
Citation: Souza, G.C.d.; Esteves, G.F.;

Volpato, F.A.; Miotto, R.; Mores,

M.A.Z.; Ibelli, A.M.G.; Bastos, A.P.

Effects of Varying Concentrations of

Eimeria Challenge on the Intestinal

Integrity of Broiler Chickens. Poultry

2024, 3, 1–14. https://doi.org/

10.3390/poultry3010001

Academic Editors: Priscilla F. Gerber

and Surya Paudel

Received: 6 December 2023

Revised: 11 January 2024

Accepted: 18 January 2024

Published: 25 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Effects of Varying Concentrations of Eimeria Challenge on the
Intestinal Integrity of Broiler Chickens
Giovana Camargo de Souza 1, Giovanna Fernandes Esteves 2, Franciana Aparecida Volpato 3, Rovian Miotto 3,
Marcos Antônio Zanella Mores 4, Adriana Mércia Guaratini Ibelli 1,4 and Ana Paula Bastos 1,4,*

1 Programa de Pós-Graduação em Ciências Veterinárias, Universidade Estadual do Centro-Oeste do Paraná,
Campus Guarapuava, Guarapuava 85000-000, PR, Brazil; adriana.ibelli@embrapa.br (A.M.G.I.)

2 Centro de Amparo à Pesquisa Veterinária—CAPEV, Amparo 13900-000, SP, Brazil
3 Curso de Pós-Graduação em Produçã e Sanidade Animal (PPGPSA), Instituto Federal Catarinense,

Campus Concórdia, Concórdia 89715-899, SC, Brazil
4 Embrapa Suínos e Aves, Concórdia 89715-899, SC, Brazil
* Correspondence: ana.bastos@embrapa.br

Abstract: The objective of the current investigation was to evaluate several Eimeria challenges and
the resulting alterations in intestinal permeability, intestinal morphology, and intestinal lesion scores
in broiler chickens. This study included four groups with ten replicate cages per treatment, in
which each group received a different treatment dosage of Eimeria, characterizing high, medium-
high, and medium-low challenges. Five days after the challenge, intestinal lesions and permeability
were assessed. The results showed that the increase in Eimeria challenge led to a considerable
decrease in the height of intestinal villosities, in the ratio between villosity size and crypt depth,
and in goblet cells. Moreover, after the challenge, there was a considerable increase in intestinal
permeability. In conclusion, the medium-low, medium-high, and high-challenge models can be
utilized for experimental infection. In the context of clinical studies, it has been observed that the
administration of medium-high and high-challenge doses has proven to be adequate. However, it
is advisable to utilize a medium-low challenge level to develop a subclinical challenge model for
forthcoming investigations that aim to evaluate nutritional recommendations.
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1. Introduction

Coccidiosis is a disease that exerts a substantial influence on the global industrial poultry
farming sector, affecting both broilers and laying hens [1]. The etiology of this intestinal
disease can be attributed to pathogenic Eimeria species, belonging to the phylum Apicomplexa,
which can develop both in wild animals and in domestic animals, whether mammals or birds.
Presently, seven species of Eimeria have been identified as infecting hens, each exhibiting
varying levels of pathogenicity. These species include E. acervulina, E. brunetti, E. maxima,
E. mitis, E. necatrix, E. praecox, and E. tenella. The dissimilarities among these Eimeria species
encompass variations in terms of intestinal invasion, pathogenicity, and lesion produced. As
they develop in the intestinal tract, in addition to mucosa lesions, infection by coccidia causes
decreases in zootechnical performance in farmed animals since nutrient absorption is affected.
In some severe cases, there is a high mortality rate in the herd [2–4].

This illness mainly affects young birds since their immunity is still developing, though
the possibility of other age groups becoming contaminated cannot discarded, and the main
form of contamination begins after oocysts are ingested. It is noteworthy that low-level
Eimeria challenges have the capacity to elicit a protective immunological response in the
host, akin to the mechanism observed in vaccination [5]. Clinical disease in broilers is
closely linked to large amounts of sporulated oocysts eaten by chickens that are susceptible,
that is, if the host’s immunity is very low. Eimeria spp. show high degrees of specificity
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regarding hosts and locations. Multiple species of Eimeria spp. can infect chickens at
the same time because they have different host–pathogen interactions, different levels of
specificity, and different locations in the gut of birds. As a result, the manifestation of
coccidiosis symptoms might vary significantly [6]. The clinical illness in broilers included
diarrhea (mucoid and watery to hemorrhagic), an abrupt decline in weight growth, reduced
feed conversion efficiency, and, in severe cases, mortality [7].

In order to mitigate the adverse outcomes associated with mild Eimeria infection, various
approaches, such as nutritional interventions, the administration of anticoccidial medications,
or implementation of vaccination protocols, have been employed [8,9]. In order to assess
the efficacy of a nutritional approach, it is important to develop a preclinical or clinical
model of coccidiosis. Therefore, determining the appropriate challenge dose and its effect on
zootechnical performance and the chicken intestine is vital for subclinical and clinical model
studies. In a previous study, Rochell et al. [10] discovered that the inoculation of elevated
doses of Eimeria challenge caused a continuous decline in growth performance and ileal amino
acid digestibility. It is crucial to comprehend the relationship between the doses of Eimeria
infection and indices of intestinal integrity in order to ascertain appropriate challenge dosages
in preclinical and clinical challenge models. The primary aim of this study was to assess the
effects of varying levels of Eimeria challenge on the intestinal integrity of broiler chickens.

