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Simple Summary: Nematode infections may increase mortality and welfare problems in laying hens.
The two ascarid worms, Ascaridia galli and Heterakis gallinarum, are highly prevalent in laying hens
kept in non-cage housing systems worldwide. The ability of a host to expel pathogens is a component
of resistance to diseases. The molecular basis of differences between different host animals in their
efficiency to expel worms is, however, not well understood. Therefore, we performed a detailed
analysis of differentially expressed genes (DEGs) in two chicken genotypes (Lohmann Brown Plus
(LB), Lohmann Dual (LD)), each with a lower or higher infection intensity level of A. galli and
H. gallinarum. Our data showed significant upregulation of Guanylate Binding Protein 7 (GBP7) in LD
hens. Gene ontology analysis revealed higher transcriptome activity related to “response to external
stimulus” in LB hens, implying a higher stress response in this genotype. In contrast, LD hens
showed higher transcriptomic expression of genes associated with a higher tolerance to infections.

Abstract: Here, we describe the first transcriptomic investigation of the peripheral blood of chickens
exposed to Ascaridia galli and Heterakis gallinarum infections. We investigated differentially expressed
gene (DEG) patterns in two chicken genotypes with either a higher (Lohmann Brown Plus, LB) or
lower (Lohmann Dual, LD) laying performance level. The hens were experimentally coinfected with
A. galli and H. gallinarum, and their worm burdens and infection parameters were determined six
weeks post infection. Based on most representative infection parameters, the hens were clustered into
lower- and higher-infection intensity classes. We identified a total of 78 DEGs contributing to infection-
related phenotypic variation in the two genotypes. Our data showed significant upregulation of
Guanylate Binding Protein 7 (GBP7) in LD hens, making it a promising candidate for tolerance to
ascarid infections in chickens. Gene ontology analysis revealed higher transcriptome activity related
to biological processes such as “response to external stimulus” in LB hens, implying a higher stress
response in this genotype. In contrast, LD hens showed higher transcriptomic expression of genes
related to ontology classes that are possibly associated with a higher tolerance to infections. These
findings may help explain why lower-performing genotypes (i.e., LD) are less sensitive to infections
in terms of maintaining their performance.

Keywords: host-parasite interaction; host performance; nematode infection; peripheral blood; toler-
ance; transcriptome
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1. Introduction

Nematode infections with the highly prevalent species A. galli and H. gallinarum [1-4]
are associated with increased mortality and welfare problems in laying hens kept in
non-cage housing systems [5]. The infections impair host animal performance and affect
economically important egg-quality traits, mainly through reduced feed intake and/or
deteriorating feed conversion efficiency [6-9].

The ability of a host to expel pathogens is a component of resistance to diseases [10].
Both resistance and tolerance to parasite infections are considered important functional
traits in farm animals [11]. Several studies have shown host genotype effects on response to
infections and metabolic disorders in chickens (e.g., [12,13]). Host genotype-dependent dif-
ferences in resistance to nematode infections in chickens have also been described [14-16].
The molecular basis of differences due to the genetic background of host animals, which
may elucidate how some individuals/genotypes are able to expel their worms more ef-
ficiently than others is, however, not well understood. Tolerance to nematode infections
is also linked with the host genotype in chickens, but is also associated with host animal
performance levels [8,9]. Following nematode infections, laying performance was im-
paired immediately in a higher-performing genotype (Lohmann Brown Plus, LB), whereas
a lower-performing genotype (Lohmann Dual, LD) was able to tolerate adverse effects
of infection on performance during the first weeks of infection [8]. The relationship be-
tween performance-level and tolerance to nematode infections was also shown to exist for
growing male birds of divergently selected lines [9]. Thus, collective data on performance-
level-dependent tolerance to nematode infections suggest that high-performing hosts are
less tolerant to nematode infections. Recently, it was demonstrated that experimentally
infected chickens are able to expel the vast majority of ascarids (i.e., A. galli and H. gal-
linarum) within a few weeks, particularly when the worms are in juvenile stages [17].
Nevertheless, considerable variation exists among individual chickens in their capability
to expel worms, as the final worm burdens of experimentally infected birds vary greatly.
The variation in both tolerance to infection and worm burdens of chickens may indicate
the existence of associated variability in key factors involved in pathways responsible for
immune functions and physiological processes to resolve nematode infections.

Gene expression patterns in cells of the infected host animal may provide information
crucial to gaining a comprehensive understanding of the molecular regulation of immune
response and physiological processes. In this respect, transcriptome data are particularly
insightful, as they provide direct information related to the functional part of the host
genome [18]. Avian nucleated red blood cells (RBCs) contain transcriptional and transla-
tional requirements for producing the characteristic molecules of the immune system to
defend against pathogenic attacks. Therefore, nucleated RBCs seem to be involved in the
regulation of both innate and adaptive immune responses, which highlights the crucial
role of RBCs in host defence against pathogens [19]. To the best of our knowledge, there
are no reports on gene expression in peripheral blood cells in nematode-infected chickens
with different genetic backgrounds. Therefore, the aim of this study was to investigate
transcriptomic differences in RBCs of ascarid-infected chickens of two genotypes, each
with a lower or higher infection intensity level. For this purpose, we performed a detailed
analysis of differentially expressed gene (DEG) patterns of the two chicken genotypes with
either lower or higher infection phenotypes, using a large panel of variables serving as
direct or indirect infection proxies.

