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Abstract

Background: Campylobacter is the leading cause of foodborne diarrhoeal illness in humans and is mostly acquired
from consumption or handling of contaminated poultry meat. In the absence of effective licensed vaccines and
inhibitors, selection for chickens with increased resistance to Campylobacter could potentially reduce its subsequent
entry into the food chain. Campylobacter intestinal colonisation levels are influenced by the host genetics of the
chicken. In the present study, two chicken populations were used to investigate the genetic architecture of avian
resistance to colonisation: (i) a back-cross of two White Leghorn derived inbred lines [(6; x N) x N] known to differ
in resistance to Campylobacter colonisation and (ii) a oth generation advanced intercross (6; x N) line.

Results: The level of colonisation with Campylobacter jejuni following experimental infection was found to be a
quantitative trait. A back-cross experiment using 1,243 fully informative single nucleotide polymorphism (SNP)
markers revealed quantitative trait loci (QTL) on chromosomes 7, 11 and 14. In the advanced intercross line study,
the location of the QTL on chromosome 14 was confirmed and refined and two new QTLs were identified located
on chromosomes 4 and 16. Pathway and re-sequencing data analysis of the genes located in the QTL candidate
regions identified potential pathways, networks and candidate resistance genes. Finally, gene expression analyses
were performed for some of the candidate resistance genes to support the results.

Conclusion: Campylobacter resistance in chickens is a complex trait, possibly involving the Major Histocompatibility
Complex, innate and adaptive immune responses, cadherins and other factors. Two of the QTLs for Campylobacter
resistance are co-located with Salmonella resistance loci, indicating that it may be possible to breed simultaneously

for enhanced resistance to both zoonoses.
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Quantitative trait

Background

Campylobacter is the leading cause of foodborne acute
enteritis in humans in the developed world. The
condition is usually self-limiting and symptoms last for
5-7 days, but in some cases the infection may be com-
plicated by severe sequelae [1-3]. Epidemiology un-
equivocally implicates poultry as a key reservoir of
human infection and up to 80 % of human cases may be
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attributable to the avian reservoir as a whole [4]. A re-
cent year-long survey found Campylobacter in 73 % of
chicken on retail sale in the United Kingdom [5]. There
were 66,575 laboratory-confirmed human infections
(mostly due to Campylobacter jejuni) and an estimated
total of 685,000 cases in the UK in 2013 [6]. The num-
ber of Campylobacter jejuni (C. jejuni) in the caeca of
chickens can exceed 10° colony-forming units (CFU)/g
and escape of gut contents and cross-contamination at
slaughter is difficult to avoid. Quantitative risk assess-
ments predict that even a relatively modest 2 logg
reduction in the number of Campylobacter in broiler
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carcasses could reduce the incidence of human disease
due to infected chicken by up to 30-fold [7]. Therefore,
a pressing need exists for strategies to reduce the entry
of Campylobacter into the food chain. In the absence of
effective licensed vaccines and inhibitors, selection for
chickens with increased resistance to Campylobacter in-
testinal colonisation provides a sustainable complimentary
control strategy.

There is a widely—held perception that Campylobacter
is an inert commensal of birds. However, experimental
infection of chickens with Campylobacter induces a
rapid influx of heterophils (the avian functional equiva-
lent of the mammalian neutrophil) into the gut and the
production of pro-inflammatory cytokines and chemo-
kines in the intestinal epithelium [8]. Maternal C. jejuni-
specific antibodies protect chicks against experimental
infection [9, 10] and are associated with the delayed in-
cursion of Campylobacter into flocks [10, 11]. In some
breeds of chicken, C. jejuni elicits prolonged inflamma-
tory responses, damage to the intestinal mucosa, diar-
rhoea and failure to thrive [12, 13]. Conversely, both
innate and acquired immune responses have been asso-
ciated with differential resistance to Campylobacter in-
testinal colonisation [14—16].

The innate immune response to pathogen challenge
and disease resistance varies between birds in inbred
lines and outbred populations [12, 17-21]. The ability of
C. jejuni to colonise the intestines differs amongst White
Leghorn chicken inbred lines, with lines 6; and N being
at the extremes of phenotype [22]. An initial reciprocal
backcross experiment between inbred lines 6, and N re-
vealed that the difference in bacterial numbers was herit-
able [22], but the host genetic mechanism of resistance
to Campylobacter colonisation is not known. One pub-
lished genome-wide association study (GWAS) of C.
jejuni intestinal colonisation status (phenotypes analysed
as a binary trait) in a novel dual-purpose chicken breed
revealed one candidate locus on chromosome 11 near
the CDH13 gene [23]. There are also several studies of
caecal gene expression analysis in chicken lines with dif-
ferent susceptibility to Campylobacter colonisation
showing variation in transcription of genes influencing
immune response [14, 15, 24].

The aim of the present study was to extend a previous
investigation of inbred lines of chickens to determine
the genetic architecture of resistance to C. jejuni colon-
isation using a focussed genotyping platform. This ini-
tially involved challenge of a back-cross population (7 =
288) of White Leghorn chicken inbred lines 6; and N
with C. jejuni and genotyping of the birds for 1,243 fully
informative single nucleotide polymorphism (SNP)
markers. An independent replication study was then per-
formed by challenging a 9™ generation advanced inter-
cross line (AIL) population (r =218) from a cross of the
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same two inbred lines with the same C. jejuni strain and
genotyping with a 580 K SNP high density whole gen-
ome DNA array (Affymetrix® Axiom HD) [25] to refine
and identify new quantitative trait loci (QTLs). SNP
markers significantly associated with Campylobacter
intestinal colonisation resistance were detected on
chromosomes 4, 7, 11, 14 and 16. We also performed
pathway analysis and examined gene expression and re-
sequencing data to identify candidate genes within the
relevant genomic intervals.

