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Abstract

Objective: The aim of this study was to screen the chLEAP-2 gene for DNA sequence variation and to evaluate the relationships among
its haplotypes (based on haplogroups), expression levels, weight gain and lesion score in two chicken lines challenged with Eimeria
maxima. Methodology: A total DNA sequence of 4.6 kb including the chLEAP-2 gene was screened by re-sequencing of individual
amplicons. Sixteen SNPs, including seven each in the promoter and introns and two in exons, were identified. Results: One of the exonic
single-nucleotide polymorphism (SNPs) was non-synonymous, involving a cysteine to tyrosine codon change. About 25% of the SNPs
were in Hardy Weinberg equilibrium. Linkage disequilibrium (D) among the SNPs ranged from 0.02-1.00. The haplotypes observed from
the 16 SNPs were assembled into 5 haplogroups. The estimated frequencies of the haplogroups ranged from 0.17-0.23 in the combined
chicken lines. Although not significant (p>0.05), the chLEAP-2 gene expression varied among haplogroups. Differences among
haplogroups for lesion score and weight gain were consistent, but not statistically significant (p>0.05). However, Hap4 appeared to be
the haplogroup least susceptible to coccidiosis. At a minimum, the data do not support an association between chLEAP-2 DNA sequence
variation and symptoms of coccidiosis such as weight gain depression and lesion score. Conclusion: Therefore, earlier reports of
differences between resistant and susceptible lines in chLEAP-2 expression may be due to trans-acting factors. The genomic results
reported here provide resources for testing the trans-expression control theory and will be useful for future genotype:phenotype
evaluation studies between chLEAP-2 and other traits in the chicken.
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INTRODUCTION

Coccidiosis is an intestinal disease that affects many
animals, including birds. In poultry, it is a major cause of
economic losses to the industry worldwide. Seven species of
Eimeria are responsible for causing avian coccidiosis in
chickens'. Infections by the parasites produce lesions as a
result of damaged intestinal epithelia, leading to reduced bird
performance. Infection of the mid small intestine caused by
Eimeria maxima (E. maxima) is one of the most economically
devastating diseases to the poultry industry. The gross clinical
signs include lesions with a salmon pink exudate, thickened
intestinal wall and haemorrhagic patches. Though its
pathogenicity is considered medium, mortality can be as high
as 20%?2. Reducing the damage and associated losses caused
by £ maxima thus remains a major goal of the poultry
industry.

Biological molecules like host defense peptides (HDP) are
essential components of the innate defense system with both
antimicrobial and immunomodulatory properties**. Host
defense peptides are synthesized in response to invasion and
infection by microbes and may afford the host’s capacity to
resist £. maxima infection. The HDPs disrupt the membrane
integrity of invading microbes or inhibit metabolic processes
of the pathogen®. Two HDPs identified in vertebrates that are
involved in the host defense mechanism are liver-expressed
antimicrobial peptide LEAP-1 and LEAP-2 2. LEAP-1, the first
discovered blood-derived HDP, is secreted from the liver and
is involved in iron homeostasis®. LEAP-2, discovered shortly
thereafter, is expressed in a number of tissues including the
small intestine, lungs and kidney, with greatest expression in
the liver’.

The chicken LEAP-2 gene (chLEAP-2) was originally
described by Smith et a/® in a genome-wide expression
profiling as a member of chicken immune related genes. The
gene is located on chicken chromosome 13 and has three
exons that together encode a 76-amino acid peptide®. The
encoded peptide exhibits a classic pre/pro-peptide structure.
The pro-LEAP-2 is secreted as a 53 amino acid pro-peptide,
which is cleaved to a 40 amino acid mature peptide that
contains two disulfide bonds'®. The chicken LEAP-2 hasbeen

shown to kill enteric pathogens, though the mechanism
remains unclear'. Chicken LEAP-2 also functionsin preventing
pathogenic microbes from interacting with the epithelial
surface, thereby impeding microbial invasion of tissues®.