2. Materials and Methods
2.1. Ethical Aspects

The research was carried out at Embrapa Suínos e Aves and received approval from
the Ethics Committee on Animal Use (CEUA) of Embrapa Suínos e Aves, with the assigned
number 002/2018. Furthermore, adherence to the rules set forth by the National Council
for the Control of Animal Experimentation (CONCEA) was observed during both the
maintenance and handling procedures of the avian subjects.

2.2. Challenge

The detection methods, retrieval of oocysts from infected hens, sporulation of oocysts,
and fabrication of challenge doses were conducted in accordance with the previously pub-
lished procedures [11,12]. The broiler chicks (Cobb 500 lineage) used for oocyte propagation
were raised in a sterilized isolator environment and subsequently infected with oocysts
of E. acervulina, E. maxima, and E. tenella when they reached 14 days of age. Fecal samples
were obtained from the isolator at a post-challenge time point of 7 days post-infection (dpi).
The oocysts were isolated from the fecal samples using a saline flotation technique and then
subjected to sporulation by means of an air pump under ambient conditions. To ensure
an adequate supply of E. acervulina, E. maxima, and E. tenella oocysts for the present study,
three rounds of passages were conducted.

2.3. Experimental Design

A total of 400 one-day-old, male broiler chickens (males from a female Cobb 500 lineage)
were randomly allocated into four groups with different challenge doses. Overall, there
were four treatment groups with ten replicate cages per treatment and ten birds per cage.
The treatments included an unchallenged negative control group (U), a group with a
medium-low challenge dose (G1), a medium-high challenge dose (G2), and a high challenge
dose (G3). Four sets of battery cages were used in the study. The birds were weighed on the
day they were accommodated (D1) and were kept in cages (0.049 m2 per bird). On day 16,
the birds were challenged through gavage with 1 mL. The number of oocysts used in each
challenge group is described in Table 1. The dosage levels for the present study were chosen
based on previous studies [11]. The birds were fed with a starter feed composed of corn and
soy bran (21% crude protein and 2975 kcal/kg) and did not receive coccidia vaccine and
coccidiostats from day 0 to 21 days of age. Feed and water were supplied ad libitum, and the
room temperature program was followed according to the recommendations of the Cobb
Broiler Management Guide. At 5 dpi, the chicks (n = 10/group) were euthanized through
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cervical dislocation. Blood, feces, and 3 cm-long sections of the duodenum, jejunum, and
cecum were collected. Sections of the duodenum were promptly identified and excised
from the lower portion of the duodenal loop. The jejunum was excised 2 cm above Meckel’s
diverticulum, and the cecum was excised from the middle section of the organ. They were
excised and cut longitudinally. To eliminate the intestinal contents, fragments were rinsed
with phosphate-buffered saline (PBS). The intestinal tissue was then immediately fixed in
4% paraformaldehyde (24 h) for analyses on intestinal morphology.

Table 1. Challenge dose of E. acervulina, E. maxima, and E. tenella administered to each group
(oocysts/chicks).

Treatment E. acervulina
(No. Oocysts)

E. maxima
(No. Oocysts)

E. tenella
(No. Oocysts)

Unchallenged (U) zero zero zero
Medium-low challenge (G1) 31,250 20,000 6250
Medium-high challenge (G2) 62,500 40,000 12,500
High challenge (G3) 125,000 80,000 25,000

2.4. Oocyst Count (OPG) and Lesion Score

The number of oocysts was determined from feces excreted on days 15, 17, 19, and 21
of age. In general terms, the excretions within each cage were gathered and mixed (pool
of 10 cages). The excretions/cage (approximately 500 mg) were weighed then passed and
agitated using a sieve and 300 mL of a saturated solution of NaCl. A sample of the mixture
was transferred to the two chambers of a McMaster slide [6]. After 5 min, the three species
of Eimeria oocysts were counted using a microscope with a 10× increase. The number of
oocysts was expressed as oocysts per gram of feces (OPG). Moreover, macroscopic lesions
(one bird/cage at 21 days of age) were identified from the duodenum, medium jejunum,
and cecum, according to Conway et al. [13], since the three species present in the challenge
target the duodenal loop (E. acervulina), jejunum (E. maxima), and cecum (E. tenella).

