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Abstract
Background: The comparative analysis of genome sequences emerging for several avian species with the
fully sequenced chicken genome enables the genome-wide investigation of selective processes in
functionally important chicken genes. In particular, because of pathogenic challenges it is expected that
genes involved in the chicken immune system are subject to particularly strong adaptive pressure.
Signatures of selection detected by inter-species comparison may then be investigated at the population
level in global chicken populations to highlight potentially relevant functional polymorphisms.

Results: Comparative evolutionary analysis of chicken (Gallus gallus) and zebra finch (Taeniopygia guttata)
genes identified interleukin 4 receptor alpha-chain (IL-4Rα), a key cytokine receptor as a candidate with a
significant excess of substitutions at nonsynonymous sites, suggestive of adaptive evolution. Resequencing
and detailed population genetic analysis of this gene in diverse village chickens from Asia and Africa,
commercial broilers, and in outgroup species red jungle fowl (JF), grey JF, Ceylon JF, green JF, grey francolin
and bamboo partridge, suggested elevated and balanced diversity across all populations at this gene, acting
to preserve different high-frequency alleles at two nonsynonymous sites.

Conclusion: Haplotype networks indicate that red JF is the primary contributor of diversity at chicken
IL-4Rα: the signature of variation observed here may be due to the effects of domestication, admixture
and introgression, which produce high diversity. However, this gene is a key cytokine-binding receptor in
the immune system, so balancing selection related to the host response to pathogens cannot be excluded.
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Background
The chicken represents one of our most important sources
of food protein worldwide but remains a potential threat
to human health as a reservoir for diseases and food-
borne pathogens. Emerging diseases such as avian influ-
enza [1] provide a new impetus to investigate chicken
immunity – in particular the relationship between popu-
lation diversity and disease susceptibility.

The geographic distribution, population densities and dis-
ease epidemiology of chickens is likely to have changed
dramatically since their domestication, undoubtedly
shaping their genetic diversity. Novel diseases and
increased incidence of infection would have challenged
the chicken immune response, necessitating adaptive evo-
lution at key immune genes. Evidence for such adaptation
is found in the sequence conservation of immunity-
related genes, the lowest of any functional category [2],
and in several studies reporting the association of allelic
variation at particular immune genes with susceptibility
to infection. For example, different alleles at the chicken
MHC-B locus are known to alter susceptibility to a diverse
array of diseases [3]. Genes such as the chicken Mx gene,
which determines susceptibility to the myxovirus [4],
have been shown to be subject to selection [5,6]. Genes
involved in the immune system therefore represent
appealing candidates for examining the selective proc-
esses shaping genetic diversity. Knowledge about the
nature of selection acting on a gene can illuminate their
evolutionary history and can provide insight into the
complex relationship between diseases and genes [7].

New large-scale sequencing projects in several avian spe-
cies, for instance the zebra finch genome project http://
songbirdgenome.org, now allow the genome-wide com-
parative analysis of avian genes and the detection of selec-
tion on a wider scale. Approximately 20% amino acid
changes between chicken and zebra finch have been fixed
by positive selection [8], so by comparing coding
sequences (CDS) between these birds, chicken genes with
signals suggestive of adaptation can be identified.

In this study, we report that the chicken interleukin recep-
tor 4 alpha chain gene (IL-4Rα) showed a relative excess
of nonsynonymous substitutions and may be subject to
selection. It is associated with disease: for example, its
expression is downregulated by the avian influenza virus
during infection [1]. The human ortholog of this gene
encodes a transmembrane receptor for IL-4 and IL-13,
both of which are key immune system cytokines that ini-
tiate signalling pathways in the inflammatory response to
infection [9]. The IL-4Rα gene was resequenced in 70
Asian and African village chickens, 20 commercial broil-
ers, and in 6 closely related species: red, grey, Ceylon and
green jungle fowl (JF), bamboo partridge and grey franco-

lin. High allelic variation at this gene appeared to be bal-
anced at two nonsynonymous SNP sites in particular.
Although this may enhance immune system variability in
response to challenges by pathogens, a consequence of
the complex domestication history of the chicken is that
introgression, multiple origins and migration are likely to
have altered the pattern of diversity at this locus, compli-
cating selection signatures.

Methods
Identifying candidate genes subject to selection
As the most extensively sequenced other bird species, all
available zebra finch genes were compared with the
chicken genome. This was achieved by clustering [10] val-
idated zebra finch mRNAs and expressed sequence tags,
then using chicken protein sequences to search this zebra
finch database with Blastx, [11] and subsequently imple-
menting T-Coffee [12] to generate 3,653 pairwise CDS
alignments from the Blastx best-hit pairs (for details see
supplementary methods).

Pairwise dN/dS (ω) was calculated for each CDS alignment
using the codeml implementation of the PAML 3.15 pack-
age [13]. If synonymous and nonsynonymous mutations
are neutral, the relative rates of each are expected to be
equal so that ω = 1 [14]. Departures from this, where ω >
1 (dN > dS) suggest that nonsynonymous mutations are
advantageous, and are maintained under directional
selection. If ω < 1 (dN <dS) then the nonsynonymous SNPs
may be deleterious since they are not preserved and are
likely to be subject to purifying selection. We compared ω
by maximum likelihood under two different models: a
neutral model where ω was fixed = 1, and a model where
ω was free to vary. These models were compared using a
likelihood ratio test (LRT) to determine if the variable
model was significantly better at explaining the data [13].

As a consequence of this conservative strategy of calculat-
ing ω across the entire gene length, genes may be dis-
counted when the signal of directional selection is focused
on specific regions or domains and thus obscured by puri-
fying selection operating on the majority of the gene [15].
Many genes known to be subject to positive selection have
0.5 <ω < 1 [16], so using a lower cut-off point to identify
candidate genes that may be subject to selection can be
effective. Accordingly, chicken-zebra finch alignments
with ω > 0.5 where the variable model was significantly
favoured (p < 0.05) were identified. The annotation asso-
ciated with the best human orthologs from the Panther
database [17] was used to identify the function of chicken
genes with relevance to the immune system.

The chicken IL-4Rα mRNA sequence (Refseq ID:
XM_414885), initially determined by Boardman et al.
(GenBank accession: CR407301) and Caldwell et al. [18],
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was aligned as a best hit to two clustered zebra finch ESTs,
DQ213788 and DQ213787[19].

Sample collection
A total of 90 chicken samples were acquired: 70 village
birds from Asia and Africa (International Livestock
Research Institute, Kenya) and 20 commercial broilers
(Manor Farms, Co. Monaghan, Ireland). The commercial
birds were composed of 10 Ross breed chickens from Ire-
land and 10 Hubbard Flex from France. The Asian and
African samples included 10 chickens from each of 3
Asian (Bangladesh, Pakistan and Sri Lanka) and 4 African
(Botswana, Burkina Faso, Kenya and Senegal) popula-
tions. One sample for each of six outgroup species were
also sequenced. Three were species known to be closely
related to the chicken: [20] Chinese bamboo partridge
(Bambusicola thoracica, CAS89821), green JF (Gallus varius,
CAS85707) and grey francolin (Francolinus pondicerianus
interpositus, CAS87894) (Department of Ornithology and
Mammalogy, Californian Academy of Sciences). And
three other JF were also obtained: Grey (Gallus sonneratii),
Ceylon (Gallus lafayetii) and red JF (Gallus gallus) samples
(Wallslough Farm, Co. Kilkenny, Ireland). DNA was iso-
lated from the samples using a phenol-chloroform extrac-
tion following a proteinase K digestion.