In an earlier study, Casterlow et a/'? reported that two
genetically selected chicken lines (A and B) showed differential
ChLEAP-2 gene expression in response to an £ maxima
challenge with line A birds exhibiting higher resistance
compared to line B. In the genome-wide expression analysis
of the lines using DNA microarrays, they showed that though
ChLEAP-2 was down-regulated by 20-fold in line A, the
down-regulation in line B was on average much higher and
ranged from 11-to 71-fold. Subsequent studies in layers and
broilers have demonstrated that there is down-regulation of
chLEAP-2 following infection with not only £ maximabut also
E. praecox, E. acervulina and E. tenella®'. In the current
study itis hypothesized that differencesin the chLEAP-2 gene
expression in selected lines is associated with DNA sequence
variation based on SNPs and haplotype frequencies. The
objectives of the current study, therefore, were to screen the
chLEAP-2 gene for DNA sequence variation and to evaluate
the relationships among its haplogroups, gene expression
levels, lesion score (LS) and weight gain (WG).

MATERIALS AND METHODS

DNA sequence analyses: Blood samples of Aviagen’s lines A
and B chickens were used from the study of Casterlow et a/'.
The selection history and performance characteristics of the
two lines were described by Gilbert et a/'” with the two lines
exhibiting differential responses to £imeria infection'. The
genomic DNA from 82 birds (41 from Line A and 41 from Line
B) were isolated using a standard salting out procedure'®. The
DNA sequence of the chLEAP-2 gene (GenBank accession No:
LOC414338) was used to design primers using primer 3'°. The
information for the primers including the sequences,
annealing temperature and expected sizes of the PCR
amplicons are presented in Table 1. The PCRampilification was
performed in a final volume of 25 uL consisting of standard
reagents including Tag DNA polymerase (Takara Bio, Inc.,
Japan), 200 uM dNTPs and 2 mM MgCl.. Following PCR, each

Table 1: Primer sequences, the expected sizes of amplicons and PCR characteristics for chLEAP-2 gene

Primer ID Primers’ Sequences Tm?(°Q) Amplicon length? (bp)
LP-1 For (17657521) 5'-CAATGTAGCTAAAGCACAATTATTTCAT-3' 63.5 2180

Rev (17659663) 5'-CACAGAATTAATCCCATATCTTATTTGA-3’
LP-2 For (17659324) 5-TCTATGACTCCTTCACTTAAAAGTGTTT-3' 63.5 2470

Rev (17661775)

5'-TAGGATTTCTAAGTCAGTATGTGCATTT-3'

"For: Forward primer, Rev: Reverse primer. Primer-binding sites in the chicken genome (GenBank accession No: LOC414338) are presented in parentheses. “The
optimized annealing temperature at which a single amplicon of the expected size was obtained. 3Length in base pairs (bp) of the expected amplicon based on the

binding sites of the forward and reverse primers
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amplicon was purified using Diffinity RapidTip (Diffinity
Genomics, Inc., West Henrietta, NY) and sequenced (VBI,
Blacksburg, VA) using the BigDye Terminator, Version 3.1,
Sequencing kit (Applied Biosystems, Carlsbad, CA). The
sequences were analyzed for SNPs using Phred, Phrap,
Polyphred and Consed as previously described by
Guan et al’s,

Statistical analyses: Allele, genotype and haplotype
frequencies were determined by standard counting. The
computer program Arlequin ver 3.5% was used to estimate
pairwise linkage disequilibrium (D) among SNP loci, to test
genotype frequencies for Hardy-Weinberg equilibrium (HWE)
and to estimate the fixation index (F<) between the two lines.
Within lines Fg for each locus was estimated using the
following Eq:

where, H; is the expected heterozygosity for line A and B birds
and Hs is the expected average heterozygosity in line A or B.

Haplogroups were manually determined based on the
output from Visual Haplotype (VH1) software
(http://gvs.gs.washinton.edu/GVS/). The following model was
used for the analysis of the relationship among gene
expression, WG, LS and haplogroups:

Y = u+G+L+SHGXL)+(G X S)+ e
where, Y is the trait measured and estimated on chicken

(chLEAP-2) gene expression, WG and LS: (data were taken
from Casterlow et a/'?study), uis the overall population mean,

G is the fixed effect of genotype, L is the fixed effect of lines,
S is the fixed effect of sex, (GXL) is the interaction between
the genotype and lines, (GXS) is the interaction between the
genotype and sex and e is the residual error. Data were
analyzed using PROC GLIMMIX of SAS (SAS Inst. Inc., Cary, NC).
The values were presented as least square mean=xstandard
error. Associations were considered significant at p<0.05.

