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Abstract 

Background: Histomonosis is a severe re-emerging disease of poultry caused by Histomonas meleagridis, a proto-
zoan parasite which survives in the environment via the cecal worm Heterakis gallinarum. Following infection, the 
parasites reside in the ceca and are excreted via host feces. In the present work, male birds of conventional broiler 
(Ross 308, R), layer (Lohmann Brown Plus, LB) and a dual-purpose (Lohmann Dual, LD) chicken line were infected with 
250 embryonated eggs of Ascaridia galli and Heterakis gallinarum, respectively, with the latter nematode harboring 
Histomonas meleagridis, to investigate a co-infection of nematodes with the protozoan parasite in different host lines.

Methods: In weekly intervals, from 2 to 9 weeks post infection (wpi), individual fecal samples (n = 234) from the 
chickens were collected to quantify the excretion of H. meleagridis by real-time PCR and to determine the number of 
nematode eggs per gram (EPG) in order to elucidate excretion dynamics of the flagellate and the nematodes. This 
was further investigated by indirect detection using plasma samples of the birds to detect antibodies specific for H. 
meleagridis and worms by ELISA. The infection with H. meleagridis was confirmed by histopathology and immunohis-
tochemistry to detect the flagellate in the cecum of representing birds.

Results: The excretion of H. meleagridis could already be observed from the 2nd wpi in some birds and increased to 
100% in the last week of the experiment in all groups independent of the genetic line. This increase could be con-
firmed by ELISA, even though the number of excreted H. meleagridis per bird was generally low. Overall, histomonads 
were detected in 60% to 78% of birds with temporary differences between the different genetic lines, which also 
showed variations in the EPG and worm burden of both nematodes.

Conclusions: The infection with H. gallinarum eggs contaminated with H. meleagridis led to a permanent excretion 
of the flagellate in host feces. Differences in the excretion of H. meleagridis in the feces of genetically different host 
lines occurred intermittently. The excretion of the protozoan or its vector H. gallinarum was mostly exclusive, showing 
a negative interaction between the two parasites in the same host.
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Background
The flagellated parasite Histomonas meleagridis causes 
histomonosis (syn. blackhead disease, histomoniasis) in 
poultry [1]. The parasite infects the cecum of birds and 
potentially reaches the liver via the portal vein, result-
ing in inflammation and necrosis of the colonized organ. 
Turkeys are most susceptible to the disease whereas 
chickens generally show fewer clinical signs following 
infection. Anti-histomonal drugs have been banned in 
many countries for reasons of consumer protection [2].

The infection of poultry with H. meleagridis can occur 
directly from bird to bird or via the intermediate vec-
tor Heterakis gallinarum [3]. Furthermore, earthworms 
are known to be paratenic hosts whereas other poten-
tial vectors, like the lesser mealworm or darkling beetle, 
were ruled out as a major contamination route between 
flocks [4]. In vitro cultivated H. meleagridis cannot sur-
vive outside of the host or the intermediate host longer 
than several hours [5]. Cyst-like stages have been iden-
tified by electron microscopy but so far information on 
their persistence or infection biology in the environment 
is lacking [6]. However, the survival of infective H. melea-
gridis over a prolonged period of time can be achieved 
by incorporation of the parasite in eggs of H. gallinarum. 
This was demonstrated by using embryonated eggs of the 
nematode harboring H. meleagridis left for more than 
3 years in the environment for reproducing histomonosis 
in turkeys [7].

Infected turkeys shed large numbers of histomonads in 
feces, demonstrated by microscopical examination with-
out further quantification [8]. Later on, the importance 
of the direct lateral infection in the absence of a vector 
was shown in turkeys but not in chickens based on clini-
cal and pathological parameters [9, 10]. The detection of 
the parasite by re-isolation in culture medium follow-
ing experimental infection revealed the rapid excretion 
within 2 days post infection in both poultry species [11]. 
More recently, cloacal contents of turkeys experimen-
tally infected with cultured H. meleagridis examined by 
real-time quantitative PCR showed mean shedding levels 
between 1.2 and 2 on a  log10 scale per gram [12].

However, there is a lack of knowledge about the excre-
tion dynamics of H. meleagridis in chickens after natu-
ral infection with H. gallinarum harboring the flagellate. 
Furthermore, the influence of genetic background of the 
host species is not well understood. Differences in the 
genetic resistance of layer chickens have been shown 
in nematode infections [13, 14]. Infections with H. 

meleagridis without H. gallinarum suggested differences 
in the susceptibility between different chicken lines based 
on the immune response [15, 16]. Contrarily, no signifi-
cant difference in the occurrence of lesions was reported 
in four commercial layer strains of chickens after experi-
mental infection with a clonal culture of H. meleagridis 
[17]. However, today’s knowledge on the influence of 
host-genetic background of a co-infection with H. melea-
gridis and the nematode H. gallinarum is based on an 
earlier study where it was shown that the natural resist-
ance against both parasites differs among different breeds 
of chickens [18]. Because of a strong negative genetic 
correlation between growth and reproduction traits in 
chickens, today’s meat- and egg-producing chickens are 
distinct genetic lines that have been developed for a one-
way production mode to efficiently produce either eggs 
or meat [19]. To avoid culling of male birds from layer 
lines, and reduce high-performance associated welfare 
and health-related problems in both broiler and layer 
lines, the use of dual-purpose chicken lines has been 
suggested [20]. Recent studies indicated that high-per-
forming lines are more vulnerable to mixed-nematode 
infections than a dual-purpose line in terms of tolerating 
infection effects on host performance [21, 22]. Whether 
modern commercial chicken lines differ in their inter-
actions with nematodes and histomonads is, however, 
not known. Therefore, the aim of the present work was 
to investigate a co-infection with the nematodes A. galli 
and H. gallinarum, the latter harboring H. meleagridis, in 
different lines of chickens representing meat production, 
egg production and dual purpose. Potential differences in 
histomonad excretion patterns through feces of the three 
chicken lines as well as interactions among existence of 
the three parasites in the same host were the particular 
focus.

Methods
The cohorts of chickens, plasma and fecal samples used 
in this study are derived from an experiment with larger 
numbers of animals (n = 668), whose worm burdens and 
performance parameters have been published in detail 
[22]. In the present work, a total of 234 samples from 
male birds of 3 genetically distinct chicken lines devel-
oped for different production objectives, i.e. meat type 
(Ross 308, R), layer type (Lohmann Brown Plus, LB) and 
dual purpose line (Lohmann Dual, LD), were used. In 
the following sections, a short summary of previously 
described material and methods (for details, see [22]) and 
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a full description of the new analyses regarding identifi-
cation and quantification of histomonads are presented.

Experimental design, birds and sample collection
Animals and samples used in the present study origi-
nated from the second experimental run of the main 
experiment [22]. The study design was based on a 
3 × 2 factorial arrangement of treatments with three 
host lines (i.e. R, LB, LD) and an experimental mixed 
nematode-infection (infected vs control). One-day-old 
male birds of the three lines were obtained from com-
mercial hatcheries in Germany. The birds were either 
experimentally infected at an age of 1 week with a total 
of 500 infective eggs of Heterakis gallinarum and Asca-
ridia galli, in equal proportions, or kept as uninfected 
controls. Eggs of H. gallinarum were shown to be posi-
tive for Histomonas meleagridis by real-time PCR (see 
below). Table  1 provides an overview of the experi-
mental design and the numbers of animals and samples 
used to quantify different groups of variables in unin-
fected or infected birds of the 3 lines. From 2  weeks 
post infection (wpi) onwards, infected and uninfected 
control birds from each line were necropsied at weekly 
intervals up to 9 wpi to quantify infection intensity with 
either nematode and to collect feces, blood and liver 
samples for further investigations as described below. 
Selection of the birds from pens for necropsy at a spe-
cific wpi as well as sample selection for quantification 
of histomonads was on a random basis. The number of 
infected or uninfected birds sampled for quantification 

of histomonads was n = 4 for each genotype at each 
wpi (i.e. n = 24 samples per wpi), while further samples 
from infected animals could additionally be analyzed 
for 2, 5 and 9 wpi (Table 1).