Results

Phenotypes for parental lines, back-cross and AlL birds
Mean values and standard deviations of log-transformed
caecal C. jejuni levels following experimental inoculation
with strain 11168H for line 6; and N parental birds, the
[(6; x N) x N] back-cross and the 9" generation AIL
(61 x N) birds are listed in Additional file 1: Table S1.
With a single exception of low counts on third day
post-infection (dpi), no C. jejuni colonies were de-
tected by direct plating of homogenates in any bird
of resistant line 6; In contrast, significant levels of C.
jejuni colonisation were identified in susceptible line
N birds, with the number of birds showing colonisa-
tion rising over time after infection. The results are
consistent with the original report [22]. Resistance was
semi-dominant in that levels of C. jejuni in the backcross
and AIL population, measured five dpi, were intermediate
between the levels seen in the two parental lines.

Interval mapping and GWAS analysis of the back-cross
experiment

The back-cross genotypes were analysed both using
interval mapping (linkage analysis) and GWAS analysis
(linkage disequilibrium (LD) analysis). In contrast to
earlier studies [22, 23] we found with both analyses that
levels of bacteria measured in challenged birds behaved
as a quantitative trait, and mapped genetically to mul-
tiple loci. Two QTLs were detected on chromosomes 7
and 14 that were significantly associated with the log-
transformed number of C. jejuni in the caeca at 5 dpi by
the interval mapping analysis. The QTL on chromosome
7 was located at 26 Mb (Fig. 1) with a 1-LOD interval of
19.3 to 27.12 Mb. This QTL was significant at the
chromosome-wide level (P-value <0.01) and, with an F
value of 12.79, was close to genome-wide significance
(5 % F-statistic threshold = 14.73). The QTL on chromo-
some 14 at 7 Mb (1 LOD interval 2.46 to 13.25 Mb) was
significant at the chromosome-wide level (P-value <0.05)
with an F value of 7.59 (Fig. 1).

GWAS analysis, using the limited informative marker
set, identified both significant associations on chromo-
somes 7 and 14 as in the interval mapping analysis
(Table 1). In addition, one SNP on chromosome 11 was
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Fig. 1 F-statistic scores obtained from least-squares interval mapping analysis in the back-cross experiment. F-statistic score of log-transformed
number of C. jejuni per gram of caecal contents is plotted against location for chromosome 7 (above) and chromosome 14 (below)
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also significantly associated at chromosome-wide level
with the log-transformed caecal C. jejuni load (Table 1).
The significant SNPs located on chromosome 7 were in
high LD with each other (** =0.89-0.98) and the same
was the case for the SNPs on chromosome 14 (+* = 0.97).
Additional file 2: Figure S1 shows the Manhattan plot
and the Q-Q plot displaying the GWAS results.

The SNPs in all three regions were confirmed to have a
significant effect in the mixed model analysis (P-value
<0.05). The additive genetic effects of the SNPs located on
chromosome 7, 14 and 11 were log;, cfu/g 0.72 (P-value =
0.007), 0.71 (P-value =0.006) and 0.68 (P-value = 0.009),
respectively, and the phenotypic variance explained by
these SNPs was 4.5 %, 4.3 % and 4.0 %, respectively.

GWAS analyses of the AIL experiment

Multidimensional scaling analysis (MSA) revealed five
substructure clusters in the AIL population, which were
subsequently included in the GWAS model to correct
results for population stratification.

Table 1 List of SNPs associated with log-transformed caecal
Campylobacter load at 5dpi in the back-cross population

SNP name Chr  Position (bp)  P-value -log;o(P)
Gga_rs15865889 7 25741058 42%x107° 338
Gga_rs14618024 7 26003071 49x107* 331
Gga_rs16597361 7 24812369 68x 107" 317
Gga_rs15010208 14 8288336 13%x107° 2.86
Gga_rs14076550 14 8716372 21%x107° 2.68
Gga_snp-142-64-19874-S-1 11 11791311 42x107° 237

SNPs highlighted bold were significant at suggestive genome-wide level
(P<8.24 x 107%) after Bonferroni correction

GWAS analysis identified two SNPs significantly asso-
ciated with the log-transformed number of C. jejuni in
the caeca at 5 dpi on chromosome 14, located within the
1 LOD interval of the chromosome 14 QTL identified in
the back-cross experiment (Table 2). Thus, the QTL on
chromosome 14 was confirmed. Additionally, two SNPs
crossing the suggestive genome-wide significant thresh-
old were identified on chromosomes 4 and one SNP
reaching the chromosome-wide significant threshold on

Table 2 List of SNPs associated with caecal Campylobacter
colonisation level at 5dpi in the AIL population

Phenotype SNP name Chr  Position (bp)  P-value -logyoP

Continues  Affx-50646913 14 12330355 909%x1077 605
Affx-50646912 14 12329892 187x10°° 573
Affx-51436990 4 50482802 161x10° 580
Affx-51437092 4 50540614 307x10° 551
Affx-50712088 16 216322 223x107% 365