RESULTS AND DISCUSSION

The amplicons produced by the two primer-pairs spanned
a 4.6 kb region that included the chLFAP-2 gene (Table 1). A
total of 16 SNPs were detected in the sequences scanned
including two in the exons, 7 in the introns and 7 in the
promoter region. The complete list of the SNPs, their sequence
contexts, alleles and GenBank identification (dbSNVA numbers
are presented in Table 2. While 6 SNPs have previously been
reported, 10 SNPs represented novel nucleotide variants. One
of the SNPs detected in the exons was non-synonymous
involving an amino acid codon change from cysteine to
tyrosine at 21 amino acid (aa) position of the chLEAP-2
peptide. As expected, most of the SNPs were C-T/A-G
transitions. Within the 82 birds screened, the minor alleles
ranged in frequency from 0.01-0.47 with the observed
heterozygosity of 0.02 and 0.50, respectively. Approximately
25% of the SNPs were in HWE (p>0.05). Fs; estimated for the
16 loci ranged from 0.01-0.36 and from 0.01-1.00 for lines A
and B, respectively (Table 2). The pairwise Fs; value for the two
geneticlineswas0.17 (p=0.03). Therelatively low Fs; estimate
suggests low genetic differentiation between the two genetic
lines and probably a reflection of their common ancestry.

Across all SNPs, D" ranged from 0.01-1.00. The correlation
coefficient (r?) for the SNPs ranged from 0.001-0.75 (Table 3).

Table 2: Characteristics of single nucleotide polymorphisms (SNPs) identified in the chLEAP-2 gene in two divergent commercial chicken lines

Genotype Fe:
Nucleotide db frequency e
SNPs Location position’ Sequence context? identification® Genotype (%) MAF* HWE> Line A Line B
cl2-1 Promoter 17657601 GAACC(UT)GACAC rs313602475** c/C 20.7 0.41 NS 0.07 0.17
T 427
T 36.6
cl2-2 Promoter 17657628 GTTAC(A/T)CTGCA rs317671313** A/A 329 0.34 0.00* 0.36 0.04
AT 25
T 64.6
cl2-3 Promoter 17657694 GGATG(7/C)ATAAA rs313333274** c/C 36.6 0.45 0.01* 0.09 0.16
T 37.8
T 356
cl2-4 Promoter 17657769 CACAC(OT)ACTCC rs15710013 c/C 34.2 0.36 0.00* 0.09 0.05
T 36
/T 62.2
cl2-5  Promoter 17658065 ATGGA(A/G)CAACC rs13505626** A/A 49 0.05 0.00* 0.08 0.04
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Table 2: Continue

Genotype Fer
Nucleotide db frequency e

SNPs Location position’ Sequence context? identification® Genotype (%) MAF* HWE? Line A Line B
A/G 0.0
G/G 95.1

cl2-6  Promoter 17658137 ACTGC(A/G)CATGA rs13505627 A/A 1.2 0.01 0.00* 0.01 1.00
A/G 0.0
G/G 98.8

cl2-7 Promoter 17658183 AAGTA(A/T)TAACG rs14065137** A/A 354 0.35 0.00* 0.26 0.09
AT 0.0
/T 64.6

cl2-8  Intron 1 17659251 CCTGG(G/M)CTGCT $5316597681** G/G 15.9 0.16 0.00* 0.26 0.13
G/T 0.0
7T 84.1

cl2-9 Intron 1 17659298 GATGA(G/T)CATTG rs14065141 G/G 23.2 0.38 0.00* 0.19 0.38
G/T 26.8
/T 50.0

cl2-70  Intron 1 17659347 CTCCT(7/C)CACTT rs14065142 c/C 439 0.38 NS 0.20 0.04
T 3838
T 183

cl2-17  Intron 1 17659377 GACTC(G/A)AGCAT rs14065143 A/A 39.0 0.42 NS 0.12 0.01
A/G 36.6
G/G 244

cl2-72  Intron 1 17659394 ATGAC(UT)CATGC 1514065144 c/C 35 0.04 0.01* 0.29 0.08
aT 26
T 93.9

cl2-713" Exon?2 17659452 GGTGT(A/G)CTGTG rs313347050** A/A 23.2 0.42 NS 0.07 0.14
A/G 37.8
G/G 39.0

cl2-74  Exon2 17659533 AGACC(OT)GTTGG rs315357131%* c/C 305 043 0.00* 0.13 0.03
T 25.6
T 439

cl2-15 Intron 2 17659622 ATGCT(TT)GATGC rs314725270** c/C 50.0 0.47 0.00* 0.05 0.04
(@2) 73
/T 427

cl2-76  Intron2 17659626 TTGAT(A/G)CTGTG rs313584346** A/A 293 0.34 0.00* 0.16 0.04
A/G 85
G/G 62.2