Housing and management of the birds
The birds were housed in the Experimental Poultry 
Facility of Leibniz Institute for Farm Animal Biology 
(FBN). The birds were placed in two adjacent rooms, 
each equipped with 6 pens. In every room, birds of each 
line were housed in two pens with wood shavings as lit-
ter material. Litter was not removed to allow re-infec-
tions to occur. Additional litter, corrected for total body 
weight per  m2, was added to all pens at the same time to 
ensure similar litter conditions for all lines in different 
pens. The climatic conditions were fully controlled by 
an automatic system for keeping the same temperature, 
light and aeration conditions in all rooms. Feed and 
water were given ad libitum. Birds of all 3 lines were fed 
the same starter [(day 1–14; 12.6  MJ of metabolizable 
energy (ME) per kg of dry matter (DM), 219 g of crude 
protein (CP)/kg of DM)], grower (day 14–53; 13.0  MJ 
of ME/kg of DM, 204  g of CP/kg of DM) and finisher 
diets (day 53–70; 13.4 MJ of ME/kg of DM, 185 g of CP/
kg of DM), with a transition phase of approximately 
3  days between the different diets. The diets provided 
or exceeded age-specific nutrient requirements of the 
broiler birds [23]. The birds received no vaccination or 
medication during the experiment.

Table 1 Number of birds used for sample generation to quantify variables describing worm burdens, nematode egg and histomonad 
excretions through host feces, serological investigations and histopathology

Samples collected from infected or uninfected birds of all three host lines, namely Ross 308, Lohmann Brown Plus and Lohmann Dual (LD), are given. With the 
exception of two additional LD chickens at wpi 9, the numbers of samples were equal among three host lines
a Total number of samples
b n.d. = not done
c Thirty-six samples taken at wpi 2 were not examined for the concentration of nematode eggs in gram feces (EPG), because nematode egg excretion was not 
expected at that time point (wpi 2). Additionally, the amount of seven fecal samples (6 collected at wpi 5 and 1 at wpi 9) was not sufficient for determining EPG

Subject Weeks post infection Total Sum

2 3 4 5 6 7 8 9

Chickens examined for worm burdens Infected 24 12 12 30 12 12 12 25 139 234a

Control 12 12 12 12 12 12 12 11 95

Feces samples examined for histomonad excretion Infected 24 12 12 30 12 12 12 25 139 234a

Control 12 12 12 12 12 12 12 11 95

Feces samples examined for nematode egg excretion Infected n.d. b 12 12 24 12 12 12 24 108 191c

Control n.d. 12 12 12 12 12 12 11 83

Plasma samples examined for serology Infected 24 12 12 30 12 12 12 25 138 234

Control 12 12 12 12 12 12 12 11 95

Cecum samples examined for histopathology Infected 9 n.d. n.d. 9 n.d. n.d. n.d. 9 27 36

Control 3 n.d. n.d. 3 n.d. n.d. n.d. 3 9
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Experimental infection with nematode eggs
All birds were individually wing tagged at the day of 
infection (7 days of age). For this, eggs of A. galli and H. 
gallinarum were isolated from worms harvested from 
free-range chickens. The preparation techniques and 
incubation conditions for the infection material have 
previously been described by Stehr et  al. [24]. On the 
day of infection, the incubation media of both A. galli 
and H. gallinarum eggs were separately filtered through 
a sieve (36  µm mesh size), which was followed by rins-
ing to collect the washed eggs in saline solution (NaCl, 
0.9%). Based on morphological classification of ascarid 
eggs [25], only fully embryonated eggs, which are consid-
ered infectious, were counted to determine the percent-
age of embryonated eggs per ml of suspension. The single 
infection dose for each worm species was adjusted to 250 
embryonated eggs per 0.1 ml of NaCl (0.9%), which was 
administered to each bird in a final inoculum of 0.2  ml 
of NaCl, containing a total of 500 eggs with equal pro-
portions (i.e. 1:1) of the two worm species. The infection 
dose was administered orally using a 5  cm esophageal 
cannula. Uninfected control birds were mock-inoculated 
in the same way with 0.2 ml egg-free NaCl solution.

Sample collection, necropsies and worm harvest
From 2  wpi onwards individual fecal samples were col-
lected from the birds 1  day prior to necropsy. For this 
purpose, randomly selected birds from the pens were 
placed in individual cages to collect daily total feces for 
quantification of nematode egg excretion at weekly inter-
vals. Before necropsy, the birds were fasted for 3  h to 
allow a standardized partial emptying of the intestine. 
Blood samples were collected from each bird during nec-
ropsy starting at 2 wpi. Immediately after euthanasia, the 
gastrointestinal tract was removed, and the cecum and 
small intestine (SI) were separated. The SI was divided 
into the jejunum and ileum at the Meckel’s diverticulum 
[26]. The duodenum was excluded from quantification, as 
macroscopic examinations confirmed that this intestinal 
section is not the most prevalent habitat for A. galli [27]. 
The jejunum and ileum were opened longitudinally, and 
the intestinal contents of the respective intestinal part 
were washed separately through sieves. The quantifica-
tion of tissue-associated A. galli larvae was restricted to 
the jejunal section, which is the main preferred site of 
larval stages [27]. The procedure for larval recovery using 
the EDTA-incubation method has been described else-
where [24].

Heterakis gallinarum worms were harvested from the 
luminal contents by rinsing the opened ceca in sieves 
(mesh sizes of ≤ 36  µm). Both A. galli and H. galli-
narum worms collected from individual birds were then 
separately transferred to Petri dishes for counting, sex 

differentiation and length measurements as described 
[22]. Uninfected birds were also examined for the pres-
ence of worms in the SI (tissue and lumen) and cecum to 
confirm their nematode-free status.

Fecal egg counts
To quantify the nematode egg concentration in feces 
(eggs per gram feces, EPG), the daily total feces were 
thoroughly homogenized. A random sub-sample (4 g) of 
homogenized feces was then analyzed with a modified 
version of the McMaster egg counting technique [28]. A 
saturated NaCl solution (density ≥ 1.2 g/ml) was used as 
flotation liquid. The minimum detection level of the egg 
counting technique was 50 nematode eggs/g of feces. By 
multiplying the amount of daily excreted feces with EPG, 
the number of eggs excreted within 24  h (eggs per day, 
EPD) was then estimated. Eggs of A. galli and H. galli-
narum were counted together [29]. Egg excretion by the 
nematodes was quantified by 3 wpi as the egg excretion 
at an earlier time point is not expected by either nema-
tode because of their life cycle and egg excretion patterns 
[30, 31]. In total, 191 fecal samples were examined for 
EPG (Table 1).

ELISA for indirect detection of ascarids and H. meleagridis
An ELISA [32] was used to quantify anti-ascarid-specific 
IgY levels in EDTA-plasma samples collected during 
weekly necropsies (2–9  wpi; n = 234, Table  1). Plasma 
was obtained from the blood samples by centrifugation 
at 2500 g for 20 min and 4 °C and then stored at − 20 °C. 
The laboratory-specific intra-assay coefficient of variabil-
ity (CV) and inter-assay CV for this analysis were 5.0% 
and 8.4%, respectively.

The same plasma samples (n = 234) were also exam-
ined to detect H. meleagridis-specific antibodies by 
ELISA according to the protocol of Windisch and Hess 
[33]. Briefly, ELISA plates were coated with rabbit anti-
Histomonas serum at 1:10,000 dilution in carbonate 
buffer. Following incubation overnight at 4 °C and wash-
ing with PBS-Tween 20 (0.05 per cent PBST), the plates 
were treated with blocking buffer. Diluted H. melea-
gridis antigen was added to each well and left for 1 h 
at room temperature before another washing step was 
done. Then, the plasma samples were diluted 1:500 with 
blocking buffer and incubated for 1 h at room tempera-
ture. Each plate included positive and negative control 
sera obtained from chickens infected experimentally 
with H. meleagridis. After washing goat anti-chicken 
IgG-horseradish peroxidase (SouthernBiotech, Birming-
ham, AL, USA) was added for 1 h before another wash-
ing and  tetramethylbenzidine substrate solution (TMB; 
Calbiochem, Merck, Vienna, Austria) was used for 
15 min in the dark. The optical density was measured at a 
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wavelength of 450 nm. For differentiation of positive and 
negative results the cut-off value of 0.54 nm was applied.

Histopathology and immunohistochemistry 
for the detection of H. meleagridis
A selection of 36 cecum samples from infected (9 per 
chicken line) or uninfected control birds (3 per chicken 
line) taken at 2, 5 and 9  wpi were used for histopathol-
ogy (Table  1). Out of 27 infected birds, cecum samples 
of 9 birds (3 per genetic line) that showed macroscopi-
cal lesions and 3 controls (1 per line) were collected at 2, 
5 and 9  wpi and processed for microscopical examina-
tion. Following necropsy, the tissue samples were rou-
tinely fixed in 10% buffered formalin, dehydrated and 
embedded in paraffin. Sections of 3  µm were cut using 
a microtome, mounted on glass slides and stained with 
hematoxylin and eosin for routine histopathology. Addi-
tional tissue sections of the same samples were processed 
and used for immunohistochemistry (IHC) to specifi-
cally detect H. meleagridis with antibodies against the 
flagellate raised in rabbits [34]. Following dewaxing 
and rehydration, slides were treated with heated citrate 
buffer (pH 6.0) to unmask antigen. Endogenous peroxi-
dase was blocked using 1.5%  H2O2 in methanol. Then a 
blocking step with 10% normal goat serum in PBS was 
implemented before the primary antibody was applied 
to the slides overnight at a temperature of 4 °C. For visu-
alization, a biotinylated anti-species antibody was incu-
bated with the DAB substrate kit for peroxidase (Vector 
Laboratories, Burlingame, CA, USA). Examination and 
documentation of the slides were done using the Olym-
pus BX53 microscope equipped with the Olympus DP72 
camera (Olympus Corporation, Tokyo, Japan).