2. Materials and Methods
2.1. Ethics Statement

Ethical approval for the experiment was obtained from the relevant state ethics com-
mittee for animal experimentation (Mecklenburg-Western Pomerania State Office for Agri-
culture, Food Safety, and Fisheries, Germany; permission no.: AZ.: 7221.3-1-080/16). The
experiment was conducted in accordance with animal welfare rules (animal care and
handling, stunning, and necropsies), and all sampling procedures were performed by
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trained /authorised staff. Experimental infection procedures were in line with the relevant
guidelines of the World Association for the Advancement of Veterinary Parasitology for
Poultry [20].

2.2. Animals, Management, Experimental Infection, and Sample Collection

For the present study, we used 12 hens of two genotypes, namely, Lohmann Brown
Plus (LB, n = 7) and Lohmann Dual (LD, n = 5). The two genotypes differ considerably
in their performance levels. While LB is a typical high-performing layer genotype, LD
has been developed to produce dual-purpose animals, with females used for laying and
males for fattening purposes so that culling of male birds may be redundant [8,9]. In the
pre-experimental period (24 weeks), the hens were kept in helminth-free conditions. The
hens were vaccinated against major bacterial and viral diseases (e.g., Salmonella, Newcastle
disease, and infectious bronchitis) as well as coccidiosis (Paracox 8) at the recommended
ages at the Farm for Education and Research Ruthe, University of Veterinary Medicine
Hannover, Foundation, Germany. During the experimental period, the hens received no
further vaccinations or medical treatment. The hens were fed a commercial layer diet that
contained 11.2 MJ of metabolisable energy, 170 g of crude protein, and 3.6 g of calcium
per kg feed (i.e., as-fed basis). Feed and water were offered for ad libitum intake. The
lighting (light: 14 h; light intensity: 10-15 lux) and temperature (18-20 °C) regimes were as
suggested by the breeding company. The hens were kept in a room with a floor husbandry
system, using wood shavings as litter material.

When the hens were at the beginning of the laying period (i.e., 24 weeks old), experi-
mental (co)infection of chickens with A. galli and H. gallinarum was performed. Origin of
the nematode eggs, incubation conditions for embryonation, and preparation of the final
infection inoculum have been described in detail elsewhere [17]. Incubated nematode eggs
were assessed to determine the percentage of fully embryonated eggs that were considered
infectious [21]. On the day of infection, separately incubated eggs of A. galli and H. galli-
narum were merged in a final dose of 0.4 mL/hen containing 1000 embryonated eggs of the
two species in equal proportions (i.e., 500 eggs per worm species). Hens were given the
infection dose orally by using a 5-cm oesophageal cannula.

2.3. Phenotyping of Infection Intensity through Direct Measurements of Worm Burdens

At 6 weeks post infection (wpi), the hens were necropsied to quantify their worm
burdens with either nematode species. Immediately post mortem, the gastrointestinal tract
was removed, and the small intestine and caeca were isolated to quantify worm burdens
with A. galli and H. gallinarum in their predilection sites, respectively. For A. galli, the small
intestine was opened longitudinally, and the intestinal content was washed through a
sieve (36 pm) under running water. Tissue-associated A. galli larvae were recovered by
using a slightly modified EDTA incubation method [17,22,23]. In short, after removing the
luminal contents, the intestinal tissue was squeezed through a pair of pencil pincers under
running lukewarm tap water to remove accidentally attached luminal worms. Immediately
following this step, the washed tissue was hung into a preheated 400 mL EDTA solution
(10 mM EDTA, 0.9% NaCl) for overnight incubation (>22 h at 40 °C). Thereafter, the EDTA
solution was passed through a 20 um sieve to collect the tissue larvae.

H. gallinarum was harvested from the caecal lumen contents by applying the same
procedure as described for A. galli above. The caecal tissue and lumen contents were
flushed under running water through a sieve (20 um) to isolate immature and mature H.
gallinarum. Worms of both species collected from each chicken were then placed in Petri
dishes for counting, sex differentiation, and length measurements using a stereomicroscope
at 40 x magnification.

2.4. Phenotyping of Infection Parameters and Non-Specific Immunoglobulins

One day prior to necropsies, the hens were kept in single cages to collect individual
chicken eggs and faecal droppings over 24 h. Faecal egg counts (FECs) describing both
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the nematode egg concentration in faeces (eggs per gram of faeces, EPG) and the total
egg excretion within 24 h (eggs per day, EPD) were quantified. The daily total faeces was
thoroughly mixed, and a random sub-sample (2 g) was analysed with the Mini-FLOTAC
egg counting technique [24] using a saturated sodium chloride solution as the flotation
liquid (specific gravity = 1.2). The minimum detection level of the Mini-FLOTAC technique
was 10 eggs/g faeces. After quantification of the nematode egg concentration in faeces
(EPG), the total number of eggs excreted within 24 h from each hen was estimated by
multiplying the amount of total daily faeces with the EPG. Eggs of A. galli and H. gallinarum
were not differentiated and counted together since they cannot be reliably differentiated [25].
An in-house-tailored enzyme-linked immunosorbent assay (ELISA) was used to quantify
antigens of A. galli in the host faeces.

