting insight into the effects of natu-
ral selection during human evolution and shedding light
on the presence of structural variations (SVs). Dense
genotyping arrays have now been developed for many
other organisms including farm animals and have been

used for a variety of genetic and population genetic
studies including GWAS, detecting linkage disequili-
brium (LD) structure of the genome, discovering popu-
lation structure, tracking the footprints of natural and
domestication selection, and in livestock animals as an
aid to breeding and selection.

For chicken, traditionally the quantitative and popula-
tion genetic studies were conducted using a handful of
markers, generally microsatellites. Developing genotyp-
ing arrays using hundreds and thousands of SNP
markers was not feasible earlier due to an absence of a
large collection of genome-wide SNPs. This scenario,
however, changed after the release of the first draft of
chicken genome sequence (WASHUC1.0) in the year
2004 (International Chicken Genome Sequencing Con-
sortium, 2004). This sequence assembly allowed creat-
ing a genetic variation map for chicken with 2.8 M SNPs
and Indels by comparing the sequence of three domes-
tic chicken breeds—a broiler, a layer, and a Chinese
Silkie—with their wild ancestor, the red jungle fowl
(International Chicken Polymorphism Map Consortium,
2004). Although a single individuals from each line
were compared for detecting the variants, subsequent
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growth factors, or ones that would likely be induced in
response to oxidative stress. The results of these studies pro-
vide valuable insight into the gene expression and the cellular
basis of FE in broilers.

(Habig et al., 2012) Affymetrix GeneChip Chicken Ge-
nome Array

This study investigated the DEG in chickens from a white egg
layer line (Lohmann Selected Leghorn, LSL) and a brown egg
layer line (Lohmann Brown, LB), when the hens of these lines
were kept in the newly developed small group housing system
(Eurovent German) with two different group sizes. Even
though these two chicken lines have similar egg laying per-
formance, they differ considerably in many other phenotypic
and behavioral traits. Whole genome RNA expression profiling
was used to study the differences in gene expression profile
under this new housing system. Differential expression was
observed for 6,276 array probes but a twofold or greater
change in gene expression was identified for 151 probes. In
LSL, 72 of the 151 probes were upregulated and 79 downre-
gulated. Majority of the upregulated genes were found to be
related to immune system processes and membrane organi-
zation. Majority of the downregulated genes were related to
phosphorus metabolic processes and signaling pathways.

(Li et al., 2012) Custom 9K cDNA array from
breast and liver tissue

Roxarsone, an animal growth additive, significantly improves the
growth of broiler chicken but its application not only contami-
nates the animal product but also the environment. This study
was conducted to understand the response of genes to roxar-
sone as this knowledge may facilitate the discovery of new,
safer substitute. Studying 8,935 genes in chicken breast mus-
cle using a cDNA microarray showed that 30 genes have con-
sistently up- or downregulated throughout the medication
periods. Of these 30 genes, 13 were well documented of
which 11 genes were related to immunity while the remaining
two genes were related to energy metabolism. This finding
suggested that the roxarsone supplement probably promote
growth by improving immunity of chicken though regulation of
immunity related genes.
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experiments suggested that at least 90% of these were
true SNPs, and at least 70% are common SNPs that seg-
regated in many domestic breeds (International
Chicken Polymorphism Map Consortium, 2004). The
very first chicken SNP array was developed by a consor-
tium under a USDA funded project by selecting 3,072
SNPs that were evenly distributed throughout the ge-
nome from the collection of 2.8 M chicken SNPs (Muir
et al., 2008b). To select the SNPs, the genome was di-
vided into 3,072 bins taking into account the recombi-
nation rate per chromosome. Within each bin, three
SNPs were selected. Preference was given to high confi-
dence SNPs within genes, especially those predicted
to be exonic non-synonymous SNPs but does not dis-
rupt the protein deleteriously (i.e. predicted to be
“tolerated” in SIFT analysis). The selected SNPs were
evaluated for Illumina assay suitability and the best SNP
within each bin was selected for developing the array.
The 3,072 finally selected SNPs were validated by geno-
typing 1,440 birds from 24 elite commercial lines (60
birds/line). A total of 2,733 SNPs (89%) converted suc-
cessfully with a reproducibility rate as high as 99.996%.
The SNPs used for this array can be downloaded from
http://poultry.mph.msu.edu/resources/resources.htm#
SNPs. This 3K array has been used in several genetic
studies such as for updating the chicken genetic map
which in turn facilitated the creation of the second as-
sembly (WASHUC2.1) of the chicken reference genome
(Muir et al., 2008b); for genome wide association analy-
sis for detecting QTLs contributing to fatness related
heterosis observed in F2 populations created by cross-
ing two divergent chicken stocks (Abasht and Lamont,
2007); and for investigating extant genetic diversity in
commercial chicken breeds compared with ancestral
breeds (Muir et al., 2008a).

