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SUMMARY

T'wo single nucleotide polymorphisms (SNP TXNIP and SNP ARN'T), both on chromosome 4, have been reported to be
associated with roundworm (Ascaris suum) burden in pigs. In the present study, we selected pigs with two SNP TXNIP
genotypes (AA; n =24 and AB; n = 24), trickle-infected them with 4. suum from 8 weeks of age until necropsy 8 weeks later,
and tested the hypothesis that pigs with the AA genotype would have higher levels of resistance than pigs of AB genotype.
We used different indicators of resistance (worm burden, fecal egg counts (FEC), number of liver white spots and 4. suum-
specific serum IgG antibody levels). Pigs of the AA genotype had lower mean macroscopic worm burden (24 vs 19-3;
P =0-06), lower mean total worm burden (26-5 vs 70-1; P=0-09) and excreted fewer 4. suum eggs at week 8 PI (mean
number of eggs/g feces: 238 vs 1259; P =0-14) than pigs of the AB genotype, as expected based on prior associations. The
pigs were also genotyped at another locus (SNP ARN'T) which showed a similar trend. This study provides suggestive
evidence that resistant pigs may be selected using a genetic marker, TXNIP, and provides further support to the quantitative
trait locus on chromosome 4.

Key words: Ascaris suum, pig, single nucleotide polymorphism, resistance, immunity, host genetics, TXNIP, ARNT,
genetic marker.

INTRODUCTION differ in resistance to gastrointestinal nematodes
due to genetic variation (Ackert et al. 1935; Johnson
et al. 1975; Mugambi et al. 1997; Gauly et al. 2002;
Oliveira et al. 2009; reviewed by Saddiqi et al. 2011).
Work in laboratory models has shown similar differ-
ences in resistance between host strains (Dow and
Jarrett, 1960; Mitchell et al. 1976; Lewis et al. 2006).
We here define resistance as the ability to suppress
establishment and/or subsequent development of
infection due to development of immunity (Albers
et al. 1987; Coustau et al. 2000) and we define sus-
ceptibility as the inverse of resistance (Gray, 1995).
Helminths typically induce a polarized Ty2-type
response which includes both innate and adaptive
components (Dawson et al. 2005; reviewed by
Anthony et al. 2007 and Pulendran and Artis, 2012).

At the population level helminths are usually
highly over-dispersed with a fraction of the indivi-
duals harbouring the majority of the parasites (e.g.
Crofton, 1971; Croll et al. 1982) and there is now
increasing evidence that this distribution to a large

Helminth infections in livestock remain a global
challenge despite decades of research efforts. In pigs,
infections with the nematode Ascaris suum occur
worldwide in both intensive and extensive pro-
duction systems (e.g. Peng et al. 1996; Nissen et al.
2011) and a recent survey showed that 4. suum was
found on 76% of Danish sow farms (Haugegaard,
2010). Ascaris suum infections may cause decreased
weight gain and also give rise to liver condemnation at
slaughter due to white spots caused by migrating
larvae (reviewed by Thamsborg et al. 2013). With the
risk of emergence of anthelmintic resistance, alter-
natives to chemotherapy are highly warranted to
ensure sustainable control in the future (reviewed by
Hoste and Torres-Acosta, 2011).

Since the early decades of the last century there
has been a growing awareness that livestock breeds
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Indeed, quantitative genetic studies of different
nematode infection traits (worm burden, fecal egg
counts (FEC), worm length) have found medium
to high heritabilities in both human and domestic
animal populations, including pigs (reviewed
by Kloosterman et al. 1992; Stear et al. 1997;
Williams-Blangero et al. 1999; Zinsstag et al. 2000;
Nejsum et al. 2009a). QTL (quantitative trait locus)
studies have found several regions of the genome that
apparently are involved in resistance to helminths
(Iraqi et al. 2003; Dominik et al. 2010; Silva et al.
2012). However, in many cases, these QT Ls have not
been validated in independent populations and the
underlying genes explaining the differences in sus-
ceptibility have not yet been identified.