Quantification of H. meleagridis in host feces by real‑time 
PCR
For the detection of H. meleagridis, a real-time PCR tar-
geting the 18S rDNA of the parasite was applied based 
on a previously established protocol (primers: 5′-Hm-
18S-rtF: ATC AAG GGC GAG AGT AGG AG-3′, Hm-
18S-rtR: 5′-CCC AGA GCC CAT GAA CTA TTG-3′, probe: 
Hm-18S-rtP: 5′-FAM-CCT ACC TTA AAC TAT GCC GAC 
RAG GGC TTA TTT TTT -BHQ1-3′) [35]. The quantifica-
tion of the protozoan was done by a standard curve of 
Ct values using DNA samples of H. meleagridis sourced 
from defined numbers of in vitro cultivated flagellates. 
For that, serial diluted samples of cultured H. meleagridis 
ranging from  106 to  10–1 protozoa/ml were prepared. 
Accordingly, the dilutions were stored at − 20  °C before 
they were re-thawed and DNA extraction was performed 
using the DNeasy® Blood & Tissue Kit (Qiagen, Vienna, 
Austria) following the manufacturer’s protocol.

The actual fecal samples (n = 234, Table  1) were col-
lected from individual birds of all groups of the infection 
experiment and frozen at − 20 °C. After thawing, 200 mg 
of each sample was homogenized with the Qiagen Tis-
sueLyser (Qiagen). Then, the DNA was extracted from 
individual fecal samples using QIAamp® Fast DNA Stool 
Mini Kit (Qiagen) as recommended by the manufacturer 
before use for real-time PCR performed in 20 μl reaction 
mixture on the Agilent Mx3000P (Agilent Technologies, 
Santa Clara, CA, USA) using TaqMan chemistry, Brilliant 
III UltraFast QPCR Master Mix (Agilent Technologies, 
Santa Clara, CA, USA) with 30 nM ROX as a reference 
dye, 0.2  μM primers and 0.3  μM TaqMan probe. The 
thermal profile of reactions was 15 min at 95 °C, followed 
by 40 cycles of 15 s at 95 °C and of 30 s at 60 °C. The fluo-
rescence was detected and recorded at each cycle during 
the 60 °C step.

Ethics
Ethical approval of the experiment was obtained from 
the State Ethics Committee for Animal Experimentations 
(Mecklenburg-Western Pomerania State Office for Agri-
culture, Food Safety, and Fisheries, Germany; permission 
no.: AZ.: 7221.3-1-066/15). Infection procedures were in 
line with the relevant guidelines of the World Associa-
tion for the Advancement of Veterinary Parasitology for 
Poultry [36]. The experiment was conducted in accord-
ance with animal welfare rules (animal care and handling, 
stunning, necropsies), and all sampling procedures were 
performed by trained/authorized staff.

Statistical analyses
Nematode-free control birds were excluded from the 
analyses of histomonad excretion data. HPG (histomon-
ads per gram), HPD (histomonads per day) and anti-
body data were analyzed 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 (sersion 9.4) soft-
ware of the SAS System for Windows (SAS Institute Inc., 
Cary, NC, USA). The statistical model for histomonad 
excretion variables (HPG and HPD) included the fixed 
effects of host line, wpi and their interaction. As antibody 
data were available for the uninfected control birds too, 
the statistical model for serology data included the effects 
of infections, host line, wpi and their interactions. Least-
squares means (LSM) and their standard errors (SE) 
were computed for each fixed effect in the model, and 
all pairwise differences in these LSMs were tested with 
the Tukey–Kramer test, a procedure for pairwise multi-
ple comparisons. In addition, the SLICE statement of the 
MIXED procedure was used for performing partitioned 
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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 line). Effects and differences were considered sig-
nificant at P < 0.05.

Pearson’s correlations among worm burdens with 
either nematode or histomonad load (HPD) were calcu-
lated for each wpi using pooled data across three host 
lines.

Effects of host line and time (wpi) as potential factors 
influencing presence or absence of the three parasites (A. 
galli, H. gallinarum and H. meleagridis) as well as inter-
actions between presence or absence of each parasite 
with the presence or absence of other two parasites in the 
same host were investigated in experimentally nematode-
infected animals. For this purpose, absence or presence 
of each of the three parasites was set as a dependent vari-
able of binary type (absent = 0; present = 1). Presence of 
the nematode species was based on total worm burden 
and independent of developmental stages of the nema-
tode. If an experimentally nematode-infected animal had 
at least one worm of any developmental stage, then the 
chicken was considered to be positive for the presence 
of the nematode species in question. For the presence or 
absence of H. meleagridis in a host, histomonad excre-
tion data obtained from real-time PCR were used to clas-
sify experimentally nematode-infected chickens with or 
without histomonads. Uninfected control animals were 
excluded from this analysis as they were all negative for 
any of the three parasites. The binary data (a given par-
asite is present or absent in a bird) were then analyzed 
with a Generalized Estimating Equation (GEE) logistic 
regression model with a logit link function using GLIM-
MIX procedure of SAS software. The statistical model 
included the fixed effects of wpi (levels: 2, 3, 4, 5, 6, 7, 8, 
9), host line (Dual, LB and R) and presence or absence of 
first and second parasites in the same host. The presence 
or absence of the third parasite was then the dependent 
variable. For instance, the probability of presence of H. 
gallinarum in an experimentally nematode-infected bird 
was assumed to be influenced by the effects of wpi, host 
line as well as presence or absence of A. galli and pres-
ence or absence of H. meleagridis in the same host. Odds 
ratios (Ψ) were calculated for all main effects included in 
the logistic regression model. The odds ratios represent 
the probability of the presence of a given parasite in an 
experimentally nematode-infected chicken in compari-
son to a reference (Ψ = 1.00), i.e. a level of a given fac-
tor in the model. The references were set automatically 
by the default settings of GLIMMIX procedure and 
were ‘9  wpi’ for time and ‘R’ for host line, ‘presence’ of 
A. galli, ‘presence’ of H. gallinarum and ‘presence’ of H. 
meleagridis for the existence (present or absent) of the 
three parasites, respectively. Effects and differences were 

considered significant at P ≤ 0.05 and tendency to differ 
at P 0.05 < P ≤ 0.10.

Data on the number of H. gallinarum in chickens co-
infected with or without H. meleagridis as well as the 
number of histomonads in gram feces of chickens co-
infected with or without H. gallinarum were analyzed 
with the non-parametric Kruskal-Wallis test.

Graphical presentation of the results was performed 
using JMP15 and MS Excel 2016 software. A Venn dia-
gram was constructed using an online tool [37].

Results
FEC and worm burdens
Table  2 summarizes overall FEC and worm burdens of 
the infected chickens throughout the study period (i.e. 
from 2 to 9 wpi). The frequency of egg-positive fecal sam-
ples ranged from 2.8 to 11.1% in the three genotypes. The 
first egg-positive fecal sample was encountered at 5 wpi. 
Although average nematode egg excretion increased 
from 5 to 9 wpi, overall average egg concentration in fecal 
samples (i.e. EPG) was generally low in all three lines, and 
the average daily egg excretion (i.e. EPD) ranged from 
460 to 1728 eggs/bird among the three chicken lines. 
Additional file  1: Fig. S1 provides an overview of the 
ascarid egg excretion throughout the study period, using 
pooled data of the three host lines. Overall average num-
ber of H. gallinarum per bird ranged from 7 to 12 among 
3 host lines throughout the study period, whereas A. 
galli numbers ranged from 22 to 30 per bird. Time- and 

Table 2 Descriptive statistics for average fecal egg counts, 
worm burdens and histomonad excretion in the infected birds 
of divergent chicken lines exposed to an experimental mixed-
nematode infection

Data are presented as the overall average means (± SD) for each host line across 
2 to 9 weeks post infection. Uninfected control animals were found negative for 
nematodes and H. meleagridis
a R: Ross 308
b LD: Lohmann Dual
c LB: Lohmann Brown Plus
d EPG: number of eggs per gram feces
e EPD: number of eggs excreted within 24 h, i.e. eggs per day
f HPG: number of histomonads per gram feces
g HPD: number of histomonads excreted within 24 h

Ra LDb LBc

EPGd positive (%) 2.8 11.1 11.1

EPG 7 ± 43 20 ± 80 10 ± 32

EPDe 614 ± 3684 1728 ± 6973 460 ± 1612

H. gallinarum, n/bird 7 ± 12.3 11 ± 17.6 12 ± 20.0

A. galli, n/bird 30 ± 54.9 27 ± 36.7 22 ± 37.8

HPGf 30 ± 59 70 ± 118 98 ± 150

HPDg 3609 ± 7510 4179 ± 7628 3429 ± 5512
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host-line-dependent alterations in worm burdens with 
either nematode species are presented in Additional 
file 2: Fig. S2. A detailed comparison of the three lines for 
FEC and worm burdens based on larger numbers of ani-
mals have been made elsewhere [22].

