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Fast growing broilers are less able to cope with fitness related challenges. As the allocation of metabolic
resources may be traded off between performance and defence functions in parasitized hosts, we hypoth-
esized that fast growing broilers are more sensitive to mixed nematode infections compared with slower
growing genotypes under the same environmental conditions. Therefore, we compared male birds of
genotypes selected for either meat production (Ross-308, R) or egg production (Lohmann Brown Plus,
LB) or for both purposes (Lohmann Dual, LD), to assess their resistance and tolerance to mixed nematode
infections with Ascaridia galli and Heterakis gallinarum. While infections reduced feed intake in all three
genotypes, feed conversion efficiency was not affected. Infections impaired growth performance only in R
birds, indicating lower tolerance in the fast growing genotype compared with slower growing LB and LD
genotypes. Impaired tolerance in R birds was associated with a relative nutrient scarcity due to an
infection-induced lower feed intake. Resistance to experimentally induced infections depended on host
genotype as well as on the worm species involved. Overall, the A. galli burden was higher in R than LB,
whereas the burden of LD was not different from that of R and LB. In contrast, the H. gallinarum burden
of first generation worms was similar in the three genotypes. Susceptibility to re-infection with H. galli-
narum was higher in LB than in LD, whereas very low levels of re-infection were observed in R birds. Our
data collectively suggest that resistance and tolerance to mixed nematode infections are sensitive to
growth rate in chickens. These differences amongst genotypes may partly be associated with a mismatch
between the actual nutrient supply and genotype-specific nutrient requirements.

� 2019 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Infections with multiple nematode species are common in layer
chickens (Kaufmann et al., 2011a; Thapa et al., 2015; Wuthijaree
et al., 2017), and they occur not only in outdoor (Permin et al.,
1999) but also in indoor systems (Grafl et al., 2017). Although
nematode infections are rarely observed in broilers kept in inten-
sive systems (Wilson et al., 1994; Kumar et al., 2015), slow growing
broilers kept in organic systems may particularly be at risk due to
the obligatory outdoor access and a prolonged fattening period
that increases exposure to the infections. In line with the longer life
expectancy, nematode infections can be highly prevalent (i.e.
89.9%) even in broiler breeders (Yazwinski et al., 2013). Ascaridia
galli and Heterakis gallinarum are, globally, the two most prevalent
nematode species parasitizing the chicken host (Abdelqader et al.,
2008; Thapa et al., 2015; Wuthijaree et al., 2017). Infections with
both ascarids are known to impair host performance (Dänicke
et al., 2009; Das� et al., 2010, 2011, 2012; Schwarz et al., 2011a),
and are associated with increased mortality (Hinrichsen et al.,
2016). The adverse effects of ascarid infections on host perfor-
mance are mediated, mainly through lower nutrient absorption
(Hurwitz et al., 1972; Walker and Farrell, 1976; Schwarz et al.,
2011b), impaired feed conversion efficiency and lower nutrient
intake (Das� et al., 2010, 2011, 2012).
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Due to the strong genetic antagonism between reproduction
and growth traits (Damme, 2015), modern chicken genotypes have
been developed to efficiently produce either eggs or meat, but not
simultaneously in the same animal. Although both one-way pro-
duction modes target mainly protein deposition in the form of
either eggs or meat, divergent genotypes with different life spans
are used for each purpose. Genetic selection in broilers has
increased the growth rate by 400% over 50 years (Zuidhof et al.,
2014). There is, however, a large body of evidence that fast growing
broilers have an impaired ability to cope with physiological, beha-
vioural and immunological challenges (Koenen et al., 2002; Rauw,
2012) that are considered undesirable consequences of selection
for increased production (Rauw et al., 1998). The impaired ability
of broilers to cope with the fitness related challenges may be asso-
ciated with allocation of finite resources in a given environment
(Glazier, 2009), because selection for increased production (e.g.
growth rate) will lead to a prioritized allocation of available
resources toward production at the expense of other life history
traits including immunity to pathogens (Rauw, 2012).

There is evidence for the existence of different types of immune
programming in broiler and layer type chickens, which appears to
be in line with their productive lifespan. The study of Koenen et al.
(2002) showed that broilers have a lower cytokine response and
are more specialized in mounting a strong short-term humoral
immune response, whereas layers rely on a strong cellular
response accompanied by a long-term humoral immune response.
Indeed, a meta-analysis on the trade-off between growth and
immune function in poultry concluded that genetic selection for
rapid growth compromises immune function (van der Most et al.,
2011). In line with this, Han and Smyth (1972) showed that fast
growing broilers were more susceptible to Marek’s disease than
slow growing broilers. Furthermore, chicken genotypes that have
been selected for different digestive efficiencies (Calenge et al.,
2014) and performance traits (Han et al., 2016) differ in their sus-
ceptibility to bacterial infections. Compared with bacterial and
viral infections, less is known about responses of chickens selected
for increased growth to parasitic challenges. As in mammals, a
chicken’s immune system deals with intracellular (e.g. Eimeria
spp.) and extracellular (e.g. nematodes) parasites through different
immune responses, i.e. Th-1 and Th2 pathways, respectively
(Degen et al., 2005). In a recent study Sakkas et al. (2018) showed
that fast growing broilers were similar to slow growing broilers in
terms of resistance and tolerance to coccidiosis when offered nutri-
ent adequate diets (Sakkas et al., 2018). Resistance and tolerance to
nematode infections have never been studied comparatively in
chickens with different performance objectives that also greatly
differ in growth rates. Genotype comparisons and heritability esti-
mates indicate that there is considerable genetic variation in resis-
tance to nematode infections in chickens (Permin and Ranvig,
2001; Gauly et al., 2002; Schou et al., 2003; Kaufmann et al.,
2011b; Wongrak et al., 2015). These results are, however, from
layer type chickens exposed to experimental or naturally occurring
infections. There are no such detailed studies in broilers, and in
general very little is known about their responses to nematode
infections (Das� and Gauly, 2014; Ruhnke et al., 2017). As the allo-
cation of metabolic resources may be traded off between perfor-
mance and defence functions in the parasitized host (Coop and
Kyriazakis, 1999; Colditz, 2008; van der Most et al., 2011), we
hypothesized that fast growing genotypes are more vulnerable to
nematode infections compared with slow growing genotypes
under the same environmental conditions. Therefore, the aim of
this study was to compare male birds of meat type, layer type
and dual purpose chicken genotypes in terms of resistance and tol-
erance to mixed nematode infections. Growth performance, which
is the most relevant performance parameter for rearing male birds
of all chicken genotypes, served as the base for assessment of tol-
erance over the same sex.
2. Materials and methods

2.1. Birds, experimental design and ethics

A total of 668 male chicks of three divergent chicken genotypes,
developed for either egg production (Lohmann Brown Plus, LB) or
meat production (Ross-308, R), or for both purposes (Lohmann
Dual, LD), were used. Ross-308 and LB birds were used as the pos-
itive and negative control genotypes for growth performance,
respectively, whereas LD birds served as an additional genotype
with an intermediate growth rate. The experiment was conducted
twice in succession (temporal replication), and in each iteration,
there were two infected and two uninfected groups of birds (spa-
tial replication), which were kept in separate pens within the same
experimental stable. In each spatial and temporal run, infected and
uninfected control birds of all three genotypes were used simulta-
neously. An overview of the experimental design, replication
blocks, animal numbers and sampling schedule over time within
a run is given in Fig. 1. Birds of each genotype were either experi-
mentally infected (n = 430) at an age of 1 week with a total of 500
infective eggs of A. galli and H. gallinarum in equal proportions to
produce mixed nematode infections, or kept as uninfected controls
(n = 238). From 2 weeks p.i. onwards, randomly selected infected
and control birds from each genotype were necropsied at weekly
intervals up to 9 weeks p.i. to quantify infection intensity with
either nematode. Uninfected control birds were examined for acci-
dental infections to exclude any potential confounding effects on
performance and immune-related parameters. By 3 weeks p.i.,
individual faecal samples were collected from the birds 1 day prior
to necropsy during captivity in individual cages to quantify nema-
tode egg excretion at weekly intervals. All birds were individually
wing tagged on the day of infection to ensure the collection of indi-
vidual data over time. Individual body weight and pen-based feed
consumption (n = 4 per genotype and infection status) were deter-
mined at weekly intervals. Blood samples were collected weekly
during necropsy starting at 2 weeks p.i.

The experiment was conducted in accordance with animal wel-
fare rules (animal care and handling, stunning, necropsies) and was
approved by the State ethics committee for animal experimenta-
tion (Mecklenburg-Western Pomerania State Office for Agriculture,
Food Safety and Fishery, Germany; permission no: AZ: 7221.3-1-
066/15). The experimental infection procedures were in line with
the relevant guidelines of the World Association for the Advance-
ment of Veterinary Parasitology for poultry (Yazwinski et al.,
2003).
2.2. Housing and management

The pens containing infected and uninfected animals were in
two separate rooms of an experimental research facility for poultry
to avoid cross-contamination between the infected and uninfected
groups of birds (Fig. 1). The birds were reared in a floor husbandry
system on wood shavings as litter material. Litter was not removed
during the infection period, to allow re-infections to occur. Addi-
tional litter, corrected for total body weight per m2, was added to
all pens at the same time to ensure similar litter conditions for
all genotypes in different pens. The climatic conditions were fully
controlled by an automatic system to ensure uniform temperature,
light and aeration conditions across the pens within and between
rooms. The temperature was gradually decreased from 34 �C on
the first day to close to 20 �C in the 10th week of life. Feed and
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water were given ad libitum. All genotypes were fed on the same
starter (day 1–14; 12.6 MJ of metabolizable energy (ME) and
219 g of crude protein (CP) per kg of feed), grower (day 14–53;
13.0 MJ of ME and 204 g of CP per kg of feed) and finisher diets
(day 53–70; 13.4 MJ of ME and 185 g of CP per kg of feed), with
a transition phase of approximately 3 days between the different
diets. The diets provided or exceeded age-specific nutrient require-
ments of the broiler birds (Aviagen, 2014; http://en.aviagen.com/
assets/Tech_Center/Ross_Broiler/Ross308BroilerNutritionSpec-
s2014-EN.pdf). The detailed composition and nutrient contents of
the diets are given elsewhere (Urban et al., 2018). Animal density
for each genotype did not exceed 25 kg/m2 at any time point,
ensuring that standards for an ecological production system
regarding the space requirements of broilers were met. The birds
received no vaccinations or medical treatment, including anthel-
mintics, before or after infection. Mortality was recorded through-
out the experimental period.