In pigs, a QTL on chromosome 4 associated
with resistance to A. suum was recently detected
(Skallerup et al. 2012). The authors found two single
nucleotide polymorphisms (SNPs), O0_TXNIP_
DS087128.1_2_2 (TXNIP) and O_ARNT_
DS076761.1_18 (ARNT), which were associated
with total worm burden and/or adult worm burden
in cross-bred Danish Duroc/Llandrace/Yorkshire
(DLY) pigs. Hence, pigs with the ‘resistant’ AA
genotype at the TXNIP locus had a mean total
burden of 16 worms, whereas pigs with the ‘suscep-
tible’ AB genotype had a mean burden of 41 worms,
i.e. the heterozygotes had a 2-5-fold higher total
worm burden than the homozygotes (Skallerup et al.
2012). The present study was conducted in an
independent group of cross-bred DLY pigs from a
commercial farm which were selected based on their
SNP TXNIP genotype (AA, AB). These pigs were
then experimentally infected with A. suum to validate
the hypothesis that pigs with the AA genotype would
have lower worm burdens than pigs with the AB
genotype.

MATERIALS AND METHODS
Experimental animals

Previous research has shown that individuals
homozygous for the B allele at the SNP 0_TXNIP_
DS087128.1_2_2 (TXNIP) locus have a low fre-
quency in Danish mixed breed pigs and that this
allele seems to be associated with A. suum suscepti-
bility (Skallerup et al. 2012). Hence, it was only
possible to include two genotypes (AA, AB) in the
study. Power analysis showed that a group size of 24
pigs would be sufficient to demonstrate a significant
difference in macroscopic A. suum burden between
the two SNP TXNIP genotypes, assuming an effect
size similar to our previous study (~ 2-5-fold higher
mean worm burden in heterozygous pigs compared
with pigs homozygous for the allele increasing resis-
tance). In order to identify pigs with the genotypes
needed for the study, 112 cross-bred piglets (Danish
Landrace/Yorkshire/Duroc) on a commercial specific
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pathogen-free farm were screened prior to inclusion.
Mucosa cells from the oral cavity for DNA extraction
were obtained using a gynobrush (Abena Ltd.,
Aabenraa, Denmark) and piglets were genotyped as
described below. All genotypes were validated using
DNA from blood samples taken on day 55 post first
infection (PI).

Housing

The study was approved by the Animal Experiments
Inspectorate, Ministry of Justice, Denmark
(Ref. 2010/561-1914). Care and maintenance of all
animals were in accordance with applicable Danish
and European guidelines. Fifty-two pigs (Naa = 27;
Nap=25) from 10 different litters (two to eight
piglets from each litter) were selected for the study.
The farmer used mixed semen to produce the litter-
mates which were thus full-sibs or half-sibs. The
pigs were kept at the animal facility at the National
Veterinary Institute, Denmark; upon arrival at
7 weeks of age they were allocated into three pens
with concrete floors ensuring an equal distribution of
genotype, litter of origin, sex and weight in each pen.
The pens were littered with wood shavings on a daily
basis, and water was provided ad libitum. In order to
optimize worm establishment, the animals were fed a
diet consisting of ground barley supplemented with
proteins and minerals (Petkevicius et al. 1995; Bjorn
et al. 1996). The piglets were treated prophylactically
against Lawsonia spp. (tiamulin (Denagard Vet™)
10-25mgkg ! intramuscularly for 3 days) during
the first week. Mean weight (£s.D.) of the AA and AB
groups on day 0 PI was 13-5kg (£2-5) and 13-4 kg
(£2-4), respectively.

Phenotypic traits

The experimental protocol to generate parasite
indicator traits involved trickle
A. suum. Hence, after 1 week of acclimatization,
pigs of AA and AB genotypes (Naa =27; Nag=25)
were experimentally infected with A. suum eggs
(25 eggskg™ ' day™ ") twice per week. One pig of
each genotype was euthanized on day 13 PI as

infections with

described below; in addition, two pigs of genotype
AA died during the experiment and were excluded
from the analysis. Based on previous experience
(Nejsum et al. 2009a, b), the utilized inoculation dose
was expected to give a high prevalence of macroscopic
worms. Embryonated parasite eggs used for infec-
tions were prepared from female A. suum worms
collected at a Danish slaughterhouse as described
elsewhere (Oksanen et al. 1990). The first egg
suspension was given orally via a plastic syringe at
the base of the tongue; subsequently, the eggs were
given in the feed on a pen basis.

