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Abstract

Background: Quantitative genetic studies suggest the existence of variation at the genome level that affects the
ability of cattle to resist to parasitic diseases. The objective of the current study was to identify regions of the bovine
genome that are associated with resistance to endo-parasites.

Methods: Individual cattle records were available for Fasciola hepatica-damaged liver from 18 abattoirs. Deregressed
estimated breeding values (EBV) for F. hepatica-damaged liver were generated for genotyped animals with a record
for F. hepatica-damaged liver and for genotyped sires with a least one progeny record for £. hepatica-damaged liver;
3702 animals were available. In addition, individual cow records for antibody response to . hepatica on 6388 geno-
typed dairy cows, antibody response to Ostertagia ostertagi on 8334 genotyped dairy cows and antibody response to
Neospora caninum on 4597 genotyped dairy cows were adjusted for non-genetic effects. Genotypes were imputed
to whole-sequence; after edits, 14,190,141 single nucleotide polymorphisms (SNPs) and 16,603,644 SNPs were avail-
able for cattle with deregressed EBV for £. hepatica-damaged liver and cows with an antibody response to a parasitic
disease, respectively. Association analyses were undertaken using linear regression on one SNP at a time, in which a
genomic relationship matrix accounted for the relationships between animals.

Results: Genomic regions for . hepatica-damaged liver were located on Bos taurus autosomes (BTA) 1,8, 11,16, 17
and 18; each region included at least one SNP with a p value lower than 107°. Five SNPs were identified as significant
(g value <0.05) for antibody response to N. caninum and were located on BTA21 or 25. For antibody response to F.
hepatica and O. ostertagi, six and nine quantitative trait loci (QTL) regions that included at least one SNP with a p value
lower than 10~° were identified, respectively. Gene set enrichment analysis revealed a significant association between
functional annotations related to the olfactory system and QTL that were suggestively associated with endo-parasite
phenotypes.

Conclusions: A number of novel genomic regions were suggestively associated with endo-parasite phenotypes

across the bovine genome and two genomic regions on BTA21 and 25 were associated with antibody response to N.
caninum.

*Correspondence: deirdre.purfield@teagasc.ie

! Animal and Grassland Research and Innovation Centre, Teagasc,
Moorepark, Fermoy, Co. Cork, Ireland

Full list of author information is available at the end of the article

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


https://core.ac.uk/display/328789419?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12711-019-0457-7&domain=pdf

Twomey et al. Genet Sel Evol (2019) 51:15

Background

Parasitic diseases are highly prevalent worldwide in
cattle production systems [1] and this prevalence is
forecasted to increase further as a repercussion of the
anticipated change in climate [2]. In Ireland, between
75.4% [3] and 83% [4] of the Irish dairy herds, show
evidence of exposure to Fasciola hepatica. In addition,
parasitic diseases are associated with significant eco-
nomic losses in both dairy and beef cattle [5-7]. Details
on endo-parasite diseases in cattle are in Sekiya et al.
[1]. Using pedigree-based relationships between indi-
viduals, Twomey et al. [8] documented the presence of
genetic variation for two phenotypes due to E hepatica
in cattle and proposed that selection and breeding ani-
mals resistant to E hepatica would complement cur-
rent control strategies for F hepatica (i.e., anthelmintic
treatments; [9]). Genetic variability has also been doc-
umented for other endo-parasites in cattle such as
Ostertagia ostertagi [10, 11] and Neospora caninum
[10, 12]. Since genetic gain is a function of selection
accuracy [13], the accuracy of traditional genetic evalu-
ations that exploit only pedigree relationships are hin-
dered by the lack of available phenotypic data; this is
especially true for low heritability traits. Although the
study of Twomey et al. [8] was limited by the low accu-
racy of the genetic evaluations, they reported a 6% unit
difference in the prevalence of E hepatica-damaged
liver between cows with an estimated breeding value
(EBV) for E hepatica in the top 10% versus the bot-
tom 10%; the mean EBV reliability of those animals was
0.18. It is hypothesised that the inclusion of genomic
information within these evaluations will improve the
reliability of the EBV for F hepatica and thus improve
the prediction of whether or not an animal will have F
hepatica-damaged liver.

Few studies have attempted to locate genomic regions
associated with endo-parasitic diseases in cattle. Using
a genotyping panel of only 153 microsatellite markers,
Coppieters et al. [11] documented that Bos taurus auto-
somes (BTA) 9 and 19 harboured quantitative trait loci
(QTL) associated with nematode burden in 768 Dutch
dairy cows that were selected to be in the top 10% and
bottom 10% of their respective sire family (n=12) for
faecal egg count (FEC). Using 305 Aberdeen Angus
calves genotyped for 190 microsatellite markers only,
Kim et al. [14] reported that regions on BTA8 and 12
were associated with FEC. To the best of our knowledge,
Kim et al. [15] is the only available study that used dense
genome-wide SNP genotypes (31,165 SNPs after edits)
to map genomic regions associated with endo-parasitic
diseases in cattle; they reported that 12 regions in the
bovine genome contributed to significant genetic varia-
tion in FEC.
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The objective of our study was to identify single nucle-
otide polymorphisms (SNPs) associated with three endo-
parasitic diseases in cattle using imputed whole-genome
sequence data in a large multi-breed population. Results
from this study will improve our understanding of the
underlying genetic mechanisms of resistance in cattle to
parasitic diseases. This could contribute to enhance the
development of further control strategies for parasitic
diseases, such as vaccine development, and to improve
diagnostics of parasitic diseases. In addition, our results
provide information that would be useful in future stud-
ies that attempt to increase the accuracy of genetic eval-
uations, through the exploration of targeted genomic
regions.

Methods

The phenotypic data analysed in this study originated
from two sources: (1) national abattoir cattle data con-
taining records for E hepatica-damaged liver, and (2)
serological testing of individual cows in 68 dairy herds for
endo-parasites.