Following the development of this first genotyping
array, many other studies have reported using low to
medium density (from >1K to 60K) SNP arrays for vari-
ous purposes; many of these were extensions of the
original 3K panel with more SNPs added. For instance,
a 6K panel was developed by adding another 3,000
SNPs to the original 3K panel to obtain a greater density
to investigate the extent and consistency of LD in
related chicken lines (Andreescu et al., 2007). This
study analyzed 959 SNPs from chromosome 1 and 398
SNPs from chromosome 4 on 179 to 244 individuals
from each of nine commercial broiler breeding lines
and the results showed that LD (r2) extended over
shorter distances than reported previously in other
commercial livestock populations. Moreover, the LD at
short distance (within 1 cM) tended to be consistent
across related populations, thereby, suggesting that LD
based information (such as marker-QTL association)
from one line would be usable in related lines.

An Illumina Golden Gate/Sentrix array was devel-
oped with 889 SNPs selected from dbSNP 125 from

several chromosomal regions, to study the LD and hap-
lotype diversity in macro- and microchromosomes in
chicken (Megens et al., 2009). The SNPs were selected
from several �1 cM regions on macrochromosomes,
GGA1 and GGA2, and 1.5 to 2 cM regions on micro-
chromosomes, GGA26 and GGA27. The analysis of
these SNPs on 371 birds from eight chicken popula-
tions (including both commercial and traditional
breeds) provided a number of valuable insights into the
genetic architectures of chicken populations. First, it
confirmed that at a similar physical distance, LD, haplo-
type homozygosity, haploblock structure, and haplo-
type sharing were all lower for the microchromosomes
compared with those in macrochromosomes and that
this pattern was consistent across breeds. Second, there
were differences in LD, haplotype variation, and haplo-
type sharing between populations and such difference
was shaped by the known demographic history of the
populations. Like other previous studies, this also
showed that the extent of LD was greater in commer-
cial layer lines compared with broilers. Third, even
though the extent of LD overall was very low, some
haploblock structures (typically expanding <10 kb)
were observed, particularly in the macrochromosomes.
The authors concluded that due to the limited haplo-
block structure and LD, the future whole-genome
marker arrays will require >100K SNPs to exploit all
the haplotype information. Besides, the effective inter-
pretation and transfer of genetic parameters will
require taking into account the size of the
chromosomes.

Groenen et al. (2009) used several Illumina Golden
Gate assays to genotype 12,945 SNPs to create a con-
sensus linkage map for chicken with greater resolution
than was previously available. They used three marker
panels for this purpose: the original 3K panel, a second
panel consisting of 657 SNPs which were not assigned
to a chromosomal location on Build WASHUC1.0, and a
third panel consisting of 9,216 SNPs selected to be
evenly spaced throughout the chicken genome, also
taking into account the contigs that were not yet
assigned to any chromosomes on Build WASHUC1.0. By
applying sex-specific analysis and comparison of the
linkage maps in three individual populations, this study
observed prominent heterogeneity in recombination
rates between populations but no significant difference
between sexes. A further high resolution linkage map
was created in another study by using a 18K Illumina
Infinium iSelect Beadchip and by genotyping 1,619
birds from two chicken populations: a purebred broiler
line and a broiler X broiler cross (Elferink et al., 2010).
This study observed some regional differences in
recombination hotspots between the two mapping
populations in several chromosomes, even though the
overall recombination pattern was quite similar in these
populations. A sex-specific analysis revealed that these
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regional differences were originated mainly due to
female-specific recombination hotspots in the broiler 3

broiler cross.
One major area of application of high density geno-

typing array in farm species is the Genomic Selection
(GS), which is the most recent advancement in the
marker-assisted selection strategy. GS uses genotypes
from dense marker panels for estimating total genomic
breeding value (GEBV) (Meuwissen et al., 2001) of ani-
mals for selection traits. Rather than directly searching
for functional units associated with each trait—which
for quantitative traits may be many in numbers and are
difficult to identify exhaustively—GS incorporates in
the GEBV calculation the effect of all the markers on
the target trait, considering that all possible QTLs have
been tagged by at least one marker. GS promises to
accelerate genetic gains by capturing all or most of the
genetic variance present in the genome and by facilitat-
ing selection at an early stage leading to shortening of
the generation interval (Meuwissen et al., 2001). GS is
being applied extensively for genetic improvement of
dairy cattle and two major high density arrays (>500K)
are now available for cattle (Rincon et al., 2011). For
chicken, several studies have reported the use of pro-
prietary medium density arrays for GS in commercial
broiler and layer breeds (Avenda~no et al., 2010;
Dekkers JCM, 2010; Preisinger, 2012; Wolc et al.,
2011). For instance, the EW group of poultry breeding
companies (including Aviagen Ltd., Hy-Line International
and Lohmann LTZ) developed a proprietary 42K Illu-
mina iSelecta BeadChip for application to GS (Avenda~no
et al., 2010). They optimized the array to extensively
capture the genetic variance associated with a range of
economically important traits and the LD structure
within and between broiler and layer populations. In
2011, a 60K well-characterized chicken genotyping
array was developed under a USDA funded project and
in collaboration with Wageningen University and two
poultry breeding companies, Cobb-Vantress, USA and
Hendrix-Genetics, The Netherlands (Groenen et al.,
2011). This Illumina SNP BeadChip array consisted of
57,636 SNPs of which 54,293 could be validated
through genotyping and were shown to be segregating
in chicken populations. This project applied the Illu-
mina NGS approach on reduced representation libraries
to detect novel segregating SNPs not present in public
database to achieve a better coverage of the genome.
Moreover, they identified and included SNPs from con-
tigs that were not covered by the existing chicken
genome assembly (WASHUC2.1). Although this array has
been used in a number of genetic analyses of diverse
nature such as the analysis of LD to understand the de-
mographic history in chicken breeds (Qanbari et al.,
2010), detection of selection signatures in a wide vari-
eties of chicken breeds (Elferink et al., 2012) and
genome-wide association study of body weight (Gu