Resequencing strategy
The UCSC http://genome.ucsc.edu, GenBank http://
www.ncbi.nlm.nih.gov and Ensembl http://
www.ensembl.org browsers were used to investigate the
gene structure. At the time of analysis, a portion of the
chicken IL-4Rα region was not displayed on these brows-
ers, so the reference assembly (NC_006101) and reference
contig (NW_001471454) were aligned with the IL-4Rα
mRNA sequence from GenBank (XM_414885) using T-
Coffee [12] to determine potential coding regions. A fur-
ther T-Coffee alignment of the human and chicken IL-4Rα
protein sequences identified chicken regions orthologous
to variable regions in humans (Additional file 1): accord-

ing to the Uniprot http://www.uniprot.org entry for
human IL-4Rα (Uniprot: P24394), most variation is in
the extracellular and cytoplasmic domains. Genscan was
used to corroborate the predicted gene structure http://
genes.mit.edu/GENSCAN.html.

PCR primers were designed using Primer3 software http:/
/frodo.wi.mit.edu and were constructed by VHBio, UK
http://www.vhbio.com. The details of the primer
sequences and optimal parameters for their usage are
available in Additional file 2 (Table S1). Each amplicon
was amplified according to the PCR cycle setup (Table S2
in Additional file 2): 8 were successfully amplified for all
96 samples (Figure 1). The use of this large sample size
increases probability of identification of a target of selec-
tion [21]. The forward and reverse PCR product sequences
were determined by Agowa, Germany http://
www.agowa.de.

Sequence assembly
Sequencing reads were assembled into contigs using the
Phred-Phrap-Consed-Polyphred pipeline programs http:/
/www.phrap.org/phredphrapconsed.html Phrap
v0.990319 and Phred v0.020425.c [22,23]. Bases were
called with Consed [24] using P(base is correct) = 1–10-S/

10, where S the base quality score [25]. Any bases with S <
20 were not included in the analysis, so all bases had at
least a 99.0% probability of being correct: most had S ≥ 40
(99.99%). Only SNPs with high probability of being accu-
rate (polyphred ranks 1, 2 or 3) were used in further anal-
yses, and only SNPs in polyphred rank 1 were used for the
outgroup samples. Polyphred version 5.0 [26,27] was
used to assemble the data for further processing.

A list of the genotypes for each sample was collated and
PHASE [28] was used to infer missing haplotypes. These
assigned haplotypes were cross-referenced with haplo-
types generated by Arlequin [29] to ensure consistency –
both were identical. Any sequence sites with inadequate

Gene structure of IL-4RαFigure 1
Gene structure of IL-4Rα. Exons are shown in green, introns in grey and amplicon regions by the red arrows. The UTRs 
are shown in blue, the leader sequence in red, unknown regions in black and promoter sequence is shown in beige. The num-
bers shown represent the base positions in relation to the GenBank entries for the mRNA and CDS.
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coverage across populations or continents, which had
sub-standard base quality scores, or had insufficient cov-
erage for either forward or reverse sequences, were
removed – leaving a total of 5,298 bp for further analysis.

Data analysis
DnaSP 4.0 [30,31] was used to analyse the polymorphic
characteristics of the data and to perform a series of pop-
ulation genetic analyses. The numbers and types of SNPs
were assessed. Nucleotide diversity was measured using π,
the average number of nucleotide differences between
sequences pairs [32]. The haplotype diversity (Hd, the
number and frequency of haplotypes in the sample) [33],
the number of haplotypes, Kelly's ZnS [34] and θW = 4Neμ
[35] were determined. The four gamete test for the mini-
mum number of recombination events (RM) [36] and R
(the degree of recombination) [37] were calculated, as
was the GC content.

A set of summary statistics were used to identify depar-
tures from neutrality using coalescent simulations: Fu and
Li's D and F [38], Tajima's D [39], Fu's Fs [40], Fay and
Wu's H [41]. These tests were performed using DnaSP for
103 replicates with the following parameters estimated
from the resequenced data: numbers of genotypes, segre-
gating sites, total sites, sample sizes and rate of recombi-
nation. These simulations generated empirical
distributions with which the statistical values were com-
pared to determine the extent of their deviation from neu-
trality. It is an indication of non-neutral evolution if the
observed values lie at the extremes of the distribution.

Median-joining haplotype networks were constructed
using Network version 4.2.0.1 http://www.fluxus-tech
nology.com. AMOVA tests [42] were conducted using
Arlequin [29] with 103 permutations. Predictions to esti-
mate the extent of functional impact for each radical sub-
stitution were conducted using PMut http://
mmb2.pcb.ub.es:8080/PMut/[43].

The McDonald-Kreitman test [44] was implemented
using DnaSP to examine the relative ratios of fixed and
non-fixed nonsynonymous differences to fixed and non-
fixed silent changes, which can indicate the presence of
non-neutral evolution. Significance was based on a two-
tailed Fisher's exact test.

Selection at IL-4Rα among avian species
To investigate for evidence of selection in IL-4Rα between
chicken and each of the 6 outgroups, CDS alignments
were generated and ω was determined under a variety of
models using codeml [13]. For this analysis, a chicken
sequence from the most numerous haplotype was used
(FJ542575). Although the chicken coding haplotypes
observed at IL-4Rα were diverse, substituting this for other

chicken genotypes yielded no significant changes to
results, except at certain sites with model M8 for a diver-
gent sample (FJ542675). The PAML models implemented
here are sensitive to low numbers of sequences [45].

The free-ratio (M1) model was used to calculate tree
branch lengths and ω for each species lineage in the sam-
ple. To identify specific codon sites with evidence of selec-
tion, site-specific models estimated ω for each site across
the whole sequence by using a random sites model under
Bayes empirical Bayes (BEB) [13,46,47]. For each model
both the ω values and the fractions of sites affected are
informative. For M1a, a neutral model, only two (K = 2)
fixed ω values are permitted: ω0 = 0 (conserved) and ω1 =
1 (neutral). For M2a, a variable model, these two classes
are used with an additional class (K = 3) where ω is freely
estimated to allow for deviations from neutrality. Simi-
larly, M7 is a neutral model that models K = 4 site classes
sampled from a β-distribution, all of which have 0 ≤ ω ≤
1. Variable model M8 has the same four β-distributed
classes as M7 with an additional class where ω > 1 (K = 5).
A LRT was conducted between the paired neutral and var-
iable models (M1a vs M2a, M7 vs M8). BEB was used to
determine the posterior Bayesian probability of ω for each
amino acid site: a significantly high posterior probability
for this variable ω class suggests that a particular site is
under selection, if ω > 1 and M8 (or M2a) is significantly
favoured by the LRT [48]. Candidate positively selected
sites from M8 were examined using PMut to assess the
functional impact for each nonsynonymous substitution.

Results
Confirming the signature of selection at IL-4Rα
Tests on 3,653 chicken and zebra finch CDS pairwise
alignments identified genes with ω > 0.5 where the varia-
ble model was significantly favoured from (Table S3 in
Additional file 2; Additional file 3). From these, IL-4Rα
was selected for further analysis because of its critical func-
tion in the immune response, including an implicated
role in the anti-viral response [1]. Interestingly, another
chicken immune gene identified by the pairwise compar-
ison method (Progesterone-induced blocking factor) had
a human ortholog that binds IL-4Rα.