Phenotypic data for F. hepatica-damaged liver
Individual animal records for E hepatica-damaged
liver were available from dairy and beef cattle that were
slaughtered in 18 Irish abattoirs between February 2012
and February 2018. Cattle livers were diagnosed as either
“liver exhibits E hepatica damage and live E hepatica
observed in the liver” or “liver exhibits E hepatica dam-
age without the identifiable presence of live E hepatica’.
Animals were considered to have no E hepatica-dam-
aged liver if none of the above diagnostic elements were
detected and were slaughtered in the same abattoir and at
the same date than an animal diagnosed with a E hepat-
ica-damaged liver. Twomey et al. [8] described in detail
the processes to generate E hepatica-damaged liver phe-
notypes, and also the procedures and criteria imposed to
maximise the likelihood that only animals exposed to the
parasite were included in the analysis based on E hepat-
ica-damaged liver information available from their herd-
mates. In summary, only animals with no herd movement
after 90 days of age were retained. Animals were consid-
ered as exposed if they had resided in a herd 100 days
prior to the slaughter of a herd-mate with live E hepatica
present in the liver. If the slaughtered herd-mate had a F
hepatica-damaged liver with no observable live E hepat-
ica, an additional criterion was imposed, i.e. as well as
having resided in the herd 100 days prior to the slaughter
of the slaughtered herd-mate, animals also had to be born
within 100 days of the birth of the slaughtered herd-mate,
to be considered as exposed.

For the purposes of our study, liver damage caused by
E hepatica was dichotomized; animals were considered
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either infected (i.e., observation of E hepatica damage in
the liver) or not infected with E hepatica (i.e., liver did
not exhibit E hepatica damage). The final dataset con-
sisted of 187,584 animals with a E hepatica-damaged
liver record, either positive or negative.

Breeding values and associated reliabilities for the
binary trait of F hepatica-damaged liver were estimated
with an animal linear mixed model in the MIX99 genetic
evaluation software suite [16]. The model and variance
components specified in the genetic evaluations were
those previously documented for the genetic evalua-
tion of E hepatica-damaged liver [8]. Fixed effects in
the model were parity/age group, stage of lactation, het-
erosis and recombination coefficients, animal gender,
herd-level contemporary group, and date-by-abattoir
of slaughter. The random effects were the direct addi-
tive genetic effects, where a ~ N (0,Ao?) with o2 rep-
resenting the additive variance and A representing the
numerator relationships matrix, and a residual effect,
where e ~ N(0,I62) with o2 representing the residual
variance and I representing an identity matrix. The pedi-
gree of each animal was traced back to the founder pop-
ulation, which was allocated to 11 genetic groups based
on breed (i.e., Holstein, Friesian, Belgian Blue, Hereford,
Aberdeen Angus, Simmental Limousin, Charolais, sev-
eral other French breeds not listed, and other breeds not
listed and unknown); the pedigree consisted of 865,173
animals. The genetic and the residual variances were
equal to 0.001 and 0.115, respectively, as estimated by
Twomey et al. [8] in a large subset of animals used in
the present study. Only EBV for animals that had both
a genotype and an EBV reliability higher than 0.01 were
considered for further analyses. Moreover, 16,196 ani-
mals were retained if they had a record themselves for
E hepatica-damaged liver (n=10,837) or were sires that
had at least one progeny record for E hepatica-damaged
liver (n=5359). The effective record contribution (ERC)
for each animal was estimated and used as the weight-
ing factor for the deregression of EBV. Deregression was
undertaken using the Secant method in the MiX99 soft-
ware [17]. Deregressed EBV for animals (i.e., a combina-
tion of animals with a record themselves and sires with at
least one progeny record) with an ERC lower than 1 were
not considered further; finally, 3702 animals remained
for the analyses.

Phenotypic data for antibody response to endo-parasites

Blood samples were collected in autumn 2016 from
10,879 dairy cows as part of a cross-sectional seroprev-
alence study of 68 Irish dairy herds. All blood samples
were tested separately for the presence of antibodies to
E hepatica using the Svanovir E hepatica-Ab ELISA kit,
to O. ostertagi using the Svanovir O. ostertagi-Ab ELISA
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kit, and to N. caninum using the Svanovir Neospora-
Ab ELISA kit (Boehringer Ingelheim Svanova, Uppsala,
Sweden). ELISA tests for all blood samples were carried
out by the same commercial laboratory (FarmLab Diag-
nostics, Co. Roscommon, Ireland). Antibody responses
to E hepatica and O. ostertagi were expressed as optical
density ratio (ODR), and antibody response to N. cani-
num was expressed as percent positivity (PP). Data edits
were as described by Twomey et al. [10]. In summary,
the positively skewed ODR for F hepatica was trans-
formed using the natural logarithm to approximate a
normally distributed variable, whereas a reciprocal trans-
formation was used to normalize the positively skewed
PP for N. caninum. Records were removed if, at blood
sampling, the cow resided in a herd different to that in
which it had been present at 90 days of age. Only animals
with a record for antibody response to E hepatica were
retained if they resided in a herd that had at least five
cows positive for antibody response to E hepatica (i.e., an
ODR > 0.4 was previously shown to lead to production
losses [18] and, thus, this cut-off was regarded as the pos-
itive threshold for antibody response to E hepatica in the
current study) and a within-herd prevalence higher than
5% with a positive antibody response to E hepatica on the
day of the blood test. Since the majority of grazing cat-
tle are exposed to O. ostertagi [19, 20] and since cows in
our study were known to graze grass for most of the year,
all cows were considered as exposed to O. ostertagi. For
antibody response to N. caninum, we retained only the
records as positive for cows that resided in a herd with a
within-herd cow prevalence of more than 1% (i.e., ELISA
test manufacturer stated that a PP > 20 indicates a posi-
tive result for N. caninum, and was thus treated as such
in our study) for antibody response to N. caninum. In
addition, the likelihood that progeny from a cow infected
with N. caninum will also be infected with N. caninum
[19] is high, thus, we discarded progeny from dams that
had a positive result for N. caninum (86 cows were dis-
carded). The final dataset consisted of 6892 records for
antibody response to E hepatica, 9260 records for anti-
body response to O. ostertagi and 5289 records for anti-
body response to N. caninum.