Slaughter blood was collected from the hens in both potassium-EDTA (Kabe Labortech-
nik GmbH, Niimbrecht-Elsenroth, Germany) and RNAlater tubes (400 pL of blood + 1.3 mL
of RNAlater; Sigma Aldrich Chemie GmbH, Niimbrecht-Elsenroth, Germany). For quan-
tification of ascarid-specific IgY (Asc-IgY) in plasma, blood was centrifuged at 2500 g for
20 min, and the supernatant was stored at —20 °C for later analysis. The chicken eggs were
opened, and egg yolks were collected. A sub-sample of the egg yolks (250 uL) was diluted
with 1.5 mL of purified water (pH = 2.5) and homogenised by using a vortexer. Egg yolk
samples were then centrifuged at 12,000 g for 15 min. Asc-IgY levels in plasma (Asc-IgY-P)
and egg yolk (Asc-IgY-EY) samples were then determined with an ELISA as previously
described [26]. The laboratory-specific intra- and inter-assay coefficients of variability (CVs)
for the assay were 5.0% and 8.4%, respectively.

Concentrations of immunoglobulins IgY (IgY-P), and IgM in plasma (IgM-P) sam-
ples were determined using commercial ELISA kits (IgY: Kit No. E30-104; IgM: Kit No.
E30-103; Bethyl Laboratories, Inc., Montgomery, TX, USA). The laboratory-specific intra-
assay CV and inter-assay CV for the analysis ranged between 5.0 and 7.6% and 7.7 and
10.4%, respectively.

2.5. Infection Intensity Clusters

A principal component analysis (PCA) followed by a cluster analysis (CA) of variables
that directly or indirectly reflected the infection intensity of chickens with both nematodes
was performed to classify hens into lower- or higher-infection intensity classes. For this
purpose, in addition to the direct worm burdens with H. gallinarum and A. galli, the
total number of nematode eggs excreted within 24 h through the host faeces (i.e., EPD)
and A. galli antigen concentration in faeces were also used as independent variables for
both analyses. The PCA and CA were performed using JMP15 (https://www.jmp.com/
support/help/en/15.2/; access date: 12 December 2020). The analyses resulted in two
distinct classes of chickens differing in overall infection intensity levels, i.e., lower and
higher (Supplementary Figure S1). In the first cluster (lower infection intensity), there were
seven hens, four of which were LB hens and three of which were LD hens. In the second
cluster (higher infection intensity), there were five hens (3 LB and 2 LD). The proportion of
variation explained by the two clusters was approximately 76.2%.

2.6. Blood RNA Isolation and Quality Assessment

Total RNA was extracted using TRIzol Reagent (Life Technologies, Carlsbad, CA,
USA). The protocol was followed according to the manufacturer’s recommendation, with
minor modifications: each sample (total volume (blood + RNAlater) ~1.5 mL) was divided
into three aliquots and centrifuged for 1 min at 21,000 g and 4 °C to remove the RNAlater.
Phase separation was achieved by 30 min of centrifugation at 12,000 g and 4 °C.

Total blood RNA was precipitated in ice-cold isopropyl alcohol and then washed in
300 pL of 80% ethanol. RNA pellets were eluted in 11 puL of RNase-free water (Thermo
Fisher Scientific, Waltham, MA, USA). The RNA concentration was measured at a wave-
length of 260 nm, and the purity of RNA was assessed by the absorbance at 230 and 280 nm
with a NanoPhotometer® P-360 spectrophotometer (Implen, Munich, Germany). RNA
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pellets received from one blood sample were then pooled and DNase I digested using an
RNA Clean & Concentrator-5 Kit (Zymo Research Corp., Irvine, CA, USA) according to the
manufacturers recommendations.

RNA quantity and quality were measured using a Qubit 2.0 fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA) and microchip electrophoresis on a TapeStation
(Agilent, Santa Clara, CA, USA). The RNA integrity number (RIN) of most samples was >7.

2.7. Library Preparation and RNA Sequencing

Sample library preparation was performed from 100-500 ng of total RNA input using
the TruSeq Stranded mRNA Kit following the manufacturers’ recommendations. The
library preparations were sequenced on an Illumina NovaSeq 6000 SP platform (Illumina
Inc., San Diego, CA, USA), aiming for 25 million 2 x 50 bp paired-end reads per sample.
This was followed by FASTQ file generation.

2.8. Transcriptome Analyses

Raw sequencing reads were processed with Trimmomatic version 0.36 [27] for adapter
removal, trimming of low-quality base calls, and removal of low-quality reads. Trimmo-
matic was used with the following settings: PE -phred33 LEADING:3 TRAILING:3 SLID-
INGWINDOW:4:15 MINLEN:36. Read pairs were discarded if one read did not survive
quality control. Trimmed reads were aligned to chicken genome version GCF_000002315.5
(RefSeq assembly, downloaded from Ensembl (http://www.ensembl.org/index.html, ac-
cessed on 6 June 2018) using TopHat version 2.1.0 [28] with the settings —no-novel-juncs
—-min-isoform-fraction 0.0 -min-anchor-length 3 -r 192 and GCF_000002315.5.gff as the
known transcript file. Genomic features were extracted from the general feature format
file and grouped with the R package GenomicFeatures version 1.36.4 [29]. The summa-
rizeOverlaps function in the R package GenomicAlignments version 1.20.1 was used to
count exon-spanning reads [29].