IL-4Rα was resequenced in 7 closely related bird species:
chicken, red JF, grey JF, Ceylon JF, green JF, grey francolin
and bamboo partridge. An excess of nonsynonymous
compared to synonymous substitutions was observed in
all birds except red JF (Table S4 in Additional file 2).
Branch-specific models of evolution, implemented in
PAML [13] were used to investigate evidence of selection
among the sequenced lineages. Using the free-ratio
model, the branch leading to the Gallus genus was deter-
mined to have a high ω value (0.92) (Additional file 4),
though this cannot be taken as strict evidence of positive
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selection. Consequently, site-specific models were imple-
mented to investigate whether particular codon sites con-
tributed to the evidence of selection. Model M8, one the
most conservative models of site-specific evolution was
determined to be significantly more favoured in compari-
son to the neutral M7 model (p = 5 × 10-23; Table 1). Bayes
Empirical Bayes (BEB) was used to estimate the propor-
tion of sites under positive selection: 48 (9.8%) of the
sites had ω > 9.5, values much greater than that expected
under neutrality [47]. Under M8, 28 sites were identified
with a BEB posterior probability of at least 95% for ω > 1
(Table 2). There were substitutions between the chicken
and red JF sample or genome sequence at 6 of these sites
(5, 517, 547, 590, 628 and 665). PMut found 4 substitu-
tions at these sites would have a neutral effect on protein
structure (Table S5 in Additional file 2).

SNP and Population diversity
Of the 100 SNPs observed among the chicken popula-
tions, 7 were singletons. In protein-coding regions 17
SNPs were observed: 10 were nonsynonymous and 7 were
synonymous. Assuming red JF was the primary ancestral
origin of diversity at this gene, some replacement muta-
tions between red JF and chicken are potentially associ-
ated with the domestication process. In the chicken 7
nonsynonymous substitutions were identified as segregat-
ing at high frequencies (55% or more): F5L, L520P,
S590G, L594R, M665R, S670Y and T692S (Table 3, Addi-
tional file 5).

The generation of median-joining networks (Figure 2)
illustrated a high degree of allele diversity among samples
and little geographical structuring among populations.
The number of genetically divergent high-frequency hap-
lotypes showed a trend of balanced diversity (Figure 2).
When only the nonsynonymous SNPs were examined, an
interesting pattern of dominant haplotypes emerged (Fig-
ure 3); when silent SNPs were included, recombination
obfuscated these groups (Additional files 6 &7). Four hap-
lotypes containing 81% of the 180 genotypes were charac-
terised by substitutions at two sites: F5L and L520P. The 4
alleles possible at these 2 sites (F-L, F-P, L-L and L-P) were
present in all 8 populations. No single variant was domi-

nant among the samples: 32 were F-L, 38 were F-P, 46
were L-L and 64 were L-P. Both sites 5 and 520 showed
evidence for positive selection in the site-specific test in
codeml (Table 2, Additional file 8). Here, red JF and
chicken both shared L520 and P520 alleles as well as F5,
but L5 was unique to chicken.

The feature of high population diversity and low geo-
graphic partitioning in the networks was apparent in the
analysis of variation using AMOVA with the Arlequin
package [29]. This assessed the extent of partitioning of
diversity at different levels of population structure. Most
variation lay within the populations (94.1%, p < 1 × 10-
5), a trend seen in other studies of chicken populations
[48,49]; the remainder partitioned between the popula-
tions (1.8%, p = 0.060) and the continents (4.1%, p =
0.033).

Summary statistics and tests of neutrality
There was further evidence for the trend of elevated allelic
diversity: 115 haplotypes were observed in just 180 geno-
types. This was reflected in the high Hd value, a statistical
measure of haplotype diversity (Table 4). Fu's FS was
highly negative, signifying an excess of rare alleles. Nucle-
otide, haplotype and SNP diversity were all higher in Asia
than in Africa as expected, despite sampling fewer birds in
Asia (30) than in Africa (40).

The significantly positive Tajima's D in Asia and Africa
(Table 4) and in each of their populations (Table S6 in
Additional file 2) was paralleled by a highly negative Fay
and Wu's H, an indicator of an excess of derived alleles.
Together, these metrics suggest a clear tendency for alleles
to rise to mid- or high- frequency levels. Tests on the pro-
tein-coding portion of the gene alone indicated a signifi-
cantly negative Fay and Wu's H (-3.02, p = 0.04) and a less
positive Tajima's D (0.61); the latter may be a conse-
quence of stronger conservation in coding regions, which
appears to limit diversity, except at sites 5 and 520.

Moderate recombination was detected at IL-4Rα: for the
given value of the recombination rate R, coalescent simu-
lations showed the minimum number of recombination

Table 1: Generated PAML parameters for free-ratio (M1) and significant site-specific test (M2a, M1a; M7, M8) results for IL-4Rα.

Model Parameters Likelihood ω = dN/dS 2ΔML P value

M1 ω = estimated independently for all -2907.434066 See additional file 4 - -

M2a ω0 = 0 (90.25%) -2798.740466 ω2 = 10.30236 (9.75%) 102.747134 4.88 × 10-23

M1a ω0 = 0 (80.13%) -2850.114033 ω1 = 1 (19.87%)

M81 ω0–9 < 0.08 (9.03% each) -2798.740987 ω10 = 10.30383 (9.75%) 102.747656 4.88 × 10-23

M7 ω0–7 = 0 (10.0% each) -2850.114815 ω8,9 = 1 (10.0%)

1 Bayes Empirical Bayes analysis suggests 28 sites where P(ω > 1) > 95.0%. 2ΔML is twice the difference of the likelihoods of the variable minus the 
neutral model. The number of degrees of freedom is 2 for the site-specific model LRTs.
Page 5 of 13
(page number not for citation purposes)



BMC Evolutionary Biology 2009, 9:136 http://www.biomedcentral.com/1471-2148/9/136
events (RM) was significantly high among all groups
(Table 5).

Evidence of non-neutral evolution was evident from the
McDonald-Kreitman [44] test results. The McDonald-Kre-
itman test examines the relative ratios of fixed and non-
fixed nonsynonymous differences to fixed and non-fixed
silent changes between species. Purifying selection may
explain a rate of fixation of nonsynonymous differences
much lower than that for silent substitutions. Alterna-
tively, if there is a significant excess of fixation of nonsyn-
onymous changes compared to silent ones, then
directional selection may be present. The chicken geno-
types were tested against the red JF genome sequence and
also against each of the outgroup samples. Both tests
showed an excess of fixed nonsynonymous substitutions
(p = 0.002 with the genome sequence, p = 0.040 with all
the outgroup samples; Table 6), indicating that selection
may have affected the evolution of this gene.

Discussion
Identifying IL-4Rα as a candidate for resequencing
A pairwise comparison of ω = dN/dS in chicken and zebra
finch genes identified IL-4Rα as having an elevated rate of
nonsynonymous substitutions, suggesting it as a candi-
date for positive selection [50], though relaxed selective
constraint has been observed in other domestic species
[51]. Due to an important role in the host immune
response and evidence of selection in humans, IL-4Rα was
resequenced in 6 closely related birds and subsequently in
70 global village chickens and 20 commercial broilers. An
analysis of sequence data from these 6 related species
identified a large number of sites likely to be subject to
positive selection, supporting the initial detection of IL-
4Rα as a candidate gene undergoing adaptive evolution.
Probable confounding factors in these results, however,
are the complex domestication history of these popula-
tions and high rate of recombination identified at this
locus.

Table 2: Sites potentially under selection according to BEB analysis of PAML M8 results for the most frequent haplotype.