et al., 2011), the array has limited availability as it has
not been commercially released for wider use.

To fill in the vacuum of a lack of commercially avail-
able genotyping array for chicken, recently a high den-
sity Affymetrix Axiom array has been developed under
a BBSRC/DEFRA LINK grant project with collaboration
among the Roslin Institute, several poultry breeding
companies (Aviagen Ltd., Hyline International), Affyme-
trix Ltd. and the German Synbreed consortium (Kranis
et al., 2013). The project was initiated with the goal to
develop a 600K SNP array in such a way that it provides
a comprehensive coverage of the chicken genome and
can be used for whole genome analyses such as for GS
and GWAS in a variety of chicken breeds. In order to
achieve this, the project undertook a massive effort of
re-sequencing many birds from a variety of commercial
and experimental chicken breeds to detect a large cata-
logue of segregating SNPs. In total, 243 chickens from
24 lines (4 broilers, 12 layers, and 9 inbred experimen-
tal lines from Institute of Animal Health) were re-
sequenced using Illumina NGS technology in combina-
tion with sequencing of pooled DNA. By analyzing
sequence data from individual lines, over 78M of segre-
gating SNPs were detected with reasonable confidence.
A very stringent set of criteria was then applied to filter
the SNPs to minimize false positives and to retain only
the very high quality markers which provide a uniform
coverage of the genome in terms of genetic map dis-
tance. Finally, after several steps of filtration �1.8M
SNPs were selected for validation through genotyping
before choosing the final panel of 600K SNPs. The final
panel consisted of 580,954 SNPs including at least
21,534 coding variants, which had been validated on a
large number of chicken populations from a variety of
commercial and traditional breeds (3 broiler lines, 5
brown egg layer lines, 3 white egg layers lines, and 13
traditional breeds). Since layers, in general, show a
greater extent of LD compared to broilers (Aerts et al.,
2007; Andreescu et al., 2007; Megens et al., 2009; Qan-
bari et al., 2010), this array incorporated a balanced ra-
tio of broiler and layer SNPs (3:2), to provide similar
power to capture most of the genetic variance in these
two breeds. While the array consists of mostly common
SNPs to increase its utility on a wide variety of chickens,
it also contains a small proportion of low frequency al-
leles from different lines. Based on the validation result,
this final array contains over 100K to 450K segregating
SNPs per line of layer and broiler chickens tested. In a
previous study, Megens et al. (2009) has suggested that
any future assays will require at least 100K SNPs to cap-
ture all the genetic variance within a chicken popula-
tion. The newly developed array, therefore, is expected
to be highly effective for whole genome analyses of
a wide range of chicken populations. All the SNPs
present in this array has been submitted to NCBI
dbSNP and can be downloaded from the website
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http://www.ncbi.nlm.nih.gov/projects/SNP/snp_view
Batch.cgi?sbid51057286]. This genotyping array can
be bought directly from Affymetrix Ltd. or ordered
through ARK-Genomics.