2.3. Experimental infection

The infection material was derived from the intestines of natu-
rally infected chickens (i.e., free-range chickens) that were col-
lected from several slaughterhouses and farms across northern
Germany. The preparation techniques and incubation conditions
for the infection material have previously been described by
Stehr et al. (2018). On the day of infection (7 days of age), the incu-
bation media of both A. galli and H. gallinarum were separately fil-
tered through a sieve (36 mm mesh size), which was followed by
rinsing to collect the washed eggs in saline solution (NaCl, 0.9%).
Based on morphological classification (Rahimian et al., 2016), only
fully embryonated eggs, which are considered infectious, were
counted to determine the percentage of embryonated eggs per
ml of suspension. The single infection dose for each worm species
was adjusted to 250 embryonated eggs (SDA. galli = 23.7;
SDH. gallinarum = 12.4) per 0.1 ml of NaCl (0.9%), which was adminis-
tered to each bird in a final inoculum of 0.2 ml of NaCl, containing a
total of 500 eggs with equal proportions of the two worm species.
The infection dose was administered orally using a 5 cm oesopha-
geal cannula as described previously (Das� et al., 2010), whereas
uninfected control birds received a sham oral treatment with the
same amount (0.2 ml) of NaCl solution.
2.4. Worm harvest

Quantification of the worm burden was performed weekly from
2 to 9 weeks p.i. Before necropsy, the birds were fasted for 3 h to
allow standardized partial emptying of the intestine. Immediately
post mortem, the gastrointestinal tract was removed, and the cae-
cum and small intestine (SI) were separated. The SI was divided
into the jejunum and ileum at the Meckeĺs diverticulum (Svihus,
2014). The duodenumwas excluded from quantification, as macro-
scopic examinations indicated that this intestinal section is not the
normal habitat for A. galli. The jejunum and ileum were opened
longitudinally, and the intestinal contents, separated by section,
were washed separately through sieves with mesh sizes of 36 mm
and 100 mm at 2–5 weeks p.i. and 6–9 weeks p.i., respectively.
The quantification of tissue-associated A. galli larvae was restricted
to the jejunal section, which is the main preferred site of larval
stages (Ferdushy et al., 2013). The procedure for larval recovery
by using the EDTA-incubation method was recently described in
Stehr et al. (2018).
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Heterakis gallinarum worms were harvested from the lumen
contents by rinsing the opened caeca in sieves (mesh sizes 20–
36 mm). Both A. galli and H. gallinarum worms collected from indi-
vidual birds were then separately transferred to Petri dishes for
counting, sex differentiation and length measurements. Uninfected
birds were also examined for the presence of worms in the SI (tis-
sue and lumen) and caecum to exclude accidental infections with
either nematode.

2.5. Worm population structure

The initial classification of the harvested worms into larvae,
females and males was based on morphological characteristics.
For both worm species, differentiation between male and female
worms can be easily performed according to the presence of spi-
cules. While there is no difficulty in distinguishing mature and
immature females of H. gallinarum based on the presence of eggs
in the uteri, the presence/absence of eggs in the uterus of intact
A. galli females cannot be definitively confirmed. Therefore, we
used a length cut-off (immature � 43.5 mm > mature) that allowed
precise separation between female worms (Stehr et al., 2018). The
classified worms (larvae, immature females, mature females and
males) were then individually measured to determine the worm
length for each worm stage and sex. For this purpose, only intact
worms (maximum of 10 per bird) from each developmental stage
and sex were randomly selected and measured to determine
lengths on a ruler under a stereo-microscope. The length dataset
was used to calculate a new parameter, overall average worm
length (OWL), combining worm length across different worm
stages from each bird. Therefore, the average length (y) of each
specific worm stage was multiplied by the corresponding number
of worms in each developmental stage (n) to adjust their respective
proportions in the total worm burden (N) as described below.

OWL ¼ larvae; yxnð Þ þ immature; yxnð Þ þ mature; yxnð Þ þ males; yxnð Þ=N½ �

All Heterakis worms up to 4 weeks p.i. were considered to orig-
inate from the experimental infection and were therefore defined
as first generation worms. By 5 weeks p.i., the number of first gen-
eration worms was calculated as the total worm burden minus the
number of larvae and immature worms, as these juvenile worms
must have originated from reinfection. Non-larval worms were
defined as the total worm burden minus larvae and included
mature and immature worms that were sexually differentiable
by morphological characteristics.

2.6. Faecal egg counts

To quantify the nematode egg concentration in faeces (eggs per
gram faeces, EPG), the daily total faeces were thoroughly homoge-
nized. A random sub-sample (4 g) of homogenized faeces was then
analysed with a modified version of the McMaster egg counting
technique (MAFF, 1986). A saturated NaCl solution (den-
sity � 1.2 g/ml) was used as the flotation liquid. The minimum
detection level of the egg counting technique was 50 nematode
eggs/g of faeces. By multiplying the amount of daily excreted fae-
ces with EPG, the number of eggs excreted within 24 h (eggs per
day, EPD) was then estimated (n = 320 samples). Eggs of A. galli
and H. gallinarum were counted together because they could not
be reliably differentiated (Kaufmann, 1996).

2.7. ELISA for ascarid-specific antibodies

An ELISA (Das� et al., 2017) was used to quantify anti-ascarid-
specific IgY levels in EDTA-plasma samples collected during
weekly necropsies (2–9 weeks p.i.; n = 646). Plasma was obtained
from the blood samples by centrifugation at 2500g for 20 min
and 4 �C, and then stored at �20 �C. The laboratory-specific intra-
assay coefficient of variability (CV) and inter-assay CV for this anal-
ysis were 5.0% and 8.4%, respectively.

2.8. ELISA for immunoglobulins (Ig) IgY, IgM and IgA

Commercial ELISA Kits (IgY: Kit No. E30-104; IgM: Kit No. E30-
103; IgA: Kit No. E30-102; Bethyl Laboratories, Inc, Montgomery,
TX, USA) were used to analyse immunoglobulin concentrations
(IgY, IgM, IgA) in EDTA-plasma samples at 2, 5 and 9 weeks p.i.
(n = 273). The sample collection and preparation methods were
identical to those described for the ascarid-specific antibodies.
ELISA was performed according to the manufacturer’s instructions.
A pooled plasma sample served as a control among all plates. The
laboratory-specific intra-assay CV and inter-assay CV for the anal-
ysis ranged between 5.0–7.6% and 7.7–10.4%, respectively.

2.9. Luminal pH, short-chain fatty acids (SCFAs) and lactate (LA) in the
intestines

The luminal pH of the SI and caecum was determined individu-
ally at weekly intervals (2–9 weeks p.i.) in both infected and non-
infected birds at necropsy. Within 10 min post mortem, the lumi-
nal pH was measured in duplicate using a glass pH electrode
directly inserted into the digesta (Spear tip, VWR GmbH, Darm-
stadt, Germany). For the SI, the pH was determined on both the
proximal (jejunum) and distal (ileum) sites of Meckeĺs diverticu-
lum. The caecal pH was measured twice at the blind end of the left
caecum. The duplicate pH measurements correlated well (r = 0.94,
P < 0.001) for both the SI and caecum, and an individual location-
specific mean pH value was used for statistical analyses.

SCFA and LA concentrations in both the ileal and caecal digesta
were determined at the Department of Veterinary Medicine, Freie
Universität Berlin, Germany. As the whole intestinal contents were
used for exact quantification of the worm burden, digesta samples
for SCFA and LA analyses were obtained from counterpart birds
from the same study group. All the birds used in these study anal-
yses were identically treated/infected, housed and necropsied on
the same day. Digesta samples were collected from 18 fed birds
(i.e., three birds per genotype and infection status) at the necropsy
time-points of 3, 5 and 9 weeks p.i. (n = 108). Immediately post
mortem, samples from the ileum and left caecum were transferred
to cryo-tubes, snap frozen in liquid nitrogen and stored at �20 �C
for subsequent analysis. SCFA and LA concentrations in the ileal
and caecal digesta were determined via gas chromatography and
HPLC as described previously (Goodarzi Boroojeni et al., 2014).

2.10. Intestinal size and histomorphometry

The length and weight of the SI and caeca were measured at 0
and 9 weeks p.i. (i.e., at an age of 7 and 63 days, respectively).
For light microscopy and morphometry, the intestinal tissue
(1 cm2) from the jejunum was fixed in a 4% neutral formaldehyde
solution. After rinsing in water, the tissue samples (n = 54, col-
lected at 2, 5 and 9 weeks p.i.) were dehydrated in a graded series
of ethanol (30%, 50%, 70%, 90% and absolute ethanol), cleared in
benzene and then saturated with, and embedded in, paraffin. Sec-
tions of 5 mm thickness (10 slices of each sample) were stained
with H&E and observed under a light microscope as described pre-
viously (Zitnan et al., 2008). The heights and widths of 30 villi and
the depths of 30 crypts were determined with the computer-
operated Image C image analysis system (Imtronic GmbH, Berlin,
Germany) and the IMES (interactive measurement) analysis
programme, using a colour video camera (SONY 3 CCD, Sony
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Electronics Ltd., Tokyo, Japan) and a light microscope (Axiolab, Carl
Zeiss AG, Jena, Germany).

2.11. Statistical analyses

Nematode-free control birds were excluded from the analyses
of the worm burden and faecal egg count (FEC) data. Worm burden,
FEC and antibody data were analysed following log transformation
[Ln (y + 1)] to correct for heterogeneity of variance and produce
approximately normally distributed data. All variables were then
subjected to ANOVA by using the MIXED procedure in the SAS/
STAT (Version 9.4) software of the SAS System for Windows (SAS
Institute Inc., Cary, NC, USA). The statistical model for all worm-
related parameters (worm burden, FEC, worm length) included
the fixed effects of genotype, weeks p.i. and their interaction, plus
pen and run effects. As individual performance (body weight, aver-
age daily gain) as well as antibody data were available for the unin-
fected control birds, the model included the effects of infections,
genotype, week p.i. and their interactions, plus run and pen effects.
The effect of repeated sampling of the birds (subject) over weeks
was considered with the REPEATED statement of the MIXED proce-
dure, and the structure of the block diagonal residual covariance
matrix was set to AR(1), as this setting provided the best fit of
the parameters (e.g., smallest Akaike Information Criterion) for
the fitted models. For pen-based data (average daily feed intake,
feed conversion ratio), the model was the same as for the individ-
ual performance data, but the pen effect was omitted because it
was considered as the repeatedly measured experimental unit.
To account for the decreasing number of birds in each pen over
time (due to necropsies), the model for pen-based data included
the WEIGHT statement. The covariance matrix for this model was
also AR(1).