Base position P aA ω value S.E. P(ω > 1) Exon Bases SNP alleles and amino acids

4429–31 3 T 9.983 0.878 0.998 1 ACA V, F: CCA (P); B: GCA (A)
4435–37 5 F 10.002 0.772 1.000 1 TTT Chicken, C: CTT (L); R, V, F: TTC (F); B TTG (F)
4477–79 19 L 9.996 0.807 0.999 1 CTG V, F: CGC (R); B: CCA (P)
7453–56 23 V 9.951 1.029 0.995 2 GTT V, F: TTT (F); B: CTT (L)
7534–36 50 E 10.003 0.77 1.000 2 GAA V, F: CCA (P); B: CGA (R)
7582–84 66 L 10.000 0.786 1.000 2 CTT V, F: TTT (F); B: AAT (N)

7594–5, 8394 70 R 9.984 0.871 0.998 2, 3 AGA V: TCA (S); F: ATA (M)
9583–85 125 T 9.999 0.788 1.000 4 ACT C, B: GCT (A); V, F: TCT (S)
9631–33 141 L 9.771 1.636 0.976 4 TTG C, G, B: CTG (L); V, F: ATG (M)
9646–48 146 S 9.995 0.811 0.999 4 AGC V, F: CGC (R); B: GGC (G)
9715–17 169 Q 9.972 0.933 0.997 4 CAA V, F: CGC (R); B: CCC (P)
9721–23 171 E 9.970 0.942 0.997 4 GAA V, F: GCA (A); B: GGA (G)
12367–69 418 M 9.661 1.904 0.964 9 ATG V: CTG (L); B: GTG (V); F: TTG (L)
12628–30 509 A 9.895 1.253 0.989 9 GCA V, F: GTA (V)
12631–33 510 R 9.966 0.963 0.996 9 AGA V: AGT (S); B: AGG (R); F: AGC (S)
12652–54 517 H 9.995 0.811 0.999 9 CAC Chicken, R: CAT (H); RJF, F, V: CAA (Q); B: AAC (N)
12661–63^ 520 P 9.110 2.54 0.930 9 CCT Chicken, R, RJF: CTT (L)
12742–44 * 547 I 9.619 2.097 0.954 9 ATA R, C: TTA (L)
12823–25 574 H 9.941 1.07 0.994 9 CAT V, F: CAC (H); B, F: CAT (H)
12844–46 581 V 9.976 0.914 0.997 9 GTG V, F: ATG (M); B: CTG (L)
12871–73 590 G 9.580 2.076 0.956 9 GGC Chicken, RJF, B, F, V: AGC (S)

12955–57 * 618 E 9.622 2.092 0.955 9 GAG V, F, B: GCG (A)
12979–81 626 S 9.579 2.078 0.956 9 AGC V: CGC (R); F: GGC (G)
12985–87 628 E 9.934 1.101 0.993 9 GAA Chicken: GAG (E); RJF, R, G, C: GAC (D)
13042–44 647 A 9.661 1.902 0.964 9 GCC V, B, F: GTC (V)
13078–80 659 N 9.727 1.746 0.971 9 AAT V, F: AAA (K); B: AAC (N)
13096–98 665 R 9.981 0.889 0.998 9 CGA Chicken: CAA (Q), TGA (stop); R, G, C: AGA (R): RJF, F: ATA (M); V: ACA 

(T); B: AAA (K)
13123–25 674 S 9.950 1.033 0.994 9 TCT V: TGT (C); B: TTT (F); F: TAT (Y)
13138–40 679 A 9.994 0.82 0.999 9 GCA V: GGC (G); B: GTG (V); F: GGT (G)

P is the amino acid position. S.E. is the standard error for ω. B stands for bamboo partridge, F for grey francolin, V for green JF, C for Ceylon JF, R 
for red JF, G for grey JF and RJF for the genome sequence. * Significant in analysis with divergent sample FJ542675 only. ^Almost significant.
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Table 3: Frequencies and predicted functional impacts of chicken nonsynonymous SNPs on the IL-4Rα protein product compared to 
the red JF genome sequence

Base Positions Amino Acid Prediction Score Certainty N2 Outcome
Position Red JF M.A.

4435–37 5 F L neutral 0.316 3 111 not significant
4450–52 10 T A neutral 0.104 7 1 neutral
9622–24 138 N H neutral 0.320 3 1 not significant
12661–63 520 L P neutral 0.413 1 102 not significant
12871–73 590 S G neutral 0.329 3 173 not significant
12883–85 594 L R neutral 0.270 4 174 not significant
13096–98 665 M R neutral 0.495 0 172 not significant
13096–98 665 M Q neutral 0.119 7 7 neutral
13096–98 6651 R Q neutral 0.510 5 7 not significant
13096–98 6651 R stop - - - 1 deleterious
13111–13 670 S Y neutral 0.036 9 163 neutral
13111–13 670 S F neutral 0.061 8 17 neutral
13111–13 6701 Y F neutral 0.023 9 17 neutral
13177–79 692 T S neutral 0.037 9 157 neutral
13177–79 692 T N neutral 0.060 8 23 neutral
13177–79 6921 S N neutral 0.028 9 23 neutral

M.A. is the minor allele(s), in some cases this is the most frequent in the chicken samples. Amino acid sites 5, 10, 524 and 669 are polymorphic in 
the outgroup samples as well. 1 Polymorphic within chicken samples only. 2 N is the number of observed samples with the M.A. Substitutions where 
the PMut certainty values ≤ 6 did not have statistical support for the predicted change.

Median-joining network of chicken haplotypes for all SNPsFigure 2
Median-joining network of chicken haplotypes for all SNPs. Populations are denoted in the legend. Branch lengths are 
proportional to the number of mutational differences between haplotypes. The outgroup samples are represented by the col-
ourless nodes. Branch lengths are considerably reduced in order to show the details of the chicken population network. V rep-
resents the green JF sequences; F the grey francolin; B the bamboo partridge; G the grey JF; C the Ceylon JF; R the red JF; and 
RJF the genome sequence.
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The identification of chicken IL-4Rα is of particular interest
given the vital role played by its human ortholog as a regu-
lator of IgE production and TH2 cell differentiation [52,53].
The critical role of human IL-4Rα in the immune response
is evidenced by its differential expression during particular
infections and its association between polymorphism and
disease susceptibility; it facilitates gastrointestinal nema-
tode clearance [54] and its expression is upregulated in
response to HIV-1 infection [55]. Variation in human IL-
4Rα has been shown to affect signal transduction [56] and
to modulate TH1/TH2 balance in the blood [57], as well as
contributing to various allergies [9] and to mumps virus
infection susceptibility [58]. Selection at IL-4Rα in human
populations may be driven by different TH1 (viral and bac-
terial) and TH2 (parasitical) immune responses to patho-
gens [52], and the dysregulation of such components of
immunity may be associated with atopy [59].

The origin of diversity at IL-4Rα
Although nucleotide diversity at this gene (5.19 per kb)
was comparable to that observed between red JF and
domestic fowl (5.36 per kb on average) [2], the substan-
tial excess of haplotypes was suggestive of non-neutral
evolution. Despite this, the significantly positive Fu and
Li's D and F values show that there was a relative deficit of
singletons [39]. A deficit of rare alleles in commercial
chicken lines has been observed in other studies compar-
ing wild and standard breeds [65]. In this study, the Hd
and Fu's FS values highlighted this rare allele deficiency in
the commercial broilers, in contrast with the excess of
haplotypes in the Asian and African samples. In addition,
the significantly high RM values indicated that some
recombinant alleles were present in the populations,
implying either relaxed selective constraint or adaptive
processes favouring allelic diversity.