Each observed animal phenotype for the continuous
traits for antibody response to E hepatica, O. ostertagi
and N. caninum was adjusted for non-genetic effects.
Genetic and non-genetic effects for antibody response
to each of the three parasites were estimated using the
MIX99 software suite [16]. The statistical model was as
previously described by Twomey et al. [10]. Fixed effects
for antibody response to each of the three parasites were
parity, age relative to parity median, stage of lactation,
heterosis and recombination coefficients, and contem-
porary group; random effects were the direct additive
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genetic effects, where g ~ N (0, Aaaz) with o2 represent-
ing the additive variance and A representing the numera-
tor relationships matrix, and a residual effect, where
e~ N(0,I02) with o2 representing the residual vari-
ance and I representing an identity matrix. The pedigree
of each animal was traced back to the founder popula-
tion, which was allocated to 11 genetic groups based on
breed (i.e., Holstein, Friesian, Belgian Blue, Hereford,
Aberdeen Angus, Simmental Limousin, Charolais, sev-
eral other French breeds not listed, and other breeds not
listed and unknown). Variance components were as pre-
viously described by Twomey et al. [10] for the current
dataset; the fitted genetic variance was 0.095 for antibody
response to E hepatica, 0.003 for antibody response to O.
ostertagi and 0.001 for antibody response to N. caninum,
while the residual variance was 0.734 for E hepatica,
0.034 for O. ostertagi and 0.010 for N. caninum, which
resulted in heritability values of 0.12, 0.08 and 0.09,
respectively. For each cow, phenotypes for the three para-
sites were adjusted for fixed effects (estimated with the
linear mixed model) from the cow’s respective pheno-
type. Only animals that had both an adjusted phenotype
and an available genotype were retained for further anal-
ysis; 6388 animals remained for F hepatica, 8334 animals
remained for O. ostertagi and 4597 animals remained for
N. caninum.

Genotypes

Genotypes were available from six different genotyp-
ing panels, and the number of animals genotyped per
panel is in Additional file 1: Table S1. In the dataset of
deregressed EBV for E hepatica-damaged liver, 87% of
the animals were genotyped using either the Illumina
bovine High-Density BeadChip (HD; n=777,962 SNPs;
20% of animals) or the International Dairy and Beef ver-
sion 1 (IDBvl; n=17,137 SNPs; 10% of animals), version
2 (IDBv2; n=18,004 SNPs; 32% of animals) or version
3 (IDBv3; n=53,450 SNPs; 25% of animals) genotyping
panels. In the dataset of adjusted phenotypes for anti-
body response to the three different phenotypes, most
of the animals were genotyped on the IDBv1 (2% of ani-
mals), IDBv2 (76% of animals) or IDBv3 (14% of animals)
genotyping panel. All animals had a call rate higher than
90% and only autosomal SNPs, SNPs with a reported
chromosomal position, and SNPs with a call rate higher
than 90% were retained for each panel.

All animals were imputed to HD using a two-step
approach with the FImpute2 software [21]; first, the IDB
genotyped animals were imputed to the Bovine SNP50
density (50 k) and subsequently all resulting genotypes
(including the Bovine SNP50 genotypes) were imputed
to HD using a multi-breed reference population of
5504 HD genotyped animals. Second, imputation to
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whole-genome sequence (WGS) was undertaken using
a multi-breed reference population of 2333 Bos taurus
animals from Run6.0 of the 1000 Bulls Genomes Pro-
ject. All variants in the reference population were called
using SAMtools, and genotype calls were improved using
the Beagle software to provide a consensus SNP den-
sity across all animals. Details of the alignment to the
UMD 3.1 Bos taurus assembly, variant calling and qual-
ity controls that were completed within the multi-breed
sequence reference population are as described by Daet-
wyler et al. [22]. In total, 41.39 million SNPs in Run6.0
were identified across the genome and the average cover-
age (standard deviation) was 12.85 (6.94)X. Imputation of
the HD genotypes to WGS was then completed by first
phasing all HD genotypes using Eagle ([23]; version 2.3.2)
and subsequently imputing to WGS using minimac3 [24].

Regions with poor WGS imputation accuracy, per-
haps due to local mis-assemblies or mis-orientated con-
tigs, were identified by using a larger dataset of 147,309
verified parent-progeny relationships. Mendelian errors,
defined as the proportion of opposing homozygotes in
a parent-progeny pair, were estimated for each relation-
ship and the subsequent Mendelian error rate per SNP
was calculated. To accurately identify genomic regions
with poor imputation, the R package GenWin [25] which
fits a B-spline to the data to find likely inflection points,
was used to determine the breakpoints of genomic
regions with high Mendelian errors. Windows were
analysed using an initial window size of 5 kb and Gen-
win pooled windows for which the SNP Mendelian error
rates were similar. The average SNP Mendelian error rate
per window was estimated and all variants within win-
dows in which the mean SNP Mendelian error rate was
higher than 0.02 were removed (i.e. 687,137 SNPs were
removed).

Further quality control edits were also imposed on the
imputed sequence genotypes, including the removal of
SNPs with a minor allele frequency (MAF) lower than
0.002 and of SNPs that deviated from Hardy—Weinberg
equation (P<6x 107°). After these edits, 14,190,141
SNPs remained for animals with a deregressed EBV for
E hepatica-damaged liver, whereas 16,603,644 SNPs
remained for cows with an antibody response to a para-
sitic disease.