Position of the SNP in Ensembl on the forward strand of chromosome 13 of the Gallus gallus genome sequence. *Within each sequence context, alleles at the SNP
locus appear in parentheses. The minor allele is italicized in the parentheses. *rs prefix indicates the SNP that has been previously reported in the National Centre for
Biotechnology Information (NCBI) database of SNPs, rs** prefix indicates novel SNPs detected in the present study. “Minor allele frequency (MAF) of 16 SNPs markers.
sSignificance of deviation from HWE for the 16 SNPs. NS indicates non-significant (p>0.05) while * refers to significant at p<0.05. SFixation index (Fs;) estimates for each
of the 16 SNPs. ’Non synonymous variant which changes the codon from TAC to TGC (cysteine to tyrosine)

Table 3: Linkage disequilibrium as measured by D" and r* between the 16 segregating SNPs in the chLEAP-2 gene

SNPs! 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 0.91 0.21 0.47 NS NS 0.45 0.56 0.29 0.84 NS NS 0.17 0.17 038 0.39
2 0.29 1.00 0.35 1.00 NS 0.19 0.34 0.81 0.42 0.29 0.75 0.96 0.21 0.47 0.56
3 0.04 043 0.44 NS NS 0.27 0.52 0.82 NS 0.64 NS 0.92 037 0.44 0.55
4 0.09 0.11 0.09 NS NS 0.75 0.71 0.42 0.31 NS 1.00 0.48 NS NS NS
5 NS 0.03 NS NS 1.00 0.61 0.39 NS NS 0.57 NS NS NS NS 1.00
6 NS NS NS NS 0.24 NS NS NS NS NS NS NS NS NS NS
7 0.08 0.04 0.03 0.54 0.04 NS NS 0.49 0.28 NS 1.00 0.38 NS NS NS
8 0.04 0.05 0.05 0.06 0.04 NS NS 0.62 0.65 0.82 NS 0.49 0.49 0.77 0.36
9 0.07 0.21 0.50 0.06 NS NS 0.08 0.05 032 0.61 NS 0.77 032 0.45 0.34
10 0.31 0.15 NS 0.03 NS NS 0.03 0.14 0.04 NS 1.00 NS NS 0.46 0.32
1 NS 0.07 0.24 NS 0.02 NS NS 0.19 0.16 NS NS 0.72 0.61 0.81 0.36
12 NS 0.04 NS 0.06 NS NS 0.07 NS NS NS NS 1.00 NS NS NS
13 0.03 043 0.75 0.09 NS NS 0.06 0.04 0.51 NS 0.27 0.03 043 0.48 0.55
14 NS 0.03 0.09 NS NS NS NS 0.07 0.05 NS 0.35 NS 0.10 0.67 0.23
15 0.1 0.10 0.18 NS NS NS NS 0.1 0.14 0.12 0.41 NS 0.19 0.30 0.57
16 0.07 0.25 0.16 NS 0.03 NS NS 0.04 0.04 0.10 0.12 NS 0.14 0.04 0.18

'SNP identification (cL2-7-cL2-76) (see Table 2).NS in the table indicates non-significant (p>0.05) D and r? values. D' values are listed in upper right section and r? values
are listed in lower left section
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Fig. 1: Visualization of haplogroups using visual haplotype (VH1) software. (http://gvs.gs.washinton.edu/GVS/)