Binary Affx-51436990 4 50482802 1311077 688
Affx-51437092 4 50540614 557107 625
Affx-51437128 4 50570363 6.14x107 621
Affx-51437052 4 50519407 146 % 10° 583
Affx-51436951 4 50458809 220x10°° 565
Affx-51436911 4 50436442 220x10°% 565
Affx-51437087 4 50538487 240%10°° 562
Affx-51437031 4 50505712 324x10° 549
Affx-50711743 16 159629 215x107% 366

Continues: log-transformed Campylobacter load in caeca; Binary: (0/1); SNPs in
bold: significant at genome-wide (P<1.75 x 107) or suggestive genome-wide
(P<3.50x 10°) level after Bonferroni correction
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chromosome 16 (Table 2). The Manhattan plot and the
Q-Q plot for the GWAS results are displayed in Fig. 2.

The estimated additive effects for SNP markers on
chromosomes 14, 4 and 16 were logocfu/g 1.2 (P-
value =0.01), 1.1 (P-value=0.04) and 2.6 (P-value=
0.0001), respectively; proportions of the total phenotypic
variance explained were 10, 9 and 6 %, respectively.
Collectively, these three loci explained 25 % of the pheno-
typic variance.

The GWAS data was also reanalysed as a binary trait.
This approach identified both the chromosome 4 and 16
significant associations with Campylobacter colonisation
status (Table 2) and the significant SNP on chromosome
4 crossed the genome-wide significance threshold
(Table 2). The Manhattan plot and the Q-Q plot for the
GWAS results from the case-control analysis are dis-
played in Additional file 3: Figure S2.

Annotation of QTL regions identified from the back-cross
and AIL experiments
The large region encompassed by the QTL on chromo-
some 7 contains a relatively small number of genes, a
total of 124 genes and 12 microRNA, inside the 1 LOD
interval region (Additional file 4: Table S2).

The significant SNP on chromosome 11 is located in
an intergenic region between two cadherin genes, cad-
herin 11 precursor (CDHII) and cadherin 8 (CDHS).
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Very close to this SNP a third cadherin gene, cadherin 5
(CDHS) was located (Additional file 4: Table S2).

The two significant SNPs identified on chromosome
14 in the AIL experiment were in strong LD and
belonged to the same small LD block (154 bp)
(Additional file 5: Figure S3). The two significant SNPs
were in high LD with the other SNP markers located in
regions 0.2 Mb upstream and downstream (Additional
file 5: Figure S3). In this 0.4 Mb region, 22 genes and
two microRNAs are located (Additional file 4: Table S2).
The two significant markers were located in the intronic
region of an undescribed gene in the chicken genome.
Further investigation in the Ensembl database suggested
that this was the orthologue of the N-acetyltransferase
15 (NAT15) gene in humans.

The significant SNPs on chromosome 4 were in high
LD and located in a very small LD block (Additional file
6: Figure S4). These SNPs were also in high LD with
SNP markers located in regions 0.2 Mb upstream and
downstream (Additional file 6: Figure S4). In this 0.4 Mb
region, five annotated genes and two microRNAs are
located (Additional file 4: Table S2); all significant SNPs
were located in the intronic region of the Ephrin recep-
tor A5 (EPHAS) gene.

The significant SNP on chromosome 16 was located
inside a single LD block with a length of 224 Kb and
was in high LD with the other SNPs located there

~logio(p)
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Fig. 2 Manhattan plot and Q-Q plot displaying the GWAS results from the AlL experiment (continuous phenotypes). Genomic location is plotted
against -log;o(P) in the Manhattan plot (above). Genome-wide (P < 0.05) and suggestive genome-wide thresholds are shown as dashed lines. Q-Q
plot (below) of observed P-values against the expected P-values for Campylobacter gut colonisation (log-transformed number of C. jejuni per gram
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(Additional file 7: Figure S5). This region contains 29 an-
notated genes most of which are related in the Major
Histocompatibility Complex (MHC) (Additional file 4:
Table S2).

Re-sequencing data analysis of back-cross and AlL results
To identify possible protein-coding genes associated
with the detected QTLs, the genomic sequences of lines
6, and N birds in the regions of interest were compared.
The focus was on the identification of exonic single nu-
cleotide variants (SNVs) with high importance (i.e., non-
sense (stop-gain) and missense (non-synonymous)
exonic and splicing), since these can affect the function
of the gene leading to different isoforms of the tran-
scribed proteins. Genomic regions located within 1 kb
upstream of the respective genes were also analysed to
identify SNVs with a potential regulatory effect. Due to
the lack of regulatory element annotation in chickens,
we developed our own pipeline for identifying possible
regulatory site mutations. The 1 kb upstream genomic
regions were scanned for putative TATA box and CpG
island motifs. TATA boxes help facilitate transcription
factor binding [26] thus TATA box mutations can effect
transcription rates. CpG islands play an important role
in methylation regulatory pathways [27]. CpG islands are
characterised by regions which have a high density of
CpG sites that can be methylated to down-regulate gene
expression. Thus mutations in CpG sites can alter tran-
scription regulation.