Histomonad excretion through host feces
Accompanied with a large variation, on average 30 
to 98 histomonads were excreted through 1 g feces 
of infected animals (Table  2). The average number 

of histomonads excreted from a chicken within 24  h 
(HPD) ranged from 3429 to 4179 (Table  2). Overall, 
histomonad density in feces (i.e. number of histomon-
ads per gram feces, HPG) was higher in LB and LD 
lines than in R (P < 0.001), which however showed to 
be time-dependent (Fig.  1A). Histomonad excretion 
was significantly higher in LB than in R birds at  3, 5 
and 6 wpi (P < 0.05). At wpi 8, HPG was higher in both 
LB and LD than in R (P < 0.05). When adjusted for the 
total amount of daily feces of different-sized host lines, 

ab
ab

ab

b

b
b

b

b

a
a

a a

0

25

50

75

100

125

150

175

200

225

250

275

2 3 4 5 6 7 8 9

HP
G

ab
ab

ab

b

a
b

b

ab

b a
a a

0

2500

5000

7500

10000

12500

15000

17500

20000

22500

25000

2 3 4 5 6 7 8 9

HP
D

Weeks post infec�on

P-values, ≤
Host line (L) 0.001
wpi 0.001
L  x wpi 0.011

P-values, ≤
Host line (L) 0.032
wpi 0.001
L x wpi 0.003

A

B

LD

LD

Fig. 1 Time- and host-line-dependent changes in excretion of histomonads through a gram (A) or total daily amount of feces (B) in chickens of 
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differences between different host-lines at a given time point (P < 0.05)
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the total number of histomonads excreted through the 
feces of a bird within 24 h (HPD) was on average higher 
in LB than in R birds (Fig.  1B; P = 0.032), whereas LD 
birds did not significantly differ from the two other 
lines (P > 0.05). The differences in HPD among the three 
lines were however time dependent (Fig. 1B). Although 
HPD was higher in R birds than in LB birds at wpi 2, 
the latter chicken line had higher histomonad excre-
tion than R in the following wpi (i.e. 3 wpi) and at wpi 
6 (P < 0.05). At wpi 8, total daily histomonad excretion 
was higher in LD than in R (P < 0.05), whereas all three 
lines excreted similar numbers of histomonads at the 
end of the experiment (i.e. wpi 9, P > 0.05).

Histopathology and immunohistochemistry 
for the detection of H. meleagridis
In samples of all three lines presenting macroscopic 
lesions, the presence of H. meleagridis could be con-
firmed by IHC (Table 3). Histomonads were highly abun-
dant in the tissue and the lumen of the cecum soon after 
infection (2  wpi) whereas at the end of the experiment 
at 9  wpi the flagellate was exclusively located in cecal 
content in all three lines (Fig. 2). In accordance with the 
findings by IHC, characteristic lesions caused by the pro-
tozoan parasite were severe at 2  wpi and declined until 
the end of the study at 9 wpi in all examined cecal sam-
ples. Uninfected control birds did not show histopatho-
logical changes and were found to be free of histomonads.

Table 3 Presence of Histomonas meleagridis in cecal tissue and lumen identified by immunohistochemistry as well as 
histopathological lesions in divergent chicken lines

a R: Ross 308
b LD: Lohmann Dual
c LB: Lohmann Brown Plus

Parameter Weeks post infection

2 5 9

Ra LDb LBc R LD LB R LD LB

Presence of histomonads in tissue 3/3 3/3 3/3 1/3 0/3 0/3 0/3 0/3 0/3

Presence of histomonads in lumen 3/3 3/3 3/3 2/3 3/3 2/3 2/3 3/3 2/3

Fibrinous content, thickening of the cecal wall, necrosis, severe inflammation with mononuclear cells 
and granulocytes, loss of epithelium

3/3 1/3 2/3 1/3 2/3 1/3 0/3 0/3 0/3

Thickening of the cecal wall, necrosis, moderate inflammation with mononuclear cells and granulo-
cytes, epithelium intact

0/3 2/3 1/3 1/3 0/3 1/3 0/3 0/3 0/3

Infiltration of mononuclear cells and granulocytes only 0/3 0/3 0/3 1/3 1/3 1/3 1/3 3/3 2/3

No lesions 0/3 0/3 0/3 0/3 0/3 0/3 2/3 0/3 1/3

A B

Fig. 2 Immunohistochemistry for the detection of H. meleagridis in the cecum of an infected chicken (A) 2 weeks post infection (wpi) (Lohmann 
Brown Plus) and (B) 9 wpi (Ross 308). At 2 wpi a high number of histomonads (arrows) can be observed in the cecal wall whereas at 9 wpi the 
flagellates were found to be restricted to the cecal lumen in all three chicken lines. Bar ≙ 100 µm



Page 9 of 15Daş et al. Parasites Vectors          (2021) 14:323  

Circulating antibodies against nematodes and Histomonas 
meleagridis
Ascarid (i.e. Asc)-IgY or histomonad-specific antibody 
levels did not differ significantly among the three lines, 
whereas infections significantly elevated levels of both 
antibodies in plasma (P < 0.001) in a time-dependent 
manner (Fig.  3A, B). Infected birds had significantly 
higher levels of Asc-IgY compared to uninfected 
birds already at 2 wpi (Fig. 3A; P < 0.05). The antibody 
concentrations of infected birds were continuously 
higher than those of control birds after 3  wpi before 
the highest levels were reached at 9  wpi. Infected and 
uninfected birds differed from each other for the histo-
monas-specific antibody levels for the first time 4  wpi 
(Fig. 3B; P < 0.05), and after 5 wpi the OD values were 
above the previously determined cut-off [33]. Similar 
to Asc-IgY, histomonas-specific antibody levels showed 
the highest increase at 9 wpi. There was no significant 
triple interaction among the effects of infections, host 
line and time on either Asc-IgY or histomonad-specific 
antibody levels (P > 0.05), implying similar humoral 
immune responses by all three lines to the infections 
over time.

Relationships between intensities of nematode 
and protozoan infections
Linear relationships between worm burdens with either 
nematode and the daily total histomonad excretion of 
infected birds in all three host lines from 2 to 9 wpi are 
summarized in Fig. 4. Positive correlations of histomonad 
excretion and total number of H. gallinarum (HgT) at 
6 wpi (r = 0.72, P < 0.05) and 8 wpi (r = 0.84, P < 0.05) were 
the only significant findings in this context. A detailed 
presentation of time-dependent alterations, reflecting 
potential courses in both histomonad excretion and Hete-
rakis burden over time, is provided in Additional file  3: 
Fig. S3 for three host lines.

(Co)‑existence of the three parasites in the same host
Information derived from 139 experimentally nema-
tode-infected birds was further analyzed to investigate 
interactions among the existence of H. meleagridis, H. 
gallinarum and A. galli in the same host. All experimen-
tally infected birds were positive at least for one of the 
three parasites, whereas 43.9% of the birds (n = 61) har-
bored all three parasites at once in a triple infection form 
(Fig.  5A). Of the 139 experimentally nematode-infected 
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birds, 125 (89.9%) were positive for A. galli. The  num-
ber of H. gallinarum-positive birds was 94 (67.6%), and 
a total of 99 birds (71.2%) excreted histomonads through 
feces on the day of necropsy. Prevalence of mono-infec-
tions with one of the three parasites ranged from 2.9 to 
5.8%. Although the prevalence of di-infections with A. 
galli and H. gallinarum (20.1%) was identical to that of 
di-infections with A. galli and H. meleagridis (20.1%), the 
prevalence of co-infections with H. gallinarum and H. 
meleagridis in the form of di-infections was extremely 
low (0.7%).

To investigate the impact of the presence of one para-
site on the presence of another parasite in the same host, 
we fitted a logistic regression model. Time as weeks post 
infection was shown to induce no significant effects 

(P > 0.05) on the probability of the presence of either 
parasite; thus, the time effects were removed from the 
models. Although not statistically significant (P = 0.083), 
LD birds tended to have higher odd ratios (Ψ = 2.69) than 
those of R birds (reference line, Ψ = 1.00) for probability 
of testing positive for histomonads (Table  4). Host-line 
effects did not influence probability of harboring at least 
one A. galli (P = 0.196) or H. gallinarum (P = 0.102).