Differential gene expression was analysed with DESeq2 (version 1.22.2) [30]. We
conducted four separate comparisons to estimate the effects of (I) host genetic background
(LD vs. LB); (II) nematode infection intensity level (lower vs. higher); (IIT) host genetic
background adjusted for nematode infection intensity level; and (IV) nematode infection
intensity level adjusted for genotype effects.

The fold changes (on a log2 scale) and p-values of the differentially expressed genes
(DEGs) were acquired in the output files from DESeq2. Adjusted p-values were obtained
using the Benjamini and Hochberg method, and an adjusted p-value of 0.05 and a log?2 fold
change of 1.0 were assigned as thresholds for significant differential expression. Volcano
plots of differential expression analyses were created with the R package EnhancedVolcano
(version 1.2.0) [31].

2.9. Gene Set Enrichment (GSE) and Pathway Analysis of DEGs

DEGs were functionally annotated and further analysed via gene set enrichment and
pathway analysis using the R package gprofiler2 (version 0.1.7) [32]. KEGG pathways (https:
//www.genome.jp/kegg/pathway.html accessed on 19 November 2020) with p < 0.05 were
considered significantly enriched among the differentially expressed genes. The analyses
were performed separately for each of the four abovementioned comparisons.

2.10. Statistical Analysis of the Phenotypic Data

The two genotypes were compared for direct (i.e., number of worms per hen) and
indirect infection parameters (e.g., nematode egg excretion and antibody levels in host
plasma and egg yolks) using one-way ANOVA through the GLM (General Linear Models)
procedure in SAS/STAT (version 9.4) software of the SAS System for Windows (SAS Insti-
tute Inc., Cary, NC, USA). With the exception of Asc-IgY-P (p = 0.041), all other variables
showed normal distributions when tested with the Kolmogorov-Smirnov test (p > 0.05).
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Since the Shapiro—Wilk test indicated a normal distribution for Asc-IgY-P (p = 0.095), all
data were considered as normally distributed.

Pearson’s correlation coefficients were calculated to examine the relationships between
different infection parameters using pooled data (n = 12). Correlation analysis and data
visualisation were performed using the R packages Hmisc (version 4.3-1) [33] and ggplot2
(version 3.2.1) [34].

3. Results
3.1. Phenotypic Traits

As shown in Table 1, there was no significant difference (p > 0.05) between the two
genotypes in their total worm burdens with A. galli or H. gallinarum at 6 wpi. Nematode egg
excretion through host animal faeces, quantified as egg concentration (EPG) or total egg
number per day (EPD), did not differ between the two host genotypes (p > 0.05). Similarly,
the levels of ascarid-specific IgY in plasma or in egg yolks did not differ significantly
between the two genotypes (p > 0.05). Ascarid antigens quantified in the faeces of hens
were not influenced by host genotype (p > 0.05). Concentrations of non-specific IgY and
IgM in plasma did not differ between the two genotypes (p > 0.05), while LB hens tended
to have a higher non-specific IgY concentration in egg yolks than did LD hens (p > 0.05).

Table 1. Direct and indirect infection parameters measured at 6 wpi in hens of LD and LB genotypes
following experimental co-infection with A. galli and H. gallinarum.

LD (n=5)* LBm=7)* p-Value
A. galli, n/bird 15+ 6.5 16 £5.5 0.901
H. gallinarum, n/bird 172 £ 41.6 164 £+ 35.2 0.890
EPG 1266 + 377 607 £ 318 0.211
EPD 111,248 + 49,424 109,383 + 41,771 0.978
Asc-IgY-P, mU/mL 29.10 + 7.325 38.61 £ 6.190 0.345
Asc-IgY-EY, mU/mL 21.17 £ 7.351 24.06 + 6.213 0.770
Asc-Antigen, ng/g 732 £248.1 775 £ 209.6 0.897
IgY-P, mg/mL 4.88 +0.851 591 £ 0.719 0.379
IgY-EY, mg/mL 532 +0.771 7.32 £ 0.652 0.076
IgM-P, mg/mL 0.58 £ 0.086 0.67 £ 0.073 0.424

* Values are least-square means + standard errors. p-values were derived from one-way ANOVA with host
genotype as the single factor. Worm burdens with A. galli and H. gallinarum include all worms of different
developmental stages. Abbreviations: LD: Lohmann Dual; LB: Lohmann Brown Plus; wpi: weeks post infection;
EPG: number of eggs per gram of faeces; EPD: number of eggs excreted within 24 h; Asc-IgY-P: ascarid-specific-IgY
in plasma; Asc-IgY-EY: ascarid-specific-IgY in egg yolk; Asc-antigen: A. galli-specific antigens in faeces; IgY-P:
non-specific IgY in plasma, IgY-EY: non-specific IgY in plasma; IgM-P: non-specific IgM in plasma.