The final dataset of animals with both a deregressed EBV
for E hepatica-damaged and an imputed sequence geno-
type contained 3702 animals. The mean breed composition
of the animals in the dataset of E hepatica-damaged liver
was 38% Holstein—Friesian, 17% Limousin, 11% Charolais,
11% Aberdeen Angus and the remaining 23% was another
breed (Fig. 1). The final dataset of animals with both an
adjusted phenotype for antibody response and an imputed
sequence genotype contained 6388 animals for E hepatica,
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Fig. 1 The mean breed composition of animals (n=3702) in the
dataset for F. hepatica-damaged liver for Aberdeen Angus (AA),
Belgian Blue (BB), Charolais (CH), Hereford (HE), Holstein—Friesian (HO/
FR), Jersey (JE), Limousin (LM), Parthenaise (PT), Simmental (Sl), all

other known breeds (OTH) and unknown breed (UNK)

8334 animals for O. ostertagi and 4597 animals for N. cani-
num. In the dataset of antibody response to the three para-
sitic diseases, the mean breed composition of the cows was
84% Holstein—Friesian, 9% Jersey with the remaining 7%
from another breed.

Association analyses
A genomic relationship matrix was calculated separately
for each of the traits using Method I of VanRaden [26] as:

77/
2> pq’

where Z is an incidence matrix for the HD genotypes,
centred by allele frequencies, and p and g are the domi-
nant and recessive allele, respectively.

For all the traits in this study, SNP effects were esti-
mated using linear mixed models in the WOMBAT
software [27]. For each of the dependent variables, ani-
mal was included as a random effect with relationships
between animals accounted for via the genomic rela-
tionship matrix. When the dependent variable was a
deregressed EBV for F hepatica-damaged liver, the phe-
notype was weighted based on the information available.
The weight was calculated as [28]:

1—h?
2 ’
{c—kl;’}hz

w; =

s

where w; is the weighting factor of the ith deregressed
EBV, /2 is the heritability estimate for F hepatica-dam-
aged liver, r? is the reliability of the ith deregressed EBYV,
and c is the proportion of genetic variance not accounted
for by the SNPs and was set at 0.9. Purfield et al. [29]
tested various values of ¢ (i.e., 0.1, 0.2, 0.8 and 0.9) and
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reported that all had a minimal impact on the results. The
proportions of Holstein—Friesian, Limousin, Charolais,
Simmental, Aberdeen Angus, Belgian Blue, Parthenaise,
Jersey and other breeds were fitted as covariates in the
model for E hepatica-damaged liver; a constraint was
imposed by setting the effect of the Hereford breed to
zero to avoid linear dependencies. The genomic inflation
was estimated for each association analysis and all 4 esti-
mates were less than 1.1, i.e. 1.004 for E hepatica-dam-
aged liver, 1.0002 for antibody response to E hepatica,
1.0133 for antibody response to O. osteragi and 1.0320
for antibody response to N. caninum. Multiple-testing
correction was applied to each analysis by transforming
the p values into their corresponding q values assuming
a false discovery rate of 5% [30]. Therefore, SNPs with a
q value lower than 0.05 were regarded as significant for
the purpose of this study. Suggestive SNPs were defined
as SNPs with a p value lower than 107°,

Quantitative trait loci (QTL) regions

Using PLINK [31], QTL regions were defined around
each SNP of interest, based on the flanking LD pattern.
For each significant or suggestive SNP, its squared corre-
lation (72) with all the other SNPs within 5 Mb upstream
and 5 Mb downstream was calculated. Using a thresh-
old of 0.5 for 2, the start of the QTL region was defined
as the position of the SNP that was furthest upstream
from the significant or suggestive SNP with an r? higher
than 0.5; the end of the QTL region was defined as the
position of the SNP that was furthest downstream with
an r? with the suggestive or significant SNP higher than
0.5. For QTL regions that overlapped, QTL regions were
combined into a single QTL region and maximum and
minimum positions were set as start and end boundaries.

Annotation and gene set enrichment analysis

Gene search using Ensembl (http://ensembl.org) on the
UMD 3.1 genome build was carried out by focusing on
the defined QTL regions. In addition, protein-coding
genes, which were identified either as overlapping with
or located within QTL regions, were subject to enrich-
ment analysis on The Database for Annotation, Visualiza-
tion and Integrated Discovery (DAVID) v. 6.8. Functional
annotations (Gene Ontology (GO) Biological Process,
GO Cellular Component, GO Molecular Function and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
and Reactome Pathways) were assigned to genes using
the functional annotation tool. P values were calculated
by EASE (an adoption of the Fisher Exact test to meas-
ure the gene-enrichment in annotation terms) to identify
functional annotations that were associated with traits of
interest.
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Results
2000 4 The mean effective record contribution (ERC) was equal
" to 4.53 (ranging from 1.01 to 277.69) in the dataset of F
g 1500 hepatica-damaged liver (Fig. 2).
P
E=
E 1000 + F. hepatica-damaged liver
é The associations between each SNP and F hepatica-dam-
2 500 aged liver are shown on the Manhattan plot in Fig. 3. We
found no SNP with a q value lower than 0.05 for E hepat-
0 S ——— T ica-damaged liver. Details of the most strongly associated
2 4 6 8 10 12 14 16 18 20 >20 SNPs (with a p value<107%) in each QTL region for F
ERC hepatica-damaged liver are in Table 1. Six SNPs, located
Fig. 2 Distribution of effective record contributions (ERC) of animals on BTAI, 8, 11, 16, 17 and 18, had a p value lower than
in the dataset of deregressed F. hepatica-damaged liver EBV 106 (Table 1); five of these six SNPs were classified as
-
74
6
3
g ‘7
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Fig. 3 Manhattan plot showing —log;(p values) of the association between the effect of each single nucleotide polymorphism (n= 16,603,644
SNPs) and the deregressed estimated breeding value for . hepatica-damaged liver. The blue line is the threshold for suggestive SNPs

Table 1 Details of the most strongly associated SNPs (with a p value < 107°) in each QTL region with deregressed EBV
for F. hepatica-damaged liver