The odds ratios calculated for the presence of both A. 
galli and H. gallinarum indicated a significant (P ≤ 0.038) 
and positive likelihood (Ψ = 3.71–3.77) for the co-exist-
ence of these two parasites in the same host. This implies 
that the birds harboring one of the either nematodes had 
approximately 2.7-fold higher [i.e. (Ψ − 1)] chances to 
harbor the second nematode, too (Table  4). There was 

Fig. 4 Color maps showing correlations between parasite burden of chickens with H. meleagridis (HpD), H. gallinarum (HgT) and A. galli (AgT) each 
week post infection (wpi). HPD total number of histomonads excreted per day, HgT total number of H. gallinarum per bird, AgT total number of A. 
galli per bird. * indicates a significant correlation at P < 0.05
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no significant relationship (P ≥ 0.804) between the exist-
ence of A. galli and H. meleagridis (Ψ = 1.12–1.19) in the 
same host. Presence of both H. gallinarum and H. melea-
gridis in the same host was negatively associated with 
the existence of one parasite at the expense of the other 
one (P = 0.024). The birds that excreted H. meleagridis 
through feces were 66% [i.e. (1 − Ψ) × 100)] less likely to 
harbor H. gallinarum compared to those birds that did 
not excrete histomonads through feces. The opposite was 
also true when birds harboring H. gallinarum were about 
67% less likely to excrete histomonads in their feces com-
pared to Heterakis-free birds. Figure 5B summarizes the 
likelihoods for the co-existence of all three parasites in 
the same host and thereby provides a model for the inter-
actions between co-existence of the three parasites in the 
same host.

To test whether quantitative differences exist between 
parasite burdens of the birds that harbored either H. gal-
linarum or H. meleagridis, we additionally performed 
complementary comparisons (Fig.  6). Among Heter-
akis-positive birds (Fig.  6A), there was no significant 
difference between H. gallinarum counts of histomonad-
positive or -negative birds (P = 0.512). Similarly, there 
was no significant difference in fecal histomonad den-
sity in birds tested positive or negative for H. gallinarum 
(P = 0.236; Fig. 6B).

A
Ascaridia galli 

(n=125)
Heterakis gallinarum 

(n=94)

Histomonas meleagridis 
(n=99)

Heterakis 
gallinarum

Ascaridia
galli

Histomonas 
meleagridis

Ψ ≥ 3.71*

B

Fig. 5 A Venn’s diagram presenting number of experimentally 
infected chickens that harbored A. galli, H. gallinarum and H. 
meleagridis in the form of single, double and triple infections within 
the same host (n = 139). B A model for the interactions between 
(co)-existence of different parasites within the same host. Significant 
(*P < 0.05) odds ratios (Ψ) < 1 represent negative relationships, while 
Ψ > 1 represent positive relationships between presence of two 
parasites (n = 139)

Table 4 Interactions among existences of Ascaridia galli, Heterakis gallinarum and Histomonas meleagridis in chickens of three different 
genetic lines (n = 139)

Presented figures are the frequency (%) of chickens without (−) or with (+) a particular parasite in the absence or presence of two other parasites in the same host 
with respective odds ratios (Ψ). For host lines, the odds ratios assess the probability for Lohmann Dual (LD) or Lohmann Brown (LB) birds to harbor a particular parasite 
as compared to Ross 308 (R), which is fixed as the reference host line (Ψ = 1.00). For the parasites, the odds ratios assess the probability of the presence of a parasite in 
the presence of another parasite, i.e. probability of their co-existence in the same host

P values are in italic

Factors Level Dependent binary variable

A. galli (%) H. gallinarum (%) H. meleagridis (%)

(−) (+) Ψ (−) (+) Ψ (−) (+) Ψ

Host-line LD 2.1 97.9 7.31 21.3 78.7 2.90 23.4 76.6 2.69

LB 10.9 89.1 1.49 32.6 67.4 1.77 23.9 76.1 2.37

R 17.4 82.6 1.00 43.5 56.5 1.00 39.1 60.9 1.00

P-value – – 0.196 – – 0.102 0.083

A. galli Absent – – – 6.5 3.6 1.00 2.9 7.2 1.00

Present – – – 25.9 64.0 3.71 25.9 64.0 1.12

P-value – – – – 0.038 – – 0.865

H. gallinarum Absent 6.5 25.9 1.00 – – – 5.8 26.6 1.00

Present 3.6 64.0 3.77 – – – 23.0 44.6 0.33

P-value 0.037 – – – 0.024

H. meleagridis Absent 2.9 25.9 1.00 5.8 23.0 1.00 – – –

Present 7.2 64.0 1.19 26.6 44.6 0.34 – – –

P-value – – 0.804 – – 0.024 – – –
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Discussion
Histomonosis in turkeys was described by Cushman [38] 
over 100  years ago. Later on, Chester and Robin [39] 
reported that chickens can also be infected by the para-
site H. meleagridis. Even if the morbidity and mortality 
in chickens are generally not as high as in turkeys, histo-
monosis can cause severe economic losses in free-range 
layers and broiler breeders and only occasionally in broil-
ers [40]. Currently, there are no prophylactic or therapeu-
tic drugs available because of the ban of such chemicals 
in most countries with high poultry production due to 
consumer safety [2]. The prevalence of H. meleagridis 
in chicken flocks is high according to studies investigat-
ing antibodies against the parasite in chicken flocks in 
different countries [41, 42]. Similarly, studies assessing 
the health and welfare of Austrian laying hens reported 
frequent incidence of intestinal parasites, especially H. 
gallinarum and A. galli [43, 44]. However, there are no 
investigations in host birds on the relation between the 
protozoan and intestinal worms on parasite shedding, 
which is of peculiar interest because H. gallinarum is the 
intermediate vector of H. meleagridis. Additionally, an 
impact of different commercial chicken lines used for egg 
and/or meat production has not been elucidated so far. In 
the present work, the excretion of histomonads in feces 
of chickens after an experimental co-infection with A. 
galli and H. gallinarum and the interaction of the three 
parasites were investigated in three genetically distinct 
chicken lines. Following infection, re-infections contrib-
uted to the parasite burden according to the life cycles 
of the worms and the flagellate. However, variations in 
re-infections can be attributed to the respective host-
line birds based on the equal infection and housing of all 
groups. Co-infection with H. meleagridis was confirmed 
by macroscopic examinations at necropsy, parasitological 

investigation, histopathology, immunohistochemistry, 
serology and quantitative PCR.

The shedding of H. meleagridis occurs in feces follow-
ing multiplication of the parasite in the ceca of infected 
host birds [45]. In the present work, the detection of H. 
meleagridis in feces was done by qPCR since the para-
site is highly fragile in the environment outside the host 
[5] and therefore losses by preparations for coproscopy 
can be expected. The absolute quantification using DNA 
from a defined number of histomonad cells from a clonal 
culture of H. meleagridis [46] as standard reliably and 
specifically determined the number of histomonads in 
the feces.

The number of histomonad cells was calculated per 
gram of feces (HPG). We extended this specification to 
the number of histomonads excreted via feces within 
24  h (HPD). This was particularly important because 
host animals differed in feces production because of dif-
ferences in their body size. R birds are more than three 
times heavier and produce at least twice the amount 
of daily feces compared with LB layers or the LD dual-
purpose chickens [22]. Thus, histomonad excretion had 
to be adjusted for the daily amount of feces to identify 
quantitative differences among the excretion of the par-
asite in the three host lines. Interestingly, despite their 
smaller body size, LB and LD lines excreted higher num-
bers of histomonads within a day than the R birds at sev-
eral sampling time points (i.e. 3, 6 and 8 wpi). However, 
R birds shed more histomonads than LB birds at 2 wpi. 
The observed differences indicate that the genetics of the 
chickens had no persistent effect on the propagation of H. 
meleagridis. These temporary variations in histomonad 
excretion in different chicken lines can be explained by 
the intermittent excretion of the parasite, which was pre-
viously demonstrated in directly infected chickens and 
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turkeys by re-isolation [11], which might be associated 
with cecal peristalsis.

Previously, no significant difference in histomonad 
shedding levels of experimentally inoculated turkeys and 
“naturally,” in-contact infected birds was observed [12]. 
This implies that the initial path of exposure to H. melea-
gridis in turkeys has no effect on histomonad shedding 
levels. Therefore, it can be considered that the infection 
via vector in the present experiment might not influence 
temporary differences in histomonad excretion levels of 
the three host lines. Instead, re-infection of the birds by 
uptake of infectious feces may be attributed to different 
shedding dynamics on specific sampling time points, 
which could not be proven in this work.