The estimation of associations between different phenotypic traits revealed significant
correlations between the numbers of A. galli and H. gallinarum worms (r = 0.70; p = 0.01;
Figure 1). The number of A. galli correlated positively with EPG (r = 0.66; p < 0.05), EPD
(r=0.79; p < 0.05) and Asc-Antigen (r = 0.72; p < 0.01). Furthermore, the number of
H. gallinarum positively correlated with EPD (r = 0.69; p = 0.01) and with Asc-Antigen
(r =0.60; p < 0.05). Concentrations of ascarid-specific IgY in plasma and egg yolks were
correlated strongly and positively (r = 0.86, p < 0.001). Further correlations are presented in
Figure 1.
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IgM-P
IgY-EY
IgY-P
Asc-Ant
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0.05

ASC-IgY-EY 0.04

0.03

Asc-IgY-P 0.02

0.01

0.00

EPD

EPG

H.gallinarum

Figure 1. Heatmap of associations between phenotypic traits included in the study. Values shown in the boxes are Pearson’s
correlation coefficients. Non-grey-coloured boxes indicate significant correlations.

3.2. RNA Sequencing and Differential Gene Expression Analysis

RNA-Seq technology was used to investigate differences in gene expression that
could be involved in the molecular regulation of worm expulsion and tolerance to ne-
matode infection. After removing adaptors and low-quality reads, we obtained a total
of 968,891,196 high-quality reads, with an average of 80,740,933 (range: 29,965,120 to
148,212,019 reads) for each sample. Alignment of the sequence reads against the chicken
reference genome (GRCgé6a) using TopHat yielded 83.1 to 95.4% aligned reads across all
samples (Supplementary Table S1).

A total of 24,021 genes were read in RNA-Seq expression profiles, with 20,250 expressed
transcripts in the peripheral blood of the sampled hens (Supplementary Table S2). Differential
gene expression analysis revealed a total of 78 significantly differentially expressed genes
(log2FC > 1.0, padj < 0.05) across the four abovementioned comparisons (I-1V).

In the first comparison (I), 59 genes were upregulated and 14 were downregulated in
LD hens compared to LB hens (Figure 2A). Among those genes, 33 (30 upregulated and
3 downregulated) were of uncertain function (LOC symbols). Comparison II revealed five
LOCs, which were significantly upregulated in hens with higher versus lower infection
intensity (Figure 2B). Regarding the effect of host genetic background adjusted for infection
intensity level (comparison III), a total of 33 genes, including 12 LOCs, were differentially
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expressed (Figure 3C). Twenty-four of these DEGs were significantly upregulated and nine
were downregulated in LD hens compared to LB hens (Figures 2C and 3C). We identified
one DEG between hens with a lower infection intensity level compared to those with a
higher infection intensity level. This DEG was upregulated in hens with higher infection
intensity levels (Figure 2D).

Differentially upregulated genes

60

50

40

30

20

10

LD

W LD LB

LB higher lo higher low
infection intensity adjusted adjusted

Figure 2. Number of significantly upregulated genes (A) between Lohmann Dual (LD) and Lohmann Brown Plus (LB) hens,

(B) between hens with lower and higher infection intensity levels, (C) between LD and LB genotypes adjusted for infection

intensity, and (D) between lower and higher infection intensity levels adjusted for genotype effects.

Figure 3 illustrates the results for significantly DEGs out of 24,021 genes with respect
to host genetic background (Figure 3A), nematode infection intensity level (Figure 3B),
the effect of host genetic background adjusted for infection intensity level (Figure 3C) and
the effect of infection intensity adjusted for host genotype effects (Figure 3D). Regard-
ing the differential gene expression between LD and LB hens (I), Riboflavin kinase (RFK,
log2FC = +2.28, p < 0.001) and Ras-related protein Rab-3C (RAB3C, log2FC = +5.85, p < 0.001)
were the most significantly DEGs in LD hens (Figure 3A). In contrast, Ephrin type-A receptor
3 (EPHA3, 1og2FC = —3.59, p < 0.001), Pappalysin-1 (PAPPA, log2FC = —5.46, p < 0.001),
and CD180 molecule (CD180, log2FC = —2.68, p < 0.005) were significantly downregulated
in LD hens compared to LB hens (Figure 3A). There were no annotated DEGs directly
affected by infection intensity level, whereas five upregulated LOCs (e.g., LOC112533060,
log2FC = +7.44, p < 0.01; LOC112533033, log2FC = +6.56, p < 0.05) were identified in hens
with higher infection intensity (Figure 3B). Regarding the effect of host genetic background
adjusted for infection intensity level (Figure 3C, i.e., comparison III), most of the identified
DEGs were similar to those affected by host genotype only (Figure 3A), although the top
DEG between LD and LB hens was Guanylate binding protein 7 (GBP7, log2FC = +25.46,
p < 0.001). Analysing DEGs based on the effect of infection intensity adjusted for genotype
effects (IV), we found significant upregulation of GBP7 (1og2FC = +19.32, p < 0.001) in hens
with higher infection intensity (Figure 3D).
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Figure 3. Volcano plots illustrating significantly differentially expressed genes (red dots) influenced
by (A) host genetic background (Lohmann Dual vs. Lohmann Brown Plus); (B) nematode infection
intensity level (lower vs. higher); (C) the effect of host genetic background adjusted for infection
intensity level; and (D) the effect of infection intensity adjusted for genotype effects. Abbreviations:
NS: not significantly different; Log2FC: significantly different according to Log2FC; P: significantly
different according to p-value; P and Log2FC: significantly different according to p-value and Log2FC.
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3.3. Gene Ontology Enrichment Analysis

Gene ontology (GO) term enrichment analysis was performed to obtain a better
understanding of the functions of differentially expressed genes. Of all identified DEGs, a
total of 52 genes (39 upregulated and 13 downregulated) were annotated. Annotations of
upregulated DEGs in LD and LB hens are listed in Tables 2 and 3, respectively.

