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Summary

The chicken lysozyme gene encodes a hydrolase that has a key role in defence, especially

in ovo. This gene was resequenced in global chicken populations [red, grey, Ceylon and

green jungle fowl (JF)| and related bird species. Networks, summary statistics and tests of

neutrality indicate that although there is extensive variation at the gene, little is present at

coding sites, with the exception of one non-synonymous site. This segregating site and a

further fixed non-synonymous change between red JF and domestic chicken populations are
spatially close to the catalytic sites of the enzyme and so might affect its activity.
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Lysozyme is an important part of innate chicken defence
systems: it hydrolyses peptidoglycan and chitodextrin, both
of which are components of gram positive bacterial cell
membranes (Holler et al. 1975a,b). The enzyme reaches its
highest concentration in egg-white, where innate immune
mechanisms are vital because the adaptive immune system
is not fully developed (Sippel et al. 1978; Ask et al. 2007).
Certain immune genes that determine susceptibility to
infection have been shown to be subject to selective forces
in the chicken, such as Mx (Li et al. 2006; Hou et al. 2007;
Berlin et al. 2008), MHC-B (Worley et al. 2008), ILIB
(Downing et al. 2009a) and IL-4Ro (Downing et al
2009b). Therefore it is possible that lysozyme has been
subject to similar evolutionary pressure during its evolu-
tion. Here, we explore diversity present at the gene by
resequencing it in chicken populations and related species,
and find one non-synonymous substitution segregating at
an intermediate frequency. Tests indicate that this site and
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one other non-synonymous change fixed between red
jungle fowl (JF) and chicken are spatially close to the key
catalytic sites.

Village chicken samples from three Asian (Bangladesh,
Pakistan and Sri Lanka) and four African (Burkina Faso,
Botswana, Kenya and Senegal) populations numbering 70
in total were acquired from the International Livestock
Research Institute (Kenya). Samples from red, grey and
Ceylon JF from Wallslough Farm (Ireland); green JF, bam-
boo partridge and grey francolin from the Californian
Academy of Sciences; and 20 commercial broilers from
Manor Farms (Ireland) were also surveyed. More details
of the samples are listed elsewhere (Downing et al.
2009b). The DNA was isolated from the samples using a
phenol-chloroform extraction following a proteinase K
digestion.

The UCSC (http://genome.ucsc.edu), Ensembl (http://
(http://
www.ncbi.nlm.nih.gov/projects/mapview/) browsers were
used to map the gene structure. PCR primer sequences
(Table S1) were designed using priMER3 (http://frodo.
wi.mit.edu) and were created by VHBio (http://www.

www.ensembl.org) and GenBank wmaP vEW

vhbio.com). Five amplicons covering 3726 bp at Iysozyme
were successfully amplified by PCR (Table S2) for the 96
samples (Fig. S1). Resequencing, sequence assembly and
haplotype reconstruction followed the protocols in
Appendix S1.
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Figure 1 Median-joining phylogenetic network of chicken and outgroup haplotypes. 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 colourless nodes; their
branch lengths are considerably reduced 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; and RJF the red JF genome sequence.

Of 59 SNPs
sequences at this gene, only one was a non-singleton coding
SNP (cSNP). This cSNP was a non-synonymous substitution
(p.Ala49Val) at base 1398 in exon 2 and defined the two
most numerous haplotypes of 84 observed in a median-

discovered among domestic chicken

joining network constructed using Network 4.510 (http://
www.fluxus-technology.com) (Fig. 1). In this network, the
red JF genome sequence was the most closely related JF
genotype to the chicken samples. When only ¢cSNPs were
used to construct a network (Fig. S2), this substitution
alone separated the two principal alleles that are present in
all eight chicken populations. Substitution p.Tyr71Ser at
site 1464 was the solitary coding sequence distinguishing
the red JF genome sequence and the chicken haplotypes.
The grey, red and Ceylon JF were separated from the ref-
erence genome sequence by a single synonymous SNP at
base 1699. Segregating cSNPs were of particular interest
because of the extensive coding sequence conservation.

Analysis of variation at different levels of population
structure with Arlequin (Schneider et al. 2000) using Amova
(Excoffier et al. 1992) show this high allelic diversity
(shown in Fig. 1) was partitioned within the populations
(90.588%, P < 107°) and among populations (9.412%,
P < 107°), but not among the continents.

