3 frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Saleh Al-Quraishy,
King Saud University, Saudi Arabia

REVIEWED BY
Muhammad Fakhar-e-Alam Kulyar,
Huazhong Agricultural

University, China

Paul Maclean,

AgResearch Ltd, New Zealand

*CORRESPONDENCE

Qinghua Nie
nginghua@scau.edu.cn

Olivier Hanotte
olivier.hanotte@nottingham.ac.uk;
o.hanotte@cgiar.org

SPECIALTY SECTION
This article was submitted to
Microbial Immunology,

a section of the journal
Frontiers in Immunology

RECEIVED 14 July 2022
ACCEPTED 12 August 2022
PUBLISHED 05 September 2022

CITATION

Jebessa E, Guo L, Chen X, Bello SF,
Cai B, Girma M, Hanotte O and Nie Q
(2022) Influence of Eimeria maxima
coccidia infection on gut microbiome
diversity and composition of the
jejunum and cecum of

indigenous chicken.

Front. Immunol. 13:994224.

doi: 10.3389/fimmu.2022.994224

COPYRIGHT

© 2022 Jebessa, Guo, Chen, Bello, Cai,
Girma, Hanotte and Nie. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Immunology

TyPE Original Research
PUBLISHED 05 September 2022
D0110.3389/fimmu.2022.994224

Influence of Eimeria maxima
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Ababa, Ethiopia, *School of Life Sciences, Chongging University, Chongqing, China, °School of
Life Sciences, University of Nottingham, University Park, Nottingham, United Kingdom

Coccidiosis is an economically significant protozoan disease and an
intracellular parasite that significantly impacts poultry production. The
gastrointestinal tract microbiota plays a central role in host health and
metabolism, and these microbes enhance chickens’ immune systems and
nutrient absorption. In this study, we analyzed the abundance and diversity of
microbiota of the jejunum and cecum of a dual-purpose indigenous Horro
chicken following Eimeria maxima infection. We compared microbial
abundance, composition, and diversity at the 4- and 7- days post-infection
using 16S rRNA gene sequencing. We obtained, on average, 147,742 and
132,986 high-quality sequences per sample for jejunum and cecum content,
respectively. Firmicutes, Proteobacteria, Campilobacterota and Bacteroidota
were the major microbial phylum detected in the jejunum content. Firmicutes
were the dominant phylum for 4- and 7-days jejunum control groups
accounting for (>60% of the sequences). In the infected group
Campilobacterota was the dominant phylum in the jejunum (> 24% of
sequences) at 4-and 7-days post-infection groups, while Proteobacteria was
predominant at 4- and 7-days post-infection of the cecum (> 40% of the
sequences). The microbial genus Lactobacillus and Helicobacter were found in
the jejunum, while Alistipes, Barnesiella and Faecalibacterium were detected in
the cecum. In the jejunum, Helicobacter was dominant at 4 -and-7 days post-
infection (>24%), and Lactobacillus was dominant at 4 -and 7- days in the
control group (> 50%). In 4- and 7-days post-infection, Alistipes genus was the
more prevalent (> 38%) in the cecum. Thus, clear differences were observed in
the bacterial microbiota distribution and abundance between the jejunum and
cecum, as well as between infected and control groups for both tissues. The
results indicate that chicken intestinal microbial imbalance (dysbiosis) is
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associated with Eimeria parasite infection and will likely affect the host-
microbial non-pathogenic and pathogenic molecular interactions.
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Introduction

Protozoan parasites of the genus Eimeria are responsible for
coccidiosis, an intracellular parasite that has a major impact on the
poultry sector. As reported in a recent study, Eimeria species can
cause damage to the intestinal parts and pose a significant risk to
global poultry production (1). Coccidiosis causes a major
economic loss in the world poultry industry, as of the reduction
in production efficiencies, such as low growth rate, high mortality,
decreased egg production and nutrient malabsorption (2). The
Eimeria coccidiosis infection process is rapid and parasite
replication in host cells with extensive damage to the chicken
intestinal mucosa. Coccidiosis directly impacts animal health and
welfare through its influence on the enteric microbiota and its
effects on chicken health and production (3). Eimeria maxima are
one of the most prevalent causes of coccidiosis (4). However,
poultry is affected by seven different species of Eimeria (E. tenella,
E. necatrix, E. acervulina, E. maxima, E. brunetti, E. mivati, E.
mitis, E. hagani and E. praecox) that invade the gastrointestinal
tract causing considerable damage to the epithelial layer (5).
Eimeria maxima infection commences with the invasion of the
jejunal epithelial cells of the chicken (6) leading to lower
expression of digestive enzymes and nutrient transporters (7).
Eimeria coccidia infection may have, a profound impact on the
nutritional landscape of the chicken gastrointestinal tract (8). The
intestinal damage caused by Eimeria parasite colonization not
only affects epithelial cells of chicken, but it causes high disruption
of intestinal tract microbial communities, then promotes
colonization and proliferation of chicken pathogens, therefore,
increasing chicken mortality (9-11).