Summary statistics of all the SNVs identified in the
candidate regions for Campylobacter colonisation resist-
ance and all the SNVs detected, the Variant Effect Pre-
dictor annotation and the SIFT predictions are
presented in Additional file 8: Figure S6 and Additional
file 9: Table S3, respectively. In total, 20,125 variants
were identified. The SNVs located in exonic regions
were in total less than 5 % while the rest of the SNVs
(95 %) were located in intronic, upstream and down-
stream regions. A few genes with SN'Vs that potentially
could lead to non-functional transcripts were detected.
More specifically, two genes AXIN I located on chromo-
some 14 and BGI on chromosome 16 were found to
contain a stop-gain SNV, a sequence variant whereby at
least one base of a codon is changed, resulting in a pre-
mature stop codon, leading to a shortened transcript;
three genes, BGI and ENSGALG00000028367 located
on chromosome 16 and CCDCI08 on chromosome 7
contained a splice acceptor variant, a splice variant that
changes the 2 base region at the 3' end of an intron and
might lead to splicing changes; two genes, RACGAPI
and SPEG on chromosome 7 contained a splice donor
variant, a splice variant that changes the 2 base region at
the 5' end of an intron and can lead to splicing changes,
as well. Furthermore, seventeen genes contained
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missense and according to SIFT prediction deleterious
SNVs that might create partially or completely non-
functional proteins. More specifically, C160rf96 gene on
chromosome 14, C4, BFIV21, B-BTN2, TAP2 and IL411
on chromosome 16, IFIH1, LY75, SLCI1A1, SLC38A11,
SPEG, ZNF142, CCDCI108, TTC21B, OBSLI, PTPRN,
GLBIL on chromosome 7 had missense deleterious
SNVs. Several other genes contained SNVs with moder-
ate impact. Details of genes containing splicing, 5" UTR,
both missense and UTR SNVs are presented in
Additional file 10: Table S4.

TATA box motifs were identified in the upstream re-
gion of some genes but no variation was detected there.
On the other hand, CpG island motifs were detected in
many of the genes studied and some had SNVs. How-
ever, only in few cases the SN'Vs occur in CpG sites. De-
tails of the genes containing SNVs in CpG sites are
presented in the Additional file 10: Table S4.

The gene transcript from each experiment with the
highest rate of non-synonymous coding SNVs (i.e., num-
ber of non-synonymous SNVs divided by the length of
the coding DNA sequence (CDS) of the transcript, dN/L),
rate of non-synonymous to synonymous SNVs (dN/dS),
rate of exonic SNVs (number of exonic SNVs divided by
exonic length of the transcript), rate of intronic SNVs
(number of intronic SNVs divided by intronic length of
the transcript) are presented in Table 3. These rates were
considered to pertain to transcripts that differed between
the two parental lines and an indication of positive selec-
tion that might result in the creation of different alleles
responsible for functional differences in immune re-
sponses affecting disease resistance in the two lines.

Ingenuity pathway analysis of back-cross and AlL results
To identify potential canonical pathways and networks
underlying the QTLs detected, we performed pathway
analysis using the genes located in these regions. Path-
ways involved in innate and adaptive immune response,
inflammatory response, response to infectious diseases,
cell signalling and adhesion, and metabolism constituted
the majority of the pathways highlighted for both back-
cross and AIL results (Fig. 3). Moreover, two networks
of molecular interactions related to immune response
were constructed using the list of candidate genes for
AIL (Additional file 11: Figure S7).

Gene expression analysis

Many quantitative traits are associated with altered gene
expression rather than coding variation. For example,
variable expression of the satiety signal receptor,
CCKAR, is associated with appetite control in chickens
[28]. Two chemokine genes, CXCLil and CXCLi2, lie in
close proximity with the significant markers identified
on chromosome 4. Both chemokines are induced after
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Table 3 Genes and transcripts located in the QTL candidate regions for Campylobacter resistance with the highest variation among

the two parental lines. (A) Backcross experiment (B) Advanced Intercross Experiment