Significantly high allelic variation was observed at the
gene: this was supported by coalescent simulations incor-
porating recombination using DnaSP 4.0 (Rozas & Rozas
1999; Rozas et al. 2003) that evaluated the degree of
deviation from neutrality of the observed data for a number
of statistics, including the haplotype diversity (Hd = 0.923,
P = 0.006; Depaulis & Veuille 1998) and Fu’s Fg (—34.48,
P = 0.008; Table S3; Fu 1997). A relative deficit of sin-
gletons shown by the positive Fu and Li's D (1.42,
P =0.022; Fu & Li 1993) and F (1.34, P = 0.016) suggest
that such alleles are not the cause of the elevated allele
variation. A positive Tajima’s D (0.618; Tajima 1989) and
negative Fay and Wu’s H (-14.08, P = 0.002; Fay & Wu
2000) supported a trend of the elevated variation around
the two most numerous haplotypes in the network dia-
grams (Fig. 1), which appeared to centre on substitution
p.Ala49Val. Although a significantly high minimum num-
ber of recombination events (Ry; = 25, P < 0.001) (Hudson
& Kaplan 1985) suggested that some new haplotypes cre-
ated by recombination were preserved (Tables S4 & S5),
these recombinants were not maintained at non-synony-
mous sites (Fig. S2).

The ratio of the relative rate of non-synonymous muta-
tions (dy) to the relative rate of synonymous mutations (dg)
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Figure 2 The three-dimensional structure of chicken lysozyme (Protein
Data Bank http://www.rcsb.org/pdb/explore/explore.do?structure-
1d=3B6L; Michaux et al. 2008), displayed using RasMol. The positions of
Ala49 (red) and Tyr71 (blue) are shown relative to the catalytic sites
(Glu53, black; Asp70, green) and the catalytic cleft in yellow (Phe52,
Asn55, Asn62, GIn75, Asn77, Trp80, lle116, Asp119, Ala125 and
Trp126). Ala49 and Asp53 arein helix 2. Tyr71 islocated in sheet strand 2.

in the protein-coding portion of the gene was calculated as
dn/ds () for models using the codeml implementation of the
PAML 3.15 package (Yang 1997). Departures from neu-
trality occur when @ > 1 or w < 1, which indicate an
of non-synonymous or synonymous changes
respectively (Yang 2002) (Figure S3). Site specific models
estimate w for each site across the whole coding sequence
for a neutral model (M7, O > w < 1) and a variable model
(M8) that allows for @ > 1 as well as 0 2w <1 (Yang
1997). A likelihood ratio test performed between these
models for the seven resequenced species shows that M8
was significantly more likely than M7 according to a chi-
square distribution (P = 5 x 107*, Table S6). Using a ran-
dom sites Bayes empirical Bayes model, a significantly high

excess

posterior probability of @ > 1 (P > 0.95) indicated positive
selection at candidate sites 57, 70, 72 and 96 (Table S7;
Nielsen & Yang 1998; Yang et al. 2005).

The positions of the catalytic sites (53 and 70), catalytic
cleft and polymorphic sites (49 and 71) clustered closely in
a three-dimensional model of chicken lysozyme displayed
in rasmor 2.7.4.2 (http://www.openrasmol.org/software/
rasmol/; Fig. 2). Using the Euclidean distance between the
a-carbon atoms in the protein database file, the length
between sites 49 and 53 was 5.58 A, which was substan-
tially smaller than average; only 4.3% of site pairs were
closer. Sites 70 and 71 were separated by 3.78 A; only
0.9% of pairs and 10.9% of adjacent pairs were closer. The
proximity of these amino acids to the catalytic sites was
likely to be of significance because single site changes and
interactions can alter the activity and stability of this en-
zyme (Klein-Seetharaman et al. 2002; Zhou et al. 2007),
implying that mutations at sites 49 and 71 spatially affected
the catalytic sites. Certain sets of amino acid substitutions in

Enzymatic activity of lysozyme in chicken populations

the lysozyme peptide have been shown to be compensatory,
even though they were located at the core of the molecule
(Wilson et al. 1992); this could be possible for variants at
sites 49 and 71.