We also identified remarkable interactions of a qualita-
tive nature between the existence of the three parasites 
within the same host. The presence of H. gallinarum and 
H. meleagridis was negatively associated, whereas Heter-
akis-harboring birds were about 2.7 times more likely to 
harbor A. galli, too. The positive association between co-
existence of the two nematodes in the same host might 
be attributed to the similar cell-mediated host immune 
responses to both nematodes [24]. There was no signifi-
cant interaction between co-existence of A. galli and H. 
meleagridis. These two parasites are indeed unrelated as 
they do not share the same predilection site, and unlike 
H. gallinarum, A. galli does not play a role in the trans-
mission of H. meleagridis.

Previously, the occurrence of histomonosis in chickens 
was suggested to be related to the egg dosage of H. galli-
narum and age of the birds [47]. Lund [48] estimated the 
proportion of Histomonas-carrying H. gallinarum eggs 
to be 1:139. Thus, the presence of H. gallinarum eggs in 
the feces could be considered an indicator for the pres-
ence of H. meleagridis in naturally infected chickens. This 
view has not changed, based on a review which stated 
that the majority of Heterakis eggs harvested from the 
nematode residing in the chicken host are positive for 
H. meleagridis [40]. As shown in the present study, indi-
vidual samplings may not confirm a co-infection because 
the presence of both Heterakis eggs and histomonads in 
host feces is influenced by several factors that are not 
necessarily interlinked. We identified ascarid eggs in 
only 8.3% of the fecal samples collected by 3 wpi, a time 
point where egg excretion by H. gallinarum is expected 
to occur [31]. It remained unknown to what extent H. 
gallinarum contributed to the egg excretion as the eggs 
of this parasite cannot reliably be differentiated mor-
phologically from those of A. galli [29]. In contrast to 
the low frequency of egg-positive fecal samples, 60.9% 
to 76.6% of the fecal samples were positive for histomon-
ads. At only two time points were positive correlations 
between numbers of histomonads and H. gallinarum (i.e. 

6 and 8 wpi) observed. More interestingly, we found no 
significant difference between histomonad intensity of 
chickens that were positive or negative for H. gallinarum 
(Fig. 6B). Thus, it was obvious that the absence of nema-
tode eggs in the host feces was not a measure for the 
absence of histomonads, indicating the direct shedding 
of the protozoon. This is further supported by the pres-
ence of histomonads in chickens with no single vector 
nematode in the ceca (Fig. 6B) and collectively confirms a 
recent report on histomonosis with negative findings for 
nematodes in chicken flocks [49]. This lack of linear rela-
tionships between numbers of histomonads and H. galli-
narum might be explained by the pathological alterations 
induced by histomonads in the cecal environment, which 
is the habitat of H. gallinarum [50].

Differences in the incidence of co-infection with 
H. meleagridis and H. gallinarum between different 
chicken breeds were already investigated several dec-
ades ago [18]. It was demonstrated that the breeds var-
ied in histomonad-positive birds (25% in Rhode Island 
Red to 80% in New Hampshire). However, this outcome 
was mainly based on pathological changes. The num-
ber of H. gallinarum per bird correlated negatively 
with the incidence of H. meleagridis. The author con-
cluded that the birds that show the greatest resistance 
to H. meleagridis infections were the most prolific in 
the production of H. gallinarum. Such distinct differ-
ences between the co-infected chicken lines in the pre-
sent study could not be observed. This might be due to 
the fact that genetic variations of today’s commercial 
chickens highly differ from chicken breeds more than 
50  years ago. In the present work it could be shown 
by necropsy, histopathology and serology that none of 
the chicken lines were resistant to an infection with H. 
meleagridis and that the propagation of H. meleagridis 
occurs in the chicken host, without a considerable and 
persistent impact of the host genetics.

Conclusions
The infection with H. meleagridis-contaminated H. galli-
narum eggs led to a permanent excretion of the flagellate 
in host feces. In the applied infection scheme feces sam-
ples seem to be a suitable source to identify histomonad-
infected chickens by PCR. Only temporary differences in 
excretion of H. meleagridis in the feces of genetically dif-
ferent chicken lines were observed. The excretion of the 
protozoan or its vector H. gallinarum was mostly exclu-
sive, showing the negative interaction between the two 
parasites in the same host. Hence, the absence of the vec-
tor does not minimize its role in the transmission con-
sidering that histomonads can be directly transmitted as 
well.
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 Additional file 1: Figure S1. Average numbers of ascarid eggs excreted 
within a day (eggs per day, EPD) through feces of chickens experimentally 
infected with H. gallinarum and A. galli. Pooled data used in this plot origi-
nate from ascarid-egg excretion of experimentally infected birds of three 
host lines by wpi 3 ( n = 108). Note that feces samples collected at 2 wpi 
were not examined for nematode egg excretion. Each dot represents an 
observation from a bird. Error bars are constructed using 1 standard error 
from the mean. 

Additional file 2: Figure S2. Time-dependent alterations in worm 
burdens of birds of three distinct commercial chicken lines after an experi-
mental co-infection with H. gallinarum and A. galli (n = 139). LD Lohmann 
Dual (n = 47), LB Lohmann Brown Plus (n = 46), R Ross-308 (n = 46). 

Additional file 3: Figure S3. H. gallinarum counts and daily H. meleagridis 
excretion in birds of three distinct commercial chicken lines after an 
experimental co-infection (n = 139). LD Lohmann Dual (n = 47), LB Lohm-
ann Brown Plus (n = 46), R Ross-308 (n = 46).

Acknowledgements
The authors thank Barbara Jaskulska for practical guidance in performing 
qPCR. We are deeply grateful to Birgit Mielenz for the laboratory analysis of 
samples at the FBN. We also thank Dr. Wiebke Icken from the Lohmann Tier-
zucht GmbH (Cuxhaven, Germany) for chicken supply.

Authors’ contributions
DL, GD conceived the study and designed the experiments. GD, MS, CCM 
collected, examined (necropsy, examinations for helminth) and analysed sam-
ples. LW, DL, IB, BG, PW processed, examined and analysed samples (detection 
and quantification of H. meleagridis). GD and DL wrote the original draft. GD, 
LW, MH and DL interpreted the data. All authors read and approved the final 
manuscript.

Funding
This work is an outcome of the Integhof Project supported by the German 
Government’s Special Purpose Fund held at Landwirtschaftliche Rentenbank 
(Grant No. 28RZ3-72.051).

 Availability of data and materials
The raw data used in the peresent study is available in a repository at https:// 
doi. org/ 10. 5281/ zenodo. 49159 23.

Declarations

Ethics approval and consent to participate
Ethical approval of the experiment was obtained from the State ethics com-
mittee for animal experimentations (Mecklenburg-Western Pomerania State 
Office for Agriculture, Food Safety, and Fisheries, Germany; permission no.: 
AZ.: 7221.3-1-066/15). Infection procedures were in line with the relevant 
guidelines of the World Association for the Advancement of Veterinary Para-
sitology for Poultry [36]. The experiment was conducted in accordance with 
animal welfare rules (animal care and handling, stunning, necropsies), and all 
sampling procedures were performed by trained/authorized staff.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Institute of Nutritional Physiology “Oskar Kellner”, Leibniz Institute for Farm 
Animal Biology, Dummerstorf, Germany. 2 Clinic for Poultry and Fish Medicine, 
Department for Farm Animals and Veterinary Public Health, University 

of Veterinary Medicine, Vienna, Austria. 3 Christian Doppler Laboratory for Inno-
vative Poultry Vaccines (IPOV), Clinic for Poultry and Fish Medicine, Vienna, 
Austria. 

Received: 30 April 2021   Accepted: 3 June 2021

References
 1. Tyzzer EE. The flagellate character and reclassification of the parasite pro-

ducing “blackhead” in turkeys: Histomonas (Gen. nov.) meleagridis (Smith). 
J Parasitol. 1920;6:124. https:// doi. org/ 10. 2307/ 32710 65.

 2. Liebhart D, Ganas P, Sulejmanovic T, Hess M. Histomonosis in poultry: 
previous and current strategies for prevention and therapy. Avian Pathol. 
2017;46:1–18. https:// doi. org/ 10. 1080/ 03079 457. 2016. 12294 58.

 3. McDougald LR, Fuller L. Blackhead disease in turkeys: direct transmission 
of Histomonas meleagridis from bird to bird in a laboratory model. Avian 
Dis. 2005;49:328–31. https:// doi. org/ 10. 1637/ 7257- 08100 4R.1.