Gene Transcript Chr dN/dS dN/L exon_rate intron_rate
A

ENSGALG00000026721 ENSGALT00000043718 7 3 0.002441 0.003247 No introns
FAM134A ENSGALT00000018495 7 3 0.002098 0.002797 0.006759
RALB ENSGALT00000018997 7 3 0.004342 0.00519 0.00601
IFIH1 ENSGALT00000018067 7 2 0.000608 0.000743 0.000568
ARPC2 ENSGALT00000018675 7 2 0.001768 0.002418 0.003158
PECR ENSGALT00000018735 7 2 0.002235 0.003007 0.006175
LZTR1 ENSGALT00000046043 7 2 0.002436 0.003925 0.003483
NIFK ENSGALT00000019039 7 2 0.002424 0.002251 0.006897
CCDC14 ENSGALT00000019150 7 2 0.000729 0.001017 0.004697
TIC21B ENSGALT00000038446 7 1.75 0.001702 0.002346 0.004126
SMARCALT ENSGALT00000018709 7 1.333333 0.001388 0.004471 0.005288
Cl6orfo6 ENSGALT00000042897 14 1.25 0.008818 0.014139 0.00646
COBLL1 ENSGALT00000018021 1.2 0.001736 0.003179 0.003251
OBSL1 ENSGALT00000018337 7 1.142857 0.002852 0.00482 0.009001
SLX4 ENSGALT00000046089 14 1 0.001744 0.004729 0.005968
SLC38AT1 ENSGALT00000018002 7 1 0.000749 0.003485 0.007136
FIGN ENSGALT00000018023 7 1 0.000446 0.000892 No introns
FAP ENSGALT00000018083 7 1 0.000444 0.001297 0.002828
ASIC4 ENSGALT00000018356 7 1 0.001254 0.002503 0.008669
ZFAND2B ENSGALT00000044043 7 1 0.002137 0.004343 0.007585
SLCTTAT ENSGALT00000018510 7 1 0.00119 0.002381 0.009314
Cl60rf96 ENSGALT00000042897 14 1.25 0.008818 0.014139 0.00646
ENSGALG00000023695 ENSGALT00000039593 14 NA 0.005587 0.00534 0.002789
RALB ENSGALT00000018997 7 3 0.004342 0.00519 0.00601
GJD3 ENSGALT00000018322 7 NA 0.003421 0.003421 0.008052
OBSL1 ENSGALT00000018337 7 1.142857 0.002852 0.00482 0.009001
ENSGALG00000026721 ENSGALT00000043718 7 3 0.002441 0.003247 No introns
LZTR1 ENSGALT00000046043 7 2 0.002436 0.003925 0.003483
NIFK ENSGALT00000019039 7 2 0.002424 0.002251 0.006897
ENSGALG00000023707 ENSGALT00000039621 14 0285714 0.002304 0.010333 0.008303
Ccocios ENSGALT00000018523 7 0.75 0.002268 0.005093 0.009366
PECR ENSGALT00000018735 7 2 0.002235 0.003007 0.006175
TMEM169 ENSGALT00000038136 7 1 0.002176 0.003236 0.007113
ZFAND2B ENSGALT00000044043 7 1 0.002137 0.004343 0.007585
FAM134A ENSGALT00000018495 7 3 0.002098 0.002797 0.006759
CYP27A1 ENSGALT00000003899 7 0.75 0.001911 0.004882 0.003762
RACGAPIT ENSGALT00000018359 7 0.6 0.001808 0.004455 0.007782
NHEJ1 ENSGALT00000018498 7 1 0.001795 0011236 0.006046
ARPC2 ENSGALT00000018675 7 2 0.001768 0.002418 0.003158
SLX4 ENSGALT00000046089 14 1 0.001744 0.004729 0.005968
COBLL1 ENSGALT00000018021 7 12 0.001736 0.003179 0.003251
Cl60rf96 ENSGALT00000042897 14 1.25 0.008818 0.014139 0.00646
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Table 3 Genes and transcripts located in the QTL candidate regions for Campylobacter resistance with the highest variation among

the two parental lines. (A) Backcross experiment (B) Advanced Intercross Experiment (Continued)

MNR2
NHEJT
TUBA4A
ENSGALG00000023707
TUBA4A
HSPBAP1
Corf62
ABCB6
ERCC3
PLA2RT
STK16
ENSGALG00000023695
GLBIL
RALB
ccoCios
CYP27A1
EPB41LS
OBSL1
SPEG
TUBA4A
ERCC3
GLBIL
RUFY4
ATG9A
RPL37A
Cléorf5
AAMP
DES
CTDSP1
ANKZF1
IGFBP2
ccDCio8
SLC23A3
OBSL1
ASIC4
LY75
PLA2RT
ENSGALG00000023707
Corf62
ARHGEF1
B

Gene
BF2

BF2

ENSGALT00000018518
ENSGALT00000018498
ENSGALT00000018477
ENSGALT00000039621
ENSGALT00000038318
ENSGALT00000019085
ENSGALT00000029291
ENSGALT00000038272
ENSGALT00000018775
ENSGALTO00000033111
ENSGALT00000018480
ENSGALTO00000039593
ENSGALT00000018482
ENSGALT00000018997
ENSGALT00000018523
ENSGALT00000003899
ENSGALT00000018952
ENSGALT00000018337
ENSGALT00000043042
ENSGALT00000038318
ENSGALT00000018775
ENSGALT00000018482
ENSGALT00000043062
ENSGALT00000019038
ENSGALT00000018702
ENSGALT00000012346
ENSGALT00000018663
ENSGALT00000018446
ENSGALT00000045561
ENSGALT00000018493
ENSGALT00000018698
ENSGALT00000018523
ENSGALT00000018510
ENSGALT00000018337
ENSGALT00000018356
ENSGALT00000018187
ENSGALTO00000033111
ENSGALT00000039621
ENSGALT00000029291
ENSGALT00000045992

Transcript
ENSGALT00000046170
ENSGALT00000000139

\I\I\I\I\I\I\I\I\I\I\IE\I\I\I\I\I\I\I\I\I\I\I\I\I

- =
~

Chr
16
16

0.285714
0.058824
0.25
0.166667
0.2

0

0.5

0

NA

0.5

3

0.75

0.75

0
1.142857
0.194444
0.058824
0

0.5
0.333333
0

O O O O O o o o

~
w

1
1.142857
1
0.266667
0.5
0.285714
0.166667
0

dN/dS

0
0.001795
0
0.002304
0.000729
0.001374
0.000938
0.000805
0
0.00138
0
0.005587
0.001586
0.004342
0.002268
0.001911
0
0.002852
0.000763
0.000729
0
0.001586
0.001133
0