Median-joining network of chicken haplotypes for nonsynonymous SNPsFigure 3
Median-joining network of chicken haplotypes for nonsynonymous SNPs. Populations are denoted in the legend. 
Branch lengths are proportional to the number of mutational differences between haplotypes. The outgroup samples are rep-
resented by the colourless nodes. V represents the green JF sequences; F the grey francolin; B the bamboo partridge; G the 
grey JF; C the Ceylon JF; R1 and R2 the red JF; and RJF the genome sequence.
Page 8 of 13
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Tajima's D compares the proportions of low- to medium-
frequency alleles and is an indicator of directional selec-
tion when negative, and balancing selection when posi-
tive [40] (Tajima 1989). Fay and Wu's H measures the
relative frequency of derived alleles, which increases when
there are more high-frequency haplotypes [42]. The
observed surplus of mid- and high-frequency haplotypes
at the IL-4Rα locus has generated highly significant D and
H values that are more extreme than those observed by
other studies of disease-associated chicken genes [6,48] –
however, D and H are likely to be affected by demo-
graphic aspects of chicken history and the samples pool-
ing [66].

The networks were diffused into several divergent high-
frequency haplotype clusters with high intra-population
diversity. A distinctive set of balanced alleles was apparent
when silent substitutions were removed. The signal of bal-
anced diversity in the chicken populations appeared to
centre around two nonsynonymous substitutions: F5L
and L520P. All four variants at these two sites were segre-
gating in the 8 populations surveyed at similar frequen-
cies. Site-specific models of evolution identified both
these sites as likely subject to selection across species.

An alignment of the chicken and human IL-4Rα protein
sequences identified the amino acid positions ortholo-
gous to sites 5 and 520 in chicken (Additional file 1). The
site orthologous to the latter is segregating in humans
(C431R, rs1805012) [67,68] at an intermediate frequency
of over 10% in the population [69], similar to the chicken
polymorphism. Substitution C431R is in the cytoplasmic

domain of the receptor and is linked with better survival
from gliomas in humans [70]. The human amino acid
position orthologous to chicken site 5 is conserved (F10)
and is located in the signal peptide of the protein, indicat-
ing that the L5 chicken variant might affect activation of
the receptor protein.

There is series of shared population genetic properties
between chicken and human IL-4Rα that may be the
result of equivalent functional roles for each. The genes
possess comparable McDonald-Kreitman test results and
positive Tajima's D values [49] and share orthologous
high-frequency nonsynonymous SNPs (L520P and
C431R). And given that several amino acid substitutions
in IL-4Rα affect disease susceptibility in humans (see
Franjkovic et al. [71]), the variability at nonsynonymous
substitution sites in chickens is likely to be of biological
importance.

The balanced and elevated variation and possible selective
processes at chicken IL-4Rα may be in response to the
common pathogens and the range of pleiotropic roles
that the receptor plays in facilitating cytokine binding in
the innate immune response. The trend of high diversity
fuelled by balancing selection is seen in other chicken
immune genes including MHC-B [3], Mx [6] and IL1B
[48], which initially suggests that immune system genes
may maintain high diversity in order to respond to a wide
array of pathogens.

Another explanation for the observed elevated balanced
diversity is that multiple domestications of red JF and genetic

Table 4: SNP data, summary statistics and tests of neutrality

Test N1 S2 H3 Hd4 Π5 θw
6 Tajima's D Fu & Li's Fay & Wu's H Fu's Fs

D F

All 90 100 115 0.990 5.19 3.37 1.69 1.22 1.86 -21.40 -34.06
P value <0.001 <0.001 ns 0.001 <0.001 0.027 <0.001 0.010 0.015
Asia 30 95 51 0.993 5.37 3.89 1.32 1.25 1.68 -19.45 -16.06

P value <0.001 0.007 ns 0.005 <0.001 <0.001 0.009 0.008 0.012
Africa 40 86 53 0.983 4.72 3.36 1.36 1.11 1.55 -27.34 -10.13
P value ns ns ns 0.002 0.001 0.031 0.002 0.002 ns
Broilers 20 79 23 0.944 5.14 3.51 1.69 2.15 2.47 -10.85 1.38
P value 0.010 0.003 ns 0.018 <0.001 <0.001 <0.001 ns 0.007

1 Chickens sampled. 2 SNPs. 3 Haplotypes. 4 Haplotype diversity. 5 Mean pairwise differences per kb. 6 Watterson's estimator per kb. Only p values 
generated by simulations < 0.05 are given; p > 0.05 are denoted "ns". The resequenced region length is 5,298 bp.

Table 5: Recombination at IL-4Rα according the percentage GC content, Hudson's R and RM and Kelly's ZnS per kb from DnaSP

GC content (%) RM
1 ZnS

2

Total Coding Non-coding R All Asia Africa Broilers

44.5 46.3 43.8 33.60 35 27 21 17 66.13

1 Coalescent p < 0.001 for all, p < 0.001 for Asia, p = 0.004 for Africa and p = 0.013 for broilers. 2 Coalescent p = 0.017.
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introgressions of other JF have both enhanced and distorted
variation at this locus. The lack of observed geographic struc-
ture, which has also been observed at other chicken genes,
[48] may be in part a consequence of this. There are likely to
have been multiple events of chicken domestication in
South and South-East Asia [72-74]. And though the red JF is
the main source of chicken genetic diversity [2,75], genetic
introgressions have come from other wild JF [76]: possibly
from Ceylon JF [77] and unambiguously at the yellow skin
locus from grey JF [78]. Wild red JF and domestic village
strains are closely related [50,79], indicating that introgres-
sions of red JF may have continued after domestication.
Here, networks of IL-4Rα indicate that red JF is the most
closely related wild relative to the domestic chicken. This
does not exclude the possibility of multiple contributions of
different genetic sources of JF. If admixture of different
sources occurred sufficiently early through trading and
migration [80,81] this may explain the presence of the four
alleles at the two nonsynonymous sites in each population.
Regardless of whether this signal of high and balanced diver-
sity is from biological pleiotropy or from multiple origins, it
is persisting, indicating that it may have an important role in
current chicken immunity.

Conclusion
This study shows evidence for high and balanced diversity
at the chicken IL-4Rα gene, which was initially identified
through the evaluation of the rate of nonsynonymous to
synonymous substitutions in pairwise comparisons of
chicken and zebra finch orthologs. This strategy incorpo-
rated functional and literature information to detect a
suitable gene for resequencing in African, Asian and com-
mercial chicken samples, as well as in related JF and bird
species. Haplotype networks, tests of neutrality and sum-
mary statistics indicated a signal of balanced nonsynony-
mous polymorphisms at two sites in the IL-4Rα gene.
Networks showed that red JF is the primary source of
diversity at this gene. The elevated and balanced diversity
present in all the populations might be a result of the
chicken's history of multiple domestications [72-74],
introgressions [76-78] and subsequent admixture of dif-
ferent types [79-81]. However, the identification of two
potentially functionally significant SNPs as fulcrums of
the balancing signal suggest that the functions of IL-4Rα

in the immune system may affected by selective processes
for specific allelic variants in response to new pathogenic
challenges during domestication.
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Additional material

Additional file 1
An alignment of chicken and human IL-4Rα protein sequences. The 
consensus human IL-4Rα sequence isoform a (GenBank accession 
number NP_000409) and the consensus chicken sequence (XP_414885) 
were aligned with T-Coffee [12]. The sites marked green were subse-
quently found to be candidates for selection according to PAML M8 BEB 
results. Sites marked green and in red letters indicate those subsequently 
observed as segregating in chicken populations and/or with differences 
between the chicken and the red JF sequences.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2148-9-136-S1.tiff]

Additional file 2
Supplementary Methods and Results. A file containing details of supple-
mentary methods and results implemented, including tables, detailing: the 
identification of putative chicken-zebra finch orthologous alignments, 
PCR and primer sequences, resequencing details, alignment parameters, 
methodology for pairwise comparisons of chicken and zebra finch genes, 
and the details of chicken genes identified that interact with IL-4Rα.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2148-9-136-S2.doc]

Table 6: McDonald-Kreitman tests between the chicken populations and the red JF genome sequence and the outgroup samples.