The haplotypes observed from the 16 SNPs were grouped into
five haplogroups (Appendix: Fig. 1). The haplogroups ranged
in frequency from 0.17-0.23 in the combined chicken lines
(Table 4). The most common haplogroups were Hap1 and
Hap3 with frequencies of 0.22 and 0.23, respectively. The
frequencies of Hap1, 4 and 5 were greater in line A, while
those of Hap2 and 3 were greater in line B (Table 4).
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The average down-regulation of chLEAP-2 expression of
the haplogroups in lines A and B ranged from 3.89- to 27.70-
fold and 9.68- to 108.29-fold, respectively (Table 4). Hap3 and
Hap5 showed the greatest average down-regulation in line A
(27.70-fold) and line B (108.29-fold), respectively. Hap4, on the
other hand, showed the lowest average down-regulation in
lines A (3.89-fold) and B (9.68-fold) respectively (Table 4).
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Table 4: Haplogroups frequency, gene expression, lesion score and weight gain

Frequency Expression+SE3" Lesion score = SE*” Weight gain (g) +SE>™

Haplogroups

D! N? Line A LineB Line A LineB Line A Line B Line A Line B
Hap1 18 0.12 0.10 6.63+12.63 16.19£13.66 1.72£0.51 2.48%+0.55 268.91+21.11 208.43+22.84
Hap2 14 0.04 0.13 11.83+19.85 14.89+12.85 1.71£0.81 2.17£0.52 232.25+33.17 209.60+21.48
Hap3 19 0.04 0.19 27.70£24.08 40.4619.83 1.91£0.98 2.25+0.40 226.051+40.23 22295+16.42
Hap4 15 0.11 0.07 3.89+13.15 9.68+15.92 0.85+0.53 1.53+0.65 276.28+21.98 230.05+26.61
Hap5 16 0.18 0.02 4.30£9.85 108.29£39.92 1.52£0.40 3.77+1.60 252.66+16.46 115.91£65.71

'Hap1-C-T-T*-T-G-G-T-T-G*-C-A*-T-G-C*-C*-A*-, Hap2-T-A*-C-C*-G-G-A*-T-T-T-G-T-G-C*-C*-A*-, Hap3-T-A-C-T*-G-G-T*-G*-T-T*-G*-T-G-C*-C*-A*-, Hap4 -C-T-T*-C*-G*-
G*-A*-T-T*-C-A-T-A*-T*-T-G-, Hap5 -C-T-T-T-G-G-T-T-G-C-A-T-A-T-T*-G*-. The variant nucleotide within each haplogroup is represented by *(Alternate alleles are shown
in Table 2). 2Number of birds (N = 82) within each haplogroup. 3Values are expressed as LS means of chLEAP-2 gene expression £ SE of birds within each haplogroup.
Down-regulation of intestinal chL FAP-2 was determined by real-time PCR using the 2-22tmethod and is indicated as negative fold change values'2.*LSmeans of LS +SE
of birds within each haplogroup. LS ranged from 0-4.°LS means of WG =% SE of birds within each haplogroup. Body weight was measured at the age of 14 and 20 days
to estimate the weight gain. “Gene expression, LS and WG between both lines, within each haplogroup are not significantly different (p>0.05)

Table 5: Associations between haplogroups and the gene expressionand the LS
and the weight gain’

Haplogroups Gene expression*® LS* Weight gain (g9)*
Hap1 11.41£9.05 2.10%+0.37 238.67%15.13
Hap2 13.36£1235 1.94£0.50 220.92+20.64
Hap3 34.08+13.46 2.08%+0.55 224.50%£22.49
Hap4 6.78+10.03** 1.19£0.41** 253.17£16.76**
Hap5 56.29420.35%** 2.641+0.83%** 184.291+34.00%**

'Least square mean=standard error, *p>0.05, **Represents the least susceptible
haplogroup. ***Represents the most susceptible haplogroup

Interestingly for Hap5, down-regulation of cALEAP-2 in line
A was minimal (4.3-fold), whereas in line B it was the
greatest (108.29-fold). Although the down-regulation of
ChLEAP-2 was greater in line B than line A, there was no
difference between haplotypes. The lack of statistical
significance may be due to the large variation and standard
errors observed.

The average LS of lines A and B for the haplogroups
ranged from 0.85-1.91 and 1.53-3.77, respectively. In line A,
Hap4 had the lowest LS (0.85) and Hap3, had the highest
(1.91).In line B, Hap4 had the lowest LS (1.53) while Hap5 had
the highest (3.77) (Table 4). Differences among haplogroups
for LS were not statistically significant (p>0.05).