o O o o o o

0
0.002268
0.00119
0.002852
0.001254
0.000775
0.00138
0.002304
0.000938
0

dN/L
0.00878
0.00885

0.012723
0.011236
0.010549
0.010333
0.010204
0.006512
0.006416
0.006006
0.005964
0.005762
0.005722
0.00534
0.005227
0.00519
0.005093
0.004882
0.004822
0.00482
0.004805
0.010204
0.005964
0.005227
0.003315
0.002891
0
0.002632
0.001614
0.003731
0.001002
0.004431
0.003279
0.005093
0.002381
0.00482
0.002503
0.00358
0.005762
0.010333
0.006416
0.002606

exon rate
0.009381
0.009452

0.00565
0.006046
0.004069
0.008303
0017134
0.006158
0.008264
0.007832
0.01652
0.008359
0.006693
0.002789
0.012599
0.00601
0.009366
0.003762
0.006925
0.009001
0.005843
0.017134
0.01652
0.012599
0.01241
0.011987
0.011268
0.011263
0.010427
0.010335
0.010093
0.010028
0.009894
0.009366
0.009314
0.009001
0.008669
0.008563
0.008359
0.008303
0.008264
0.008085

intron rate
0.010121
0.01004
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Table 3 Genes and transcripts located in the QTL candidate regions for Campylobacter resistance with the highest variation among
the two parental lines. (A) Backcross experiment (B) Advanced Intercross Experiment (Continued)

BF2

BF2
RASSF6
BLB1
TRIM27
TAPBP
Cl160rf96
TNXB
SLX4
TAPBP
SLX4
ENSGALG00000028367
TAP2
BG1
TRAPIT
HLADMB
TCLEC2D
TRIM41
TRIM27
BNK

BF2
Cl60rf96
BF2

BF2

BF2

BG1
ENSGALG00000023695
TRIM27
TAP2
ZNF692
Hep21
TAPBP
BLB1
HLADMB
DMB2
ENSGALG00000028367
ENSGALG00000023707
TAPBP
TNXB
RASSF6
BG1
Cl6orf96
BF2

BF2

ENSGALT00000044107
ENSGALT00000043207
ENSGALT00000019068
ENSGALT00000008925
ENSGALT00000000172
ENSGALT00000000203
ENSGALT00000042897
ENSGALT00000000238
ENSGALT00000046089
ENSGALT00000044889
ENSGALT00000012367
ENSGALT00000045620
ENSGALT00000000237
ENSGALT00000045385
ENSGALT00000012459
ENSGALT00000041213
ENSGALT00000000183
ENSGALT00000045935
ENSGALT00000042650
ENSGALT00000000188
ENSGALT00000000139
ENSGALT00000042897
ENSGALT00000046170
ENSGALT00000044107
ENSGALT00000043207
ENSGALT00000045385
ENSGALT00000039593
ENSGALT00000000172
ENSGALT00000000237
ENSGALTO00000031515
ENSGALTO00000000164
ENSGALT00000000203
ENSGALTO00000008925
ENSGALT00000041213
ENSGALT00000000222
ENSGALT00000045620
ENSGALT00000039621
ENSGALT00000044889
ENSGALT00000000238
ENSGALTO00000019068
ENSGALT00000045385
ENSGALT00000042897
ENSGALT00000044107
ENSGALT00000043207

16
16
4

16
16
16
14
16
14
16
14
16
16
16
14
16
16
16
16
16
16
14
16
16
16
16
14
16
16
16
16
16
16
16
16
16
14
16
16
4

16
14
16
16

9

9

2

2
1.666667
1.333333
1.25

1.25

1

1

0.875
0.75
0.666667
0.6

0.5

0.5

0.5

0.5

0.5

NA

1.666667
0.666667
0454545
NA
1.333333
NA

0.5

04

0.75
0.285714

0.00858
0.008515
0.001974
0.002994
0.003915
0.00312
0.008818
0.002016
0.001744
0.002132
0.001439
0.002477
0.00382
0.005976
0.000965
0.002865
0.001789
0.001744
0.000892
0.013462
0.00885
0.008818
0.00878
0.00858
0.008515
0.005976
0.005587
0.003915
0.00382
0.003215
0.003145
0.00312
0.002994
0.002865
0.002581
0.002477
0.002304
0.002132
0.002016
0.001974
0.005976
0.008818
0.00858
0.008515

0.013504
0.013432
0.005961
0.002985
0.006672
0.005109
0.014139
0.003629
0.004729
0.003899
0.004358
0.00578
0.009537
0.016882
0.003201
0.008137
0.005938
0.004208
0.002676
0.011445
0.009452
0.014139
0.009381
0.013504
0.013432
0.016882
0.00534
0.006672
0.009537
0.00949
0.00316
0.005109
0.002985
0.008137
0.010393
0.00578
0.010333
0.003899
0.003629
0.005961
0.016882
0.014139
0.013504
0.013432

0.010373
0.01046
0.006711
0
0.007874
0.010619
0.00646
0.001132
0.005968
0.010359
0.006141
0.013439
0.014909
0.010126
0.007825
0.006479
0.011905
0.00173
0.003241
0.003878
0.01004
0.00646
0.010121
0.010373
0.01046
0010126
0.002789
0.007874
0.014909
0.01307
0.008
0.010619
0
0.006479
0.014409
0.013439
0.008303
0.010359
0.001132
0.006711
0.010126
0.00646
0.010373
0.01046
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Table 3 Genes and transcripts located in the QTL candidate regions for Campylobacter resistance with the highest variation among

the two parental lines. (A) Backcross experiment (B) Advanced Intercross Experiment (Continued)