BTA  SNP name Pos (bp) p value Gene Favourable Effect® Annotation Startof QTL End of QTL  Other
allele (freq) genes
in the QTL
region
18 15384464701 22,279,521  192x107%  FIO A (0.988) 0.09 Intron 22,279,521 22,279,521
1 - 146,726/679 376x107%  AGPAT3 G (0.998) 0.18 Intron 146,465,269 14,6811,109  PDXK, CSTB,
RRP1,
TRAPPCI0
17 rs110361447 71554867 126x 1077  SECI14L2 A (0.470) 0.02 Intron 71,554,867 71,554,867
16 rs800135980 14,007,063 527x107" - A (0.002) 0.19 Intergenic 14,007,063 14,007,063
1M 15384697649 87844503 779x 1077 YWHAQ  T(0.996) 0.13 Intron 87,844,503 87,844,503
8 rs109859381 24,008,154 879x107~  MLLT3 T(0.888) 0.02 Intron 24,008,154 24,008,154

BTA: Bos taurus chromosome number, SNP: name of the single nucleotide polymorphism, pos: position of base pair on the chromosome, p value: p value of the SNP,
gene: gene name in which the SNP is located, favourable allele (freq): allele with favourable effect (frequency of the favourable allele), effect: effect of the favourable
allele, annotation: annotation of the SNP, start of QTL: base pair on the chromosome at the start of the QTL, end of QTL: base pair on the chromosome at the end of the
QTL, other genes in the QTL region: protein-coding genes located in the QTL region that the SNP is not located in

2 Binary trait (0/1)
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intronic variants in one of each of the FTO, AGPATS,
ENSBTAGO00000017404, YWHAQ, or MLLT3 genes. The
sixth SNP for E hepatica-damaged liver was classified
as an intergenic variant on BTA1. SNP rs384464701 on
BTA18 was the most strongly associated with F hepatica-
damaged liver (p value=1.92 x 107%) and was classified
as an intronic variant located in the FTO gene. The fre-
quency of the favourable allele for each of the six SNPs
with a p value lower than 107 ranged from 0.002 to 0.998
(Table 1). In total, 121 suggestive SNPs were identified (p
value < 107°) and were located across 23 chromosomes.
Forty-eight QTL regions were suggestively associ-
ated with E hepatica-damaged liver (see Additional
file 2: Table S2). On BTA7, 21 SNPs were suggestively
associated with E hepatica-damaged liver in a single
QTL region that spanned from 65.23 to 67.30 Mb and
this region included three protein-coding genes
(NMUR2, GRIA1 and FAMI114A2); the SNP with the
strongest association in this region was rs475893299
(p value=2.23x107%). In the QTL region between
93.61 and 93.79 Mb on BTA1ll, 18 SNPs were sug-
gestively associated with E hepatica-damaged liver;
all the genes located in this region encoded olfactory

receptors (ORIJ2, ORINI1, ENSBTAG00000047728,
ENSBTAG00000047112, ENSBTAG00000046536, ENS-
BTAG00000045527,  ENSBTAG00000045545,  ENS-

BTAG00000020660, ENSBTAG00000038551, ORI1QI,
and OR1BI); in addition, the only QTL region associated
with antibody response to E hepatica that overlapped
with a QTL associated with E hepatica-damaged liver
was on BTA11 between 93.74 and 93.89 Mb.

Antibody response to endo-parasites

The associations between each SNP and antibody response
to E hepatica, O. ostertagi, and N. caninum are shown on
the Manhattan plots in Fig. 4. Details of the most strongly
associated SNPs (with a p value <10~°) in each QTL region
for antibody response to E hepatica, O. ostertagi, and N.
caninum are in Tables 2, 3 and 4, respectively.

F. hepatica

We did not detect any SNP that was significantly associ-
ated (q value<0.05) with antibody response to E hepat-
ica. Fifty-seven SNPs had a p value lower than 10° and
were located on BTA6 (1 SNP), BTA14 (1 SNP), BTA15
(43 SNPs), BTA18 (1 SNP) and BTA20 (11 SNPs).
The most highly associated SNP was rs801151638 (p
value=2.02 x 107%), which was classified as an inter-
genic variant on BTA14 (Table 2). The frequency of the
favourable allele ranged from 0.003 to 0.988 for the 57
SNPs with a p value lower than 107%. In total, 226 SNPs
were detected as suggestively associated with antibody
response to F hepatica (p value<107°) and 37 QTL

Page 7 of 17

regions were identified for antibody response to F hepat-
ica; the largest QTL was 7,593,750 bp long (between
25.26 and 32.86 Mb) on BTA19; (see Additional file 3:
Table S3). Some suggestive SNPs were not in linkage dis-
equilibrium (LD; r’<0.5) with flanking SNPs, thus nine
of the 37 detected QTL regions harboured only one SNP.
Fifty SNPs were suggestively associated with antibody
response to F hepatica in the QTL region between 80.81
and 81.30 Mb on BTA16, which contained 4268 tested
SNPs (average LD between 50 suggestive SNPs was 0.99);
SNP rs434571591 had the strongest association with
antibody response to E hepatica (p value<3.28 x 107°).
Five protein-coding genes were located between
80.8 and 81.30 Mb on BTA16, namely NR5A2, ENS-
BTAG00000047428, KIF14, DDX59, and CAMSAP2. In
the QTL region between 23.52 and 23.58 Mb on BTA15,
43 of the 709 tested SNPs were detected as suggestively
associated with antibody response to E hepatica; no gene
was identified in, or overlapped with, this QTL region.

O. ostertagi

We found no SNP significantly associated with antibody
response to O. ostertagi (q value<0.05), but nine SNPs
were detected for antibody response to O. ostertagi with
a p value lower than 107° (Table 3). Of these nine SNPs,
seven had a frequency of the favourable allele lower than
0.1, and one SNP was classified as an intronic variant in
the GPA33 gene and the remaining eight as intergenic
variants. Forty-two QTL were identified as suggestively
associated with antibody response to O. ostertagi (p
value < 107> see Additional file 4: Table S4). In total, 134
SNPs were identified as suggestively associated with anti-
body response to O. ostertagi. The QTL region between
94.02 and 98.01 Mb on BTA12 harboured 21 SNPs sug-
gestively associated with antibody response to O. ostert-
agi; no gene was located in this region.