The pigs were euthanized using a captive bolt
pistol followed by exsanguination on days 55-59 PI.
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After removing the viscera, the small intestine was
opened longitudinally, washed in lukewarm saline
(0-9%) and gently pulled between two fingers to
remove the mucus. Any macroscopic A. suum worms
(large juveniles and adults) were removed and
counted. Ascarid larvae were isolated by the agar-
gel method (Slotved et al. 1997) and total larval
burden calculated by extrapolation from a 20%
aliquot count. All worms were stored in 70% ethanol
until they were counted. The liver was carefully
examined, and white spots caused by migrating
larvae were counted and classified as the diffuse
granulation-tissue type or the lymphonodular type
(Ronéus, 1966; Copeman and Gaafar, 1972); all livers
were examined by the same person who was blinded
to pig genotype. The infectivity of the A. suum egg
batch was tested in two pigs (one AA and one AB)
which were euthanized on day 13 PI, and the number
of larvae in the small intestine assessed as described
above (larval burden was calculated by extrapolation
from a 50% aliquot count). The recovery was 32%
(AA pig) and 42% (AB pig) of the total dose given on
days 0 and 3 PI.

Feces were sampled rectally at day 0 PI and weekly
from week 5 PI until slaughter. Egg counts were
determined using a modified McMaster method with
an analytical sensitivity of 20 eggs per gram of feces
(epg) (Roepstorff and Nansen, 1998). Samples taken
at week 8 PI were processed and counted in duplicate,
and the mean of the two measurements was used in
the statistical analysis.

Blood samples were collected on days —3 (two
pens), 0 (one pen) and 55 PI (all pens) to test the
antibody response to A. suum antigen preparations.
Blood samples were refrigerated overnight and subse-
quently centrifuged (1763 g, 10 min). Serum was
then frozen at —20 °C until analysis. Whole-blood
samples (EDTA tubes) were taken on day 55 PI and
kept at —20 °C until analysis.

For the preparation of adult A. suum (adult-As)
antigen, adult worms were collected at a slaughter-
house in Japan, homogenized and incubated at 5 °C
overnight. The extract was centrifuged (14000 g,
10 min, 5 °C) and the supernatant was then isolated.

Ascaris suum lung L3 larvae (LLL3) were collected
from male Japanese white rabbits (Kyodo,
Kumamoto, Japan) using the Baermann method as
described elsewhere (Yoshida et al. 2012). LL3
larvae were cultured (37 °C) in 6-well culture plates
(Nunc, Roskilde, Denmark) containing RPMI
1640 medium (Wako, Osaka, Japan) supplemented
with 100 ug mL ™" of streptomycin, 100 UmL™"' of
penicillin and 250 ngmL™"! of amphotericin B (all
from Gibco, Rockville, MD, USA). Supernatants
were collected 7, 14, 21 and 28 days after incubation,
pooled, and subsequently concentrated using ultra-
filtration (Amicon® Ultra-15 3K, Millipore,
Billerica, MA, USA). LL3 excretory/secretory anti-
gen (LL3-ES) concentration was determined by
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Quant-1'T™  Protein
Carlsbad, CA, USA).

Infective A. suum 1.3 larvae (1L.3) were produced
from eggs isolated from female worms collected at
a slaughterhouse in Japan. The eggs were kept in
sulphuric acid (0-1 N) and embryonated (8 weeks,
27 °C), then mechanically hatched in a beaker with
1-5-2-5mm glass beads (30 min, 37 °C). The sus-
pension was passed through a 425um sieve to
remove glass beads, then larvae were isolated by the
Baermann method and cultured as described above.
1.3 excretory/secretory antigen (iLL3-ES) was ob-
tained from pooled culture supernatants collected 7,
14, 21 and 28 days after incubation, then concen-
trated and its protein concentration assessed as
described for LL3-ES.

Flat-bottomed 96-well plates (MaxiSorp, Nunc,
Roskilde, Denmark) were coated with adult-As,
LL3-ES or iL3-ES A4. suum antigen (1 ug mL™;
50uLwell™") in  0:05M carbonate-bicarbonate
coating buffer (pH 9:6) and incubated at 5°C
overnight. The plates were washed three times with
PBST (0-:01 m phosphate, 0:-15 M sodium chloride,
pH 7:2 and 0-05% Tween 20) in a microplate washer
(BioTek, Winooski, VT, USA), blocked with 150 xL
10% caseine TBS per well and incubated for 2h
at room temperature (RT). Serum diluted 1:1000
(adult-As), 1:2000 (LL3-ES), or 1:500 (iLL3-ES)
in 10% caseine TBS was added to each well
(50 uLL well™ 1), incubated for 1:5h at RT, and wells
were then washed again three times. Fifty ul.
horseradish peroxidase-labelled goat anti-swine IgG
(gamma chain) (KPL, Gaithersburg, MD, USA)
diluted 1:2000 in 10% caseine TBS buffer was added
to each well and incubated for 1-5 h at RT. The plates
were washed three times and incubated 10 min at RT
after addition of 50 uL. 3,3",5,5'-tetramethylbenzidine
(KPL, Gaithersburg, MD, USA) to each well.
The reaction was stopped with 25 uL. sulphuric acid
(1 M) per well and OD values were read at 450 nm
(Multiskan EX, MTX Lab Systems Inc, VA, USA).
As positive control we used a single anti-A. suum [gG
positive serum sample from a pig trickle-infected
with A. suum.