2.5. Real-Time PCR Analysis

Before the challenges, the feces were collected and qPCR analyses for Eimeria spp.
and oocyst count were carried out. The same analyses were carried out 1, 3, and 5 dpi.
To identify the Eimeria spp., prime and probes for 5S rRNA gene sequence were used for
real-time PCR assays (F: TCATCACCCAAAGGGATT; R:TTCATACTGCGTCTAATGCAC;
P: [6FAM] CGCCGCTTAACTTCGGAGTTCAGATGGGAT [BHQ1]) [14]. The qPCR reac-
tions were carried out using Quantstudio 6 real-time PCR equipment (Applied Biosystems,
Waltham, MA, USA) with 15 µL containing 2X GoTaq Probe qPCR Master Mix with ROX as
the passive reference dye (Promega, Madison, WI, EUA), 0.13 µM of each primer, 0.09 µM
of the probe, and 1.5 µL of DNA. The cycling conditions used were 95 ◦C for 2 min followed
by 40 cycles at 95 ◦C for 15 s and at 60 ◦C for 60 s. The samples were executed in duplicate
and with negative and positive controls. After the qPCR reactions, the cycle thresholds
(Ct) were identified. Standard curves were carried out using a Gblock gene fragment (IDT,
Coralville, IA, USA) containing the assay sequence (Eimeria spp.). A ten-times dilution
(107–1010 copies/µL) was carried out and performed for each qPCR reaction. The efficiency
of the PCR and the absolute quantification were based on 10 (−1/slope).

2.6. Macroscopic Score

The scoring of macroscopic lesions in the intestinal tract of birds was conducted in
the duodenum, middle jejunum, and cecum using the methodology described by Conway,
Mckenzie and Dayton [13]. This scoring system was used because the three species included
in the challenge inoculum specifically affect different regions of the intestinal tract: Eimeria
acervulina targets the duodenal loop, Eimeria maxima affects the midgut or jejunum region,
and Eimeria tenella impacts the cecum. The macroscopic lesions were assessed individually
for lesions generated by coccidia, following the scoring method described by Johnson and
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Reid [15] (Table 2). The scoring system ranged from zero to four, with zero indicating the
absence of lesions and four representing the highest possible lesion score.

Table 2. Lesion score determined by histological analysis of E. acervulina, E. maxima, and E. tenella
strains in chickens.

Lesion Score Macroscopic Finding Observed

0 No lesion

1 Wall of the small intestine roughly thinner, easily torn under slight tension, but
no rough evidence of necrosis of the mucosa or other abnormalities

2 One or more necrotic focuses in areas of the mucosa measuring approximately
1 to 5 mm in total thickness

3 Necrosis greater than 5 mm and consisting of orange/brown necrotic detritus

4 Large confluent necrotic areas over the total thickness of the mucosa in the small
intestine, affecting 25% or more of the small intestine

2.7. Histological Analysis

Histological analysis was carried out for the duodenum, jejunum, and cecum of the
birds by staining the slides with hematoxylin and eosin (H&E). After 24 h of fixation with
4% paraformaldehyde, tissue samples were dehydrated using gradient alcohol solutions,
transferred to xylene, embedded in paraffin, and sectioned into 5 µm-thickness sections.
Following deparaffinization and rehydration in water, the sections were stained with H&E.
The lesions were classified according to Goodwin et al. [16]. As such, a score for the
microscopic lesions (MLS) was established in which MLS is the sum of A plus B. Variable
A represents the distribution of the developmental stages of Eimeria along the intestinal
segment examined (0 = no parasites, 1 = parasites in one field ×0; 2 = parasites in two
fields ×10; 3 = parasites in three fields ×10; 4 = parasites in all four fields ×10), and B
represents the severity of the infection by Eimeria in the fields examined (0 = parasites in
0% of villosities; 1 = parasites in <25% of villosities; 2 = parasites in 25 to 50% of villosities;
3 = parasites in 51 to 75% of villosities; 4 = parasites in >75% of villosities). For example,
if A = 2 (parasites in two fields X10) and B = 2 (parasites in 25 to 50% of villosities), then
A + B = 4. The total initial MLS can vary from 0 to 8.

2.8. Histomorphometric Analysis

The duodenum, jejunum, and cecum of the birds from all groups were fixed in situ with
4% buffered paraformaldehyde, paraffin-embedded, sectioned at 5 µm, staining with Alcian
blue periodic acid-Schiff staining (G1049) and periodic acid-Schiff staining (G1008) commercial
kits (Servicebio) according to the manufacturer’s instructions. The parameters analyzed were
as follows: villosity height, crypt depth, thickness of villosity, thickness of mucosa, amount of
goblet cells in the villus, and villosity height/crypt depth ratio. The villi measured were those
that presented a whole body that could be measured. Height was measured from their peak
to their base, limited by the area adjacent to the crypt zone. The quantification was carried out
with common optical microscopy, at a 10× increase, in which each parameter was quantified
and measured three times in ten different fields of the slide, for each intestinal segment per
animal. After selecting the villi that were viable for measurements, the goblet cells present in
them were counted. The count was carried out throughout the whole extension of the villus,
on both sides, starting at the base to the peak and followed by the opposite side.