Least-squares means (LSM) and their standard errors (SE) were
computed for each fixed effect in the model, and all pairwise differ-
ences in these LSMs were tested with the Tukey–Kramer test, a
procedure for pairwise multiple comparisons. In addition, the
SLICE statement of the MIXED procedure was used for performing
partitioned analyses of the LSMs for the two- or three-way interac-
tions (e.g., test of infections within the levels of week p.i. in each
genotype). Effects and differences were considered significant at
P < 0.05. Overall cumulative mortality was analysed with the Chi-
square test by performing multiple comparisons between infected
and uninfected birds as well as between genotypes.
Fig. 2. Time-dependent effects of mixed nematode infections on body weight (A)
and average daily weight gain (B) in divergent chicken genotypes. a, b indicate
significant (P < 0.05) differences between infected and un-infected control birds of
the same genotype at the same time point. The values are LSMEANS with SE on the
error bars. (Number of birds = 668; sample size n = 3496). LB, Lohmann Brown Plus;
Ross, Ross-308.
3. Results

3.1. Host performance

In comparison with R birds (2.8%), overall mortality during the
infection period was lower (P = 0.012) in LD (0.3%) and tended
(P = 0.09) to be lower in LB birds (0.9%). Infections did not influence
Table 1
Growth performance, feed intake and feed conversion efficiency in divergent chicken gen

Main effects of genotype

Item R LD LB SE P �
Body weight (g) 2876a 940b 667c 17.12 0.001
Daily weight gain (g) 85.2a 29.1b 20.7c 0.62 0.001
Feed intake (g/d) 178.1a 79.8b 57.6c 2.13 0.001
FCR (g/g) 1.92a 2.42b 2.43b 0.05 0.001

a,b,cGenotypes shown with different letters differ significantly (Tukey, P < 0.05).
Analyses for body weight (sample size n = 3496 observations) and average daily weight
and FCR are based on repeated pen data. The number of pens used per week was four p
FCR, feed conversion ratio (feed intake/weight gain); R, Ross-308; LD, Lohmann Dual; LB
weeks p.i.; g/d, gram per day.
(P = 0.763) mortality in any genotype (i.e., 1.2% and 1.5% for control
and infected birds, respectively). Body weight (BW) increased stea-
dily over the weeks of the experiment (P < 0.001), and differed sig-
nificantly among the genotypes in the order of R > LD > LB
(P < 0.001; Table 1). A significant interaction among infection,
genotype and time effects (P < 0.001; Fig. 2A) indicated a lower
BW in infected R birds compared with uninfected R controls by
3 weeks p.i., which was not observed for LD or LB birds
(P > 0.05). Similar to BW, the overall average daily gain (ADG)
was significantly different among the three genotypes, in the order
of R > LD > LB (P < 0.001). The ADG was temporarily affected in the
infected R birds (P < 0.05) at the time points of 3, 4, 5 and 8 weeks
p.i. (Fig. 2B). No significant effect of infections on the ADG was
found in LB or LD (P > 0.05). The overall average daily feed intake
(ADFI) was different among the genotypes in the order of
R > LD > LB (P < 0.001). The difference in the feed intake of the
genotypes was fairly constant over the weeks of the experiment
otypes exposed to mixed nematode infections.

Infection effect Interaction, P �
Con. Inf. SE P � Inf.*wpi Inf.*Gen*wpi

1533 1456 16.33 0.001 0.001 0.001
46.2 43.8 0.56 0.001 0.002 0.001
107.9 102.5 1.90 0.040 0.231 0.905
2.25 2.27 0.04 0.767 0.661 0.773

gain (sample size n = 3493) are based on repeated individual bird data. Feed intake
er genotype and infection group (sample size n = 216).
, Lohmann Brown Plus; Con, uninfected controls; Inf., infected; Gen, genotype; wpi,
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(P = 0.231; Table 1). Infected birds exhibited a significantly lower
ADFI (P = 0.040) than the controls, without an interaction with
genotype or time (P > 0.05). The overall feed conversion ratio
(FCR) was not different between LD and LB (P = 0.996), but the
FCR of these two genotypes was significantly higher than that of
R (P < 0.001). Infections did not affect the overall FCR (P = 0.767;
Table 1).

3.2. FEC

The faecal samples of all genotypes were egg-negative at
3 weeks p.i. The first egg-positive samples were encountered at
4 weeks p.i. in LD and LB birds, and at 6 weeks p.i. in R birds. The
three genotypes had similar EPG and EPD levels (P > 0.05; Table 2).
Although the FECs increased over the experimental weeks
(P = 0.005), there was no significant difference among the geno-
types at any time point (P > 0.05).

3.3. Worm burden

The overall average A. galli counts (total burden) were signifi-
cantly higher in R compared with LB (P = 0.049), while the average
A. galli burden of LD was not different from those of the other two
genotypes (P > 0.05; Table 2). The genotypes did not differ in terms
of A. galli larval counts (P = 0.137), whereas adult worm counts dif-
fered among the genotypes in the order of R > LD > LB (P < 0.001;
Table 2). The overall average burden across all genotypes
decreased (P < 0.001) over time from 95 ± 4.0 (LSM ± SE) worms/
bird at 2 weeks p.i. to 3 ± 3.2 worms/bird at 9 weeks p.i. Similarly,
larval counts decreased continuously over the weeks of the exper-
iment (P < 0.001), and no re-infection occurred. Non-larval worm
counts were higher in R than in LD and LB at the early phase of
infection (3–5 weeks p.i.; data not shown), while the differences
became much smaller in the subsequent weeks.

The total number of tissue larvae in the jejunum did not differ
among the genotypes (P = 0.331). Although genotype effects did
not interact with time (P = 0.101), a three-fold higher average
number of larvae was recovered from the tissue of R birds at
Table 2
Overall effects of host genotype on faecal egg counts (FEC), worm burdens and worm leng

Host genotype

Item R LD LB

FEC
EPG (n/bird) 19 20 15
EPD (n/bird) 2172 1288 556

Ascaridia galli
Total burden (n/bird) 26.9a 25.2ab 24.3b

Total larva (n/bird) 21.1 22.1 23.1
Non-larva wormse (n/bird) 5.6a 3.0b 1.3c

Lumen larva (n/bird) 17.7d 20.0 21.1d

Tissue larva (n/bird) 3.4 2.1 2.1
Tissue larva (%) 42.5a 22.4b 27.5b

OWL (mm) 16.3a 15.0a 11.3b

Heterakis gallinarum
Total burden (n/bird) 8.0b 9.1ab 11.7a

First generation (n/bird) 7.9 8.0 9.4
Total larva (n/bird) 1.5b 2.8a 4.4a

Larva 1st gen. (n/bird) 3.5 4.6 5.7
Larva 2nd gen. (n/bird) 0.2c 1.8b 3.6a

OWL (mm) 6.49 6.43 6.19

a,b,cGenotypes shown with different letters differ significantly (Tukey, P < 0.05).
dGenotypes tend to differ (Tukey, P < 0.10).
Faecal samples were collected from 3 to 9 weeks p.i. (sample size n = 321). Sample size f
and 378 average length measurements weighed for developmental stages of Ascaridia g
eNon-larval worms, defined as the worm burden minus larvae and includes mature and
EPG, number of eggs per gram faeces; EPD, number of eggs excreted within 24 h; R, Ros
infected; Gen, genotype; wpi, weeks p.i. Larva 1st gen./2nd gen., larval stages of the firs
infections, respectively.
2 weeks p.i. than from the other two genotypes (data not shown).
The percentage of tissue larvae within the total burden was signif-
icantly higher (P < 0.001) in R than in LD and LB (Table 2) over the
whole experimental period (P = 0.555). Similar to the lumen larvae,
there was a significant decrease in the number of tissue larvae over
time (P < 0.001; Fig. 3A). A significantly greater number of larvae
was detected in the lumen than in the jejunum tissue (P = 0.001).

There was a genotype-dependent worm distribution between
the jejunum and ileum. As shown in Fig. 3B, the percentage of
lumen larvae was similar (P > 0.05) between the two locations in
R, whereas a higher percentage of larvae was recovered from the
jejunum than the ileum in both LD and LB (P < 0.05). Similar to lar-
val stages, a higher percentage of the total worm burden was found
in the jejunum than in the ileum (P = 0.001). Although the jejunal
worm burden was not significantly different among the genotypes
(P > 0.05), a higher percentage of worms was recovered from the
ileum of R birds than from those of LD and LB birds (P < 0.05;
Fig. 3B).

The overall average total H. gallinarum burden was different
among the three genotypes (P = 0.031; Table 2). The LB had a
higher number of H. gallinarum than R (P = 0.034), while the bur-
den of LD was not different from those of LB or R (P > 0.05; Table 2).
The numbers of first generation H. gallinarum worms, originating
from the experimental infection, did not differ among the geno-
types (P = 0.449; Table 2). Similarly, the numbers of first genera-
tion larvae did not differ (P = 0.887), whereas the numbers of
larvae resulting from re-infection significantly differed among
the genotypes in the order of LB > LD > R (P < 0.001) (Table 2).
The overall average H. gallinarum burden across the three geno-
types decreased from 2 to 7 weeks p.i. and increased thereafter.
Almost no re-infection occurred in R birds, whereas LD and, partic-
ularly, LB birds harboured increasing numbers of larvae starting at
7 weeks p.i. (Fig. 4). At 9 weeks p.i., the highest number of H. galli-
narum larvae was found in LB, followed by LD and R, with signifi-
cant (P < 0.05) differences among all three genotypes.

The OWL of A. galli was significantly (P < 0.001; Table 2) higher
in R and LD than in LB, with no interaction over time (P = 0.172). In
contrast, the OWL of H. gallinarum was significantly higher
th in divergent chicken genotypes exposed to mixed-nematode infections.

P �
SE Gen. wpi Gen.*wpi

5.8 0.884 0.005 0.856
529.7 0.953 0.005 0.820

2.35 0.049 0.001 0.123
2.29 0.137 0.001 0.514
0.07 0.001 0.001 0.001
2.04 0.075 0.001 0.568
0.49 0.331 0.001 0.101
3.57 0.001 0.001 0.555
0.922 0.001 0.001 0.172

1.17 0.031 0.001 0.201
1.10 0.449 0.001 0.662
0.66 0.001 0.001 0.001
2.73 0.887 0.001 0.631
0.39 0.001 0.001 0.001
0.213 0.531 0.001 0.002

or worm burden data, n = 422. Analysis of overall worm length (OWL) included 304
alli and Heterakis gallinarum, respectively.
immature worms that are sexually differentiable by morphological characteristics.
s-308; LD, Lohmann Dual; LB, Lohmann Brown Plus; Con, uninfected controls; Inf.,
t and generation worms descending from experimental and naturally occurring re-
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(P < 0.05) in LD than in LB only at 8 weeks p.i. (Supplementary
Fig. S1). At 9 weeks p.i., the OWL in both R and LD was higher com-
pared with that of LB (P < 0.05), and the OWL of R tended to be
higher than that of LD (P = 0.076).
3.4. Ascarid-specific IgY antibodies

Overall, average plasma ascarid-specific IgY levels tended to be
higher in LB than in R (P = 0.062; Table 3). Independent of host
genotype, infections significantly increased IgY levels (P < 0.001).
With the exception of the time point 3 weeks p.i., infected birds
exhibited significantly higher ascarid-specific IgY levels than their
uninfected counterparts during the study period (i.e., from 2 to
9 weeks p.i.; Fig. 5).

3.5. Immunoglobulins

The overall IgY concentration in plasma was higher in LD and LB
than in R (P = 0.002; Table 3). However this effect was dependent
on time after infection (P = 0.003), with LD and LB exhibiting
higher concentrations than R at 2 weeks p.i. (Supplementary
Fig. S2A). At 5 weeks p.i., the IgY concentration was higher in LD
than in R (P < 0.05), whereas LB did not differ from the two other
genotypes (P > 0.05). No differences were found among the geno-
types at 9 week p.i. (P > 0.05). Although infections increased the
overall IgY concentration (P = 0.002; Table 3), this effect was only
present in R and LD birds (P = 0.048, Supplementary Fig. S2B).
Overall IgM concentrations were higher in R than in LD and LB
(P = 0.001; Table 3), particularly at 9 weeks p.i. (Supplementary
Fig. S2C). Independent of host genotype (P = 0.546), infected birds
had higher (P < 0.001) IgM concentrations than their uninfected
counterparts (Table 3), due to a temporary increase at 2 weeks p.
i. (P < 0.001; Supplementary Fig. S3D). IgA concentrations did not
differ among the genotypes (P = 0.227; Table 3), whilst infections
increased IgA concentrations in all genotypes at 2 weeks p.i.
(P = 0.002, Supplementary Fig. S2E).