Assay Kit (Invitrogen,

DNA extraction and SNP genotyping

DNA was extracted from oral mucosa cells using the
Wizard® Genomic DNA Purification kit (Promega,
Madison, WI, USA) according to the manufacturer’s
instructions. The quantity and quality of DNA was
measured using a NanoDrop 1000 spectrophoto-
meter (Thermo Fischer Scientific). Genotyping was
performed using a custom-made TagMan® SNP
Genotyping Assay (Applied Biosystems, Carlsbad,
CA, USA) on a Stratagene Mx3000P™ (Agilents,
Santa Clara, CA, USA). All assays were run in a total
volume of 15ul. with 20ng of genomic DNA as
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template according to the manufacturer’s instruc-
tions. The PCR programme was as follows: Initial
denaturation (95 °C, 10 min) followed by 48 cycles
(92°C, 20s; 60°C, 1min). The MxPro software
(Stratagene) was used for allele discrimination. All
animals included in the final analysis (N =48) had
their genotypes validated using DNA from whole-
blood samples. DNA was extracted using a salting
out procedure as described by Miller et al. (1988)
with minor modifications. The quantity and quality
of DNA was measured as described above.

Location of single nucleotide polymorphisms and
quantitative trait locus associated with A. suum burden

In the recent assembly (sscrofal0.2) of the porcine
genome (Groenen et al. 2012) (http://www.ensembl.org),
the QTL associated with resistance to A. suum
(Skallerup et al. 2012) maps to SSC4: 106,139,259-
109,133,240. This region is flanked by the genes
TCHHL1 and POLR3C. In sscrofal0.2, SNP
TXNIP maps to SSC4: 108,992,540; SNP ARNT
maps to SSC4: 107,609,772.

Statistical analyses

Power analysis (80% power; 5% significance level)
was performed in R (R Core Team, 2012) using
power.t.test. Effect size (0-73) and variance estimates
were calculated from log-transformed macroscopic
worm burden data from a previous trickle-infection
study using the same dose and which showed that
the ‘susceptible’ genotype had 2-5-fold higher mean
worm burden than the ‘resistant’ genotype (Nejsum
et al. 2009a; Skallerup et al. 2012).

The association analyses between the two single
nucleotide polymorphisms (SNPs) and traits related
to A. suum infection were performed using a mea-
sured genotype approach (Boerwinkle et al. 1986) as
implemented in the software package SOLAR
version 4.2.7 (Texas Biomedical Research Institute,
San Antonio, TX, USA) (Almasy and Blangero,
1998). Sex and starting weight were fitted as fixed
effects and litter and pen were fitted as random effects
(to account for additive genetic effects and shared
environmental effects, respectively). SNP genotypes
were converted into measured covariates (fixed
effects) by coding the number of copies of the rarer
allele (0-2) thus assuming additivity of allelic effects.
The measured genotype analysis tests whether there
is a significant difference between the genotypic
means (Havill et al. 2005).

In the analyses, each pen was treated as a separate
household with shared environment. Since the farm-
er used mixed semen, we had no information about
paternal origin of the piglets. Hence, we conserva-
tively modelled that all piglets in each litter had the
same father (i.e. assuming that piglets were full sibs
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Fig. 1. Number of macroscopic Ascaris suum in
individual pigs homozygous (N = 24) or heterozygous
(N = 24) at the single nucleotide polymorphism (SNP)
0_TXNIP_DS087128.1_2_2 (TXNIP) locus. Means are
indicated with horizontal lines.

and thus more related to each other than they
probably were in reality), and that different litters
were unrelated (i.e. we modelled that each sow was
sired to one of nine designated model boars).