A T-Coffee (Notredame et al. 2000) alignment of lyso-
zyme protein sequences for human, zebra finch, turkey and
birds from the family Phasianidae [chicken (Gallus gallus);
copper (Syrmaticus soemmerringii), kalij (Lophura leucomel-
anos) and golden pheasant (Chrysolophus pictus); bobwhite
(Colinus virginianus) and Japanese quail (Coturnix japonica)]
showed that all Phasianidae had a different amino acid
(Ala) at site 49 compared with the zebra finch and human
(Leu) (Fig. S4). Site 71 was conserved in all samples (Tyr),
except the domestic chicken (Ser), indicating that while site
49 has evolved in the avian lineage, site 71 appeared to be
altered in chicken alone.

The considerable conservation at coding regions sug-
gested p.Ala49Val and p.Tyr71Ser were likely to have
function relevance (Table S8). p.Ala49Val was segregating
in all eight domestic chicken populations, an indication that
it was actively being maintained at high frequencies in
each. Site 71 was different in chickens (Ser) compared with
the sequenced red JF genome and all other birds (Tyr), and
adjacent sites 70 and 72 appear to be subject to positive
selection between species (Table S7). Diversity among the
chicken populations was distributed around substitution 49;
this may be a result of latent admixture following domes-
tication and ongoing selective processes stimulated by novel
pathogenic challenges.

The signature of high allelic diversity observed here is
reminiscent of the previous work on variation at chicken
mtDNA (Liu et al. 2006), MHC-B (Worley et al. 2008;
O’Neill et al. 2009), Mx (Berlin et al. 2008), IL1B (Downing
et al. 2009a) and IL-4Ra (Downing et al. 2009b), suggest-
ing that this may be the result of the complex population
history of the chicken during domestication. Although the
main source of chicken genetic variation is the red JF (Fu-
mihito et al. 1994; International Chicken Genome
Sequencing Consortium 2004), multiple domestications
(Fumihito et al. 1996; Liu et al. 2006) and genetic intro-
gressions of other JF into chicken populations (Nishibori
et al. 2005; Eriksson et al. 2008; Silva et al. 2008) suggest
that diverse alleles may have been introduced during
domestication. The impact of human trade, migration and
selection for novel characteristics is likely to have created a
widespread intermixing of red JF subspecies with chicken,
the result of which may be the high haplotype diversity
observed in many studies (Granevitze et al. 2007; Oka et al.
2007; Bao et al. 2008; Kanginakudru et al. 2008; Much-
adeyi et al. 2008; Berthouly et al. 2009). Though the ele-
vated allele variation may be a relic of chicken
domestication, this does not exclude the proposal of patho-
gen-driven selective pressure, which might explain the
continued persistence of the divergent alleles in modern
chicken populations.
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Supporting Information

Additional supporting information may be found in the
online version of this article.

Figure S1 Lysozyme gene structure.

Figure S2 Median-joining network of chicken population
haplotypes for coding SNPs only.

Figure S3 Neighbour-joining phylogeny constructed using
codeml.

Figure S4 A multiple sequence alignment of the active
portion of protein-coding sequences.

Table S1 Sets of primer pair sequences and their associated
optimal PCR parameters.

Table S2 PCR cycle programme used for each pair of
primers.

Table S3 Gene data, summary statistics and tests of neu-
trality from DnaSP.

Table S4 Genotypes at SNP sites polymorphic in chicken
samples.

Table S5 Recombination according the percentage GC
content, Hudson’s R and Ry; and Kelly’s Z,s per kb from
DnaSP.

Table S6 Generated PAML parameters used and output for
significant test results for the major coding allele.

Table S7 Sites potentially under positive selection accord-
ing to BEB analysis of PAML M8 results.

Table S8 Predicted functional impacts of different non-syn-
onymous SNPs on the protein product.

Appendix S1 Additional Methodology.

As a service to our authors and readers, this journal pro-
vides supporting information supplied by the authors. Such
materials are peer-reviewed and may be re-organized for
online delivery, but are not copy-edited or typeset. Technical
support issues arising from supporting information (other
than missing files) should be addressed to the authors.
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