2.9. Intestinal Permeability

Isothiocyanate-dextran fluorescence (FITC-d, MW 3–5 KDa; Sigma Aldrich Co., St. Louis,
MI, USA) was administered orally, and its presence in blood was used as a marker of
paracellular transport and mucosal barrier dysfunction. The FITC-dextran was dissolved
in sterile water, resulting in a final concentration of 20 mg/mL. At 21 days post-hatch, an
oral administration of FITC-d (2.2 mg/bird; molecular weight, 3000–5000; Sigma Aldrich)
was administered orally 2 h before euthanizing the chicks. Following euthanasia, blood
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was obtained via the jugular vein. The blood was kept at room temperature for 3 h to
facilitate the process of clotting. After the clotting period, the samples were centrifuged
(1000× g for 15 min) to separate the serum. A standard curve was prepared using serial
dilutions of FITC-dextran in PBS (0, 125, 250, 375, 500, 750, 1000 µg/mL) [17,18]. A volume
of 100 µL of diluted serum was added to a 96-well flat bottom plate in duplicate. The
negative control involved the utilization of chicken serum that was not administered to the
FITC-dextran solution. The fluorescence levels of diluted serum (1:1 in PBS) were measured
at an excitation wavelength of 485 nm and an emission wavelength of 528 nm (Synergy HT,
multimode microplate reader; BioTek Instruments, Winooski, VT, USA). The concentration
of FITC-d per mL of serum was calculated based on a standard curve.

2.10. Mucosal Sample Analysis

Production of mucosal secretory immunoglobulin A ([sIgA (Bethyl Laboratories, Mont-
gomery, TX, USA)] and polymeric Ig receptor/secretory component (pIgR/SC; MyBioSource,
number MBS2512419)) was determined by ELISA following the manufacturer’s protocol.
The total protein in the mucosal homogenates was measured colorimetrically based on the
Bradford dye-binding method using a commercially available kit (BioRad, Hercules, CA,
USA) with bovine serum albumin as the standard [14]. Collected explants were homoge-
nized in ice-cold PBS and centrifuged for 15 min at 1500× g to obtain the supernatant.

2.11. Statistics

The data were initially analyzed through a K-S distance test. For non-parametric data,
the Friedman test was used, with a Student–Newman–Keuls post-test. The Kruskal–Wallis
test was employed for conducting histomorphometric analysis. This test was applied using
Prism 4.00 (GraphPad Software, San Diego, CA, USA) and Sigma-Stat (SPSS Corporation,
Chicago, IL, USA). We accepted in the present study an alpha risk lower than or equal to
5% and a beta risk lower than or equal to 20%.

3. Results
3.1. Oocyst Count (OPG) and qPCR

No oocysts were detected in chicken excreta by the 15th day of age, for all groups.
Oocysts were not detected in unchallenged birds (U) on days 17, 19, and 21 of age. However,
in groups G1, G2, and G3, oocysts were found in feces every day assessed after the challenge.
As expected, the animals that received a higher concentration of inoculum in the challenge
presented the greatest amounts of oocyst in their feces (Table 3). The challenged birds
(G1, G2, and G3) presented a decrease in feed consumption and presented apathy and
diarrhea as clinical signs; these occurred with greater intensity on the fourth and fifth days
after inoculation. On the fifth day after the challenge, the birds of all groups challenged
presented bloody diarrhea. Regarding the molecular identification of Eimeria using qPCR,
all positive controls (CP) were amplified in the species assay, while the negative control (U,
unchallenged group) was not amplified. In the challenged groups (G1, G2, and G3), DNA
was detected in the feces on days 1, 3, and 5 after the challenge (Table 3), but the excretion
of oocysts was lower in the groups challenged and infected at a lower challenge dose.

Table 3. Number of Eimeria spp. oocysts per gram of feces for each group, before the challenge and 1,
3, and 5 days after the challenge (dpi) following the McMaster chamber counting.

Oocysts g−1 qPCR Status Mean Amount
in qPCR

Negative
control (U)

Before the challenge 0 undetectable 0
1 dpi 0 undetectable 0
3 dpi 0 undetectable 0
5 dpi 0 undetectable 0
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Table 3. Cont.

Oocysts g−1 qPCR Status Mean Amount
in qPCR

Medium-low
challenge (G1)

Before the challenge 0 undetectable 0
1 dpi 2.0 × 103 detectable 3167.545
3 dpi 2.9 × 104 detectable 25,569.347
5 dpi 5.7 × 105 detectable 250,501.568

Medium-high
challenge (G2)

Before the challenge 0 undetectable 0
1 dpi 3.0 × 103 detectable 8665.856
3 dpi 3.6 × 104 detectable 31,751.037
5 dpi 7.4 × 105 detectable 250,059.875

High
challenge (G3)

Before the challenge 0 undetectable 0
1 dpi 9.6 × 104 detectable 41,723.154
3 dpi 6.7 × 103 detectable 8375.960
5 dpi 3.4 × 106 detectable 417,284.204

3.2. Mucosa Parameters

The concentrations of pIgR and sIGA in the ileum of broilers were observed at 21 days
(5 dpi), as shown in Table 4. The levels of pIgR were found to be significantly greater
in the challenged groups (G1, G2, and G3). The animals subjected to the medium-high
challenge (G2, 39.45 ± 1.98 ng/mg protein) and high challenge (G3, 36.42 ± 2.31 ng/mg
protein) exhibited a significantly greater level of pIgR compared to the animals subjected to
the medium-low challenge (G1, 23.13 ± 1.23 ng/mg protein) (p ≤ 0.0001). Nevertheless,
there were no significant differences observed across the challenge groups in terms of
secretory immunoglobulin A (sIgA) levels. The experimental groups (G1, G2, and G3)
exhibit a significantly elevated concentration of sIgA compared to the unchallenged group
(p ≤ 0.0001).