N. caninium

Five SNPs with a q value lower than 0.05 for antibody
response to N. caninium were located on BTA21 (2
SNPs) and 25 (3 SNPs), respectively. In the QTL region
between 13.04 and 14.10 Mb on BTA25, one of the three
SNPs was classified as an intronic variant in the PARN
gene and the other two as downstream variants on the
micro-RNA gene, bta-mir-365-1. SNP rs133449464, that
was classified as an intronic variant in the PARN gene,
was the most strongly associated (p value =2.56 x 10717
with antibody response to N. caninium (Table 4). The
frequency of the favourable allele at SNP rs133449464
was only 0.005 and none of the cows included in the
dataset was homozygous for the favourable allele. The
two SNPs on BTA21 with a q value lower than 0.05 were
located within the QTL between 55.07 and 56.27 Mb and
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classified as intronic variants in the genes PPIP5K1 and
PDIA3; one of these two SNPs was also classified as a
downstream variant in the gene CATSPER?2.

In total, 248 suggestive and significant SNPs were asso-
ciated with antibody response to N caninium; only five
of these 248 SNPs had a MAF higher than 0.1. Forty-one
QTL were identified as associated with antibody response
to N. caninium, of which eight contained only one SNP,
since the suggestive SNP was not in LD (r*>0.5) with
any other SNP in the flanking region of 5 Mb; the largest
of the 41 QTL regions was 6,332,498 bp long (between

106.93 and 113.26 Mb) on BTA1 (see Additional file 5:
Table S5). Almost half of the suggestive SNPs associated
with antibody response to N. caninium were located in
only three QTL regions, between 45.13 and 49.15 Mb
on BTA1 (24 SNPs), between 106.93 and 113.26 Mb on
BTA1 (66 SNPs) and between 57.83 and 58.95 Mb on
BTA14 (30 SNPs).

Gene set enrichment
Of the 102 protein-coding genes, which either over-
lapped with, or were within QTL regions of suggestive
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SNPs for F hepatica-damaged liver, DAVID identi-
fied 97 for the gene set enrichment analysis. The most
strongly associated pathways and gene ontology (GO)
sets with E hepatica-damaged liver are in Additional
file 6: Table S6. Three pathways and 11 GO sets were
identified with a p value lower than 0.05. The pathway
R-BTA-381753 had the strongest association with E
hepatica-damaged liver and included 11 genes from the
gene set. The GO set with the strongest association (p
value =9.50 x 107%) with E hepatica-damaged liver was
the biological process of ion transmembrane transport,
which included four genes from the gene set.

Gene sets submitted to DAVID consisted of 324
genes for antibody response to F hepatica, 333 genes
for antibody response to O. ostertagi, and 429 genes
for antibody response to N. caninum. In total, DAVID
recognised 307, 289, and 373 genes for antibody
response to E hepatica, O. ostertagi and N. caninum,
respectively. The top five ranked pathways for anti-
body response to E hepatica, O. ostertagi, and N. cani-
num are in Additional file 7: Table S7 and the five GO
sets that were most highly associated with antibody
response to E hepatica, O. ostertagi, and N. caninum
are in Additional file 8: Table S8.

Five pathways and 28 GO sets were significantly (p
value <0.05) associated with antibody response to
E hepatica. The top ranked pathway and GO set for
antibody response to F hepatica was R-BTA-2142712
(which included three genes from the gene set; see
Additional file 7: Table S7) and lipoxygenase pathway
(included six genes from the gene set; see Additional
file 8: Table S8), respectively. For antibody response
to O. ostertagi, we found 14 pathways and 28 GO sets
with a p value lower than 0.05. A strong association
was identified between the pathway olfactory trans-
duction (p value=2x 107'°) and antibody response
to O. ostertagi; 60 genes were included in this pathway
and were also identified in QTL regions associated
with antibody response to O. ostertagi (see Additional
file 7: Table S7). The GO biological process of G-pro-
tein coupled receptor signalling pathway was strongly
associated with antibody response to O. ostertagi (p
value =5.40 x 107>% see Additional file 8: Table S8).

In the gene set enrichment analysis of antibody
response to N. caninum, 19 pathways and 23 GO sets
were identified as significant (p value<0.05). The
alpha-linolenic acid metabolism pathway was associ-
ated with antibody response to N. caninum with a p
value lower than 2.70 x 10~ (see Additional file 7:
Table S7). The GO metabolic function, phospholipase
A2 activity, had the strongest association with anti-
body response to N. caninum (p value=4.90 x 1077;
see Additional file 8: Table S8).
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Discussion

The globally widespread prevalence of endo-parasites in
dairy and beef cattle is of major concern [1], since para-
sitic infection is associated with reduced overall animal
performance and compromised animal health and wel-
fare [32, 33]. Although there are many shortcomings of
using anthelmintic treatments, a single annual anthel-
mintic treatment is still the mainstay control strategy for
E hepatica and O. ostertagi in cattle [9, 34]. For the pre-
vention of N. caninum infection, herd biosecurity is the
major control strategy adopted in herds [35]. Since sev-
eral studies have shown that E hepatica, O. ostertagi, and
N. caninum display genetic diversity, genetic selection
for resistant cattle could be a complementary approach
to current control strategies [8, 10, 11]. In addition, the
existence of large genetic variation for endo-parasites in
cattle suggests the presence of variability at the genome
level, which governs inter-animal variability in suscepti-
bility to endo-parasites. Information at the genome-level,
pertaining to the ability of cattle to resist to parasitic
infection, could help develop novel pharmaceuticals
and diagnostic tests and implement genome-enabled
selection. Consequently, knowledge of the biology that
underlies such resistance to parasitic infection could help
reduce the prevalence of endo-parasites in cattle, and at
the same time reduce the reliance on anthelmintic treat-
ments. Therefore, the objective of our study was to locate
genomic regions that contribute to the ability of cat-
tle to resist infection to E hepatica, O. ostertagi and N.
caninum.