 4. Hess M, Liebhart D, Bilic I, Ganas P. Histomonas meleagridis—new insights 
into an old pathogen. Vet Parasitol. 2015;208:67–76. https:// doi. org/ 10. 
1016/j. vetpar. 2014. 12. 018.

 5. Lotfi A-R, Abdelwhab EM, Hafez HM. Persistence of Histomonas melea-
gridis in or on materials used in poultry houses. Avian Dis. 2012;56:224–6. 
https:// doi. org/ 10. 1637/ 9519- 090910- ResNo te.1.

 6. Zaragatzki E, Hess M, Grabensteiner E, Abdel-Ghaffar F, Al-Rasheid KAS, 
Mehlhorn H. Light and transmission electron microscopic studies on the 
encystation of Histomonas meleagridis. Parasitol Res. 2010;106:977–83. 
https:// doi. org/ 10. 1007/ s00436- 010- 1777-2.

 7. Farr MM. Further observations on survival of the protozoan parasite, 
Histomonas meleagridis, and eggs of poultry nematodes in feces of 
infected birdes. Cornell Vet. 1961;51:3–13.

 8. Tyzzer EE, Collier J. Induced and natural transmission of blackhead in 
the absence of Heterakis. J Infect Dis. 1925;37:265–76. https:// doi. org/ 10. 
1093/ infdis/ 37.3. 265.

 9. Hu J, Fuller L, Armstrong PL, McDougald LR. Histomonas meleagridis in 
chickens: attempted transmission in the absence of vectors. Avian Dis. 
2006;50:277–9. https:// doi. org/ 10. 1637/ 7431- 09060 5R.1.

 10. Hu J, Fuller L, McDougald LR. Infection of turkeys with Histomonas melea-
gridis by the cloacal drop method. Avian Dis. 2004;48:746–50. https:// doi. 
org/ 10. 1637/ 7152.

 11. Hess M, Grabensteiner E, Liebhart D. 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. 2006;35:280–5. https:// doi. org/ 10. 1080/ 03079 45060 08155 
07.

 12. Landman WJM, ter Veen C, van der Heijden HMJF, Klinkenberg D. Quan-
tification of parasite shedding and horizontal transmission parameters 
in Histomonas meleagridis-infected turkeys determined by real-time 
quantitative PCR. Avian Pathol. 2015;44:358–65. https:// doi. org/ 10. 1080/ 
03079 457. 2015. 10584 83.

 13. Gauly M, Bauer C, Preisinger R, Erhardt G. Genetic differences of Ascaridia 
galli egg output in laying hens following a single dose infection. Vet Para-
sitol. 2002;103:99–107. https:// doi. org/ 10. 1016/ S0304- 4017(01) 00587-8.

 14. Gauly M, Kanan A, Brandt H, Weigend S, Moors E, Erhardt G. Genetic 
resistance to Heterakis gallinarum in two chicken layer lines following 
a single dose infection. Vet Parasitol. 2008;155:74–9. https:// doi. org/ 10. 
1016/j. vetpar. 2008. 04. 008.

 15. Powell FL, Rothwell L, Clarkson MJ, Kaiser P. The turkey, compared to the 
chicken, fails to mount an effective early immune response to Histo-
monas meleagridis in the gut. Parasite Immunol. 2009;31:312–27. https:// 
doi. org/ 10. 1111/j. 1365- 3024. 2009. 01113.x.

 16. Lotfi A, Hauck R, Olias P, Hafez HM. Pathogenesis of histomonosis in 
experimentally infected specific-pathogen-free (SPF) layer-type chickens 
and SPF meat-type chickens. Avian Dis. 2014;58:427–32. https:// doi. org/ 
10. 1637/ 10782- 012814- Reg.1.

 17. Zahoor MA, Liebhart D, Hess M. Progression of histomonosis in commer-
cial chickens following experimental infection with an in vitro propa-
gated clonal culture of Histomonas meleagridis. Avian Diseases Digest. 
2011;6:e39–40. https:// doi. org/ 10. 1637/ 9618- 950811- DIGEST.1.

https://doi.org/10.1186/s13071-021-04823-1
https://doi.org/10.1186/s13071-021-04823-1
https://doi.org/10.5281/zenodo.4915923
https://doi.org/10.5281/zenodo.4915923
https://doi.org/10.2307/3271065
https://doi.org/10.1080/03079457.2016.1229458
https://doi.org/10.1637/7257-081004R.1
https://doi.org/10.1016/j.vetpar.2014.12.018
https://doi.org/10.1016/j.vetpar.2014.12.018
https://doi.org/10.1637/9519-090910-ResNote.1
https://doi.org/10.1007/s00436-010-1777-2
https://doi.org/10.1093/infdis/37.3.265
https://doi.org/10.1093/infdis/37.3.265
https://doi.org/10.1637/7431-090605R.1
https://doi.org/10.1637/7152
https://doi.org/10.1637/7152
https://doi.org/10.1080/03079450600815507
https://doi.org/10.1080/03079450600815507
https://doi.org/10.1080/03079457.2015.1058483
https://doi.org/10.1080/03079457.2015.1058483
https://doi.org/10.1016/S0304-4017(01)00587-8
https://doi.org/10.1016/j.vetpar.2008.04.008
https://doi.org/10.1016/j.vetpar.2008.04.008
https://doi.org/10.1111/j.1365-3024.2009.01113.x
https://doi.org/10.1111/j.1365-3024.2009.01113.x
https://doi.org/10.1637/10782-012814-Reg.1
https://doi.org/10.1637/10782-012814-Reg.1
https://doi.org/10.1637/9618-950811-DIGEST.1


Page 15 of 15Daş et al. Parasites Vectors          (2021) 14:323  

 18. Lund EE. Response of four breeds of chickens and one breed of 
turkeys to experimental Heterakis and Histomonas infections. Avian Dis. 
1967;11:491–502.

 19. Zuidhof MJ, Schneider BL, Carney VL, Korver DR, Robinson FE. Growth, 
efficiency, and yield of commercial broilers from 1957, 1978, and 2005. 
Poult Sci. 2014;93:2970–82. https:// doi. org/ 10. 3382/ ps. 2014- 04291.

 20. Krautwald-Junghanns M-E, Cramer K, Fischer B, Förster A, Galli R, Kremer 
F, et al. Current approaches to avoid the culling of day-old male chicks in 
the layer industry, with special reference to spectroscopic methods. Poult 
Sci. 2018;97:749–57. https:// doi. org/ 10. 3382/ ps/ pex389.

 21. Stehr M, Grashorn M, Dannenberger D, Tuchscherer A, Gauly M, 
Metges CC, Daş G. Resistance and tolerance to mixed nematode 
infections in relation to performance level in laying hens. Vet Parasitol. 
2019;275:108925. https:// doi. org/ 10. 1016/j. vetpar. 2019. 108925.

 22. Stehr M, Zentek J, Vahjen W, Zitnan R, Tuchscherer A, Gauly M, et al. Resist-
ance and tolerance to mixed nematode infections in chicken genotypes 
with extremely different growth rates. Int J Parasitol. 2019;49:579–91. 
https:// doi. org/ 10. 1016/j. ijpara. 2019. 03. 001.

 23. Urban J, Röhe I, Zentek J. Effect of protein restriction on performance, 
nutrient digestibility and whole body composition of male Lohmann 
Dual chickens. Stuttgart: Verlag Eugen Ulmer; 2018.

 24. Stehr M, Sciascia Q, Metges CC, Gauly M, Daş G. Co-expulsion of Ascaridia 
galli and Heterakis gallinarum by chickens. Int J Parasitol. 2018;48:1003–16. 
https:// doi. org/ 10. 1016/j. ijpara. 2018. 05. 014.

 25. Rahimian S, Gauly M, Daş G. Embryonation ability of Ascaridia galli eggs 
isolated from worm uteri or host faeces. Vet Parasitol. 2016;215:29–34. 
https:// doi. org/ 10. 1016/j. vetpar. 2015. 10. 026.

 26. Svihus B. Function of the digestive system. J Appl Poult Res. 2014;23:306–
14. https:// doi. org/ 10. 3382/ japr. 2014- 00937.

 27. Ferdushy T, Luna-Olivares LA, Nejsum P, Roepstorff AK, Thamsborg SM, 
Kyvsgaard NC. Population dynamics of Ascaridia galli following single 
infection in young chickens. Parasitology. 2013;140:1078–84. https:// doi. 
org/ 10. 1017/ S0031 18201 30004 01.

 28. Maff. Manual of veterinary parasitological laboratory techniques. 3rd ed. 
G.D. Reference Book 418. London: Ministry of Agriculture, Fisheries and 
Food; 1986.

 29. Kaufmann J. Parasitic infections of domestic animals: a diagnostic 
manual. Berlin: Birkhäuser Verlag; 1996. p. 357–8.