Data were normalized prior to analysis, if needed,
using either the log10 transformation (total A. suum
burden, FEC, lymphonodular type liver white spots)
or the inverse Gaussian density distribution (macro-
scopic A. suum) to ensure that the phenotypes did not
violate the assumptions underlying variance com-
ponents analysis. Based on previous work (Skallerup
et al. 2012) we expected a priori pigs in the AB group
to have higher worm burdens than pigs in the AA
group. Hence, in the analyses of macroscopic worm
burden, total worm burden and FEC, we used a
one-sided test whereas for the other traits we used
a two-sided test. We chose a significance level of
P=0-05. The correlation between worm burdens
and A. suum-specific antibody titres was determined
from the Spearman correlation coefficient calculated
in GraphPad Prism version 5.04 for Windows
(GraphPad Software, San Diego, CA, USA).

RESULTS

Piglets were confirmed negative for A. suum infection
as tested by FEC day 0 PI. In addition, all pigs were
found seronegative to adult-As antigen before the
start of the experiment. T'wo pigs of genotype AA
died during the experiment for reasons not related
to the study treatment and were excluded from the
analysis.

A total of 13 pigs (4 of AA genotype and 9 of AB
genotype) had macroscopic A. suum at slaughter
(Fig. 1; Table 1). Three pigs (all in the AB group) had
more than 90 macroscopic A. suum. Mean A. suum
intensity of AB pigs was 3-6 times higher than in AA
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Table 1. Statistics for association of two single nucleotide polymorphisms (SNPs) with macroscopic Ascaris suum burden, total A. suum burden and fecal egg

counts. Sex and weight at start of experiment were included as fixed effects. Litter and pen were fitted as random effects

Fecal egg count (epg) (week 8 PI)

Total A. suum burden

Macroscopic 4. suum burden

Mean £ s.D.

Mean *s.D.
infected (%) Max (median)

Numbers

Mean *s.D.
infected (%) Max (median)

4(17)
9 (38)
3 (16)
9 (35)
1(33)

Numbers

Genotype

(N)

P-value

(median)

Max

P-value

P-value

SNP

0-1365

238%823 (10)
1259%3165 (20)

4030
12260
620

0-0898

26-5%23-0 (15)
70-1+79-2 (40)
2754236 (15)
52-4+60-7 (28)

70
290
70
265
290

23 (96)
22 (92)
18 (95)

24 (92)
3 (100)

0-0589

24457 (0)
19:3453-3 (0)

20

225
20

225

AA (24)
AB (24)

AA (19)

(TXNIP)
0_ARNT_DS076761.1_18

0_TXNIP_DS087128.1_2 2

831178 (10)
12260 13183095 (20) 0-2615

22456 (0)
18-4+51-3 (0) 0-1488

0-0603

AB (26)
BB (3)

(ARNT)

20410 (20)

30

145-31£142-1 (140)

0-:3£0:6 (0)

1
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pigs and the difference in abundance between the two
genotypes approached significance (P = 0-06).

Previous work in our group has confirmed the
association of another SNP, ARNT, with adult 4.
suum burden (Skallerup et al. 2012), and pigs were
thus genotyped at the ARNT locus as well. The
linkage disequilibrium (#*) between the two SNPs
(TXNIP, ARNT) was estimated to be 0-78. All three
genotypes of the ARN'T polymorphism were found
and genotypic means for the different traits are pres-
ented in Tables 1 and 2. The AB genotype (SNP
ARNT) had higher mean macroscopic A. suum
burden than the AA genotype (184 vs 2-2; Table 1;
P=0-15), with the direction of effect being as ex-
pected. Only one of the three pigs with genotype
BB harboured macroscopic worms (one worm,;
Table 1).

For total worm burden we found the same trend as
for the macroscopic worms; pigs with the AB geno-
type (SNP TXNIP) had ~2-6 times higher total
worm burden (both measured as mean and median)
than the AA genotype (Table 1, Fig. 2; P=0-09).
A similar tendency was seen for SNP ARN'T; one
copy of the susceptibility allele (B) doubled the total
worm burden (both measured as mean and median)
whereas carriers of two copies (BB) had a mean worm
burden nearly three times higher than the hetero-
zygotes (Fig. 3; Table 1; P=0-06).

Ascaris suum eggs were detected from week 6 PI
and onwards (Fig. 4). At week 8 PI, AB pigs (SNP
TXNIP) excreted ~ 5 times more eggs than AA pigs
but the difference was not significant (Table 1). A
similar picture was seen for SNP ARN'T.