Benefit of using whole-sequence data

It is important to note that our analyses were done on
imputed sequence data, which may contain errors [36],
and thus to alleviate this issue, rare variants with a MAF
lower than 0.2%, SNPs that deviated from Hardy—Wein-
berg equilibrium (in a larger population to more conclu-
sively identify genotyping errors and abnormalities), and
SNPs in regions with a high Mendelian error rate were
removed, as described in the Methods section.

To evaluate the benefit of using (imputed) whole-
genome sequence in association analyses in cattle, we
carried out an additional analysis in which only 50 k and
HD SNPs were used (see Additional file 9: Figure S1).
When the associations that we detected were limited
to only SNPs on either the 50 k or HD panels, no SNP
was identified with a p value lower than 107° for any of
the parasite phenotypes investigated. In addition, only
4 and 2% of the QTL detected for antibody response to
E hepatica and O. ostertagi, respectively, and no QTL
for E hepatica-damaged liver and antibody response
to N. caninum would have been identified if only 50 k
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SNPs were used instead of the imputed whole-genome
sequence data. Furthermore, if we had used only the
HD SNPs instead of the imputed whole-sequence data,
only 4% of QTL reported here would have been detected
for F hepatica-damaged liver and only 11, 5 and 0% of
QTL would have been detected for antibody response
to E hepatica, O. ostertagi, and N. caninum, respectively.
Therefore, the majority of the causal SNPs or SNPs in LD
with causal SNPs for parasitic diseases in cattle are absent
on the 50 k and HD panels, which highlights the benefit
of using whole-sequence data to identify more precisely
the regions of the genome associated with specific traits.
It should also be noted, that our study included multi-
ple breeds, which may not be a representative dataset of
other studies.

Comparison to previous genomic studies on parasitic
diseases

A limited number of previous studies have attempted to
locate genomic regions associated with endo-parasitic
diseases in cattle, but none used antibody response or
liver damage phenotypes to identify regions of the bovine
genome associated with parasitic diseases. In their anal-
ysis of 768 Dutch dairy cows using 153 microsatellite
markers, Coppieters et al. [11] documented that FEC was
associated with the QTL between 22.96 and 25.23 Mb
on BTA19 and concluded that the gene located in this
region, ITGAE, was involved in the immune response
to parasitic diseases. Although, in our study, the QTL
between 22.96 and 25.23 Mb on BTA19 did not include
any suggestive SNPs, a nearby region, located between
25.26 and 32.86 Mb, contained six suggestive SNPs for
antibody response to F hepatica (p values ranging from
6.59x107° to 8.09 x 107%). Thus, one or more QTL
regions on BTA19 may be associated with resistance to
parasitic diseases.

In a study on 584 Angus cattle, Kim et al. [15]
reported that 12 regions on the bovine genome con-
tributed to significant genetic variation in FEC; to our
knowledge, this is the only previous study that used
dense genome-wide SNP genotypes (31,165 SNPs
after edits) to map genomic regions associated with
endo-parasitic diseases in cattle. In our study, the
QTL between 65.23 and 67.30 Mb on BTA7 contained
the most suggestive SNPs (21 SNPs) associated with
E hepatica-damaged liver, and this region overlaps
with one of the QTL (64.19 to 66.89 Mb) identified by
Kim et al. [15]. One of the genes that we detected in
this region, i.e. GRIAI, was previously reported to be
associated with ovulation rate in 639 Japanese Black
cattle [37]. However, Cushman et al. [38] reported that
GRIA1I had no influence on ovulation rate in a study of
139 crossbred beef cows. In humans, GRIAI has been

Page 13 of 17

linked to the neurological disease schizophrenia [39,
40], asparaginase hypersensitivity [41], and migraines
[42]. In our study, we found that GRIAI was involved
in two pathways, which were over-represented for E
hepatica-damaged liver and are linked to the neurology
of the animal, amyotrophic lateral sclerosis, and neuro-
active ligand-receptor interaction. Although ectopic E
hepatica infection has been reported to cause neuro-
logical diseases in humans [43, 44], there are no clini-
cal reports of neurological diseases in cattle associated
with lesions in the central nervous system.

Kim et al. [15] also documented a QTL region, located
between 48.67 and 66.21 Mb on BTA6, which was sug-
gestively associated with FEC in 584 Aberdeen Angus
cattle. In our study, we detected a QTL region (contain-
ing 18 suggestive SNPs) on BTA6 associated with anti-
body response to E hepatica within the region previously
reported by Kim et al. [15]. We found four protein-cod-
ing genes (UBE2 K, N4BP2, PDS5A, and RHOH) and one
RNA gene (SnRNA) that were located within this region
on BTA6. The RHOH gene likely plays a role in the deter-
mination of the antibody response to FE hepatica, since
it is involved in the activation of mast cells, which are
known to increase in numbers in response to E hepatica
infection [45]. There was no overlap between the asso-
ciations identified by Kim et al. [15] with FEC and those
identified here for antibody response to either O. ostert-
agi or N. caninum.

In a study based on only four sheep that were experi-
mentally infected with F hepatica, Alvarez Rojas et al.
[46] identified the lipoxygenase pathway with an over-
representation of genes that were both up-regulated and
down-regulated in peripheral blood mononuclear cells,
2 weeks after infection. These results are supported by
our findings on the association of the lipoxygenase path-
way and other pathways linked to arachidonic acid with
antibody response to E hepatica. This was expected since
arachidonic acid, which is a polyunsaturated omega-6
fatty acid, is documented as suppressing the Thl immune
response in mice [47, 48] that decreases during E hepat-
ica infection [49]. Furthermore, studies comparing cows
supplemented or not with a range of polyunsaturated
fatty acids showed that those that were supplemented
had higher levels of T-helper cells, T-cytotoxic cells, cells
that expressed IL-2 receptors, and CD62 adhesion mol-
ecules [50], as well as a higher mean lymphocyte prolif-
eration and higher titers of anti-OVA IgG [51].