Table 2. Annotated differentially upregulated genes in Lohmann Dual (LD) hens.

Initial Alias

Description

ANKRDS50
CHIR-B6

EFNB1
EVA1C
FAM96B
GDE1
HCN3
INTS7
ITIH6
JPH2
LOC107049467
LOC107054877
LOC112532457
LOC112532735
LOC112533044
LOC112533070
LOC112533128
LOC112533129
LOC112533523
LOC112533598
LOC112533600
MAPK12
MIR3528
MRPS24
NOCT
NT5DC2
NT5DC4
OTX5
PABPNI1L
PLEKHH3
RAB3C
RFK
SRXN1
SUOX
TCF15
TPRKB
VPS29L
WDFY2
ZHX3

ankyrin repeat domain 50 [Source: NCBI gene; Acc: 422663]
Gallus gallus immunoglobulin-like receptor CHIR-B6 (CHIR-B6), mRNA. [Source: RefSeq mRNA; Acc:
NM_001318406; NCBI gene; Acc: 429646]
ephrin Bl [Source: NCBI gene; Acc: 395896]
eva-1 homolog C [Source: NCBI gene; Acc: 418496]
family with sequence similarity 96 member B [Source: NCBI gene; Acc: 415789]
glycerophosphodiester phosphodiesterase 1 [Source: NCBI gene; Acc: 416612]
hyperpolarization activated cyclic nucleotide gated potassium channel 3 [Source: NCBI gene; Acc: 100859704]
integrator complex subunit 7 [Source: NCBI gene; Acc: 421374]
inter-alpha-trypsin inhibitor heavy chain family member 6 [Source: NCBI gene; Acc: 430871]
junctophilin 2 [Source: NCBI gene; Acc: 770867]
uncharacterized LOC107049467 [Source: NCBI gene; Acc: 107049467]
uncharacterized LOC107054877 [Source: NCBI gene; Acc: 107054877]
small nucleolar RNA SNORD17 [Source: NCBI gene; Acc: 112532457]
Small nucleolar RNA SNORA74 [Source: RFAM; Acc: RF00090]
5S ribosomal RNA [Source: RFAM; Acc: RF00001]
5S ribosomal RNA [Source: RFAM; Acc: RF00001]
5S ribosomal RNA [Source: RFAM; Acc: RF00001]
5S ribosomal RNA [Source: RFAM; Acc: RF00001]
U4 spliceosomal RNA [Source: RFAM; Acc: RF00015]
5.8S ribosomal RNA [Source: RFAM; Acc: RF00002]
5.8S ribosomal RNA [Source: RFAM; Acc: RF00002]
mitogen-activated protein kinase 12 [Source: NCBI gene; Acc: 769763]
gga-mir-3528 [Source: miRBase; Acc: MI10015379]
mitochondprial ribosomal protein 524 [Source: HGNC Symbol; Acc: HGNC:14510]
nocturnin [Source: NCBI gene; Acc: 404779]
5'-nucleotidase domain containing 2 [Source: NCBI gene; Acc: 415895]
5'-nucleotidase domain containing 4 [Source: NCBI gene; Acc: 100858617]
orthodenticle-related homeobox 5 [Source: NCBI gene; Acc: 103875463]
poly(A) binding protein nuclear 1 like, cytoplasmic [Source: NCBI gene; Acc: 769028]
pleckstrin homology, MyTH4 and FERM domain containing H3 [Source: NCBI gene; Acc: 772127]
RAB3C, member RAS oncogene family [Source: NCBI gene; Acc: 770370]
riboflavin kinase [Source: NCBI gene; Acc: 427259]
sulfiredoxin 1 [Source: NCBI gene; Acc: 100858692]
sulfite oxidase [Source: HGNC Symbol; Acc: HGNC:11460]
transcription factor 15 (basic helix-loop-helix) [Source: NCBI gene; Acc: 395788]
TP53RK binding protein [Source: NCBI gene; Acc: 425906]
VPS29 retromer complex component-like [Source: NCBI gene; Acc: 416931]
WD repeat and FYVE domain containing 2 [Source: NCBI gene; Acc: 770107]
zinc fingers and homeoboxes 3 [Source: NCBI gene; Acc: 419176]

The DEGs were classified under three major categories of GO terms: “molecular
function” (MF), “cellular component” (CC), and “biological process” (BP). Figure 4 shows
the results of GO term and KEGG pathway enrichment analysis for the comparisons of LD
and LB hens without (I) or with (III) adjustment for infection intensity.
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Table 3. Annotated differentially upregulated genes in LB hens.