Table 4. IgA and polymeric Ig receptor/secretory component (pIgR/SC) concentrations from ileal
mucosa of broilers with or without challenge.

Group

Variable U G1 G2 G3

pIgR (ng/mg protein) 12.04 ± 1.20 a 23.13 ± 1.23 b 39.45 ± 1.98 c 36.42 ± 2.31 c

IgA (ng/mg protein) 9.72 ± 0.69 a 20.49 ± 0.65 b 18.66 ± 0.64 b 18.37 ± 0.84 b

The analysis was carried out applying the Kruskal–Wallis test and the data are presented as Mean ± SEM.
a,b,c Different superscript letters indicate a significant statistical difference among the groups (p ≤ 0.0001).

3.3. Intestinal Permeability

The results of intestinal permeability are represented by the levels of FITC-d re-
trieved from the serum of the birds at 5 dpi. Higher concentrations of FITC-d in the
serum represent an increase in intestinal permeability. More severe intestinal permeability
(300 ± 14.1 ng/mL) was observed in the high-challenged group (G3). However, birds
challenged in the medium-high dose group (G2) did not differ from G3 and presented
250 ± 18.4 ng/mL of FITC-dextran in their serum. However, birds from G3 and G2 pre-
sented higher permeability than the medium-low challenge group (G1), which presented
73.94 ± 4.3 ng/mL of FITC-dextran in its serum (p ≤ 0.05), and the unchallenged group
(U), which presented less than 7.7 ± 2.8 ng/mL (p ≤ 0.0001).

3.4. Assessment of Macroscopic and Histopathological Lesions

All birds challenged (G1, G2, and G3) were positive for coccidiosis with specific macro-
scopic lesions in their intestine regarding all strains present in the challenge (E. acervulina,
E. maxima, and E. tenella) (Figure 1). All groups challenged had higher scores for macro-
scopic and microscopic lesions than the control group (U, Table 5) in the upper and middle
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portions of the intestine and cecum. The macroscopic lesions with least extension were
observed in the jejunum (E. maxima). The results demonstrated that the birds of group
G3 (high challenge) presented the most severe macroscopic cecal lesion in comparison
with birds challenged in groups G2 and G1. However, there was no significant difference
among the groups challenged (G1, G2, and G3) in the macroscopic analysis of the upper
(duodenum) and middle (jejunum) intestine.
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Figure 1. Duodenum and cecum evaluated macroscopically in a male, 21-day-old, broiler chicken.
Broiler chickens were subjected to a high-challenge dosage consisting of 125,000 oocysts of E. ac-
ervulina, 80,000 oocysts of E. maxima, and 25,000 oocysts of E. tenella. (A): duodenum presenting
whitish lesions (arrows) associated with Eimeria acervulina. (B): cecum, marked diffuse necrohem-
orrhagic typhlitis associated with Eimeria tenella, ceca presenting hemorrhagic lesions (petechia);
(C): catarrhal duodenitis associated with Eimeria acervulina, and intestinal wall is thickened with
whitish lesions (arrows); (D): cecum, marked diffuse necrohemorrhagic typhlitis associated with
Eimeria tenella, cecum presenting clots and petechia in its mucosa.

The histopathological analysis of the small intestine (duodenum and jejunum) and
cecum is presented in Figure 2 and Table 5. No obvious lesions to the small intestine and
cecum were observed in group U (unchallenged birds). In turn, petechia and bleeding
(light to moderate) in the small intestine and cecum were detected in all groups challenged
(G1, G2, and G3), indicating that the birds in the present study presented moderate/severe
coccidia infection. Birds that were challenged (G1, G2, and G3) presented moderate to
severe lesions (score 6–7 in the duodenum, score 6–8 in the jejunum, and score 3–6 in the
cecum). The main alterations found in this evaluation were hemorrhages in the mucosa and
submucosa, sometimes accompanied by parasitic structures compatible with Eimeria spp.,
with no evidence of necrosis (Figure 2). The jejunum cuts that received a score of zero during
the macroscopic evaluation presented, in the histopathologic analysis, E. maxima parasite
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structures in all birds (G1, G2 and G3). As anticipated, the jejunum sections obtained from
the animals in the U group were assigned a score of zero during the macroscopic and
histological assessment.

Table 5. Scores of macroscopic and microscopic intestinal lesions in broiler chickens (5 dpi) experi-
mentally infected with Eimeria spp. (U: unchallenged, G1: medium-low challenge, G2: medium-high
challenge, G3: high challenge).