3.6. Intestinal size and macroscopic alterations in the caecum

At 1 week of age (0 weeks p.i., infection day), the lengths and
weights of the SI were significantly higher in R than in the other
genotypes (P < 0.001), with LD and LB showing similar weights
(P > 0.05; Table 4). The caeca were longer in R than in LB
(P < 0.05) and tended to be longer than in LD (P = 0.069), whereas
caecal length was not different between LD and LB (P > 0.05). The
total full weight of the caeca differed among the genotypes in
the order of R > LD > LB (P < 0.001; Table 4). Similar to 0 weeks p.
i., at 10 weeks of age (i.e. 9 weeks p.i.), the SI was larger in R than
in LD and LB (P < 0.001), with no difference between the latter two
genotypes (P > 0.05). The weight of the SI differed in the order of
R > LD > LB (P = 0.001; Table 4). SI length was not affected by infec-
tion at 9 weeks p.i. (P = 0.851). Caecum length was similar between
LD and LB (P > 0.10), whereas the caeca of R birds were larger
(P < 0.001). Full caecum weight was in the order of R > LD > LB
(P < 0.001). Infected birds exhibited shorter caeca than did unin-
fected controls at 9 weeks p.i. (P < 0.001), although caecal weight
was not influenced by the infection (P = 0.160). The worm burden
of both species did not correlate with the length or weight of their
predilection sites (P > 0.05). Macroscopic alterations (e.g., mucosal
bleeding, thickened caecal wall and fibrinous content) in the caeca
were observed in 13.1%, 18.9% and 19.2% of the infected birds in
the R, LD and LB genotypes, respectively. The percentage of macro-
scopically affected caeca decreased across the weeks of infection in
all three genotypes (from 45.2 % at 2 weeks p.i. to 4.4% at 9 weeks
p.i.).

3.7. Intestinal morphometry

Villus height (VH; P < 0.001, Table 5) and the ratio of villus
height to crypt depth (P = 0.005) were significantly different
among the genotypes, with R exhibiting higher (P < 0.05) values
than LD and LB. Villus width was greater for R and LD than for
LB (P = 0.001). Crypt depth was not different among the genotypes
(P = 0.653). An interaction between genotype and week p.i.
(P = 0.002) indicated that the differences in VH among the



Table 3
Infection-specific and unspecific humoral immune responses in relation to host genotype and mixed nematode infections in divergent chicken genotypes.

Main effects of genotypes Infection effect Interaction, P values, �
Item R LD LB SE P,� Con. Inf. SE P,� wpi Inf.*Gen. Inf.*wpi Gen.*wpi Inf.*Gen.*wpi

Asc-IgYd 8.68c 10.02 11.35c 1.45 0.062 6.11 13.92 1.30 0.001 0.001 0.894 0.001 0.079 0.061
IgYe 3.10b 3.87a 3.43a 0.24 0.002 2.82 4.12 0.22 0.001 0.001 0.048 0.062 0.003 0.275
IgMe 0.30a 0.18b 0.21b 0.02 0.001 0.21 0.26 0.01 0.001 0.001 0.546 0.001 0.001 0.661
IgAe 0.25 0.25 0.24 0.02 0.277 0.23 0.26 0.02 0.995 0.250 0.526 0.002 0.670 0.478

a,bGenotypes with different letters differ significantly (Tukey, P < 0.05). cGenotypes tend to differ (Tukey, P < 0.10).
Measurement units: dmU/ml, emg/ml. Plasma samples for ascarid-specific IgY were taken weekly from 2 to 9 weeks p.i. (wpi) (n = 646). The samples for IgY, IgM, IgA were
taken at 2, 5 and 9 wpi (n = 271).
Asc. IgY, ascarid-specific IgY; Ig, Immunoglobulin; R, Ross-308; LD, Lohmann Dual; LB, Lohmann Brown Plus; Con, uninfected controls; Inf., infected; Gen, genotype.
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genotypes were time-dependent. At 2 weeks p.i., VH followed the
order of R > LD > LB, whereas at 5 weeks p.i., the VH of R was signif-
icantly higher (P < 0.05) than those of LD and LB. At 9 weeks p.i.,
the genotypes did not differ for VH (P > 0.05). Villus width differed
among the genotypes only at 9 weeks p.i., with LB exhibiting a nar-
rower villus width than R and LD (P < 0.05). Villus width and crypt
depth were not influenced by infection (P > 0.05; Table 5). A signif-
icant interaction among the effects of infection, genotype and week
p.i. (P = 0.013), however, indicated a tendency (P < 0.10; Supple-
mentary Fig. S3) towards a shorter VH in the infected LD birds at
2 and 9 weeks p.i. compared with the corresponding uninfected
controls. The VH of R and LB was not affected by infection
(P > 0.05). Additionally, the VH:crypt depth ratio was significantly
lower in infected birds (P = 0.048).
Table 4
Size of small intestine and caeca in relation to host genotype and mixed-nematode infect

Main effects of genotypes

Item R LD LB

Wpi 0 (Age: 1 week) Small intestine
Length (cm) 81.8a 26.8b 27.4b

Weight (g) 18.5a 8.7b 6.5b

Caecum
Length (cm) 8.2ad 6.9abd 5.9b

Weight (g) 2.8a 1.9b 1.1c

Wpi 9 (Age: 10 weeks) Small intestine
Length (cm) 132.9a 92.1b 85.7b

Weight (g) 68.8a 31.0b 22.4c

Caecum
Length (cm) 20.1a 14.9b 13.6b

Weight (g) 19.5a 12.2b 9.7c

a,b,cGenotypes shown with different letters differ significantly (Tukey, P < 0.05). dGenoty
Analysis for 0 wpi included 18 observations (n = 6 per genotype) only from the second
(sample size n = 87).
R, Ross-308; LD, Lohmann Dual; LB, Lohmann Brown Plus; Con, uninfected controls; Inf
3.8. Luminal pH in the small intestine (SI) and caecum

Luminal pH in SI was higher in R than in LB at 7 and 8 weeks p.i.,
whereas LD did not differ from the other two genotypes (P = 0.007;
Fig. 6A). Infection lowered the luminal pH in the SI (P < 0.001;
Table 6) independent of any interactions with host genotype
(P = 0.627) and week p.i. (P = 0.234). The intra-caecal pH was dif-
ferent among the genotypes in the order of R > LB > LD (P = 0.001;
Table 6). An interaction between genotype and time (P < 0.001)
indicated significant alterations in caecal pH among the genotypes
by time (Fig. 6B). Infection elevated the intra-caecal pH in LD and
LB but not in R birds (P = 0.015). Independent of host genotype,
infection increased intra-caecal pH from 2 to 5 weeks p.i.
(Fig. 6C). Moderate negative correlations between the A. galli larval
burden and the pH of the SI were detected at 2 weeks p.i.
(r = �0.46; P = 0.002) and 7 weeks p.i. (r = �0.43; P = 0.003),
whereas no significant correlation was determined at other time
points (P > 0.05). The intra-caecal pH was positively correlated
with the H. gallinarum larval burden from 2 to 4 weeks p.i.
(r = 0.45 to r = 0.29; P < 0.05); however, at 6 and 8 weeks p.i.
moderate-negative correlations (r = �0.38 and r = �0.39, respec-
tively, P < 0.05) were detected.
3.9. SCFAs and LA

The SCFA concentration in the ileum did not differ among the
genotypes (P < 0.05), whereas LA concentration was significantly
higher in R than in LD and LB birds (P < 0.05; Table 6). Infection
had no significant effect on the concentrations of SCFA
(P = 0.878) and LA (P = 0.371) in the ileum. The concentrations of
SCFA (P = 0.306) and LA (P = 0.339) in the caecum were not differ-
ent among the genotypes. Lower SFCA concentrations were quan-
ions in the beginning (0 weeks p.i. (wpi)) and end of the experiment (9 wpi).

Infection effect Interaction, �
SE P � Con. Inf. SE P � Inf.*Gen.

– – – – –
4.73 0.001 – – – – –
1.21 0.001 – – – – –

– – – – –
0.36 0.002 – – – – –
0.19 0.001 – – – – –

2.81 0.001 101.8 105.3 2.53 0.243 0.587
2.41 0.001 40.5 41.0 2.18 0.851 0.157

0.57 0.001 17.7 14.8 0.51 0.001 0.113
0.80 0.001 14.4 13.2 0.72 0.160 0.216

pes tend to differ (Tukey, P < 0.10).
run. Analyses for 9 wpi are based on data across spatial and temporal replications

., infected; Gen, genotype.



Table 5
Morphometric measurements of the small intestine in relation to host genotype and mixed nematode infections.

Main effects of genotypes Infection effect P � Interaction, P �
Item R LD LB SE P � Con. Inf. SE P � wpi Inf.*Gen. Inf.*wpi Gen.*wpi Inf.*Gen.*wpi

Villus height (mm) 1311a 1173b 1128b 22.0 0.001 1226 1182 18.0 0.098 0.001 0.048 0.786 0.002 0.013
Villus width (mm) 146.5a 144.2a 123.3b 4.10 0.001 134.7 141.3 3.34 0.172 0.001 0.440 0.341 0.041 0.335
Crypt depth (mm) 116.3 119.6 116.0 2.99 0.653 114.4 120.2 2.44 0.099 0.125 0.832 0.516 0.357 0.223
Villus:crypt ratio 11.40a 9.93b 9.82b 0.36 0.005 10.80 9.96 0.29 0.048 0.009 0.211 0.663 0.080 0.087

abGenotypes shown with different letters differ significantly (Tukey, P < 0.05).
Tissue samples from jejunum were collected from six birds (three infected, three uninfected controls) of each genotype at each sampling point (week p.i.). Sample size n = 54
(six birds � three genotypes � three time points).
Villus:crypt ratio, villus height to crypt depth ratio; R, Ross-308; LD, Lohmann Dual; LB, Lohmann Brown Plus; Con, uninfected controls; Inf., infected; Gen, Genotype; wpi,
weeks p.i.
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Table 6
Biochemical parameters describing intestinal environment in ileum and caeca in divergen

Main effects of genotypes Infection effect

Item R LD LB+ SE P � Con. Inf. S

Ileum
SCFAe 2.59 2.28 2.53 0.20 0.504 2.45 2.49 0
Lactatee 40.92a 23.62b 18.36b 4.21 0.001 25.48 29.80 3
pH 6.45ad 6.43a 6.34ad 0.04 0.064 6.53 6.28 0