Microbiota is a collective terminology for all microorganisms,
including bacteria, yeasts, filamentous fungi, and viruses, that live
within all animals and provide crucial signals for the development
and function of the immune system (12). The microbiota can
promote resistance to colonization by pathogenic species (13).
Large-scale human studies further demonstrated that the gut
microbiome is mainly shaped by environmental features (14).
The intestinal microflora, which exhibits high diversity, is
maintained in a relative balance critical to the host’s health (15).
Chickens’ gastrointestinal tracts are ports of diverse and complex
microbiota that play a protective barrier by attaching to the
epithelial walls of the enterocyte (16). Chicken intestinal
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microbiota includes diverse bacterial species (17), and
different microbial communities are found in various sections
of the chicken intestinal tract, with the most dominant phyla
being Firmicutes, Bacteroides, and Proteobacteria (18-20). The
factor affecting the intestinal microbiota composition are age,
sex, breed, diet, and pathogens (21). Feed’s physical form and
chemical composition affect digestibility and nutrient
absorption, which influence the chicken to gut microbial
composition (22).

Eimeria species infections disrupt gastrointestinal tract
homeostasis and alter the operational taxonomic units (OTUs)
composition of the chicken intestinal bacterial microbiota (23). For
example, the genus Lactobacillus is decreased in abundance following
Eimeria parasite infection, contributing to gastrointestinal tract
damage (24). Eimeria maxima coccidiosis infection affects the
diversity and function of the microbiota of the chicken
gastrointestinal tract, resulting in serious consequences to the
overall health and productivity. Even though there is significant
damage to the chicken gastrointestinal tract by Eimeria maxima, little
is known about its influence on the overall enteric microflora
diversity and functions.

The study was carried out on non-infected control and
infected chicken intestinal bacterial microbiota with Eimeria
maxima, investigating the microbial composition and
abundance of the jejunum and cecum contents. 16S rRNA
metagenomic sequences were used to analyze the diversity of
jejunal and cecal bacterial microbiota comprehensively. Our
purpose was to understand the early infection’s impact on
Eimeria maxima on the microbial diversity and its function
for an indigenous dual-purpose chicken breed (Horro).

Materials and methods
Animal ethics statement

All the experimental procedures in this study were
conducted in compliance with animal welfare protocols and
made all efforts to minimize animal suffering following relevant
guidelines and regulations of the Institute Animal Care the Use
Committee (IACUC) of ILRI (Nairobi, Kenya) (IACUC-
RC2019-01).
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Experimental design and sample
collection

This study used fertilized eggs of the Ethiopian Horro
chicken breed. Eggs were incubated in an automatic
incubator at 37.5°C with 78% relative humidity. A total of 48
one-day-old Horro chickens were randomly divided into two
groups (n = 24), the infected group (IG) and the control group
(CG), with four replicates per group (n = 6); they were kept in
the starter brooder units (ILRI, Addis Ababa, Ethiopia). All
chickens were maintained in a temperature-controlled
environment based on a standard protocol and provided with
feed and water ad-libitum. For the E. maxima challenged
group, chickens were infected by oral gavage on day 21 with
2 ml containing 7x10* sporulated oocysts/bird. To characterize
the impact of Eimeria maxima on the gastrointestinal tract of
Ethiopian Horro chicken breeds, 32 chickens were randomly
selected from the infected and control groups and humanely
euthanized at 24 and 28 days (8 chickens/group for each
respective day). The entire gastrointestinal tract (GIT) of
each individual selected bird was dissected and 200 mg of the
jejunum and cecum contents were collected into a 2 ml sterile
plastic tube. Then, the collected tubes were stored at -80°C
until microbial DNA extraction.

DNA extraction and preparation

Total microbial DNAs of chickens’ jejunum and cecum
content on days 4 -and 7 post-infections were isolated from
three individuals, each from the infection and control group,
using the QIAamp DNA Stool Mini Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions and
stored at —80°C. Before library construction, all samples were
briefly tested for DNA degradation and potential contamination
on a 1.5% agarose gel electrophoresis. The DNA purity was
tested using a 2000 NanoDrop, (ThermoFisher, Scientific, USA),
with all samples within the expected OD260/280 = 1.8 - 2.0
ratio, supporting optimal DNA purity.