Test Type Intraspecific Interspecific P value

Chicken & genome sequence Silent 6 93 0.0016
Nonsynonymous 6 10

Chicken & 6 outgroups Silent 6 447 0.0403
Nonsynonymous 4 71
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Additional file 6
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to the major groups at amino acids 5 (F5L) and 520 (L520P) from 
Figure 3. The four possible genotypes at these positions are denoted in the 
legend. Branch lengths are proportional to the number of mutational dif-
ferences between haplotypes. The outgroup sample branch lengths are con-
siderably reduced in order to show the details of the chicken population 
network. V represents the green JF sequences; F the grey francolin; B the 
bamboo partridge; G the grey JF; C the Ceylon JF; R the red JF sample gen-
otypes; and RJF the genome sequence.
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Additional file 7
Legend to Additional file 6.
Click here for file
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Additional file 8
A multiple sequence alignment of zebra finch and other bird samples 
protein-coding sequences. Sites marked were candidates for selection 
according to PAML M8 BEB results (red), and had differences in the 
chicken populations compared to the red JF genome or samples (green). 
Regions marked with X were not resequenced. Bamboo refers to the bam-
boo partridge. Chicken has 2 alleles (F, L) at site 5; red JF, grey JF and 
bamboo partridge all have F; and Ceylon JF, green JF and grey francolin 
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Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2148-9-136-S8.tiff]
Page 11 of 13
(page number not for citation purposes)

http://www.biomedcentral.com/content/supplementary/1471-2148-9-136-S3.tiff
http://www.biomedcentral.com/content/supplementary/1471-2148-9-136-S4.tiff
http://www.biomedcentral.com/content/supplementary/1471-2148-9-136-S5.tiff
http://www.biomedcentral.com/content/supplementary/1471-2148-9-136-S6.tiff
http://www.biomedcentral.com/content/supplementary/1471-2148-9-136-S7.tiff
http://www.biomedcentral.com/content/supplementary/1471-2148-9-136-S8.tiff
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18420808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18420808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18420808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15592404
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15592404
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15592404
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18389232
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18389232
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16830876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16830876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16830876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17467195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17467195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17467195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18726592
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18726592
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15361935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15361935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19188264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19188264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19188264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10652462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10652462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10652462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12651724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12651724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12651724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8485583
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8485583


BMC Evolutionary Biology 2009, 9:136 http://www.biomedcentral.com/1471-2148/9/136
12. Notredame C, Higgins DG, Heringa J: T-Coffee: A novel method
for fast and accurate multiple sequence alignment.  J Mol Biol
2000, 302(1):205-17.

13. Yang Z: PAML: a program package for phylogenetic analysis
by maximum likelihood.  Comput Appl Biosci 1997, 13:555-556.

14. Yang Z: Inference of selection from multiple species align-
ments.  Curr Opin Genet Dev 2002, 12:688-694.

15. Sawyer SL, Wu LI, Emerman M, Malik HS: Positive selection of pri-
mate TRIM5alpha identifies a critical species-specific retro-
viral restriction domain.  Proc Natl Acad Sci USA 2005,
102(8):2832-7.

16. Swanson WJ, Wong A, Wolfner MF, Aquadro CF: Evolutionary
expressed sequence tag analysis of Drosophila female repro-
ductive tracts identifies genes subjected to positive selec-
tion.  Genetics 2004, 168(3):1457-65.

17. Thomas PD, Campbell MJ, Kejariwal A, Mi H, Karlak B, Daverman R,
Diemer K, Muruganujan A, Narechania A: PANTHER: a library of
protein families and subfamilies indexed by function.  Genome
Res 2003, 13(9):2129-41.

18. Caldwell RB, Kierzek AM, Arakawa H, Bezzubov Y, Zaim J, Fiedler P,
Kutter S, Blagodatski A, Kostovska D, Koter M, Plachy J, Carninci P,
Hayashizaki Y, Buerstedde JM: Full-length cDNAs from chicken
bursal lymphocytes to facilitate gene function analysis.
Genome Biol 2005, 6(1):R6.

19. Wada K, Howard JT, McConnell P, Whitney O, Lints T, Rivas MV,
Horita H, Patterson MA, White SA, Scharff C, Haesler S, Zhao S, Sak-
aguchi H, Hagiwara M, Shiraki T, Hirozane-Kishikawa T, Skene P, Hay-
ashizaki Y, Carninci P, Jarvis ED: A molecular neuroethological
approach for identifying and characterizing a cascade of
behaviorally regulated genes.  Proc Natl Acad Sci USA 2006,
103(41):15212-7.

20. Kaiser VB, van Tuinen M, Ellegren H: Insertion events of CR1 ret-
rotransposable elements elucidate the phylogenetic branch-
ing order in galliform birds.  Mol Biol Evol 2007, 24(1):338-47.

21. Jensen JD, Wong A, Aquadro CF: Approaches for identifying tar-
gets of positive selection.  Trends Genet 2007, 23(11):568-77.

22. Ewing B, Green P: Base-calling of automated sequencer traces
using phred II. Error probabilities.  Genome Res 1998,
8(3):186-94.

23. Ewing B, Hillier L, Wendl MC, Green P: Base-calling of automated
sequencer traces using phred. I. Accuracy assessment.
Genome Res 1998, 8(3):175-85.

24. Gordon D, Abajian C, Green P: Consed: a graphical tool for
sequence finishing.  Genome Res 1998, 8(3):195-202.

25. Johnson PL, Slatkin M: Inference of population genetic parame-
ters in metagenomics: a clean look at messy data.  Genome Res
2005, 16(10):1320-7.

26. Stephens M, Sloan JS, Robertson PD, Scheet P, Nickerson DA: Auto-
mating sequence-based detection and genotyping of SNPs
from diploid samples.  Nat Genet 2006, 38(3):375-81.

27. Nickerson DA, Tobe VO, Taylor SL: PolyPhred: automating the
detection and genotyping of single nucleotide substitutions
using fluorescence-based resequencing.  Nucleic Acids Res 1997,
25(14):2745-51.

28. Stephens M, Smith N, Donnelly P: A new statistical method for
haplotype reconstruction from population data.  American Jour-
nal of Human Genetics 2001, 68:978-989.

29. Schneider S, Roessli D, Excofier L: Arlequin, Version 2.0: a software for
population genetic data analysis Genetics and Biometry Laboratory,
University of Geneva, Geneva; 2000. 

30. Rozas J, Rozas R: DnaSP version 3: an integrated program for
molecular population genetics and molecular evolution anal-
ysis.  Bioinformatics 1999, 15(2):174-5.

31. Rozas J, Sanchez-DelBarrio JC, Messeguer X, Rozas R: DnaSP, DNA
polymorphism analyses by the coalescent and other meth-
ods.  Bioinformatics 2003, 19(18):2496-7.