All pigs had liver white spots at necropsy (Table 2).
There was hardly any difference in total number of
liver white spots between the AA and AB genotypes
for both SNPs, although pigs of the BB genotype
(SNP ARNT) tended to have higher numbers
(Table 2). When considering only the pearl-like
white spots (lymphonodular spots), the heterozy-
gotes (SNP TXNIP) had a slightly higher mean
number than homozygotes (10-6 vs 7-6; Table 2;
P =0-33). A similar effect was seen for the AA and AB
genotypes at SNP ARN'T while carriers of two copies
of the susceptibility allele had twice as many lympho-
nodular spots as the heterozygotes (P<0-05).

OD values for serum IgG antibody response to the
different antigens are presented in Table 2. For all
three antigens tested (adult-As Ag, iLL3-ES Ag and
LL3-ES Ag), the AB group (TXNIP, ARNT) had
higher antibody titres than the AA group. The effect
of SNP TXNIP was strongest for the adult A. suum-
specific antibody response but did not reach signific-
ance (P=0-11). By merging the two genotypes, we
found a significant positive correlation between total
worm burden and adult 4. suum-specific IgG anti-
body titre (P <0-05), and between total worm burden
and LL3-ES specific IgG antibody titre (P<0-05).
Macroscopic worm burden was not correlated with
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Fig. 3. Total number of Ascaris suum in individual pigs
homozygous (Naa = 19; Ngg = 3) or heterozygous

(Nap = 26) at the single nucleotide polymorphism (SNP)
0_ARNT _DS076761.1_18 (ARN'T") locus. Means are

indicated with horizontal lines.

Stankiewicz and Jeska, 1990; Jungersen et al. 1999)
and large, patent worms seem to originate from the
early phase of exposure (Mejer and Roepstorft, 2006;
Nejsum et al. 2009b). In this early phase, the pre-
hepatic barrier is not very effective and although
some larvae are trapped in the liver parenchyma
(Ronéus, 1966; Pérez et al. 2001) and possibly the
lung, nearly 50% may be recovered in the small
intestine shortly after infection (Roepstorft et al.
1997; Helwigh and Nansen, 1999). The majority will
normally be expelled between day 14 and 30 PI,
depending on the infection regime, and this immune
reaction (Miquel et al. 2005) leaves a small fraction
of larvae which grow to maturity (Schwartz, 1959;
Jorgensen et al. 1975; Roepstorft et al. 1997; Nejsum
et al. 2009b).

Unfortunately, the surprisingly low prevalence
of macroscopic worms in our study made it difficult
to determine to what extent the SNP TXNIP marker
was associated with this trait; only 38% of AB
(TXNIP) pigs were positive for this phenotype vs
17% of AA pigs which, however, is twice as high in
‘susceptible’ pigs compared with ‘resistant’ pigs. The
prevalences of macroscopic A. suum in the present
study were lower than in previous experimental
trickle infections using the same infection protocol
(Nejsum et al. 2009a, b). In two of the pens we found
a lower prevalence (24 and 13%) than in the third
(44%) even though the conditions were kept similar,
i.e. same A. suum egg batch, feeding regime, stocking
density and housing. Autoinfection is unlikely to
have taken place because embryonation of 4. suum
eggs requires 10-14 days at 30°C and more than
45 days at 17°C (reviewed by O‘Lorcain and
Holland, 2000). In our study, egg excretion started
week 6 PI and the study was terminated 2 weeks
later. Thus, there was no possibility for uncontrolled
infection. The two pigs examined on day 13 PI
(one from a ‘high-prevalence’ pen and one from a
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Fig. 4. Mean Ascaris suum fecal egg count (epg) during
infection in pigs homozygous (circles; Ny = 24) or
heterozygous (triangles; Nap = 24) at the single
nucleotide polymorphism 0_TXNIP_DS087128.1_2_2
(TXNIP) locus. Error bars represent s.E. of the mean.

‘low-prevalence’ pen) showed recovery percentages
similar to previous studies (Roepstorff et al. 1997).
An analysis of a simulated dataset (assuming that pigs
in all three pens had had same prevalence and inten-
sities of macroscopic A. suum as the third pen)
showed a significant association (P =0-012) between
macroscopic A. suum burden and SNP TXNIP.