BNK ENSGALT00000000188 16
DMB2 ENSGALT00000000222 16
ENSGALG00000023707 ENSGALT00000039621 14
TAP2 ENSGALT00000000237 16
LOC422654 ENSGALT00000041397 4

ZNF692 ENSGALT00000031515 16
BF2 ENSGALT00000000139 16
BF2 ENSGALT00000046170 16
HLADMB ENSGALT00000041213 16
DMB2 ENSGALT00000041214 16
TAP1 ENSGALT00000045907 16
TRIM27 ENSGALTO00000000172 16
L4171 ENSGALT00000000109 16
RASSF6 ENSGALT00000019068 4

TCLEC2D ENSGALT00000000183 16
ENSGALG00000028367 ENSGALT00000045620 16
TAP2 ENSGALT00000000237 16
DMB2 ENSGALT00000000222 16
ENSGALG00000028367 ENSGALT00000045620 16
ZNF692 ENSGALT00000031515 16
TCLEC2D ENSGALT00000000183 16
DMB2 ENSGALT00000041214 16
CXCLit ENSGALT00000019072 4

Ciéorf5 ENSGALT00000012346 14
TAPBP ENSGALT00000000203 16
BF2 ENSGALT00000043207 16
BF2 ENSGALT00000044107 16
TAPBP ENSGALT00000044889 16
TAP1 ENSGALT00000045907 16
BG1 ENSGALTO00000045385 16
BF2 ENSGALT00000046170 16
BF2 ENSGALTO00000000139 16
BMAT ENSGALTO00000000214 16
4 ENSGALT00000044830 16
DNASE ENSGALT00000039621 14
TRAP1 ENSGALT00000012459 14
RASSF6 ENSGALT00000019068 4

NA 0.013462 0.011445 0.003878
04 0.002581 0.010393 0.014409
0.285714 0.002304 0.010333 0.008303
0.666667 0.00382 0.009537 0.014909
0 0 0.009533 0
0454545 0.003215 0.00949 0.01307

9 0.00885 0.009452 0.01004

9 0.00878 0.009381 0.010121
0.5 0.002865 0.008137 0.006479
0 0 0.008121 0011547
0.230769 0.001726 0.006978 0.010147
1.666667 0.003915 0.006672 0.007874
0428571 0.001912 0.006361 0.005435
2 0.001974 0.005961 0.006711
0.5 0.001789 0.005938 0.011905
0.75 0.002477 0.00578 0.013439
0.666667 0.00382 0.009537 0.014909
04 0.002581 0.010393 0.014409
0.75 0.002477 0.00578 0.013439
0454545 0.003215 0.00949 0.01307
0.5 0.001789 0.005938 0.011905
0 0 0.008121 0.011547
0 0 0.001606 0.011457
0 0 0.002632 0.011263
1.333333 0.00312 0.005109 0.010619
9 0.008515 0.013432 0.01046
9 0.00858 0.013504 0.010373
1 0.002132 0.003899 0.010359
0.230769 0.001726 0.006978 0.010147
0.6 0.005976 0.016882 0.010126
9 0.00878 0.009381 0.010121
9 0.00885 0.009452 0.01004
0.25 0.001274 0.005488 0.010015
0421053 0.001616 0.005525 0.008507
0.285714 0.002304 0010333 0.008303
0.5 0.000965 0.003201 0.007825
2 0.001974 0.005961 0.006711

Non synonymous SNVs/synonymous SNVs(dN/dS); non synonymous SNVs/CDS length (dN/L); NA = no synonymous SNV present; with bold is the rate based on

which the genes were ranked

Campylobacter infection in chickens [8, 12, 29] and
might be involved in effective host immune response. We
therefore examined their expression in caecal tonsils of
challenged birds. The data are shown in Additional file 12:
Figure S8. Data are expressed as the fold change in mRNA
levels when samples from infected birds were compared

to non-infected birds of the same age from each line. In C.
jejuni infected birds from both lines CXCLil and CXCLi2
were down-regulated. Nevertheless, the level of che-
mokine CXCLi2 was decreased in line N significantly
(P-value <0.05) more than in line 6;, while CXCLil
levels did not significantly differ between the lines.