Caecum
SCFAe 57.04 50.40 50.09 3.79 0.306 51.49 53.53 2
Lactatee 9.27 9.70 7.86 1.00 0.339 8.74 9.14 0
pH 6.75a 6.44c 6.59b 0.04 0.001 6.50 6.69 0

abcGenotypes shown with different letters differ significantly (Tukey, P < 0.05). dGenotyp
eMeasurement unit: mmol/g digesta.
Digesta samples for short chain fatty acid concentration (SCFA) and lactate were taken fr
and 9 weeks p.i. (wpi) (n = 108). Analyses on the intestinal pH are based on 559 observa
SI: small intestine; R, Ross-308; LD, Lohmann Dual; LB+, Lohmann Brown; Con, uninfec
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tified in the infected birds than in the controls at 9 week p.i. (data
not shown). Detailed results for individual SCFA and LA levels are
summarized in Supplementary Table S1.
4. Discussion

To test the hypothesis that chicken genotypes selected for
increased growth rate are more vulnerable to the most common
nematode infections, we compared male birds of a fast growing
genotype (i.e., R) with those of an extremely slow growing geno-
type (i.e., LB), representing layer type chickens. In addition, male
birds of a dual purpose genotype (LD) with an intermediate growth
potential were included in the study design. Due to sex depen-
dency in egg production, male birds of layer type chickens are
not under production pressure for what their genotype has been
selected for. This applies partly to the LD birds, too. Thus, the com-
parison of three genotypes with extremely different growth rates
provided a unique experimental model for assessing the conse-
quences of selection for increased growth rate on response to
nematode infections in chickens. The contrasted genotypes were
reared in an environment designed fully for broilers (e.g. diets
and husbandry conditions). Following experimental infection,
measurements on host responses related to resistance, tolerance
and susceptibility to mixed nematode infections were then carried
out. To imitate naturally occurring field infections we used an
experimental multiple species infection model with A. galli and
H. gallinarum. Heterakis gallinarum is the main vector for transmis-
sion of Histomonas meleagridis (McDougald, 2005) which induces
caecal lesions of similar severity in broiler and layer type chickens
(Lotfi et al., 2014). We observed macroscopic caecal tissue alter-
ations in some birds (overall <20%) that are characteristic for the
protozoan parasite (McDougald, 2005; Hess et al., 2006), confirm-
ing the involvement of H. meleagridis in the mixed infection as it
occurs under natural conditions following H. gallinarum infection
(Grafl et al., 2011). The duration of the infection period (9 weeks)
t chicken genotypes exposed to mixed nematode infections.

P values for further effects

E P � wpi Inf.*Gen. Inf.*wpi Gen.*wpi Inf.*Gen.*wpi

.16 0.878 0.029 0.143 0.628 0.092 0.807

.42 0.371 0.007 0.827 0.470 0.395 0.243

.04 0.001 0.001 0.627 0.234 0.007 0.368

.72 0.622 0.415 0.051 0.037 0.056 0.393

.78 0.679 0.008 0.757 0.115 0.337 0.197

.04 0.001 0.021 0.015 0.002 0.001 0.275

es tend to differ (Tukey, P < 0.10).

om three birds per genotype and infection status at the necropsy time-points of 3, 5
tions.
ted controls; Inf., infection; Gen, genotype.
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allowed one of the nematode species (H. gallinarum) to induce re-
infection, additionally enabling an evaluation of host susceptibility
to naturally occurring secondary infection.

Our results showed that tolerance to mixed nematode infec-
tions, which is the ability of the host animal to perform well
despite an infection (Best et al., 2008; Råberg et al., 2009;
Doeschl-Wilson and Kyriazakis, 2012), was higher in LB and LD
than in R as the latter responded to infection with an impaired
growth performance. This suggests that selection for increased
growth rate may be associated with an impaired ability to tolerate
nematode infections. Impaired tolerance in R birds was however
associated with a relative nutrient scarcity due to the infection-
induced lower feed intake. Resistance, the ability of the host ani-
mal to reduce the pathogen load, e.g., worm burden, FEC (Best
et al., 2008; Råberg et al., 2009; Doeschl-Wilson and Kyriazakis,
2012) was dependent on both host genotype and worm species.
The R was less resistant to A. galli compared with LB, whereas LD
was in an intermediate position. These differences suggest that
resistance to A. galli may be negatively associated with selection
for increased growth rate. Resistance to H. gallinarum depended
not only on host genotype, but also on the type of infection (i.e.,
primary versus secondary). Heterakis gallinarum burden with the
first generation worms resulting from the experimental infection
was similar in three genotypes. Susceptibility to naturally occur-
ring re-infection with H. gallinarum was, however, higher in LB
and LD than in R. In the following sections, we will address poten-
tial factors influencing tolerance, resistance and susceptibility to
re-infection in different genotypes with respect to selection objec-
tives and partitioning of resources in a given environment.

Infections reduced feed intake in all three genotypes. Mecha-
nisms for the helminth-induced depression in feed intake are not
yet conclusively elucidated. Defence strategies, actively managed
by the host itself, to cope with parasites (Exton, 1997; Kyriazakis
et al., 1998), changes in the hormonal regulation of feed intake
(Yang et al., 1990; Zaralis et al, 2008) as well as anorexic effects
stimulated by the immune system during parasite challenge
(Colditz, 2008) play important roles for the impairment in the vol-
untary feed intake. The activation of the adaptive immune system
(Colditz, 2008) and the increase in abundance of specific cytokines
(e.g., IL 1, IL 6, IL 8, TNFa, IFNa) during the acute phase response
are well known to induce anorexic effects (McCarthy, 2000;
Plata-Salamán, 2001; Rauw, 2012). Such cytokines were also partly
found to be upregulated during an A. galli infection in chickens
(Dalgaard et al., 2015). In our study, we found the first noticeable
drop in both feed intake and weight gain between 2 and 3 weeks
p.i., the time period that corresponds well to the activation of the
adaptive arm of the avian immune system following nematode
infections (Schwarz et al., 2011a,b; Stehr et al., 2018).

Although all three genotypes responded to the infections with a
reduced feed intake, only growth performance of infected R birds
was impaired. In contrast to R, infected LB and LD birds were able
to maintain their growth performance compared with their unin-
fected counterparts. The infection-induced impairment in growth
performance of the fast but not that of the slower growing geno-
types is in agreement with previous data from a murine-
nematode system. Coltherd et al. (2009, 2011) experimentally
infected mouse lines divergently selected for high or low body
weight with the intestinal nematode Heligmosomoides bakeri. The
nematode infection reduced body weight gain in the high body
weight line only. Furthermore, infected mice of the high body
weight line were able to maintain their growth performance when
fed high but not low protein diets (Coltherd et al., 2009, 2011).
Taken together, these results not only support the hypothesis that
selection for high growth performance impairs host tolerance to
gastrointestinal nematodes, but also provide evidence that there
is a nutritional basis of tolerance to nematode infections which
depends on host genotype. The finding that the infection-induced
impairment in feed intake was associated with lower growth per-
formance in the fast growing genotype but not in slower growing
genotypes might indicate such an interaction. Nutrient and energy
requirements of layer and broiler genotypes in the growing phase
differ, with the latter requiring more nutrient-dense diets (Jeroch
et al., 2013). The birds of all three genotypes were fed the same
age-specific diets, which were designed in accordance with the
nutrient requirements of commercial broiler chickens. This implies
that excessive amounts of surplus nutrients and energy were pro-
vided to slower growing genotypes compared with the fast grow-
ing genotype. As a consequence, the nutrient and energy dense
diets might have compensated the adverse effect of lower feed
intake on performance of the slower growing genotypes. Surplus
nutrient supply, particularly protein, indeed has great potential
to compensate adverse effects of parasite infection on growth
and improve resistance in different host-parasite systems (Coop
and Kyriazakis, 2001; Liu et al., 2005; Coltherd et al., 2009,
2011). In line with this view, Das� et al. (2010) reported that a
lysine-enriched diet reduced the impact of an A. galli infection on
growth performance in chickens. These results collectively suggest
that nutrient concentrations in excess of the physiological require-
ments can reduce the impact of an infection on performance traits,
thereby enhancing host tolerance to parasite infection.

Feed conversion efficiency was not affected by the infections in
any of the genotypes, indicating that overall nutrient utilisation
was not impaired by the infection. The size of the SI, the primary
absorption site of nutrients (Denbow, 2015) which is also the
predilection site of A. galli, was not influenced by the infection.
Nevertheless, structural alterations of the intestinal wall (e.g.,
shorter villus, mucosal thickness, mucosal lesions) during A. galli
infection are well known (Dänicke et al., 2009; Marcos-Atxutegi
et al., 2009; Luna-Olivares et al, 2015) and are likely caused by
the larval stages penetrating the tissue wall (Luna-Olivares et al.,
2012). In our study, infected birds tended to have a shorter villus
and greater crypt depth in the jejunal section which resulted in a
smaller villus:crypt ratio, but alterations were rather insubstantial
as the FCR remained un-affected in all three genotypes. The higher
mortality and the impaired tolerance to mixed nematode infec-
tions in R birds confirm that the fast-growing genotypes have
lower fitness than slower growing genotypes (Rauw et al., 1998;
Julian, 2005; Bessei, 2006; Olkowski, 2007; Raynal-Ljutovac et al.,
2007; Oltenacu and Broom, 2010). This observation is in line with
the theory of resource partitioning in genotypes intensively
selected for a particular performance trait, i.e. increased growth
rate in chickens (Rauw, 2012).

The A. galli burden was higher in R than in LB. Similarly, a higher
number of A. galli survived beyond larval stages in R than in LB. The
overall A. galli length was also higher in R than in LB birds. When
compared with R and LB, LD was in an intermediate position in
terms of both survival and growth of A. galli. These results collec-
tively suggest that resistance to A. galli may be negatively associ-
ated with selection for increased growth rate in chickens. In
contrast, first generation burden with H. gallinarum, originating
from the experimental infection, was similar in the three geno-
types. The larger A. galli burden in the fast growing R birds than
in the slow growing LB birds might at least partly be due to differ-
ences in immune functions. The level of ascarid-specific IgY is not
strongly associated with a direct protection in chickens (Das� et al.,
2018), but is indicative of the activation of the adaptive cell-
mediated immune responses (Harris and Gause, 2011; Stehr
et al., 2018). Cell-mediated immune responses differ between lay-
ers and broilers following challenge with lipopolysaccharide,
trinitrophenyl-conjugated keyhole limpet hemocyanin or human
serum albumin (Leshchinsky and Klasing, 2001; Koenen et al.,
2002; Parmentier et al., 2010). Although we did not measure
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cell-mediated immune responses, differences in both infection-
specific and -unspecific humoral immune responses between R
and LB birds are in line with the lower resistance of R birds to A.
galli. The LB birds tended to have higher ascarid-specific IgY levels
than R birds. Similarly, the concentration of worm-unspecific IgY
was higher in LB than in R, which might be associated with the
lower A. galli burden in the slow growing genotype. The larger A.
galli burden in R than in LB might furthermore be related to the dif-
ferences in the intestinal environment of fast and slow growing
genotypes. Ascaridia galli embeds itself in intestinal tissue (Luna-
Olivares et al., 2012), likely to escape the expulsion reaction. The
tissue-associated phase of A. galliwas almost completed at approx-
imately 5 weeks p.i. in all three genotypes. This finding is in line
with previous data describing the duration of the histotrophic
phase for this nematode (Herd and McNaught, 1975). A higher per-
centage of larvae was isolated from the tissue wall of R birds than
from those of LD and LB birds. Non-larval A. galli counts were also
higher in R than in LD and LB, likely indicating a more favourable
intestinal environment for worm survival in R birds. The larger
intestines as well as higher nutrient intake in R birds might have
resulted in less competition among worms for space and nutrients.
This hypothesis is further supported by the higher OWL of A. galli in
R than in LB. Furthermore, the greater quantity of lactic acid in the
small intestines of R birds might have been associated with the
higher A. galli worm burdens in this genotype. The higher lactic
acid concentration suggests a higher abundance of lactic acid-
producing bacteria (e.g., Lactobacillus spp.) in the digesta, which
might have promoted worm development as known for a
helminth-microbiota system in mice (Reynolds et al., 2014).