As a second direct measure of the host’s ability to
suppress establishment and/or subsequent develop-
ment of infection (Albers et al. 1987) we used total
worm burden. While larvae recovered from the
small intestine in the present study had completed
migration, they were still vulnerable to expulsion,
i.e. some of these larvae would probably have
been expelled from the small intestine if the pig had
been necropsied at a later time-point (Mejer and
Roepstorft, 2006; Nejsum et al. 2009b). We therefore
expected the total worm burden trait to contain more
noise (i.e. a smaller difference between ‘susceptible’
and ‘resistant’ pigs) than the macroscopic worm
burden trait. Nevertheless, we found a clear trend
with the AB group (T'XNIP) having more than twice
as many worms as the AA group (Table 1), most of
which were larvae. These data suggest that part of the
difference in worm burden among the two genotypes
could be explained by differences in pre-hepatic
barrier and/or losses during the hepato-tracheal
migration. Comparing total worm burdens for the
same SNP TXNIP genotypes, Skallerup et al. (2012)
reported effects of a similar magnitude in their
discovery and validation studies.

In addition to the two worm burden traits dis-
cussed above, we looked at FEC as another core trait.
Pigs of the AA genotype (T'XNIP) excreted fewer
A. suum eggs throughout the experiment but the
difference was not significant. Again, the lack of sig-
nificance could be explained by the limited number of
pigs with large, patent worms of which one pig did
not even excrete eggs, possibly due to single-sex
infection (Jungersen et al. 1997). Although several
studies have shown a positive correlation between
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FEC and A4. suum worm burden (Roepstorff and
Murrell, 1997; Roepstorff et al. 1997; Boes et al.
1998), density-dependent reductions of fecundity
may obscure the association between genetic markers
and FEC (Croll et al. 1982; Anderson and Schad,
1985). In addition, egg counts have a large day-to-
day variability e.g. due to variations in feed intake
and consistency of feces and because of a non-
homogeneous distribution of eggs in the feces
(Brown, 1927; Scott and Headlee, 1938; Croll et al.
1982; Anderson and Schad, 1985). Studies of tricho-
strongyles in sheep have demonstrated that genetic
resistance mainly is due to control of worm length
and fecundity rather than worm burden (Stear et al.
1997, 1999). In pigs, this does not seem to be the case
since worm fecundity and worm size were not herit-
able in contrast to high heritability estimates for
A. suum worm burden (Nejsum et al. 2009gq;
Skallerup et al. 2012). This might indicate that
immunity against A. suum is directed towards the
migrating and newly established larvae while differ-
ent mechanisms could have evolved in non-migrating
ruminant trichostrongyles.

Liver white spots develop as an
pathological response to migrating ascarid larvae
(Ronéus, 1966; Urban et al. 1988; Pérez et al. 2001).
The number of liver white spots is related to number
of larvae that have recently (within 3-6 weeks)
migrated through the liver (Eriksen et al. 1980,
1992; Nejsum et al. 2009b) and in this study we used
this parameter as an associated indicator trait for resis-
tance. We expected that resistant pigs would have
fewer liver white spots than susceptible pigs because
they would more effectively establish a pre-hepatic
barrier (Nejsum et al. 2009b). We did not find any
differences in the number of liver white spots be-
tween the two variants of the TXNIP polymorphism
and our results indicate that even in ‘resistant’ AA
pigs, the pre-hepatic barrier was far from being
complete at 8 weeks PI (Tables 1 and 2).

As a second associated trait, we looked at the
A. suum-specific antibody production. For all anti-
gens tested, the IgG antibody response was slightly
higher in the AB group than in the AA group (SNP
TXNIP), though not statistically significant. Pre-
vious work in experimentally and naturally infected
pigs has shown a positive correlation between worm
burden/FEC and IgG antibody titres (Roepstorft
et al. 1997, Roepstorft, 1998; Vlaminck et al. 2012).
Since AB pigs (SNP TXNIP) had higher worm
burdens than AA pigs, our results are in agreement
with these findings. Indeed, we found a significant
positive correlation between total worm burden and
adult A. suum-specific IgG antibody titres and be-
tween total worm burden and LL3-ES specific IgG
antibody titres. Other studies in pigs, cattle and sheep
have shown conflicting results (e.g. Gasbarre et al.
1993; Roepstorff and Murrell, 1997; Nejsum et al.
2009b; Zaros et al. 2010; Hassan et al. 2011).

immune-
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The relationship between worm burden/FEC and
antibody response is apparently complex and there
are probably different genes regulating the two traits
(Gasbarre et al. 1993).