Psifidi et al. BMIC Genomics (2016) 17:293

Page 10 of 18

\

P
301
251
80
3
2159
H
10
05
“TETe 2 3 s 2 8 % 2 2 ¢ 2z % 5 % < § 2 2 2 & 2 g5 £ 5 ¢
£ = ] = 2 = = £ € 4 ] = = 2 = = = =
g 3 3 & § 3§ § % 3 3 % 3 ‘g £ 3§ £ § § @ &1 % 5, 1 §8 1§ ¥ 1
3 5 g £ 2 ) @ 5 9 £ & £z E 5 & $ s & o p? 9 £§ 9 5 @
8 @ a @ 3 @ ‘5 [} @A f @ g@ 3 3 2 a @ @ 23 A o2 A g A
L < § %% = M £ o £ @ £ o & 2 § g2 © a E n BE - T x x c
§ g, £ 5Lz £ o E g g 5 on ¢S g o £ ¥ ¥ 4L Eg 8 g g
S BF ¢ g gF 5 & £ g 8 3T E vc & E g qE 2§ § 80 g .3 3
4 §§ 5 2 s 5 2 g g 33 ¢ i; £ g g Q9 g £ E Te EE )
P o3 5 5 N I B N BT - 2 3 £
: 0§ 8 I £ £ € z i % & s¢ £
F 8 ¢ 4 3 s 03 g %E g 2§ 53 5 3 go 2e § .
£ 2 5 oxg Y g ge g ¢ &8 3 E B @ st &
I ¢ 3 A B AR T - s i
s 3 8 ¢ ¥ oz £ & 3 Y
o
2 : 3 o 8
4
| ]
5
T |
H
)
2
T
IS | |
D » s ;1 a 2 3 m ;l p 2 s, o o E H = v Urim P 2 | H : ~ ‘Ul o ;7) € 7
a4y %oy ofo§ £ oF % owmiofo£o80%OR up ofLo£oF 0§ b AT R oegxtofof § 1 S
Poer s ¢ U o¢o%oc %% £ R0 OF % % f U SETy 30 &r L [ o€ Stycg 30% L8 GehFos
L8 ¢ 1y g o [ ¥ OB ocotoo9 oz § 9% 95 A T S A A i
io5a 00 403 2 & o v 4 gJ @8 0 &+ % § o0gq g0 ° 0 ¥ 505 U % Q00 35 80 0 3 g fLe om g
L= @ o £ &t & § [ 2 @ 0 5 T ognvup U B W gf & @ X 4 EEF 3T § 0§ Z o5, 0% 5 g
c €3 . £ T . dg o Y2 O£ iy ? v Bpored R %00 0 I40% 330 Rr P T TV . T
¢ 3 8 v 5 8 of 9 wewf o TF S 0 4 5 we Gug £f p f we § g 2f f 3dc if £ ¢ = ch 35S 4 L
A A - T T - T T ¢ t8 Yqi LF 0 0 Co g 0 PGs @ L ¢ 0 Ty pid T
Toup o8 8 5 ¥ 5 3T R osE A 0 g T &0 0% UEE af o ¥¢ 3 0D s b ogow b2 f £ L do og0% ! 4]
N -] i3y F I O L L I A T L A S T Y I BT
il F oy fR o ud woIF 45 faf 06 EoAe s o= fe [ oEPE G 4 b 6 30 Ik o8 37
TR L% § Ef Gie %, L O I A I T A S 3
TPy op @ § SRR O T R A O YL I LI B O
R 18 8 A
0 T§ U q [] b nL 7 45 n: i 0§ ti 0 0¥s >3 i & Eu& H
toUE v ¢ L3 LU 3% £ i3 Fe o ovs 2
q = é 2 i z v "
Fig. 3 Pathway analysis using the IPA software. The most highly represented canonical pathways of genes located at the candidate regions for
Campylobacter colonisation resistance derived from the back-cross (above) and the advance intercross line (below) experiments. The solid yellow
line represents the significance threshold. The line with squares represents the ratio of the genes represented within each pathway to the total
number of genes in the pathway

Selection of candidate genes

A total of 20 genes were selected amongst all genes lo-
cated in the regions of interest identified from the ana-
lysis of the back-cross and AIL populations as good
candidate genes for avian resistance to Campylobacter
colonisation (Additional file 13: Table S5). Gene selec-
tion was based on their biological function, proximity to
significant markers, sequencing differences, mRNA
expression (tested for CXCLil and CXCLi2) after Cam-
pylobacter infection, their involvement in immune
response pathways and networks, and any previously
known involvement in other infectious diseases in
poultry (Additional file 9: Table S4).

Discussion

The present study indicates that the precise level of
Campylobacter intestinal colonisation is a heritable com-
plex quantitative trait under the genetic control of mul-
tiple loci, genes and linked sequence variants. In the

back-cross analysis we identified candidate QTLs in
three genomic locations on chromosomes 7, 11 and 14.
Using a 9™ generation AIL population we refined the lo-
cation of the QTL identified on chromosome 14 (from a
12 Mb region to a 0.4 Mb region) and detected two add-
itional QTLs located on chromosomes 4 and 16. The
initial candidate regions identified in the back-cross ex-
periment have limited resolution and the detected QTLs
may reflect the effect of many linked variants which are
separated when the LD blocks break after many genera-
tions of recombination [30]. The identification of new
QTLs in the AIL analysis could be attributed to geno-
typing based on many more markers (approximately
300,000 compared to 1,300 in the back-cross experi-
ment), which considerably increased the power of QTL
detection.

Two good candidate genes, TRAP 1 and AXIN 1 were
identified in the refined QTL location on chromosome
14; this exemplifies the common findings from the two
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experimental designs (back-cross and AIL). TRAPI is
coding for a mitochondrial heat shock protein with anti-
oxidant and anti-apoptotic functions [31, 32]. Our re-
sequencing data revealed that TRAPI is divergent be-
tween the two lines. It has a high SNV/L and dN/dS rate
that may affect its function and also has 3'/5" UTR SNV
that may impact on gene expression. AXIN I, is coding
for a scaffolding protein controlling the levels of B-
catenin, which in turn regulates NF-kB activity. This
gene is also very divergent in the two lines with a stop/
coding SNV, a high dN/L and dN/dS rate as well as
UTR SNV.

The two parental lines, 6; and N, have a d