Host genotype-dependent differences in resistance to A. galli did
not apply to H. gallinarum, as the burden with first generation
worms was similar in the three genotypes. The intra-caecal envi-
ronment is known to affect larval establishment, growth and
fecundity of H. gallinarum (Springer et al., 1970; Das� et al., 2011).
Chicken genotypes differ in their intestinal environments, particu-
larly with progressing age (Zhao et al., 2013; Schokker et al., 2015;
Walugembe et al., 2015). Differences in the intra-caecal pH of the
three genotypes confirmed the age-dependent differences by
6 weeks p.i. However, in the early infection period (2 weeks p.i.),
there was only a transient pH difference between LB and R. The
similar metabolite profiles (i.e., SCFA and LA) in the caecal digesta
of different genotypes suggest negligible differences in the
predilection site of H. gallinarum. Thus, the absence of differences
in the caecal environment of the host genotypes may be associated
with similar first generation burdens with H. gallinarum in the
three genotypes.

Although the three genotypes did not differ in the number of H.
gallinarum larvae originating from experimental infection, there
were considerable differences in terms of secondary H. gallinarum
infection (i.e. re-infection). The finding that re-infection occurred
only for H. gallinarum but not for A. galli can be ascribed to the
longer prepatent period of A. galli than that of H. gallinarum
(Ramadan and Abou Znada, 1991; Das� et al., 2014; Das� and
Gauly, 2014). The worm burden of the genotypes with first and
second generation H. gallinarum worms provided crucial informa-
tion about susceptibility to experimentally induced and naturally
occurring (re)infection. When a fully controlled experimental
infection was induced, the number of worms did not differ among
the genotypes, whereas susceptibility to naturally occurring infec-
tion was highest in LB and lowest in R. Although secondary infec-
tions are expected to be influenced by the immune response
acquired during the primary infection (Anthony et al., 2007), out-
comes of naturally occurring re-infection may not be solely
immune-function dependent. Unlike experimentally induced
infections, the occurrence and magnitude of re-infections depend
on the ingestion of embryonated eggs from the environment
(i.e., from pen litter) by the host animal. The similar EPD levels in
the three genotypes indicated comparable pen contamination
levels with nematode eggs. This implied a similar exposure risk
for the occurrence of re-infection in the three genotypes. The extre-
mely low re-infection observed in R might have been at least partly
related to the number of ingested eggs actively picked up from the
pen environment, likely due to behavioural differences. In compar-
ison to layer type chickens, broilers spend less time eating (Masic
et al., 1974) and are less active (Lindqvist et al., 2006; Tickle
et al., 2018). Furthermore, broilers show less ground foraging and
contrafreeloading (e.g. selectively pick up from the ground) beha-
viours than layers (Lindqvist et al., 2006). Such behavioural differ-
ences might have influenced the number of infectious eggs taken
up from the pen environment by the three genotypes, and thus
may explain different levels of secondary infection with H. galli-
narum. The finding that host responses to experimental and natu-
rally occurring infections differed in association with host
genotype is an important outcome with practical implications. Fur-
thermore, the divergent responses of the genotypes to experimen-
tally induced or naturally occurring infection indicate that
experimentally induced infection may not necessarily be represen-
tative of naturally occurring infection. This is particularly impor-
tant when host genotypes with different body sizes and
behavioural patterns are compared. Thus, we propose that the
assessment of host genotypes in terms of parasite resistance
should not be limited to experimental infections only, but also
include naturally occurring reinfection. Other factors related to
experimental designs when comparing genotypes of different body
size are the environmental conditions and the infection dose. We
compared fast and slower growing genotypes in an environment
(i.e., diet, climatic conditions, space requirements etc.) fully
designed for the fast growing genotype. Despite the large differ-
ences in body size, the three genotypes were also given the same
infection dose. Therefore, we appreciate that the outcomes of the
experiment may differ when genotypes are constrained in
genotype-specific environments (e.g. fed on genotype-specific
diets) or given an infection dose adjusted to body size (e.g. see
Coltherd et al., 2009, 2011). As the growth performance was only
impaired in the large size broiler birds, an adjusted infection dose
would even imply a higher infection pressure on R birds. However,
whether growth performance of the slower growing genotypes
would also be impaired by the infections, if less a nutrient- and
energy-dense diet was offered, needs to be clarified in further
studies.

Our data collectively suggest that resistance and tolerance to
mixed nematode infections are sensitive to growth rate in chick-
ens. These differences amongst genotypes may be partly associated
with a mismatch between the actual nutrient supply and
genotype-specific nutrient requirements.

Acknowledgements

This work is an outcome of a sub-project of the Integhof Consor-
tium (Germany) supported by the funds from the German Govern-
ment́s Special Purpose Fund held at Landwirtschaftliche
Rentenbank (Grant no. 28RZ3-72.051). We are deeply grateful to
Mrs. Birgit Mielenz for her invaluable assistance throughout the
animal experiment and following laboratory analysis of the sam-
ples. We also thank Dr. Solvig Görs, Mrs. Kirsten Kàrpàti, Mrs.
Ute Lüdtke, Mrs. Elke Wünsche, Mrs. Susanne Dwars, Mrs. Kathar-
ina Grot and Mr. Roland Gaeth for their support in relation to lab-
oratory analyses, sample collection and animal feeding as well as
the other valuable qualified staff of the Leibniz Institute for Farm
Animal Biology (FBN; Germany) for assisting with animal care
and performing necropsies. We thank Lohmann Tierzucht GmbH
(Cuxhaven, Germany) for providing the chicks.



590 M. Stehr et al. / International Journal for Parasitology 49 (2019) 579–591
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ijpara.2019.03.001.

References

Abdelqader, A., Gauly, M., Wollny, C.B., Abo-Shehada, M.N., 2008. Prevalence and
burden of gastrointestinal helminthes among local chickens, in northern Jordan.
Prev. Vet. Med. 85, 17–22.

Anthony, R.M., Rutitzky, L.I., Urban, J.F., Stadecker, M.J., Gause, W.C., 2007.
Protective immune mechanisms in helminth infection. Nat. Rev. Immunol. 7,
975–987.

Bessei, W., 2006. Welfare of broilers: a review. Worlds Poult. Sci. J. 62, 455–466.
Best, A., White, A., Boots, M., 2008. Maintenance of host variation in tolerance to

pathogens and parasites. Proc. Natl. Acad. Sci. U S A. 105, 20786–20791.
Calenge, F., Mignon-Grasteau, S., Chanteloup, N.K., Brée, A., Lalmanach, A.C.,

Schouler, C., 2014. Broiler lines divergently selected for digestive efficiency
also differ in their susceptibility to colibacillosis. Avian Pathol. 43, 78–81.

Colditz, I.G., 2008. Six costs of immunity to gastrointestinal nematode infections.
Parasite Immunol. 30, 63–70.

Coltherd, J.C., Bunger, L., Kyriazakis, I., Houdijk, J.G., 2009. Genetic growth potential
interacts with nutrition on the ability of mice to cope with Heligmosomoides
bakeri infection. Parasitology 136, 1043–1055.

Coltherd, J.C., Babayan, S.A., Bünger, L., Kyriazakis, I., Allen, J.E., Houdijk, J.G.M.,
2011. Interactive effects of protein nutrition, genetic growth potential and
Heligmosomoides bakeri infection pressure on resilience and resistance in mice.
Parasitology 138, 1305–1315.

Coop, R.L., Kyriazakis, I., 1999. Nutrition-parasite interaction. Vet. Parasitol. 84,
187–204.

Coop, R.L., Kyriazakis, I., 2001. Influence of host nutrition on the development and
consequences of nematode parasitism in ruminants. Trends Parasitol. 17, 325–
330.

Dalgaard, T.S., Skovgaard, K., Norup, L.R., Pleidrup, J., Permin, A., Schou, T.W.,
Vadekær, D.F., Jungersen, G., Juul-Madsen, H.R., 2015. Immune gene expression
in the spleen of chickens experimentally infected with Ascaridia galli. Vet.
Immunol. Immunopathol. 164, 79–86.

Damme, K., 2015. Economics of dual-purpose breeds – a comparison of meat and
egg production using dual purpose breeds versus conventional broiler and layer
strains. LOHMANN Information 50, 4–9.

Das�, G., Kaufmann, F., Abel, H., Gauly, M., 2010. Effect of extra dietary lysine in
Ascaridia galli-infected grower layers. Vet. Parasitol. 170, 238–243.

Das�, G., Abel, H., Rautenschlein, S., Humburg, J., Schwarz, A., Breves, G., Gauly, M.,
2011. Effects of dietary non-starch polysaccharides on establishment and
fecundity of Heterakis gallinarum in grower layers. Vet. Parasitol. 178, 121–128.

Das�, G., Abel, H., Humburg, J., Schwarz, A., Rautenschlein, S., Breves, G., Gauly, M.,
2012. The effects of dietary non-starch polysaccharides on Ascaridia galli
infection in grower layers. Parasitology 139, 110–119.

Das�, G., Gauly, M., 2014. Response to Ascaridia galli infection in growing chickens in
relation to their body weight. Parasitol. Res. 113, 1985–1988.

Das�, G., Abel, H., Savas�, T., Sohnrey, B., Gauly, M., 2014. Egg production dynamics
and fecundity of Heterakis gallinarum residing in different caecal environments
of chickens induced by fibre-rich diets. Vet. Parasitol. 205, 606–618.

Das�, G., Hennies, M., Sohnrey, B., Rahimian, S., Wongrak, K., Stehr, M., Gauly, M.,
2017. A comprehensive evaluation of an ELISA for the diagnosis of the two most
common ascarids in chickens using plasma or egg yolks. Parasit. Vectors 10,
187.

Das�, G., Hennies, M., Tuchscherer, A., Gauly, M., 2018. Time- and dose-dependent
development of humoral immune responses to Ascaridia galli in experimentally
and naturally infected chickens. Vet. Parasitol. 255, 10–19.

Dänicke, S., Moors, E., Beineke, A., Gauly, M., 2009. Ascaridia galli infection of pullets
and intestinal viscosity: consequences for nutrient retention and gut
morphology. Br. Poult. Sci. 50, 512–520.