Although development of this HD genotyping array
has opened up huge opportunities for large scale ge-
nome wide analyses, using it for routine applications
like GS will still be very expensive. Particularly, the
large number of selection candidates that poultry breed-
ing companies need to screen each year (e.g. between
100,000 and 150,000 individuals in a typical broiler
elite line), can make the application of HD arrays for GS
prohibitively expensive (Avenda~no et al., 2010),
whereas the use of low density (LoD) panels would be
much more affordable. “Genotyping imputation” can
surmount this problem by reducing the cost of genotyp-
ing while at the same time exploiting the advantage of
high density marker genotypes. This approach performs
in silico prediction of genotypes of study individuals for
large number of markers even though actual genotyping
has been performed only for a subset of markers
(Marchini and Howie, 2010). To apply imputation, a ref-
erence population needs to be genotyped for the entire
panel of HD array. Imputation then attempts to identify
shared haplotype between the study individuals and the
reference population and use this sharing to predict the
missing alleles in the first group. Genotype imputation,
therefore, can considerably improve the power of the
study by incorporating many more markers and many
more individuals than are possible to be actually geno-
typed. In the context of GS, the loss-of-accuracy from ge-
notype imputation was investigated through simulation
studies (Habier et al., 2009) where ancestral populations
were genotyped with HD panel and the descendants
including the selection candidate were genotyped using
LoD panel with equally spaced markers. The haplotype
blocks within the families were used to track the co-seg-
regation of HD and LoD panel SNPs and to predict the
genotype of the missing SNPs in descendants. This study
showed that losses were small in the first generation of
imputation (<5% at an LoD-SNP density of 10 cM) but
this increased over generations. However, if the parents
in each generation were genotyped with HD panel, then
the increased loss-of-accuracy could be prevented. This
study, therefore, confirmed that genotype imputation
using LoD marker panel can be used for predicting
GEBV with only a limited loss of accuracy. Aviagen Ltd is
currently applying this method in GS of their broiler
stock (Avenda~no et al., 2010).

In conclusion, we can predict that this 600K geno-
typing array will be a highly valuable resource for
genetic analyses in chicken by allowing much better re-
solution compared with the previously used low or me-
dium density panels. In fact, many of the studies like LD
structure analysis in different breeds of chicken or in
different chromosomes can be repeated to improve the

resolution. The panel can be used to create a haplotype
map for chicken which will be a valuable resource with
considerable implications in further characterization of
chicken genome and in genetic studies like GWAS and
GS. Even though only a few million SNPs for chicken
were available in public database just a few years ago,
two recent studies have reported detection of a large
catalogue of variants. One study detected over 7M SNPs
by pooled sequencing of individuals from eight domes-
ticated chicken populations and one Red Jungle Fowl
population (Rubin et al., 2010). The other major effort
of SNP detection was undertaken through the project
which developed the 600K chicken genotyping array as
described earlier (Kranis et al., 2013). The project team
is currently characterizing about 19M good quality SNPs
and this would soon be submitted to NCBI dbSNP (per-
sonal communication). This large catalogue of SNPs
provides a highly valuable resource as their annotation
in terms of their genomic positions (exonic, intronic,
intergenic, downsteam or upsteam etc.) and predicted
effect (splicing, synonymous, nonsynonymous, stop
gain/loss etc.) will allow further characterization of the
chicken genome. Furthermore, this SNP resource opens
up the opportunity to develop customized arrays for
specific purposes such as developing arrays only with
coding SNPs or validated rare variants.

Microarrays for Studying CNVs

CNVs—gains, or loss of large genomic segments
resulting in abnormal copy numbers of these regions—
are now known to be a prevalent type of genetic variant
and have been implicated with several diseases and
complex traits in human and other animals such as in
HIV/AIDs susceptibility (Gonzalez et al., 2005), autoim-
mune disease (Fanciulli et al., 2007; McKinney et al.,
2008), asthma (Brasch-Andersen et al., 2004), Crohn’s
disease (McCarroll et al., 2008), Osteoporosis (Yang
et al., 2008), etc. In chicken, a CNV in the non-coding
sequence in SOX5 gene has been shown to be associ-
ated with pea-comb which is an adaptive trait for
chicken in cold climates that reduces heat loss and
makes the chicken less susceptible to frost lesions
(Wright et al., 2009). Another study (Elferink et al.,
2008) shows that partial duplication of two genes:
PRLR and SPEF2 are associated with late feathering in
chicken. These studies indicate that CNV analysis can
provide valuable insight into underlying genetic mecha-
nisms of many traits. While traditionally CNVs and other
chromosomal abnormalities have been detected using
techniques like fluorescence in situ hybridization
(FISH) and comparative genomic hybridization (CGH),
array based technologies have emerged as the most ro-
bust methods for genome wide search of CNVs with
higher resolution and speed (Carson et al., 2006). Two
array based methods for detecting CNVs include the
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use of array-CGH and SNP-genotyping arrays (Pinto et

al., 2011).
Array-CGH or simply aCGH is the microarray based

CGH technique for detecting CNVs. Like CGH method,
aCGH uses two genomes—a test and a reference, which
are labeled using different fluorophores (Alkan et al.,
2011; Theisen, 2008). But unlike the CGH technique,
which uses metaphase chromosomes to hybridize the
labeled test and control DNAs, the aCGH technique
uses probes immobilized on solid surface as the targets
for analysis. The probes can vary in size from oligonu-
cleotides (25–85 base pairs) to genomic clones such as
bacterial artificial chromsomes (80,000–200,000 base
pairs). The ratio of signal intensity (converted to log2ra-
tio) between the test and reference is then used to
assess the copy number changes at specific genomic
locations. The aCGH technique has been applied to cre-
ate comprehensive maps of human CNVs (Iafrate et al.,
2004; Redon et al., 2006; Sebat et al., 2004; Wong et