Group Unchallenged
(U)

Medium-Low
Challenge

(G1)

Medium-High
Challenge

(G2)

High
Challenge

(G3)
Pr > χ2

Macroscopic Score

Duodenum 0 ± 0 a 3.37 ± 0.52 b 3.25 ± 0.71 b 3.13 ± 0.64 b 0.0017
Jejunum 0 ± 0 a 1.00 ± 0.75 b 1.25 ± 0.25 b 1.37 ± 0.38 b 0.0091
Cecum 0 ± 0 a 2.00 ± 0.93 b 3.12 ± 0.99 b.c 3.63 ± 0.52 c 0.0372

Microscopic Score

Duodenum 0 ± 0 a 6.13 ± 2.85 b 7.38 ± 0.52 b 7.00 ± 1.19 b 0.0032
Jejunum 0 ± 0 a 6.87 ± 2.80 b 8.00 ± 0.00 b 6.75 ± 1.40 b 0.0020
Cecum 0 ± 0 a 3.75 ± 2.24 b 5.12 ± 2.47 b 6.25 ± 1.16 b 0.0082

The analysis was carried out applying the Kruskal–Wallis test and the data are presented as Mean ± SEM.
a,b,c Different superscript letters indicate a significant statistical difference among the groups (p ≤ 0.05).
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Figure 2. Effects of different amounts of E. acervulina, E. maxima, and E. tenella oocysts on the intestinal
morphology of broilers (5 dpi). Arrows indicate gametocytes or oocysts. G1, G2, and G3: intestine
presenting desquamation of its lining, cell necrosis, and different developmental stages of Eimeria spp.
The Eimeria oocysts are within the enterocytes in the epithelium column. G1 (medium-low challenge),
G2 (medium-high challenge), G3 (high challenge): intestine presenting severe contamination by
Eimeria spp. (Arrows). The cecum presents a large presence of red blood cells. Amplification, 100×.
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3.5. Histomorphometric Measurements of the Duodenum, Jejunum, and Cecum

The histomorphometry of the duodenum, jejunum, and cecum of the chickens at
the age of 21 days is presented in Table 6. It is expected that a healthy chicken would
present a villus height/crypt depth ratio (VH:CD) of at least five (five parts villus for one
part crypt) [19], as observed in the control group (U). The challenges (G1, G2, and G3)
resulted in a significant decrease in duodenal, jejunal, and cecal VH:CD ratios (p ≤ 0.05) in
comparison with unchallenged birds (U). Moreover, the challenge presented a significant
reduction in villi height and crypt depth (p ≤ 0.05) compared to unchallenged birds. The
broiler chickens challenged presented a significant reduction in the density of goblet cells
in comparison to the control group (p < 0.001), and interaction between the challenge dose
was also observed in the amount of goblet cells in the villosities of the duodenum. The
groups challenged (G1, G2, and G3) presented a decrease in villosity size (VH) and an
increase in villus thickness when compared to the birds of the control group (U) in the
duodenum, jejunum, and cecum.

Table 6. Mean values (standard deviation) of intestinal morphometry (in microns) of broiler chickens
experimentally infected with E. maxima, E. acervulina, and E. tenella and necropsied at 21 days of
age (5 dpi) (U: negative control, G1: medium-low challenge, G2: medium-high challenge, G3: high
challenge) in the intestinal morphology of broilers (5 DPI).

Group

Variable U G1 G2 G3

Duodenum

VH, µm 852 ± 88.64 a 586.5 ± 178.07 b 576.9 ± 214.64 b 636.6 ± 207.68 b

CD, µm 145.4 ± 8.52 168.2 ± 21.36 173.2 ± 67.72 157.5 ± 20.20
MT, µm 124.3 ± 30.68 a 211.2 ± 43.73 b 252.2 ± 66.30 b 274.5 ± 65.71 b

V/C 5.8 ± 0.69 a 3.5 ± 0.88 b 3.5 ± 1.36 b 4.1 ± 1.36 b

GC 126.8 ± 26.66 a 56.29 ± 8.48 b 34.13 ± 9.48 c 34.89 ± 8.95 c

Jejunum

VH, µm 739.7 ± 39.78 a 389.9 ± 164.42 b 440.1 ± 124.42 b 429.4 ± 140.44 b

CD, µm 124.1 ± 11.49 a 163.4 ± 36.43 b 152.7 ± 49.42 b 146.1 ± 22.82 a.b

MT, µm 110.1 ± 10.33 a 227.8 ± 89.52 b 198.3 ± 40.52 b 235.2 ± 21.31 b

V/C 6.0 ± 0.65 a 2.3 ± 0.64 b 2.9 ± 1.00 b 3.1 ± 1.43 b

GC 135.87 ± 22.00 a 45.94 ± 12.00 b 31.05 ± 7.50 b 30.2 ± 4.30 b

Cecum

VH, µm 583.5 ± 52.58 a 256.5 ± 125.70 b 183.0 ± 42.78 b 182.0 ± 43.39 b

CD, µm 109.8 ± 9.33 a 145.4 ± 23.04 b 137.8 ± 17.88 b 136.0 ± 20.62 b

MT, µm 101.8 ± 18.81 131.3 ± 46.95 122.2 ± 23.04 102.2 ± 19.99
V/C 5.3 ± 0.63 a 1.7 ± 0.70 b 1.3 ± 0.31 b 1.3 ± 0.32 b

GC 124.5 ± 13.86 a 10.3 ± 3.50 b 6.5 ± 2.76 c 7.0 ± 2.86 b.c

VH: villosity height; CD: crypt depth; MT: mucosa thickness; V/C: ratio between villosity height/crypt depth;
GC: goblet cells. The analysis was carried out applying the Kruskal–Wallis test. a,b,c Different superscript letters
indicate a significant statistical difference among the groups (p ≤ 0.05).