32. Tajima F: Evolutionary relationship of DNA sequences in finite
populations.  Genetics 1983, 105(2):437-60.

33. Depaulis F, Veuille M: Neutrality tests based on the distribution
of haplotypes under an infinite-site model.  Mol Biol Evol 1998,
15(12):1788-90.

34. Kelly JK: A test of neutrality based on interlocus associations.
Genetics 1997, 146(3):1197-206.

35. Watterson GA: On the number of segregation sites.  Theoretical
Population Biology 1975, 7:256-276.

36. Hudson RR, Kaplan NL: Statistical properties of the number of
recombination events in the history of a sample of DNA
sequences.  Genetics 1985, 111(1):147-64.

37. Hudson RR: Estimating the recombination parameter of a
finite population model without selection.  Genet Res 1987,
50(3):245-50.

38. Fu YX, Li WH: Statistical tests of neutrality of mutations.
Genetics 1993, 133(3):693-709.

39. Tajima F: Statistical method for testing the neutral mutation
hypothesis by DNA polymorphism.  Genetics 1989,
123(3):585-95.

40. Fu YX: Statistical tests of neutrality of mutations against pop-
ulation growth, hitchhiking and background selection.  Genet-
ics 1997, 147(2):915-25.

41. Fay JC, Wu CI: Hitchhiking under positive Darwinian selec-
tion.  Genetics 2000, 155(3):1405-13.

42. Excoffier L, Smouse PE, Quattro JM: Analysis of molecular vari-
ance inferred from metric distances among DNA haplo-
types: application to human mitochondrial DNA restriction
data.  Genetics 1992, 131(2):479-91.

43. Ferrer-Costa C, Gelpi J, Zamakola L, Parraga I, de la Cruz X, Orozco
M: PMUT: a web-based tool for the annotation of pathologi-
cal mutations on proteins.  Bioinformatics 2005, 21:3176-8.

44. McDonald JH, Kreitman M: Adaptive protein evolution at the
Adh locus in Drosophila.  Nature 1991, 351(6328):652-4.

45. Anisimova M, Bielawski JP, Yang Z: Accuracy and power of the
likelihood ratio test in detecting adaptive molecular evolu-
tion.  Mol Biol Evol 2001, 18:1585-1592.

46. Nielsen R, Yang Z: Likelihood models for detecting positively
selected amino acid sites and applications to the HIV-1 enve-
lope gene.  Genetics 1998, 148:929-936.

47. Yang Z, Wong WS, Nielsen R: Bayes empirical bayes inference
of amino acid sites under positive selection.  Mol Biol Evol 2005,
22(4):1107-18.

48. Downing T, Lynn DJ, Connell S, Lloyd AT, Fazlul Haque Bhuiyan AK,
Silva P, Naqvi A, Sanfo R, Sow RS, Podisi B, O'Farrelly C, Hanotte O,
Bradley DG: Contrasting Evolution of Diversity at Two Dis-
ease-Associated Chicken Genes.  Immunogenetics 2009,
61(4):303-14.

49. Kanginakudru S, Metta M, Jakati RD, Nagaraju J: Genetic evidence
from Indian red jungle fowl corroborates multiple domesti-
cation of modern day chicken.  BMC Evol Biol 2008, 8:174.

50. Yang Z, Nielsen R: Codon-substitution models for detecting
molecular adaptation at individual sites along specific line-
ages.  Mol Biol Evol 2002, 19(6):908-17.

51. Cruz F, Vilà C, Webster MT: The legacy of domestication: accu-
mulation of deleterious mutations in the dog genome.  Mol
Biol Evol 2008, 25(11):2331-6.

52. Wu X, Di Rienzo A, Ober C: A population genetics study of sin-
gle nucleotide polymorphisms in the interleukin 4 receptor
alpha (IL4RA) gene.  Genes Immun 2001, 2(3):128-34.

53. Liu X, Beaty TH, Deindl P, Huang SK, Lau S, Sommerfeld C, Fallin MD,
Kao WH, Wahn U, Nickel R: Associations between specific
serum IgE response and 6 variants within the genes IL4, IL13,
and IL4RA in German children: the German Multicenter
Atopy Study.  J Allergy Clin Immunol 2004, 113(3):489-95.

54. Horsnell WG, Cutler AJ, Hoving JC, Mearns H, Myburgh E, Arendse
B, Finkelman FD, Owens GK, Erle D, Brombacher F: Delayed gob-
let cell hyperplasia, acetylcholine receptor expression, and
worm expulsion in SMC-specific IL-4Ralpha-deficient mice.
PLoS Pathog 2007, 3(1):e1.

55. Puri RK, Aggarwal BB: Human immunodeficiency virus type 1
tat gene up-regulates interleukin 4 receptors on a human B-
lymphoblastoid cell line.  Cancer Res 1992, 52(13):3787-90.

56. Kruse S, Japha T, Tedner M, Sparholt SH, Forster J, Kuehr J, Deich-
mann KA: The polymorphisms S503P and Q576R in the inter-
leukin-4 receptor alpha gene are associated with atopy and
influence the signal transduction.  Immunology 1999,
96(3):365-71.

57. Youn J, Hwang SH, Cho CS, Min JK, Kim WU, Park SH, Kim HY:
Association of the interleukin-4 receptor alpha variant
Q576R with Th1/Th2 imbalance in connective tissue disease.
Immunogenetics 2000, 51(8–9):743-6.

58. Dhiman N, Ovsyannikova IG, Vierkant RA, Pankratz VS, Jacobson RM,
Poland GA: Associations between cytokine/cytokine receptor
single nucleotide polymorphisms and humoral immunity to
Page 12 of 13
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10964570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10964570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9367129
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9367129
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12433583
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12433583
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15579698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15579698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15579698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12952881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12952881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15642098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15642098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17018643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17018643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17018643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17077154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17077154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17077154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17959267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17959267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9521922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9521922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9521921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9521921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9521923
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9521923
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16493422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16493422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16493422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9207020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9207020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9207020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11254454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11254454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10089204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10089204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10089204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14668244
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14668244
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14668244
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6628982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6628982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9917213
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9917213
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9215920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1145509
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4029609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4029609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4029609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3443297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3443297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8454210
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2513255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2513255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9335623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9335623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10880498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10880498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1644282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1644282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1644282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15879453
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15879453
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1904993
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1904993
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11470850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11470850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11470850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9539414
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9539414
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9539414
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689528
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689528
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19247647
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19247647
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18544161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18544161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18544161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12032247
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12032247
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12032247
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18689870
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18689870
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11426321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11426321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11426321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15007352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15007352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15007352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17222057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17222057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1617647
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1617647
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1617647
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10233717
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10233717
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10233717
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10941846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10941846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18715339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18715339


BMC Evolutionary Biology 2009, 9:136 http://www.biomedcentral.com/1471-2148/9/136
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

measles, mumps and rubella in a Somali population.  Tissue
Antigens 2008, 72(3):211-20.

59. Hershey GK, Friedrich MF, Esswein LA, Thomas ML, Chatila TA: The
association of atopy with a gain-of-function mutation in the
alpha subunit of the interleukin-4 receptor.  N Engl J Med 1997,
337(24):1720-5.

60. Anderle C, Hammer A, Polgár B, Hartmann M, Wintersteiger R, Blas-
chitz A, Dohr G, Desoye G, Szekeres-Barthó J, Sedlmayr P: Human
trophoblast cells express the immunomodulator progester-
one-induced blocking factor.  J Reprod Immunol 2008,
79(1):26-36.