al., 2007). In recent years, scientist have applied the
aCGH or SNP genotyping arrays to investigate the CNV
profiles in several non-human organisms, including
farm animals such as cattle (Hou et al., 2011; Liu et al.,
2010), pigs (Fadista et al., 2008; Ramayo-Caldas et al.,
2010; Wang et al., 2012), and sheep (Fontanesi et al.,
2011). For chicken, several aCGH have been developed
for CNV detection such as 242K and 400K chicken
CGH arrays from Agilent, and 385K CGH whole ge-
nome tiling array from Nimblegen (Skinner et al., 2009;
Volker et al., 2010; Wang et al., 2010, 2012).

The 385K NimbleGen array CGH was used to create
the first genome-wide map of CNVs for chicken (Wang
et al., 2010). Four Cornish Rock broiler lines, four Leg-
horn and two Rhode Island Red layer lines were ana-
lyzed with the array and a male broiler DNA was used as
a reference for all hybridization. Ninety six high-confi-
dence CNVs were identified by analyzing these three
lines of chicken and 26 of these CNVs were detected in
two or more animals. Whereas most small sized CNVs
were found to be present in non-coding regions, the
larger ones were found within genes, suggesting that
these CNVs can have important association with vari-
ous traits. This study gave the initial understanding of
the CNV profile in chicken genome and the number of
CNVs detected per individuals was found to be quite
similar to that of several mammalian species. The Nim-
bleGen CGH array has also been used for comparative
analysis of Turkey, Duck and Zebra Finch genomes for
detecting CNVs (Griffin et al., 2008; Skinner et al.,
2009; Volker et al., 2010) demonstrating that such
arrays can be useful resources for characterization of
other avian species.

Recently, an Agilent 400K whole genome array CGH
has been developed for chicken using custom
designed probes to create a detailed CNV map for local
Chinese breeds and commercial lines (Wang et al.,

2012). The array contained a total of 420,288 probes
of 60-mer length covering 29 autosomes, two sex chro-
mosomes and 25 random chromosomal fragments.
Most of these probes (>98%) were selected from
Agilent’s High Density Probe Database containing over
4 million validated chicken CGH probes. The rest of
the probes included Agilent’s positive and negative
controls and 450 probes from chrE22C19W28_
E50C23, chrE22C19W28_E50C23_random, chrE64 and
chrE64_random that were not present in Agilent’s CGH
probe database. The array provided a comprehensive
coverage of exonic, intronic and intergenic regions of
the chicken genome with a mean probe spacing of
2,671 bases in WASHUC2.1 chicken build. Using this
array, Wang et al. (2012) have identified 130 CNV
regions with mean length of 25.7 kb, of which 104 seg-
ments were reported for the first time. About 54% of
these novel CNVs were detected from non-coding
regions, 62.5% were gain in copy number while the
rest (38.5%) represented copy number loss. The study
also detected four regions which have most probably
arisen through selection during domestication process
of chicken.

Apart from the CGH arrays, SNP genotyping arrays
have also proved to be valuable tools for detection of
CNVs. Unlike the CGH arrays that compares the hybrid-
ization signals from two DNA sources through competi-
tive hybridization, genotyping arrays depends on signal
from single source hybridization which subsequently is
compared with a set of reference values from control
individuals (Carson et al., 2006). SNP microarrays suffer
from certain disadvantages but at the same time offer
certain advantages compared with CGH arrays. One
major disadvantage is that the SNP selection process for
designing the array tends to screen out SNPs in CNV
regions particularly because they do not convert very
well during genotyping. As a result most of the early
genotyping arrays showed poor coverage of the CNV
regions, although the current arrays perform better
(Alkan et al., 2011). Another critical disadvantage is
that they tend to provide lower signal-to-noise ratio
than do the CGH arrays resulting in greater false discov-
ery rate (FDR) (Alkan et al., 2011). One key advantage
of SNP arrays, however, is that they offer the opportu-
nity to calculate a new matric called B allele frequency
(BAF) by using SNP allele-specific probes, which can
help increase CNV sensitivity, distinguish alleles and
identify regions of uniparental disomy (Alkan et al.,
2011).

Although HD genotyping arrays have been used for
detection of CNV in human and other animals (Hou et

al., 2011; Redon et al., 2006; Rincon et al., 2011; Wang
et al., 2012), for chicken no studies have so far been
undertaken due to lack of such HD arrays. The develop-
ment of 600K Affymetrix Axiom array now opens up
new opportunities for genome-wide screening of CNVs.
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Since both CGH arrays and HD SNP arrays now exit for
chicken, this offers further opportunity to combine
these two platforms for detection of CNVs with greater
confidence.