Initial Alias Description
AKAP2 PALM2-AKAP?2 fusion [Source: NCBI gene; Acc: 100533110]
ANO6 anoctamin 6 [Source: NCBI gene; Acc: 417802]
CCNG1 cyclin G1 [Source: NCBI gene; Acc: 416161]
CD180 CD180 molecule [Source: NCBI gene; Acc: 431584]
DDX60 DExD/H-box helicase 60 [Source: NCBI gene; Acc: 422427]
EPHA3 EPH receptor A3 [Source: NCBI gene; Acc: 396402]
IRF4 interferon regulatory factor 4 [Source: NCBI gene; Acc: 374179]
LOC112533065 5S ribosomal RNA [Source: RFAM; Acc: RF00001]
LOC418108 poly [ADP-ribose] polymerase 12-like [Source: NCBI gene; Acc: 418108]
PAPPA pappalysin 1 [Source: NCBI gene; Acc: 417245]
PDCL3 Phosducin-like 3 [Source: NCBI gene; Acc: 418709]
TRAF3IP1 TRAF3 interacting protein 1 [Source: NCBI gene; Acc: 424029]
TRIM14 tripartite motif containing 14 [Source: NCBI gene; Acc: 427282]
Enriched GO terms of DEGs
A
5'-nucleotidase activity O 2
MF
nucleotidase activity C 2
Number of DEGs
O 1
of
\: ,/‘ 3
cc { junctional membrane complex O 2 /'\‘ B
N
:H;: 5
””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””” () s
B .
response to external stimulus () 7 ‘\ . ) L
p-value
BP - @ <0.005
O <005
pattern recognition receptor signaling pathway O 3
c ~
KEGG — p53 signaling pathway o 1
0.0 01 0.2 03

Rich Factor

Figure 4. Gene ontology (GO) enrichment and KEGG pathway analysis based on differentially expressed genes (DEGs
between ascarid-infected Lohmann Dual (LD) and Lohmann Brown Plus (LB) hens. Panel (A) shows enriched GO terms
derived from upregulated DEGs in LD hens without (I) or with (III) regard to infection intensity*; Panel (B) represents
upregulated DEGs in LB hens (I); Panel (C) represents the result of KEGG pathway analysis derived from upregulated
DEGs in LB hens without (I) and with (III) regard to infection intensity *. The vertical axis represents the enriched GO terms,
and the horizontal axis represents the affiliated rich factor (ratio of the number of DEGs associated with the GO term to the
total number of genes associated with the GO/KEGG term). The size and colour of dots represent the number of DEGs and
the range of adjusted p-values (after Bonferroni correction), respectively. MF: molecular function; CC: cellular component;
BP: biological process; *: DEGs identified in comparisons I and III resulted in the same GO patterns.
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Upregulated genes in LD hens (comparisons I and III) were assigned to the molecular
functions “5'-nucleotidase activity” (GO:0008253) and “nucleotidase activity” (GO:0008252).
Another GO term, “junctional membrane complex” (GO:0030314), was significantly en-
riched in the CC category (Figure 4A), including Junctophilin 2 (JPH2).

Among the annotated upregulated DEGs in LB hens (comparison I), two GO terms
were significantly (p < 0.05) enriched in the BP category (Figure 4B). The DE genes EPHA3,
CD180, IRF4, TRAF3IP1, TRIM14, DDX60, and ANO6 were enriched in “response to
external stimulus” (GO:0009605). CD180, IRF4, and DDX60 were assigned to “pattern
recognition receptor signaling pathway” (GO:0002221).

Furthermore, in LB hens (comparison I), genes linked to “p53 signaling pathway”
(KEGG:04115) were significantly enriched in KEGG pathway analysis (Figure 4C), which
was also the case when taking infection level into account (comparison III).

There was no GO enrichment of DEGs derived either from the comparison of lower
and higher infection intensities (II) or from the comparison of infection intensities adjusted
for genetic background (IV).

4. Discussion

The aim of this study was to identify genes and molecular pathways that are poten-
tially involved in the defence function and physiological processes in nematode-infected
chickens of two genotypes with different performance levels. We used cohorts of infected
LB and LD hens, whose pen-based performance data and worm burdens over a period
of 18 weeks were reported in detail by Stehr et al. [8]. Up to the time of sampling in the
present study (i.e., 6 wpi), there was no difference between the two genotypes in their
worm burdens resulting from experimental infections, which was also confirmed with the
data for the present cohorts (Table 1). In the same period of time (6 weeks), the laying
performance of LB hens was adversely affected by the infections, whereas LD animals
showed no impairment in their laying performance, suggesting a higher tolerance to pri-
mary nematode infections [8]. Since the two genotypes were highly similar in terms of
total worm burdens at 6 wpi, differences in the transcriptomic profiles of the chickens may
instead be related to their ability to withstand the infections, i.e., tolerance to infections.
To account for variability in worm burdens of hens within each genotype, we included
infection intensity of the hens as an additional factor in the transcriptomic analysis. In the
following sections, we discuss transcriptomic differences in the RBCs of infected hens of
LB and LD genotypes with respect to tolerance and resistance to infections.

Several studies have shown that gene expression profiling of peripheral blood cells
yields valuable diagnostic and prognostic information regarding various disease states [35-38].
Immune cells in the peripheral blood are migratory cells whose transcriptional profile may
be influenced by the presence of pathogens [39]. Therefore, excess erythrocyte transcripts
suggest their participation in the immune response [40]. We identified a total of 78 DEGs
across four different comparisons (I-IV). The largest number of DEGs was associated with
host genetic background (n = 74). After adjustment for infection intensity level, 33 DEGs
were attributable to the genetic background of hens (LD vs. LB). These results indicate that
differences in gene expression were largely due to the genetic background rather than the
infection intensity of the host animal.