4. Discussion

Coccidia infections are typically self-limiting and their severity is primarily deter-
mined by the quantity of sporulated oocysts that have been ingested [5]. Multiple studies
have provided evidence supporting the existence of an ideal dose at which the parasite’s
reproductive potential is achieved and it replicates efficiently within the epithelial cells.
The use of too large quantities might result in the occurrence of the “crowding effect,”
which disrupts the parasite’s life cycle and concurrently induces intestinal harm [19,20].
Several studies have examined the reproductive capacity of various Eimeria species under
controlled experimental conditions. These experiments involved administering different
amounts of sporulated oocysts from E. acervulina, E. maxima, E. tenella, E. mitis, E. necatrix,
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E. brunetti, or E. praecox [11,21]. The use of Eimeria spp. challenges in studies about infection
or that assess additives and nutrients in chicken feed is common [21,22]. We reinforce
the importance of studies about challenge dose. The intraspecific competition in coccidio-
sis infections has been reported to rely on the number of sporulated inoculum (oocysts)
ingested [23–25].

In the current study, we observed that the severity of infection by Eimeria linearly
regulated the macroscopic and microscopic lesions in the duodenum, jejunum, and cecum
and altered the dynamics of intestinal permeability, which is in accordance with previous
reports [11]. In fact, the coccidia utilized in the experiment infiltrate the intestinal mucosa
and elicit a certain degree of injury and inflammation in the epithelial cells. In the three chal-
lenges applied, we observed oocysts causing noticeable histological alterations to intestinal
epithelial cells of chickens, including distortion, rupture, separation of adjacent cells, and
desquamation. Birds infected by the challenge presented the clinical disease with ruffled
feathers, apathy, and diarrhea. Moreover, the consumption of feed and water decreased,
the feces were aqueous over the course of the first days after the challenge, and, on the
fifth day post-challenge, we observed hemorrhagic diarrhea in the three groups challenged.
These alterations may be associated with poor absorption due to decreased activity of brush
border enzymes [26] and to the rupture of intestinal integrity [27]. Coccidiosis can also
cause other important intestinal histomorphological alterations; for example, challenges
with E. acervulina and E. maxima showed increased size and number of goblet cells along
the ileal crypts in broiler chickens [4].

The growth and feed efficiency of broiler chickens is closely linked to the functioning
of the intestinal tract. This site is additionally accountable for the provision of a naturally
occurring protective barrier. This barrier is upheld by a balanced arrangement of mucosal
epithelial cells, secretory components (including mucus and sIgA), immune cells, and the
microbiota [28]. The primary role of pIgR, which is found on the basolateral membrane
of intestinal epithelial cells, is to facilitate the transportation of IgA antibodies through
the epithelial cells and into the lumen of the intestinal tract [29]. The seeming increase in
sIgA and pIgR in challenged groups suggested a damaged mucosal barrier in those groups.
The damaged mucosa was more critical in medium-high and high challenges, with higher
concentrations of pIgR in these challenge groups.

The term “intestinal integrity” refers to the measure of effectiveness in which the
protective barrier hinders the movement of unwanted substances through the paracellular
route. Upon being breached, this barrier will facilitate the movement of significantly
large components from the lumen into the circulatory system, including microorganisms
residing in the intestinal lumen [30]. Following the invasion of intestinal cells, sporozoites
undergo a developmental process wherein they transform into trophozoites within 12 to
48 h [31]. Subsequently, these trophozoites undergo numerous nuclear divisions, resulting
in the formation of schizonts. The schizonts, upon reaching maturity three days after
infection, discharge merozoites into the intestine [31]. Merozoite infiltration into intestinal
epithelial cells is proportional to the severity of tissue injury and the degree of inflammatory
response [32]. The presence of a large number of merozoites has a detrimental impact
on the intestinal health of chickens. Therefore, the Eimeria cycle can be associated with
the impairment of intestinal barrier integrity (or intestinal barrier dysfunction), leading to
increased intestinal permeability. Consequently, intestinal injury scores in Eimeria-infected
animals were also correlated with intestinal permeability. Our results showed an increase in
intestinal permeability after Eimeria-induced infection. Furthermore, there was a tendency
for intestinal permeability to increase in response to the progressive inoculation dose in the
groups challenged with medium-low challenge doses (G1) compared to the groups with
medium-high challenge (G2) and high challenge (G3). However, the serum concentrations
of FITC-d exhibited a notable resemblance between the high and medium-high groups of
challenges; it may be that intestinal permeability may reach a maximum or a plateau at
some point. In turn, there was no significant difference among the group’s challenges when
evaluating the lesion scores of the duodenum and jejunum. Therefore, drawing from the
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findings regarding intestinal permeability, it is postulated that escalating doses may lead to
an augmentation in intestinal permeability, as a larger number of sporozoites during the
initial stages of infection can result in increased schizont and merozoite reproduction in
succeeding stages.