Degen, W.G., Daal, N.v., Rothwell, L., Kaiser, P., Schijns, V.E., 2005. Th1/Th2
polarization by viral and helminth infection in birds. Vet. Microbiol. 105,
163–167.

Denbow, D.M., 2015. Gastrointestinal anatomy and physiology. In: Schanes, G. (Ed.),
Sturkie’s Avian Physiology 6th Edition. Elsevier Inc., Online publication, pp.
337–366. ISBN: 978-0-12-407160-5.

Doeschl-Wilson, A.B., Kyriazakis, I., 2012. Should we aim for genetic improvement
in host resistance or tolerance to infectious pathogens? Front. Genet. 3, 272.

Exton, M.S., 1997. Infection-induced anorexia: active host defence strategy.
Appetite 29, 369–383.

Ferdushy, T., Luna-Olivares, L.A., Nejsum, P., Roepstorff, A.K., Thamsborg, S.M.,
Kyvsgaard, N.C., 2013. Population dynamics of Ascaridia galli following single
infection in young chickens. Parasitology 140, 1078–1084.

Gauly, M., Bauer, C., Preisinger, R., Erhardt, G., 2002. Genetic differences of Ascaridia
galli egg output in laying hens following a single dose infection. Vet. Parasitol.
103, 99–107.

Glazier, D.S., 2009. Trade-offs. In: Rauw, W.M. (Ed.), Resource Allocation Theory
Applied to Farm Animal Production. CABI Publishing, Wallingford, UK, pp. 44–
60. ISBN: 978 1 84593 394 4.

Goodarzi Boroojeni, F., Vahjen, W., Mader, A., Knorr, F., Ruhnke, I., Röhe, I., Hafeez,
A., Villodre, C., Männer, K., Zentek, J., 2014. The effects of different thermal
treatments and organic acid levels in feed on microbial composition and
activity in gastrointestinal tract of broilers. Poult. Sci. 93, 1440–1452.

Grafl, B., Liebhart, D., Windisch, M., Ibesich, C., Hess, M., 2011. Seroprevalence of
Histomonas meleagridis in pullets and laying hens determined by ELISA. Vet. Rec.
168, 160.

Grafl, B., Polster, S., Sulejmanovic, T., Pürrer, B., Guggenberger, B., Hess, M., 2017.
Assessment of health and welfare of Austrian laying hens at slaughter
demonstrates influence of husbandry system and season. Br. Poult. Sci. 58,
209–215.

Han, Z., Willer, T., Pielsticker, C., Gerzova, L., Rychlik, I., Rautenschlein, S., 2016.
Differences in host breed and diet influence colonization by Campylobacter
jejuni and induction of local immune responses in chicken. Gut Pathog. 10, 56.

Han, P.F., Smyth Jr., J.R., 1972. The influence of growth rate on the development of
Marek’s disease in chickens. Poult. Sci. 51, 975–985.

Harris, N., Gause, W.C., 2011. To B or not to B: B cells and the Th2-type immune
response to helminths. Trends Immunol. 32, 80–88.

Herd, R.P., McNaught, D.J., 1975. Arrested development and the histotropic phase of
Ascaridia galli in the chicken. Int. J. Parasitol. 5, 401–406.

Hess, M., Grabensteiner, E., Liebhart, D., 2006. Rapid transmission of the protozoan
parasite Histomonas meleagridis in turkeys and specific pathogen free chickens
following cloacal infection with a mono-eukaryotic culture. Avian Pathol. 35,
280–285.

Hinrichsen, L.K., Labouriau, R., Engberg, R.M., Knierim, U., Sørensen, J.T., 2016.
Helminth infection is associated with hen mortality in Danish organic egg
production. Vet. Rec. 179, 196.

Hurwitz, S., Shamir, N., Bar, A., 1972. Protein digestion and absorption in the chick:
effect of Ascaridia galli. Am. J. Clin. Nutr. 25, 311–316.

Jeroch, H., Simon, A., Zentek, J., 2013. Geflügelernährung. Verlag Eugen Ulmer,
Stuttgart, Germany.

Julian, R.J., 2005. Production and growth related disorders and other metabolic
diseases of poultry – a review. Vet. J. 169, 350–369.

Kaufmann, J., 1996. Parasitic Infections of Domestic Animals: A Diagnostic Manual.
Birkhäuser Verlag, Berlin, Germany, pp. 357–358. ISBN 3-7643-5115-2.

Kaufmann, F., Das�, G., Sohnrey, B., Gauly, M., 2011a. Helminth infections in laying
hens kept in organic free range systems in Germany. Livest. Sci. 141, 182–187.

Kaufmann, F., Das�, G., Preisinger, R., Schmutz, M., König, S., Gauly, M., 2011b.
Genetic resistance to natural helminth infections in two chicken layer lines. Vet.
Parasitol. 176, 250–257.

Koenen, M.E., Boonstra-Blom, A.G., Jeurissen, S.H., 2002. Immunological differences
between layer- and broiler-type chickens. Vet. Immunol. Immunopathol. 89,
47–56.

Kyriazakis, I.I., Tolkamp, B.J., Hutchings, M.R., 1998. Towards a functional
explanation for the occurrence of anorexia during parasitic infections. Anim.
Behav. 56, 265–274.

Kumar, S., Garg, R., Ram, H., Maurya, P.S., Banerjee, P.S., 2015. Gastrointestinal
parasitic infections in chickens of upper gangetic plains of India with special
reference to poultry coccidiosis. J. Parasit. Dis. 39, 22–26.

Leshchinsky, T.V., Klasing, K.C., 2001. Divergence of the inflammatory response in
two types of chickens. Dev. Comp. Immunol. 25, 629–638.

Lindqvist, C., Zimmerman, P., Jensen, P., 2006. A note on contrafreeloading in
broilers compared to layer chicks. Appl. Anim. Behav. Sci. 101, 161–166.

Liu, S.M., Smith, T.L., Karlsson, L.J.E., Palmer, D.G., Besier, R.B., 2005. The costs for
protein and energy requirements by nematode infection and resistance in
Merino sheep. Livest. Prod. Sci. 97, 131–139.

Lotfi, A., Hauck, R., Olias, P., Hafez, H.M., 2014. Pathogenesis of histomonosis in
experimentally infected specific-pathogen-free (SPF) layer-type chickens and
SPF meat-type chickens. Avian Dis. 58, 427–432.

Luna-Olivares, L.A., Ferdushy, T., Kyvsgaard, N.C., Nejsum, P., Thamsborg, S.M.,
Roepstorff, A., Iburg, T.M., 2012. Localization of Ascaridia galli larvae in the
jejunum of chickens 3 days post infection. Vet. Parasitol. 185, 186–193.

Luna-Olivares, L.A., Kyvsgaard, N.C., Ferdushy, T., Nejsum, P., Thamsborg, S.M.,
Roepstorff, A., Iburg, T.M., 2015. The jejunal cellular responses in chickens
infected with a single dose of Ascaridia galli eggs. Parasitol. Res. 114, 2507–
2515.

MAFF, 1986. Manual of Veterinary Parasitological Laboratory Techniques 3rd ed. G.
D. Reference Book 418. Ministry of Agriculture, Fisheries and Food, London.

Marcos-Atxutegi, C., Gandolfi, B., Arangüena, T., Sepúlveda, R., Arévalo, M., Simón, F.,
2009. Antibody and inflammatory responses in laying hens with experimental
primary infections of Ascaridia galli. Vet. Parasitol. 161, 69–75.

Masic, B., Wood-Gush, D.G.M., Duncan, I.J.H., McCorquodale, C., Savory, C.J., 1974. A
comparison of the feeding behaviour of young broiler and layer males. Brit.
Poult. Sci. 1975 (14), 499–505.

McCarthy, D.O., 2000. Cytokines and the anorexia of infection: potential
mechanisms and treatments. Biol. Res. Nurs. 1, 287–298.

McDougald, L.R., 2005. Blackhead disease (histomoniasis) in poultry: a critical
review. Avian Dis. 49, 462–476.

Oltenacu, P.A., Broom, D.M., 2010. The impact of genetic selection for increased milk
yield on the welfare of dairy cows. Anim. Welfare. 19, 39–49.

Olkowski, A.A., 2007. Pathophysiology of heart failure in broiler chickens:
structural, biochemical, and molecular characteristics. Poult. Sci. 86, 999–1005.

Parmentier, H.K., de Vries Reilingh, G., Freke, P., Koopmanschap, R.E., Lammers, A.,
2010. Immunological and physiological differences between layer- and broiler
chickens after concurrent intratracheal administration of lipopolysaccharide
and human serum albumin. Int. J. Poult. Sci. 9, 574–583.

Permin, A., Ranvig, H., 2001. Genetic resistance to Ascaridia galli infections in
chickens. Vet. Parasitol. 102, 101–111.

https://doi.org/10.1016/j.ijpara.2019.03.001
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0005
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0005
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0005
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0010
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0010
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0010
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0015
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0020
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0020
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0025
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0025
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0025
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0030
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0030
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0035
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0035
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0035
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0040
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0040
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0040
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0040
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0045
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0045
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0050
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0050
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0050
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0055
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0055
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0055
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0055
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0055
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0060
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0060
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0060
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0065
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0065
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0065
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0070
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0070
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0070
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0070
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0075
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0075
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0075
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0075
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0080
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0080
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0080
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0085
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0085
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0085
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0085
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0085
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0090
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0090
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0090
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0090
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0090
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0095
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0095
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0095
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0095
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0100
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0100
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0100
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0105
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0105
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0105
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0110
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0110
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0110
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0115
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0115
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0120
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0120
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0125
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0125
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0125
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0130
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0130
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0130
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0135
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0135
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0135
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0140
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0140
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0140
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0140
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0145
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0145
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0145
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0150
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0150
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0150
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0150
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0155
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0155
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0155
http://refhub.elsevier.com/S0020-7519(19)30127-4/h9000
http://refhub.elsevier.com/S0020-7519(19)30127-4/h9000
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0160
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0160
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0165
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0165
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0170
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0170
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0170
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0170
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0175
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0175
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0175
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0175
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0180
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0180
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0185
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0185
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0190
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0190
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0195
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0195
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0200
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0200
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0200
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0205
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0205
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0205
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0205
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0210
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0210
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0210
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0215
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0215
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0215
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0220
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0220
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0220
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0225
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0225
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0230
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0230
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0235
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0235
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0235
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0240
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0240
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0240
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0245
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0245
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0245
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0250
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0250
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0250
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0250
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0255
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0255
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0260
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0260
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0260
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0265
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0265
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0265
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0270
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0270
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0275
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0275
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0280
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0280
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0285
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0285
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0290
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0290
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0290
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0290
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0295
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0295


M. Stehr et al. / International Journal for Parasitology 49 (2019) 579–591 591
Permin, A., Bisgaard, M., Frandsen, F., Pearman, M., Kold, J., Nansen, P., 1999.
Prevalence of gastrointestinal helminths in different poultry production
systems. Br. Poult. Sci. 40, 439–443.