Genomic DNA Capture Arrays

One of the new advancements in the microarray
technologies is the “capture arrays” which allows
enrichment of specific target regions of the genome for
high throughput sequencing. Since whole genome
sequencing is still an expensive endeavor, focusing the
sequencing effort to the regions of interest is an attrac-
tive and cost saving option. Since only the targeted
regions are sequenced, the depth of coverage can be
increased to achieve a greater resolution of the analy-
ses. While traditionally the enrichment of the candidate
region has been achieved using PCR, this approach
becomes laborious and time consuming if the number
of regions to be enriched is many; for instance, if the
goal is to search for many candidate genes for mutations
to investigate their association with a trait (Almomani et

al., 2011). Array based enrichment can provide a cost-
effective and rapid solutions to these issues by eliminat-
ing the necessity of performing thousands of PCR reac-
tions, instead allowing for parallel enrichment of target
regions in a single experiment (http://www.nimblegen.
com/products/seqcap/index.html). Capture array, for
instance, have been used for targeting and capturing all
the protein coding regions in the genome (exome)
(Shendure, 2011) or for selected enrichments of candi-
date genes and regions associated with specific disease
or trait (Almomani et al., 2011). This technology is
expected to be a major driving force in the next genera-
tion of genetic and genomic research in human and
non-human species.

Although a relatively new technology, scientists
working on the chicken model have already started
reaping the advantage of this revolutionary approach.
Recently, scientist at the University of California Davis
(UCD) has used the targeted capture array technology
(Agilent’s SureSelect Target Enrichment System) to
sequence candidate regions associated with three devel-
opmental abnormalities in chicken—coloboma, diplo-

podia-1 and wingless-2—to investigate the underlying
causative elements (Robb and Delany, 2012). These
three defects are caused by single gene recessive muta-
tions resulting in craniofacial, limb, skeletal, mascular
and/or integumental abnormalities, having homologies
with developmental defects in human. Congenic inbred
lines for these abnormalities were created to facilitate
discovery of the specific genetic elements causing each
defect. The chromosomal locations and causative
regions associated with these defects were previously
mapped using SNP genotyping arrays to regions in chro-
mosomes 1, 12, and Z. Due to the congenic nature of

the lines, each targeted region could be compared with
the other two congenic partners, thereby providing in-
ternal control/reference, all analyzed on a single array.
Upon sequencing the enriched captured regions, about
76% of the �73 million sequence reads were found to
be specific to the targeted regions with an average cov-
erage of 132-fold. Analysis of these three targeted
regions identified line-specific SNPs, short indels and
putative chromosomal rearrangements—all of which
are candidate causal variants for these three traits. This
is the first report of targeted capture array technology
in chicken or in any other avian species.

Although potentially a very powerful technology,
exploiting the full potential of DNA capture arrays in
genetic/genomic research on chicken would require a
completed genome assembly, better annotation of the
genome, mapping of transcribed regions, and greater
knowledge of the candidate regions to be studied.

FUTURE OF MICROARRAYS IN THE NGS ERA IN
CONTEXT OF LIVESTOCK RESEARCH

Even though microarray technologies have revolution-
ized the genetic and genomic research by allowing high
throughput analyses, they inherently suffer from certain
limitations. One major limitation of microarrays is that
they require a priori knowledge of the genome and
sequences of genomic regions to be investigated (Hurd
and Nelson, 2009; Shendure, 2008; Wang et al., 2009).
This affects effective designing of arrays for organisms
with incomplete genome sequence or poorly annotated
genome (Hurd and Nelson, 2009). Another major draw-
back of microarrays is that they can investigate only
specific regions of the genome which are targeted by
probes (Roh et al., 2010), thereby missing any critical
regions that are not covered. A major implication of this
has been felt in many array-based GWAS analyses which
scanned genomes to detect the causative elements
underlying various phenotypic or disease trait.
Although, most of these studies found multiple SNPs
significantly associated with a trait, most of these SNPs
explained only a tiny proportion of the genetic var-
iance—leaving most of the heritability unexplained
(Maher, 2008). Among many plausible reasons for this
missing heritability, failures to account for rare muta-
tions and structural variants (SVs) have been considered
as two potential causes (Maher, 2008). In the absence
of well characterized catalogues of rare variants in most
species, array-based genotyping, in general, have tar-
geted only common SNPs having minor allele frequency
>5%. Current microarray platforms also fall short in
detecting certain forms of variants such as translocation
and inversion types of SVs. Even though CGH arrays or
SNP arrays can detect CNVs, resolving breakpoint has
often proven difficult (Alkan et al., 2011). Cross-hybrid-
ization between similar sequences is another major
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limitation of microarrays restricting their focus only to
the non-repetitive regions of the genome (Shendure,
2008; Hurd and Nelson, 2009; Wang et al., 2009). This
obstructs the analysis of related genes and alternatively
spliced transcripts by the gene expression arrays, and
the detection of CNVs in repeat-rich and duplicated
regions even though CNVs tend to accumulate in such
regions in greater frequency (Alkan et al., 2011). Micro-
arrays have suffered from a number of quality issues as
well. Gene expression arrays, for instance, have often
suffered from poor data quality due to low signal-to-
noise ratio, problems with reproducibility of the results,
poor sensitivity to rare transcripts and difficulty in
detecting alternatively spliced transcripts (Shendure,
2008; Wang et al., 2009). Similarly, CGH arrays also suf-
fer from difficulty in comparing results between differ-
ent array platforms, poor sensitivity in detecting single
copy gains and smaller CNVs (Alkan et al., 2011).