The macroscopic and microscopic lesions of the upper and middle intestine did not
differ significantly among the groups challenged. The crowding effect could be responsible
for this finding; this effect occurs when a high concentration of oocysts in the gut results in
self-inhibition of reproductive capacity and a reduction in oocyst excretion [11,19,24]. The
chickens challenged with fewer oocysts provide more space for Eimeria spp. going through
a third or fourth asexual cycle, resulting in a late permeability peak. Chickens with the high
challenge (G3) had the highest level of FITC-d throughout the infection period. Since the
high challenge triggered a more severe intestinal damage, the birds would present delays
in recovery.

According to our findings on intestinal morphology, medium- and high-challenge
poultry exhibited villous damage (G2 and G3). The higher the number of oocysts in the
challenge, the lower the height of villosities in the duodenum, jejunum, and cecum of the
chickens. The challenges reduced the height of villosities in the duodenum (>20%), as well
as in the jejunum and cecum (>30%), and increased the depth of the crypts in comparison
with birds that were not challenged. However, it is desirable that villosities remain high
while crypts are shorter, as the decrease in the height of villosities is responsible for a
reduction in digestibility of the birds challenged [33]. A decreased villus height/crypt
depth ratio is indicative of heightened metabolic demands in birds that are challenged by
infection. This leads to increased utilization of energy and nutrients, hence expediting the
turnover of intestinal epithelial cells as a means to eliminate parasites from the digestive
tract [21,25]. The challenge, regardless of the dose used, was related to a reduction in
the amount of goblet cells. The goblet cells represent an important defense mechanism
in the intestinal tract [34], secreting mucins that constitute a layer of mucus, acting as a
physical barrier, and presenting immunological functions to inhibit the entry of pathogens
in epithelial cells [35]. The mucins serve as the primary barrier against gut infections, so
a reduction in goblet cells makes birds more susceptible to infections [34]. The dramatic
reduction in mucin by goblet cells along with the increased gut permeability, particularly
in scenarios involving medium-high and high challenges, would make the broilers more
prone to coccidial infection and secondary infections caused by bacteria.

Our findings have collectively indicated the presence of the crowding effect in avian
coccidia. We noticed a gradual increase in oocyst yields as the dosages of oocysts increased
from medium-low challenge to high challenge. Nevertheless, despite the higher quantity
of oocysts and parasite replication seen in the high-challenge dosage as opposed to the
medium-high-challenge dose, there was no alteration in the clinical manifestation of the
disease or the histological and histomorphometric lesions and mucosal permeability. These
findings suggest that when the dosage of oocysts increases above the medium-high dose,
the reproductive potential of oocysts tends to decrease while still potentially providing
a crowding effect without altering the severity of disease, including the macroscopic,
histological lesions, and intestinal permeability. To investigate the impact of chemotherapy
or immunization on oocyst production, it is advisable to administer an infectious dosage
lower than the crowding effect. To achieve optimal production of oocyst stocks in a
laboratory or factory setting, it is recommended to employ the highest possible production
dosage, which exceeds the crowding effect.

The coccidian life cycle lasts around 1 week [36]. The inflammatory response triggered
the elimination of Eimeria spp. has substantial impacts on animal production performance.
The damage to the intestinal mucosa caused by coccidiosis has a detrimental effect on the
broiler’s performance [36,37]. The immune response and inflammatory process in the host
also cause a reduction in feed intake and an increase in energy demand in affected sites,
harming the flock’s zootechnical performance [38,39].



Poultry 2024, 3 12

The current study employed several challenges utilizing sporulated oocysts of Eimeria,
as they are well-suited for investigations targeting distinct levels of difficulty. The findings
of our study reveal a noteworthy correlation between the severity of coccidiosis and its
effect on the intestinal well-being of broiler chickens, as influenced by various Eimeria
challenges. Nevertheless, the severity of the infection is not solely determined by the
challenge dose but is also influenced by other factors such as the virulence of the Eimeria
strain, the viability of oocysts, and the storage time and temperature of oocysts. The
findings of our study offer valuable insights for developing clinical or subclinical challenge
models in future studies. Additionally, this study provides support for determining optimal
challenge dosages of E. acervulina, E. maxima, and E. tenella in future research endeavors
that aim to assess the efficacy of feed ingredients or additives in enhancing gut health in
broiler chickens.

5. Conclusions

The findings from our study indicate that the macroscopic, microscopic, and mor-
phometric lesion data provide evidence that the three challenge models (medium-low,
medium-high, and high) can serve as effective tests for experimental infection. Intestinal
integrity in broiler chickens has been shown to be affected depending on the dosage of
Eimeria acervulina, Eimeria tenella, and Eimeria maxima used for the challenge. Nevertheless,
the assessment of intestinal permeability revealed significant fluctuations in intestinal
leakage, particularly in scenarios involving medium-high and high levels of stress. In
general, there was no significant difference observed in intestinal lesions and intestinal
permeability between animals subjected to high challenge and those subjected to medium-
high challenge, indicating a tendency for these outcomes to cluster together. Hence, in
the context of nutritional studies, it would be more suitable to employ the medium-low
and medium-high challenges, since they have effectively established a correlation between
the dosage of the challenge and intestinal parameters, while avoiding confounding factors
such as the crowding effect.
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