Plata-Salamán, C.R., 2001. Cytokines and feeding. Int. J. Obes. Relat. Metab. Disord.
5, 48–52.

Råberg, L., Graham, A.L., Read, A.F., 2009. Decomposing health: tolerance and
resistance to parasites in animals. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 364,
37–49.

Rahimian, S., Gauly, M., Das�, G., 2016. Embryonation ability of Ascaridia galli eggs
isolated from worm uteri or host faeces. Vet. Parasitol. 215, 29–34.

Ramadan, H.H., Abou Znada, N.Y., 1991. Morphology and life history of Ascaridia
galli in the domestic fowl that are raised in Jeddah. J. KAU. Sci. 4, 87–99.

Rauw, W.M., Kanis, E., Noordhuizen-Stassen, E.N., Grommers, F.J., 1998. Undesirable
side effects of selection for high production efficiency in farm animals: a review.
Livest. Prod. Sci. 56, 15–33.

Rauw, W.M., 2012. Immune response from a resource allocation perspective. Front
Genet. 3, 267. https://doi.org/10.3389/fgene.2012.00267.

Raynal-Ljutovac, K., Pirisi, A., de Crémoux, R., Gonzalo, C., 2007. Somatic cells of goat
and sheep milk: analytical, sanitary, productive and technological aspects.
Small Ruminant Res. 68, 126–144.

Reynolds, L.A., Smith, K.A., Filbey, K.J., Harcus, Y., Hewitson, J.P., Redpath, S.A.,
Valdez, Y., Yebra, M.J., Finlay, B.B., Maizels, R.M., 2014. Commensal-pathogen
interactions in the intestinal tract: lactobacilli promote infection with, and are
promoted by, helminth parasites. Gut Microbes 5, 522–532.

Ruhnke, I., Andronicos, N.M., Swick, R.A., Hine, B., Sharma, N., Kheravii, S.K., Wu, S.B.,
Hunt, P., 2017. Immune responses following experimental infection with
Ascaridia galli and necrotic enteritis in broiler chickens. Avian Pathol. 46, 602–
609.

Sakkas, P., Oikeh, I., Blake, D.P., Nolan, M.J., Bailey, R.A., Oxley, A., Rychlik, I., Lietz, G.,
Kyriazakis, I., 2018. Does selection for growth rate in broilers affect their
resistance and tolerance to Eimeria maxima? Vet. Parasitol. 258, 88–98.

Schokker, D., Veninga, G., Vastenhouw, S.A., Bossers, A., de Bree, F.M., Kaal-
Lansbergen, L.M., Rebel, J.M., Smits, M.A., 2015. Early life microbial colonization
of the gut and intestinal development differ between genetically divergent
broiler lines. BMC Genomics 16, 418.

Schou, T., Permin, A., Roepstorff, A., Sørensen, P., Kjaer, J., 2003. Comparative genetic
resistance to Ascaridia galli infections of 4 different commercial layer-lines. Br.
Poult. Sci. 44, 182–185.

Schwarz, A., Gauly, M., Abel, H., Das�, G., Humburg, J., Weiss, A.T., Breves, G.,
Rautenschlein, S., 2011a. Pathobiology of Heterakis gallinarum mono-infection
and co-infection with Histomonas meleagridis in layer chickens. Avian Pathol. 40,
277–287.

Schwarz, A., Gauly, M., Abel, H., Das�, G., Humburg, J., Rohn, K., Breves, G.,
Rautenschlein, S., 2011b. Immunopathogenesis of Ascaridia galli infection in
layer chicken. Dev. Comp. Immunol. 35, 774–784.

Springer, W.T., Johnson, J., Reid, W.M., 1970. Histomoniasis in gnotobiotic chickens
and turkeys: biological aspects of the role of bacteria in the etiology. Exp.
Parasitol. 28, 383–392.

Stehr, M., Sciascia, Q., Gauly, M., Metges, C.C., Das�, G., 2018. Co-expulsion of
Ascaridia galli and Heterakis gallinarum in chickens. Int. J. Parasitol. 48, 1003–
1016. https://doi.org/10.1016/j.ijpara.2018.05.014.

Svihus, B., 2014. Function of the digestive system. J. Appl. Poult. Res. 23, 306–314.
Thapa, S., Hinrichsen, L.K., Brenninkmeyer, C., Gunnarsson, S., Heerkens, J.L., Verwer,

C., Niebuhr, K., Willett, A., Grilli, G., Thamsborg, S.M., Sørensen, J.T., Mejer, H.,
2015. Prevalence and magnitude of helminth infections in organic laying hens
(Gallus gallus domesticus) across Europe. Vet. Parasitol. 214, 118–124.

Tickle, P.G., Hutchinson, J.R., Codd, J.R., 2018. Energy allocation and behaviour in the
growing broiler chicken. Sci. Rep. 8, 4562. https://doi.org/10.1038/s41598-018-
22604-2.

Urban, J., Röhe, I., Zentek, J., 2018. Effect of dietary protein, calcium and phosphorus
concentrations on performance, nutrient digestibility and whole body
composition of male Lohmann Dual chickens. Europ. Poult. Sci. 82. https://
doi.org/10.1399/eps.2018.231.

Van der Most, P.J., de Jong, B., Parmentier, H.K., Verhulst, S., 2011. Trade-off between
growth and immune function: a meta-analysis of selection experiments. Funct.
Ecol. 25, 74–80.

Walker, T.R., Farrell, D.J., 1976. Energy and nitrogen metabolism of diseased
chickens: interaction of Ascaridia galli infestation and vitamin A status. Br. Poult.
Sci. 17, 63–77.

Walugembe, M., Hsieh, J.C., Koszewski, N.J., Lamont, S.J., Persia, M.E., Rothschild, M.
F., 2015. Effects of dietary fiber on cecal short-chain fatty acid and cecal
microbiota of broiler and laying-hen chicks. Poult. Sci. 94, 2351–2359.

Wilson, K.I., Yazwinski, T.A., Tucker, C.A., Johnson, Z.B., 1994. A survey into the
prevalence of poultry helminths in northwest Arkansas commercial broiler
chickens. Avian Dis. 38, 158–160.

Wongrak, K., Das�, G., von Borstel, U.K., Gauly, M., 2015. Genetic variation for worm
burdens in laying hens naturally infected with gastro-intestinal nematodes. Br.
Poult. Sci. 56, 15–21.

Wuthijaree, K., Lambertz, C., Gauly, M., 2017. Prevalence of gastrointestinal
helminth infections in free-range laying hens under mountain farming
production conditions. Br. Poult. Sci. 58, 649–655.

Yang, S., Gaafar, S.M., Bottoms, G.D., 1990. Effects of multiple dose infections with
Ascaris suum on blood gastrointestinal hormone levels in pigs. Vet. Parasitol. 37,
31–44.

Yazwinski, T.A., Chapman, H.D., Davis, R.B., Letonja, T., Pote, L., Maes, L., Vercruysse,
J., Jacobs, D.E., 2003. World Association for the Advancement of Veterinary
Parasitology (W.A.A.V.P.) guidelines for evaluating the effectiveness of
anthelmintics in chickens and turkeys. Vet. Parasitol. 116, 159–173.

Yazwinski, T., Tucker, C., Wray, E., Jones, L., Johnson, Z., Steinlage, S., Bridges, J.,
2013. A survey on the incidence and magnitude of intestinal helminthiasis in
broiler breeders originating from the southeastern United States. J. Appl. Poult.
Res. 22, 942–947.

Zaralis, K., Tolkamp, B.J., Houdijk, J.G., Wylie, A.R., Kyriazakis, I.I., 2008. Changes in
food intake and circulating leptin due to gastrointestinal parasitism in lambs of
two breeds. J. Anim. Sci. 86, 1891–1903.

Zhao, L., Wang, G., Siegel, P., He, C., Wang, H., Zhao, W., Zhai, Z., Tian, F., Zhao, J.,
Zhang, H., Sun, Z., Chen, W., Zhang, Y., Meng, H., 2013. Quantitative genetic
background of the host influences gut microbiomes in chickens. Sci. Rep. 3,
1163.

Zuidhof, M.J., Schneider, B.L., Carney, V.L., Korver, D.R., Robinson, F.E., 2014. Growth,
efficiency, and yield of commercial broilers from 1957, 1978, and 2005. Poult.
Sci. 93, 2970–2982.

Zitnan, R., Voigt, J., Kuhla, S., Wegner, J., Chudy, A., Schönhusen, U., Brna, M.,
Zupcanova, M., Hagemeister, H., 2008. Morphology of small intestinal mucosa
and intestinal weight change with metabolic type of cattle. Vet. Med. (Praha)
53, 525–532.

http://refhub.elsevier.com/S0020-7519(19)30127-4/h0300
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0300
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0300
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0305
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0305
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0310
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0310
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0310
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0315
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0315
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0315
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0320
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0320
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0325
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0325
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0325
https://doi.org/10.3389/fgene.2012.00267
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0335
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0335
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0335
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0340
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0340
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0340
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0340
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0345
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0345
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0345
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0345
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0350
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0350
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0350
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0355
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0355
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0355
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0355
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0360
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0360
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0360
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0360
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0365
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0365
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0365
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0365
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0365
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0370
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0370
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0370
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0370
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0375
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0375
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0375
https://doi.org/10.1016/j.ijpara.2018.05.014
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0385
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0390
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0390
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0390
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0390
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0390
https://doi.org/10.1038/s41598-018-22604-2
https://doi.org/10.1038/s41598-018-22604-2
https://doi.org/10.1399/eps.2018.231
https://doi.org/10.1399/eps.2018.231
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0405
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0405
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0405
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0410
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0410
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0410
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0415
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0415
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0415
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0420
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0420
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0420
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0425
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0425
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0425
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0425
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0430
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0430
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0430
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0435
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0435
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0435
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0440
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0440
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0440
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0440
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0445
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0445
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0445
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0445
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0450
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0450
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0450
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0455
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0455
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0455
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0455
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0460
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0460
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0460
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0465
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0465
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0465
http://refhub.elsevier.com/S0020-7519(19)30127-4/h0465

	Resistance and tolerance to mixed nematode infections in chicken genotypes with extremely different growth rates
	1 Introduction
	2 Materials and methods
	2.1 Birds, experimental design and ethics
	2.2 Housing and management
	2.3 Experimental infection
	2.4 Worm harvest
	2.5 Worm population structure
	2.6 Faecal egg counts
	2.7 ELISA for ascarid-specific antibodies
	2.8 ELISA for immunoglobulins (Ig) IgY, IgM and IgA
	2.9 Luminal pH, short-chain fatty acids (SCFAs) and lactate (LA) in the intestines
	2.10 Intestinal size and histomorphometry
	2.11 Statistical analyses

	3 Results
	3.1 Host performance
	3.2 FEC
	3.3 Worm burden
	3.4 Ascarid-specific IgY antibodies
	3.5 Immunoglobulins
	3.6 Intestinal size and macroscopic alterations in the caecum
	3.7 Intestinal morphometry
	3.8 Luminal pH in the small intestine (SI) and caecum
	3.9 SCFAs and LA

	4 Discussion
	Acknowledgements
	Appendix A Supplementary data
	References