In addition to the TXNIP locus, the pigs were also
genotyped at another locus, SNP ARN'T. In contrast
to Skallerup et al. (2012) who only found two of the
genotypes of SNP ARN'T in their validation studies,
we found all three genotypes of this SNP present in
this study. In agreement with the high linkage
disequilibrium between the two SNPs, we observed
a similar phenotypic trend to SNP TXNIP for the
AA and AB genotypes; hence, the AA genotype (SNP
ARNT) had fewer A. suum (both measured as macro-
scopic worms and total worm burden), excreted fewer
eggs at week 8 PI, and had lower serum IgG antibody
levels at week 8 PI than the AB genotype (Tables 1
and 2). Comparing pigs with genotype BB
(SNP ARNT) with AA and AB pigs, there was no
consistent trend and the low number of pigs (N = 3)
carrying two copies of this susceptibility allele
made it difficult to test the hypothesis that these
pigs would have a ‘hyper-susceptible’ phenotype.
Nevertheless, for two traits, i.e. mean total A. suum
burden and mean number of lymphonodular spots,
there was a clear effect of the BB genotype (Tables 1
and 2).

A number of linkage studies using microsatellites
have dissected the genetics underlying parasite
resistance (e.g. Iraqi et al. 2003; Davies et al. 2006;
Coppieters et al. 2009) but SNP chip studies are
becoming more common (Riggio et al. 2013). To
date, the large majority of genome-wide association
studies have identified SNP variants that explain only
a small proportion of the genetic variance for complex
traits (Dermitzakis and Clark, 2009; Manolio et al.
2009), including parasite resistance in domestic ani-
mals (Kemper et al. 2011; Sallé et al. 2012).
Nevertheless, our SNP marker (TXNIP) seems to
have a rather strong effect, with AB pigs having 2-5-
fold higher mean total worm burden than AA pigs
both in the initial genome scan (Skallerup et al. 2012)
and in the present functional study. A significant
single-marker effect on worm burden has also been
found in sheep. Hassan et al. (2011) produced twin
lambs with different genotypes at the MHC-DRB1
locus which were then experimentally infected with
Teladorsagia circumcincta and subsequently necrop-
sied at various time-points post infection. Despite
small group sizes (four lambs per genotype per
sampling day), the authors found that carriers of
the DRB1*1101 allele had significantly lower worm
counts than non-carrier lambs. Non-carriers had
approximately 0-8—4-fold higher mean worm bur-
dens than carriers of the allele increasing resistance.
While this significance could be explained by a
stronger marker effect of MHC-DRBI than our
TXNIP marker, it is also possible that the species
difference in worm counts plays a role; hence,
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T. circumcincta occur in much higher numbers and
with higher prevalences than A. suum.

Genetic markers can identify animals with desired
traits for breeding programmes (Charlier et al. 2008;
Nielsen et al. 2009; reviewed by Bishop, 2012). Care
should be taken, though, to weigh the advantage
against the loss of other beneficial alleles in linkage
disequilibrium with the marker (Wolc et al. 2012),
and ideally marker information from the whole
genome (i.e. genomic selection) should be included
(reviewed by Goddard and Hayes, 2007; Kemper
et al. 2011). Our data provide suggestive evidence
that A. suum resistant pigs can be identified using a
genetic marker, TXNIP. We observed a consistent
effect on two core traits (worm burden and FEC) and
one associated trait (serum IgG antibody levels).
Although we did not find a significant effect of geno-
type on worm burdens, the effects are in the exact
same direction as expected and we believe it would be
overly conservative to interpret data as if there were
no effect of the marker. In the light of these con-
siderations, we encourage further studies of the
TXNIP marker. We believe the TXNIP marker
which is located in intron 2 of the TXNIP gene is not
the causative mutation (‘disease locus’) but most
probably in linkage disequilibrium with one or more
genes within the QTL on chromosome 4 that confer
resistance to A. suum (Skallerup et al. 2012). The
present study suggests that SNP ARN'T is another
diagnostic marker candidate for A. suum resistance
and hence provides further support to the QTL de-
tected previously (Skallerup et al. 2012) in agreement
with the high linkage disequilibrium between these
two SNPs. The total worm counts and liver white
spot data presented in this paper indicate that pro-
tective immunity in the resistant group (TXNIP,
ARNT) is expressed not only at the pre-hepatic
barrier level (Urban et al. 1988; Masure et al. 2013)
but at other sites as well. Further studies are required
to elucidate the different immunological responses
mounted by the two TXNIP genotypes and to
investigate the effect of the four candidate genes
within the QTL (TNFAIPSL2, PIAS3, RBMS8A
and RFXJ5) suggested by Skallerup et al. (2012).
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