61. Liu B, Liao J, Rao X, Kushner SA, Chung CD, Chang DD, Shuai K:
Inhibition of Stat1-mediated gene activation by PIAS1.  Proc
Natl Acad Sci USA 1998, 95(18):10626-31.

62. Kozma N, Halasz M, Polgar B, Poehlmann TG, Markert UR, Palkovics
T, Keszei M, Par G, Kiss K, Szeberenyi J, Grama L, Szekeres-Bartho J:
Progesterone-induced blocking factor activates STAT6 via
binding to a novel IL-4 receptor.  J Immunol 2006, 176(2):819-26.

63. Chung CD, Liao J, Liu B, Rao X, Jay P, Berta P, Shuai K: Specific inhi-
bition of Stat3 signal transduction by PIAS3.  Science 1997,
278(5344):1803-5.

64. Shuai K, Liu B: Regulation of gene-activation pathways by PIAS
proteins in the immune system.  Nat Rev Immunol 2005,
5(8):593-605.

65. Muir WM, Wong GK, Zhang Y, Wang J, Groenen MA, Crooijmans
RP, Megens HJ, Zhang H, Okimoto R, Vereijken A, Jungerius A, Albers
GA, Lawley CT, Delany ME, MacEachern S, Cheng HH: Genome-
wide assessment of worldwide chicken SNP genetic diversity
indicates significant absence of rare alleles in commercial
breeds.  Proc Natl Acad Sci USA 2008, 105(45):17312-7.

66. Carlson CS, Thomas DJ, Eberle MA, Swanson JE, Livingston RJ, Rieder
MJ, Nickerson DA: Genomic regions exhibiting positive selec-
tion identified from dense genotype data.  Genome Res 2005,
15(11):1553-65.

67. Deichmann K, Bardutzky J, Forster J, Heinzmann A, Kuehr J: Com-
mon polymorphisms in the coding part of the IL4-receptor
gene.  Biochem Biophys Res Commun 1997, 231(3):696-7.

68. Lozano F, Places L, Vilà JM, Padilla O, Arman M, Gimferrer I, Suárez
B, López de la Iglesia A, Miserachs N, Vives J: dentification of a
novel single-nucleotide polymorphism (Val554Ile) and defi-
nition of eight common alleles for human IL4RA exon 11.  Tis-
sue Antigens 2001, 57(3):I216-20.

69. Landi S, Bottari F, Gemignani F, Gioia-Patricola L, Guino E, Osorio A,
de Oca J, Capella G, Canzian F, Moreno V, Bellvitge Colorectal Can-
cer Study Group: Interleukin-4 and interleukin-4 receptor pol-
ymorphisms and colorectal cancer risk.  Eur J Cancer 2007,
43(4):762-8.

70. Wrensch M, Wiencke JK, Wiemels J, Miike R, Patoka J, Moghadassi M,
McMillan A, Kelsey KT, Aldape K, Lamborn KR, Parsa AT, Sison JD,
Prados MD: Serum IgE, tumor epidermal growth factor
receptor expression, and inherited polymorphisms associ-
ated with glioma survival.  Cancer Res 2006, 66(8):4531-41.

71. Franjkovic I, Gessner A, König I, Kissel K, Bohnert A, Hartung A, Ohly
A, Ziegler A, Hackstein H, Bein G: Effects of common atopy-asso-
ciated amino acid substitutions in the IL-4 receptor alpha
chain on IL-4 induced phenotypes.  Immunogenetics 2005,
56(11):808-17.

72. Liu YP, Wu GS, Yao YG, Miao YW, Luikart G, Baig M, Beja-Pereira A,
Ding ZL, Palanichamy MG, Zhang YP: Multiple maternal origins of
chickens: out of the Asian jungles.  Mol Phylogenet Evol 2006,
38(1):12-9.

73. Oka T, Ino Y, Nomura K, Kawashima S, Kuwayama T, Hanada H,
Amano T, Takada M, Takahata N, Hayashi Y, Akishinonomiya F:
Analysis of mtDNA sequences shows Japanese native chick-
ens have multiple origins.  Animal Genetics 2007, 38:287-93.

74. Fumihito A, Miyake T, Sumi S, Takada M, Ohno S, Kondo N: One
subspecies of the red junglefowl (Gallus gallus gallus) suffices
as the matriarchic ancestor of all domestic breeds.  Proc Natl
Acad Sci USA 1996, 91(26):12505-9.

75. Fumihito A, Miyake T, Takada M, Shingu R, Endo T, Gojobori T,
Kondo N, Ohno S: Monophyletic origin and unique dispersal
patterns of domestic fowls.  Proc Natl Acad Sci USA 1994,
93(13):6792-5.

76. Silva P, Guan X, Ho-Shing O, Jones J, Xu J, Hui D, Notter D, Smith E:
Mitochondrial DNA-based analysis of genetic variation and
relatedness among Sri Lankan indigenous chickens and the

Ceylon junglefowl (Gallus lafayetti).  Anim Genet 2008,
40(1):1-9.

77. Nishibori M, Shimogiri T, Hayashi T, Yasue H: Molecular evidence
for hybridization of species in the genus Gallus except for
Gallus varius.  Anim Genet 2005, 36(5):367-75.

78. Eriksson J, Larson G, Gunnarsson U, Bed'hom B, Tixier-Boichard M,
Strömstedt L, Wright D, Jungerius A, Vereijken A, Randi E, Jensen P,
Andersson L: Identification of the yellow skin gene reveals a
hybrid origin of the domestic chicken.  PLoS Genet 2008,
4(2):e1000010.

79. Berthouly C, Leroy G, Van TN, Thanh HH, Bed'Hom B, Nguyen BT,
Vu CC, Monicat F, Tixier-Boichard M, Verrier E, Maillard JC, Rognon
X: Genetic analysis of local Vietnamese chickens provides
evidence of gene flow from wild to domestic populations.
BMC Genetics 2009, 10:1.

80. Muchadeyi FC, Eding H, Simianer H, Wollny CB, Groeneveld E, Wei-
gend S: Mitochondrial DNA D-loop sequences suggest a
Southeast Asian and Indian origin of Zimbabwean village
chickens.  Animal Genetics 2008, 39:615-22.

81. West B, Zhou BX: Did chickens go north? New evidence for
domestication.  World's Poultry Science Journal 1989, 45(3):205-218.
Page 13 of 13
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18715339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9392697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9392697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9392697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18817979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18817979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18817979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9724754
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9724754
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16393965
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16393965
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16393965
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9388184
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9388184
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16056253
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16056253
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18981413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18981413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18981413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16251465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16251465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9070874
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9070874
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9070874
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17258448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17258448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16618782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16618782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16618782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15712015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15712015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15712015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16275023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16275023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17539973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17539973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17539973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18945292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18945292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18945292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16167978
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16167978
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16167978
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18454198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18454198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19133138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19133138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19032252
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19032252
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19032252
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Identifying candidate genes subject to selection
	Sample collection
	Resequencing strategy
	Sequence assembly
	Data analysis
	Selection at IL-4Ra among avian species

	Results
	Confirming the signature of selection at IL-4Ra
	SNP and Population diversity
	Summary statistics and tests of neutrality

	Discussion
	Identifying IL-4Ra as a candidate for resequencing
	The origin of diversity at IL-4Ra

	Conclusion
	Abbreviations
	Authors' contributions
	Additional material
	Acknowledgements
	References