The average WG (g) of lines A and B during the
challenged period for the haplogroups ranged from
226.05-276.28 and 115.91-230.05, respectively. In line A,
Hap3 had the lowest WG (226.05 g) and Hap4, had the
highest WG (276.28 g). In line B, Hap5 had the lowest WG
(11591 g) while Hap4 had the highest WG (230.05 g)
(Table 4). Although there was a difference for WG between
the lines, there was no significant difference among
haplogroups for WG (p>0.05). The average chlEAP-2
expression of the combined chicken lines for haplogroups
ranged from 6.78- to 56.29-fold. The average LS of the
combined chicken lines for the haplogroups ranged from
1.19-2.64. The average WG (g) of the combined chicken
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lines for the haplogroups ranged from 184.29-253.17
(Table 5). These results suggest that the association among
ChLEAP-2 expression levels, LS, WG and haplogroups are
inconsistent.

In the current study chLEAP-2 gene was selected as a
marker for genetic resistance to coccidiosis based on the
earlier study where Casterlow et a/'? reported that two
genetically selected chickenlines (A and B) showed differential
ChLEAP-2 expression in response to an £ maxima challenge
with line A birds exhibiting higher resistance. In addition, they
showed that chLEAP-2 gene was more down-regulatedin line
B compared toline A. For an immunological trait, in this study,
LS was selected which is one of the best methods to assess the
effect of coccidiosis in poultry?. The body weight gain was
used as one of the economical traits where infection leads to
reduced WG resulting in severe economic losses for the
poultry industry'. In the present study, new variants were
described in the chLEAP-2 gene and used them to identify
haplotypes and haplogroups that span this gene. Of the
variants identified, we found one non-synonymous variantin
exon 2 of the chLEAP-2 gene which involving an amino acid
codon change from cysteine to tyrosine at 21 amino acid (aa)
position of the chLEAP-2 peptide. The mature chLEAP-2
peptide is encoded in exon 2 of the chicken gene as a 40 aa
peptide (amino acids 37-76)'"" suggesting that the variant
which we detected was not within the mature peptide
encoded region of the chLEAP-2 and therefore it has no
effect on the mature peptide. Haplotypes were constructed
with the 16 SNPs which were used to develop the
haplogroups. We analyzed the association between the
haplogroups and lines for chLEAP-2 gene expression, LS
and WG. The results showed that differences among the
haplogroups for gene expression, LS and WG were not
significant (p>0.05). However, line A showed the lowest
ChLEAP-2 gene expression, LS and the highest WG
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compared to line B across all haplogroups. Although not
significant, Hap4 appeared to be the haplogroup least
susceptible to coccidiosis (lowest average down-regulation of
chLEAP-2, lowest mean LS and highest mean WG) while Hap5
was most susceptible. These results suggest that chLEAP-2
does not play a major role in regulating coccidiosis, but may
be one of a number of genes that together requlate a coccidial
infection.

In this study, we only examined the role of cis-acting
SNPs in chLEAP-2 expression. However, further studies are
needed to determine if trans-acting factors explain the
differences previously reported in chLEAP-2 expression in
lines divergent for susceptibility to coccidiosis. Earlier work
by Casterlow et a/'* showed that line B birds had, on
average, higher LS and a greater down-regulation of chLEAP-2
than line A following £ maxima challenge. Sumners et a/'?
also reported that expression of chLEAP-2 in E praecox
infected birds was significantly decreased in the duodenum
and jejunum. Interestingly, the expression of chLEAP-2 in the
small intestine and liver increased significantly in 5 day-old
birds infected with Sa/monella enterica''. Michailidis® also
reported that chL FAP-2 is developmentally regulated during
chicken embryonic development, is constitutively expressed
in the chicken epididymis and is induced in the chicken
gonads in response to Sa/monella enteritidis infection.

CONCLUSION

Results of the current study do not support the
hypothesis that chicken from selected lines susceptible to
E. maxima would possess a common chLEAP-2 haplogroup.
No significant association among chLEAP-2 expression
levels, LS, WG and chLEAP-2 haplogroups was observed
in the current study. The identification of particular
haplogroups that are less affected by £ maxima is vital for
management and breeding purposes in poultry. The
information presented in the current study, would be useful
for future genotype: phenotype evaluation studies between
chLEAP-2 and other traits in the chicken using a candidate
gene approach.
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