 30. Daş G, Kaufmann F, Abel H, Gauly M. Effect of extra dietary lysine in Asca-
ridia galli-infected grower layers. Vet Parasitol. 2010;170:238–43. https:// 
doi. org/ 10. 1016/j. vetpar. 2010. 02. 026.

 31. Daş G, Abel H, Savaş T, Sohnrey B, Gauly M. Egg production dynamics and 
fecundity of Heterakis gallinarum residing in different caecal environ-
ments of chickens induced by fibre-rich diets. Vet Parasitol. 2014;205:606–
18. https:// doi. org/ 10. 1016/j. vetpar. 2014. 08. 008.

 32. Daş G, Hennies M, Sohnrey B, Rahimian S, Wongrak K, Stehr M, Gauly M. A 
comprehensive evaluation of an ELISA for the diagnosis of the two most 
common ascarids in chickens using plasma or egg yolks. Parasites Vec-
tors. 2017;10:187. https:// doi. org/ 10. 1186/ s13071- 017- 2121-9.

 33. Windisch M, Hess M. Establishing an indirect sandwich enzyme-linked-
immunosorbent-assay (ELISA) for the detection of antibodies against 
Histomonas meleagridis from experimentally infected specific pathogen-
free chickens and turkeys. Vet Parasitol. 2009;161:25–30. https:// doi. org/ 
10. 1016/j. vetpar. 2008. 12. 014.

 34. Singh A, Weissenböck H, Hess M. Histomonas meleagridis: immunohisto-
chemical localization of parasitic cells in formalin-fixed, paraffin-embed-
ded tissue sections of experimentally infected turkeys demonstrates the 
wide spread of the parasite in its host. Exp Parasitol. 2008;118:505–13. 
https:// doi. org/ 10. 1016/j. exppa ra. 2007. 11. 004.

 35. Sulejmanovic T, Turblin V, Bilic I, Jaskulska B, Hess M. Detection of 
Histomonas meleagridis DNA in dust samples obtained from apparently 
healthy meat turkey flocks without effect on performance. Avian Pathol. 
2019;48:329–33. https:// doi. org/ 10. 1080/ 03079 457. 2019. 15998 19.

 36. Yazwinski TA, Chapman HD, Davis RB, Letonja T, Pote L, Maes L, et al. 
World Association for the Advancement of Veterinary Parasitology 
(WAAVP) guidelines for evaluating the effectiveness of anthelmintics in 
chickens and turkeys. Vet Parasitol. 2003;116:159–73. https:// doi. org/ 10. 
1016/ S0304- 4017(03) 00264-4.

 37. Venny Oliveros JC. An interactive tool for comparing lists with Venn’s 
diagrams. https:// bioin fogp. cnb. csic. es/ tools/ venny/ index. html.

 38. Cushman S. The production of turkeys. Rhode Island Agric Exp Stn Bull. 
1893;25:89–123.

 39. Chester FD, Robin A. Enterohepatitis or blackhead of fowls. Twelfth 
Annual Report Delaware Agricultural Station; 1901. p. 60–6.

 40. McDougald LR. Blackhead disease (histomoniasis) in poultry: a critical 
review. Avian Dis. 2005;49:462–76. https:// doi. org/ 10. 1637/ 7420- 08100 
5R.1.

 41. Grafl B, Liebhart D, Windisch M, Ibesich C, Hess M. Seroprevalence of 
Histomonas meleagridis in pullets and laying hens determined by ELISA. 
Vet Rec. 2011;168:160. https:// doi. org/ 10. 1136/ vr. c6479.

 42. van der Heijden HMJF, Landman WJM. High seroprevalence of Histo-
monas meleagridis in Dutch layer chickens. Avian Dis. 2011;55:324–7. 
https:// doi. org/ 10. 1637/ 9609- 120610- ResNo te.1.

 43. Zloch A, Kuchling S, Hess M, Hess C. Influence of alternative husbandry 
systems on postmortem findings and prevalence of important bacteria 
and parasites in layers monitored from end of rearing until slaughter. Vet 
Rec. 2018;182:350. https:// doi. org/ 10. 1136/ vr. 104632.

 44. Grafl B, Polster S, Sulejmanovic T, Pürrer B, Guggenberger B, Hess M. 
Assessment of health and welfare of Austrian laying hens at slaughter 
demonstrates influence of husbandry system and season. Br Poult Sci. 
2017;58:209–15. https:// doi. org/ 10. 1080/ 00071 668. 2017. 12807 23.

 45. Hess M, McDougald LR. Diseases of poultry: Histomoniasis (histomonosis, 
blackhead disease) infections. In: Swayne DE, Boulianne M, Logue CM, 
McDougald LR, Nair V, Suarez DL, editors. Diseases of poultry. 14th ed. 
Ames: Wiley-Blackwell; 2020.

 46. Hess M, Kolbe T, Grabensteiner E, Prosl H. Clonal cultures of Histomonas 
meleagridis, Tetratrichomonas gallinarum and a Blastocystis sp. established 
through micromanipulation. Parasitology. 2006;133:547–54. https:// doi. 
org/ 10. 1017/ S0031 18200 60007 58.

 47. Madsen H. On the interaction between Heterakis gallinarum, Ascaridia 
galli, “blackhead” and the chicken. J Helminthol. 1962;36:107–42. https:// 
doi. org/ 10. 1017/ s0022 149x0 00224 10.

 48. Lund EE. Growth and development of Heterakis gallinae in turkeys 
and chickens infected with Histomonas meleagridis. J Parasitol. 
1958;44:297–301.

 49. Dolka B, Żbikowski A, Dolka I, Szeleszczuk P. Histomonosis—an existing 
problem in chicken flocks in Poland. Vet Res Commun. 2015;39:189–95. 
https:// doi. org/ 10. 1007/ s11259- 015- 9637-2.

 50. Daş G, Abel H, Humburg J, Schwarz A, Rautenschlein S, Breves G, Gauly 
M. Non-starch polysaccharides alter interactions between Heterakis 
gallinarum and Histomonas meleagridis. Vet Parasitol. 2011;176:208–16. 
https:// doi. org/ 10. 1016/j. vetpar. 2010. 11. 004.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3382/ps.2014-04291
https://doi.org/10.3382/ps/pex389
https://doi.org/10.1016/j.vetpar.2019.108925
https://doi.org/10.1016/j.ijpara.2019.03.001
https://doi.org/10.1016/j.ijpara.2018.05.014
https://doi.org/10.1016/j.vetpar.2015.10.026
https://doi.org/10.3382/japr.2014-00937
https://doi.org/10.1017/S0031182013000401
https://doi.org/10.1017/S0031182013000401
https://doi.org/10.1016/j.vetpar.2010.02.026
https://doi.org/10.1016/j.vetpar.2010.02.026
https://doi.org/10.1016/j.vetpar.2014.08.008
https://doi.org/10.1186/s13071-017-2121-9
https://doi.org/10.1016/j.vetpar.2008.12.014
https://doi.org/10.1016/j.vetpar.2008.12.014
https://doi.org/10.1016/j.exppara.2007.11.004
https://doi.org/10.1080/03079457.2019.1599819
https://doi.org/10.1016/S0304-4017(03)00264-4
https://doi.org/10.1016/S0304-4017(03)00264-4
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://doi.org/10.1637/7420-081005R.1
https://doi.org/10.1637/7420-081005R.1
https://doi.org/10.1136/vr.c6479
https://doi.org/10.1637/9609-120610-ResNote.1
https://doi.org/10.1136/vr.104632
https://doi.org/10.1080/00071668.2017.1280723
https://doi.org/10.1017/S0031182006000758
https://doi.org/10.1017/S0031182006000758
https://doi.org/10.1017/s0022149x00022410
https://doi.org/10.1017/s0022149x00022410
https://doi.org/10.1007/s11259-015-9637-2
https://doi.org/10.1016/j.vetpar.2010.11.004

	Excretion of Histomonas meleagridis following experimental co-infection of distinct chicken lines with Heterakis gallinarum and Ascaridia galli
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Experimental design, birds and sample collection
	Housing and management of the birds
	Experimental infection with nematode eggs
	Sample collection, necropsies and worm harvest
	Fecal egg counts
	ELISA for indirect detection of ascarids and H. meleagridis
	Histopathology and immunohistochemistry for the detection of H. meleagridis
	Quantification of H. meleagridis in host feces by real-time PCR

	Ethics
	Statistical analyses

	Results
	FEC and worm burdens
	Histomonad excretion through host feces
	Histopathology and immunohistochemistry for the detection of H. meleagridis
	Circulating antibodies against nematodes and Histomonas meleagridis
	Relationships between intensities of nematode and protozoan infections
	(Co)-existence of the three parasites in the same host

	Discussion
	Conclusions
	Acknowledgements
	References