In our study, we also expected that there would be very
little overlap between QTL regions associated to the two
phenotypes for E hepatica, since Twomey et al. [8] found
only a weak genetic relationship between E hepatica-
damaged liver and antibody response to E hepatica (0.37;
SE=0.28).
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Regions strongly associated with N. caninum

To date, the significant regions associated with antibody
response to N. caninum on BTA21 and 25 had not been
reported to be associated with endo-parasitic diseases
in cattle. The favourable alleles for the most significant
SNP on BTA21 and 25 had a frequency of only 0.003 and
0.005, respectively, which suggests that, if this frequency
increased, more genetic gain is potentially possible. How-
ever, when we analysed exclusively the 3038 purebred
Holstein—Friesians in our study, the allele frequency of
the most significant SNP on BTA21 and 25 dropped to
0.002 and 0.001, respectively and these SNPs were not
associated with antibody response to N. caninum (p
value >0.06). Nevertheless, the most significant SNP on
BTA25 in the multi-breed analysis was an intronic vari-
ant located in the PARN gene, which encodes an enzyme
(PARN) that has a role in early foetal development [52].
In cows, the gene PARN has been linked to embryo loss,
since the level of PARN mRNA was lower in persistent
follicles (‘ageing’ follicles associated with embryo loss)
than in growing follicles [53]. N. caninum infection in
females can result in abortion or embryo loss [35] and in
reduced reproductive performance [10], thus the asso-
ciation that we observed between PARN and antibody
response to N. caninum is supported by the association
between PARN and embryo loss.

Identification of possible novel candidate genes
We identified that SNP rs384464701, an intronic variant
in the FTO gene on BTA18, was associated with E hepat-
ica-damaged liver but the frequency of its favourable
allele (0.988) was very high, thus, the potential gains for
phenotypic improvement in resistance are very limited;
in fact, the allele is fixed in the two British breeds of the
301 purebred Aberdeen Angus and 164 purebred Her-
efords included in our study. Analysis of the 1248 pure-
bred Holstein—Friesians (i.e., > 87.5% Holstein—Friesian)
in our study revealed that this SNP rs384464701 had a p
value of 3.91 x 107* and the frequency of its favourable
allele was 0.003. FTO is known to have a strong asso-
ciation with human obesity [54]. Bravard et al. [55] sug-
gested that FTO has a role in the metabolic regulation of
the liver. In cattle, variants of the FTO gene have previ-
ously been associated with both growth and carcass traits
[56, 57] as well as with fat and protein yield in milk [58];
taken together, these results suggest that FTO may be
involved in energy homeostasis. However, Twomey et al.
[10] reported that E hepatica-damage liver had little or
no genetic association with milk production and carcass
merit in cattle.

Regarding the antibody response to O. ostertagi,
we detected a SNP at 1,746,600 bp located on BTA3
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in the GPA33 gene that was associated with a p value
of 7.74 x 1077; there were 17 other suggestive SNPs
identified in this region between 0.95 and 6.39 Mb on
BTA3. Although, the frequency of the favourable allele
(<0.004) was low for all these suggestive SNPs, GPA33
is a likely candidate gene associated with antibody
response to O. ostertagi. Indeed, in a study on mice,
Williams et al. [59] reported that GPA33 was important
for the intestinal barrier function, and thus it may have
a role in the defence of gastrointestinal nematodes such
as O. ostertagi.

Avoidance of parasitic diseases

Research on animal resistance to disease focuses
mainly on the immune response [60, 61]. Neverthe-
less, the coevolution of animals and parasites has led
to the development of animal behavioural strategies,
including an avoidance strategy, to minimize parasite
infection [62]. One such avoidance strategy is avoiding
faecal areas caused by an odour cue, since the major-
ity of parasites will be located in areas near (or within)
faecal material [62]. In a study on 16 Aberdeen Angus
steers, Smith et al. [63] observed that cattle avoided
grazing areas contaminated by faeces, with the excep-
tion of rabbit faecal material. In a study on 20 sheep,
Hutchings et al. [64] reported that ewes classified as
genetically resistant to parasitic diseases displayed a
different grazing behaviour compared to ewes classified
as genetically susceptible to parasitic diseases; ewes
that were considered as genetically resistant did not
graze areas contaminated by faeces. As suggested by
Twomey et al. [8], avoidance strategies may contribute
to the genetic differences observed among cattle for dif-
ferent parasite phenotypes. Although, avoidance tech-
niques by livestock may depend on visual clues, odour
clues are most likely also involved.

Our findings suggest that cattle use odour cues as
part of an avoidance strategy for the three endo-para-
sites studied here, since at least one pathway and GO
set involved in the olfactory system were significant
(p value<0.05) for each of the parasite phenotypes. In
addition, the only region on the bovine genome, that
contained QTL that were suggestively associated to F
hepatica-damaged liver and antibody response to E
hepatica, included a large number of olfactory receptor
genes. This suggests that a proportion of the genetic vari-
ation observed for parasitic diseases may be linked to the
ability of cattle to avoid infective larvae. Nevertheless,
since genes in these suggestive regions were used in the
gene set enrichment analysis, further research is needed
to support the concept that cattle avoid infection through
odour cues.
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Conclusions

We identified a large number of QTL regions that
were associated with the endo-parasite phenotypes
investigated in our study. We observed strong asso-
ciations between genomic regions on BTA21 and 25
with antibody response to N. caninum; the associated
favourable alleles had a low frequency in the stud-
ied population, which suggests that large genetic gain
could be achieved.
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