Based on the highly significant differential expression patterns, genes that might play
a role in regulating performance-dependent tolerance to nematodes include Guanylate
Binding Protein 7 (GBP7), Riboflavin kinase (RFK), and interferon requlatory factor 4 (IRF4). We
identified GBP7 as the major differentially expressed transcript between LD and LB hens
when gene abundance was adjusted for infection intensity. Recently, guanylate-binding
proteins (GBPs) were found to play essential roles in immunity to infection, inflammation,
and neoplastic diseases [41,42]. Steffens et al. [41] demonstrated that GBP7 ~/~-mice show
dramatic susceptibility and mortality after Toxoplasma gondii (T. gondii) infection. To the
best of our knowledge, there are no studies examining the role of chicken GBPs during
parasite infections. Our findings suggest the activation of GBP7 after ascarid infections,
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which leads to the assumption that GBPs show strong functional similarities between birds
and mammals. Our results are nevertheless limited to a period of 6 weeks post infection.
Follow-up studies, including groups of uninfected control animals, may specifically focus
on analysing GBP7 and IRF4 expression at several time points following infection.

Another crucial transcriptomic difference was observed in RFK, which was signif-
icantly upregulated in LD hens compared to LB hens. Activation of RFK indicates the
effects of spatially and temporally controlled reactive oxygen species production, which
plays important roles in, e.g., innate immunity or inflammatory diseases [43]. In contrast
to RFK, IRF4 was significantly upregulated in LB hens. The protein product of IRF4 is
required during the immune response for lymphocyte activation and the generation of
immunoglobulin-secreting plasma cells [44]. Ruhnke et al. [45] showed a time-dependent
increase in the number of intraepithelial CD4+ T helper cells in A. galli-infected broiler chick-
ens, peaking at day 20 post infection. The time of onset of the adaptive immune response
could be confirmed by elevated levels of ascarid IgY in our previous studies [17,46].

GO and KEGG analyses showed that the upregulated genes in LD hens were involved
in catalytic processes or in intracellular anatomical structure, e.g., “junctional membrane
complex”. These findings may support previous data [17] that the abundance of Claudin-1
(CLDN1), a major constituent of tight junction complexes, is decreased in the jejunum of
infected LB birds. The present study also indicates very low abundances of CLDNT in the
samples of infected birds, although it was not differentially expressed in any comparisons
(data not shown).

We detected enrichment of upregulated genes in LB hens that were involved in
“response to external stimulus”. The higher gene abundances related to response to
external stimulus in LB hens may imply a more pronounced stress response to ascarid
infection in this genotype than in the other genotype. Furthermore, the higher response to
external stimuli and the resulting stress might help explain the lower tolerance to infection
in LB hens than in LD hens. Host responses to helminth infections are characterised by a
trade-off between performance and immunity against the parasite caused by prolonged
inflammatory responses. The host animal often favours tolerance over complete helminth
destruction to limit immune-mediated damage [47]. Identifying genes and physiological
mechanisms affecting tolerance is a key step in understanding the genetic and physiological
bases of variation in tolerance. Tolerance genes and pathways are suggested to be involved
in tissue repair and scavenging of damaging molecules produced during infection [48].
An important potential candidate gene is GBP7, which has already been described in
connection with infections of parasites (T. gondii) [41], bacteria [49], or Influenza A virus [42]
in mice and perhaps has a similar function in ascarid infections in chickens.

5. Conclusions

This is the first transcriptomic investigation of the peripheral blood of chickens ex-
posed to nematode infections, and it reveals specific genes related to performance-level-
dependent tolerance to ascarid infections and response genes involved in these processes.
We identified 78 DEGs contributing to infection-related phenotypic variation in two geno-
types. The vast majority of the DEGs were associated with host genotype rather than
infection intensity level. Our data showed significant upregulation of GBP7 in LD hens,
making it a promising candidate gene for tolerance to ascarid infections in chickens. Fur-
ther, the most pronounced differences were observed for RFK, IRF4, and EPHA3, all of
which are related to immune function and physiological processes in infected hosts. Gene
ontology enrichment analysis revealed higher transcriptome activity related to biological
processes such as response to external stimulus in LB hens than in LD hens, implying a
more pronounced stress response in this genotype. In contrast, LD hens showed a higher
abundance of genes related to molecular functions, cellular components, and biological
processes, possibly associated with a higher tolerance to infections. These findings may
help explain why lower-performing genotypes (i.e., LD) are less sensitive to infections in
terms of maintaining their performance. Further studies, including groups of uninfected
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control animals, should particularly focus on the expressions of GBP7, RFK, IRF4, and
EPHAS3 at several time points following infection.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ani11041002/s1; Figure S1: Principal component analysis (A-left panel) with loadings (A-
right panel) and cluster analysis of variables that describe infection intensity of chickens with both
nematodes (B), Table S1: Transcriptome alignment summary, Table S2: Results of differential gene
expression analysis.
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