NGS approaches, on the contrary, offers to circum-
vent most of these limitations. No prior knowledge of
the sequence is required and hence organisms with no
reference genome or incomplete genome assembly can
be studied (Shendure, 2008; Hurd and Nelson, 2009).
Most importantly, sequencing offers the potential to
uncover novel elements in the genome, for instance, it
provides the opportunity to detect all types of variants
including SVs and identify alternatively spliced tran-
scripts (Alkan et al., 2011; Hurd and Nelson, 2009; Roh
et al., 2010). A number different sequencing
approaches have been used for detection of SVs, includ-
ing the read-pair and split-read approaches that can
detect inversions and translocations (Alkan et al.,
2011). Sequencing also offers the opportunity to survey
paralogous sequences and transcribed repeat elements
(Cloonan et al., 2008; Shendure, 2008). While the gene
expression microarrays only measure the relative quan-
tity of the transcripts, RNA sequencing (RNA-Seq) can
provide an absolute measurement of the transcripts
(Mortazavi et al., 2008; Wang et al., 2009). Two papers
published in Nature Methods in 2008 demonstrated the
power of RNA-Seq in detecting and characterizing, with
very high resolution, transcripts from both known and
unknown genes, alternative splicing and repeat ele-
ments (Cloonan et al., 2008; Mortazavi et al., 2008).
With all these potential advantages and their rapidly fall-
ing prices, massively parallel sequencing technologies
have stirred a great deal of debate in the scientific com-
munity regarding the future of microarrays in genomic
and genetic studies. While many are anticipating “a be-
ginning to the end of microarrays” (Ledford, 2008;
Shendure, 2008), others think that sequencing technol-
ogies have not yet reached the level to replace microar-
ray; instead they envisage that these two technologies
will continue to thrive in future as complementary to
each other rather than as competitors (Roh et al.,
2010). Here we discuss some of the debates and

reasons why we think the microarrays are going to stay
as important genome analysis tools in the foreseeable
future particularly in the fields of livestock genetics and
genomics.

While NGS approaches promise some major advan-
tages, these are still new technologies having come into
limelight only since 2004 and hence would still require
substantial developments in terms of improving the
technology, quality, and bioinformatics pipelines. Each
of the three major NGS platforms—Roche 454 pyrose-
quencing, Solexa/Illumina Genome Analyser, Applied
Biosystems SOLiD—has its own limitations and quality
issues. For instances, the Solexa/Illumina platform gen-
erates short reads (36–150 bp) making the alignment or
de novo assembly of the reads difficult (Hurd and Nel-
son, 2009). On the other hand, Roche 454 pyrose-
quencing platform produces longer reads (up to 500
bases) but suffers from inaccuracies in calling homopo-
lymeric stretches of sequences (i.e. AAAAA, CCCCC)
due to the system’s chemistry (Hurd and Nelson, 2009).
Moreover, all NGS technologies inherently suffer from
high error rates compared with Sanger sequencing due
to a multiple reasons including base calling, alignment
error and low depth of coverage at which the sequenc-
ing is performed in most projects (Nielsen et al., 2011).
A comparison of Sanger sequencing with NGS plat-
forms showed that although NGS can correctly identify
>95% of variant alleles, the average coverage required
to achieve this performance is greater than the targeted
levels of most of the current studies (Harismendy et al.,
2009). Increasing the depth of coverage can reduce the
error rate, but this increases the cost drastically.
Besides, the current NGS technologies produce highly
variable sequence coverage for different regions (Haris-
mendy et al., 2009). Even though the potential in
detecting alternative splicing is considered a major
advantage of the RNA-Seq approach, this actually
becomes quite challenging with short read lengths
(Perez-Enciso and Ferretti, 2010). The same issue makes
the detection of SVs difficult or resolving their break-
points challenging particularly when the variant is pres-
ent in duplicated regions (Alkan et al., 2011).

Apart from the quality issues, cost is still a major issue
for NGS. Even though the cost of generating sequencing
data is dropping significantly, it is still much more ex-
pensive compared to microarrays (Ledford, 2008).
Besides, other costs associated with sequencing needs
to be taken into account including the costs for sample
preparation, bioinformatics analyses, and computing
infrastructures for handling and storing large dataset
(Perez-Enciso and Ferretti, 2010). Bioinformatics and
computational requirements are in fact major obstacles
to the fast and widespread adoption of NGS based
approaches as most labs lack these resources and skills
and establishing these requires substantial investment
(Alkan et al., 2011). Bioinformatics pipelines for
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sequence analyses are still evolving and have not yet
reached maturity as these are confronted with many
issues such as optimizing the parameters for sequence
alignment, filtration of sequence for quality, de novo as-
sembly of short reads, developing algorithms for detect-
ing short indels etc. In contrast, the bioinformatics
pipelines for analyzing array-data are much more
mature and established, rapid and relatively easy to use
(Perez-Enciso and Ferretti, 2010). The increase in cost
associated with sequencing at greater depth of coverage
is another issue especially for projects targeting to
detect rare variants, or less abundant transcripts or SVs
using NGS data. At the current sequencing cost, this
would appear prohibitively expensive to most research
labs. While the cost of sequencing is continuing to
drop, so is the price of microarrays as the manufactures
are actively driving technological advancement to
reduce the price of arrays to keep them competitive
(Ledford, 2008). As a result, it is expected that the
microarrays will continue to be a cheaper and hence, a
more affordable option for large scale genetic/genomic
analyses.

Considering the comparative advantages and limita-
tions of the two technologies (NGS and microarrays),
we envisage that NGS will become a more routine tool
for future genetic/genomics research. It would not be
surprising if RNA-Seq eventually replace the transcrip-
tome arrays for human research in near future facili-
tated by fast improvements of the NGS platforms along
with their associated bioinformatics tools and with the
rapidly plummeting price of sequencing, but the infor-
matics needs are a major issue. Nevertheless, microar-
ray based research will continue to make important
contributions for their affordability, ease of application,
prevalidated assays, high throughput nature and estab-
lished mature bioinformatics pipelines. For instance,
genotyping arrays will be particularly important in pop-
ulation genetic and conservation genetic research in
years to come where analyzing consistent markers
across large number of samples is important. Even
though the quality and reproducibility of the gene
expression and CGH arrays have been a concern, the
data generated from genotyping arrays are generally
very accurate (accuracy >99.9%) and highly reproduci-
ble. Genotyping arrays will be particularly important
for genetic improvement of livestock animals through
their routine application in GS, where applying routine
sequencing will hardly be an alternative. Most likely, a
hybrid approach will be used combining the use of gen-
otyping arrays to type common variants and low cover-
age genome sequencing to capture rare genetic
variants. Microarrays are also expected to be a major
tool of analysis in clinical diagnostics, a growing field
requiring mature technologies with validated assay tar-
gets (Ledford, 2008; Shendure, 2008). According to Led-
ford (2008) improved understanding of the genetic

basis of various diseases will, in fact, create new oppor-
tunities for microarrays in clinical diagnostics. Besides,
another area where array manufacturers are currently
directing much of their efforts is the development of
DNA capture arrays which will have a very significant
role to play in future life science research as these
arrays can be used to isolate candidate regions of the ge-
nome (e.g. exomes) for targeted sequencing at a lower
cost but at increased coverage leading to higher confi-
dence in variant calls. The usefulness of all types of
microarrays will continue to improve with better anno-
tations of the genomes which are improving fast due
to many large sequencing DNA and RNA sequencing
projects.

CONCLUSIONS

In this review we have seen that microarrays have been
invaluable tools for genetic and genomic research in
chicken. The arrays that have been commercially devel-
oped are important resources for future research not
only on chicken but also on other closely related spe-
cies for comparative genomic analysis. Moreover, the
associated databases like EST and cDNA sequences,
genetic variants etc. are also major resources for further
characterization of the chicken genome. Even though,
with the advent of NGS a debate has started over the
fate of microarrays, we have argued that microarrays
are expected to play important roles in the future
research in many fields of life science, particularly in
livestock genetics and genomics. Even though sequenc-
ing promises many advantages, the future of microar-
rays will be shaped by many factors like how the two
technologies (sequencing and microarrays) develop
over the next few years, the nature of the study being
undertaken, the type of the organism or system being
studied, and the feasibility of applying these technolo-
gies in terms of cost, labor, bioinformatics analysis, and
scope of the lab in question. The gap between the util-
ity of sequencing and that of microarrays, however, will
reduce over time as further improvements of NGS tech-
nologies make them more affordable, robust, and less
challenging in terms of computing and as the microar-
rays develop further to be able to incorporate more tar-
get regions including rare elements through better
annotations of the genomes. We predict that in future,
sequencing will be a used more frequently for detection
of novel elements in the genome, whereas, the microar-
rays will be more appropriate for routine screening of
large number of individuals on known genomic sites.
Most likely, a hybrid approach will be used combining
these two technologies. We therefore predict that both
these technologies will grow as important genetic and
genomic research tools and will become complemen-
tary to each other rather than competitors.
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