PCR amplification

Bacterial DNA amplification was carried out by targeting the
V3-V4 region of the 16S rRNA gene using a specific primer with
a barcode. The V3-V4 region was amplified using the conserved
PCR primers: 341F (5> CCTAYGGGRBGCASCAG -3’) and
806R (5 GGACTACNNGGGTATCTAAT -3°). All PCR
reactions were carried out with Phusion® High-Fidelity PCR
Master Mix (New England Biolabs). PCR products were run on a
2% agarose gel for quantification. Samples with a bright strip
band between 400 - 450 bp were chosen for sequencing.
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Library preparation and Illumina
sequencing

The sequence libraries were generated using the NEBNext
Ultra DNA Library Pre®Kit for Illumina, following the
manufacturer’s instruction, and index codes were added. For
size distribution detection, the library quality was assessed on the
Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent
Bioanalyzer 2100 system. The effective library concentration
and data yield required were sequenced on an Illumina
NovaSeq platform and 250 bp paired-end reads were generated.

Bioinformatic data analysis

Quality filtering on the raw tags was performed under
specific filtering conditions to obtain high-quality clean tags
(25) according to the QIIME (V1.7.0) (26) (http://qiime.org/
scripts/split_libraries_fastq.html) quality-controlled process.
OTU cluster and taxonomic annotation sequence analyses
were performed by UPARSE software (27) (http://drive5.com/
uparse/), using all the effective tags. Sequences with > 97%
similarity were assigned to the same OTUs. For each
representative sequence, the mothur method was used to
annotate the SSU rRNA database of SILVA138 Database
(http://www.arb-silva.de/) (28), for species annotation at each
taxonomic rank (threshold:0.8~1) (29). To compare multiple
sequences rapidly, phylogenetic diversity and relationship of all
OTUs representative sequences were performed using the
MUSCLE software (30). OTUs abundance information was
normalized using a standard sequence number corresponding
to the sample with the least sequences. Subsequent alpha and
beta diversity analyses were performed based on this output
normalized data. All calculations were performed with QIIME
(VERSION 1.7.0) and displayed with the R software
(Version 2.15.3).

Statistical analysis

Species diversity was assessed with the use of Shannon,
Simpson, Chao, and Ace indices calculated by QIIME software.
The hierarchical clustering heat map of phylum and genus levels
was calculated by QIIME software and displayed with R software.
Principal component analysis (PCA) is a method to extract
principal components and structures in data by using orthogonal
transformation and reducing the dimensionalities of data (31).
Principal Component Analysis (PCA) was performed to get
principal coordinates and calculated by (un) weighted UniFrac
distance. P-value was calculated following the permutation test. The
difference was considered significant at P < 0.05, while the q-value
was calculated correcting for Benjamini and Hochberg False
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Discovery Rate (32). Results are presented as means + standard
deviation (SD).

Results

Jejunum and cecum 16S
rRNA sequences

After quality filtering and assembly, we obtained a total of
3,368,734 sequences, with an average sequence number of
147,742 and 132,986 sequences per sample for the jejunum
and cecum, respectively (Supplementary Table S1). The
average sequence lengths for jejunum and cecum were 420 bp
and 418 bp, respectively (Supplementary Table S1). The
operational taxonomic units (OTUs) generated at 97%
sequence identity were considered for functional taxonomic
units clustering and calculating the statistical indices of alpha
and beta diversity. The average OTUs of the different samples
were collected, such as total tags, taxon tags, unclassified tags,
unique tags, and OTUs annotation data (Supplementary
Figure S1).

Rarefaction curve and OTUs cluster

The rarefaction curves tend to achieve saturation, indicating
that the sequencing amount of the microbiota of the eight
sample groups was enough to assess the richness and
microbial community diversity at the 97% similarity threshold.
The reads we used for the following bacterial community
diversity analysis and alpha-diversity metrics, such as observed
species, Shannon, Simpson, Chaol, ACE, good coverage, and PD
Whole Tree of OTUs were established for 4- and 7-days post-
infection and control groups for both chicken jejunum and
cecum (Supplementary Table S2). Rarefaction curves
(Figures 1A-C) become flat and tend to plateau with more
data showing that the number of OTUs we analyzed for each
sample group was sufficient.

Analysis of microbial composition and
abundance in chicken intestine

From the top ten microbiome abundance at the phylum
level, Firmicutes (42.33%), Campilobacterota (35.45%),
Proteobacteria (16.61%) and Bacteroidota (1.06%) were the
most abundant at 4 days post-infection for the jejunum while
Firmicutes (76.49%), Proteobacteria (14.85%), Campilobacterota
(3.64%) and Bacteroidota (3.56%) were the most abundant in the
control group (Figure 2A). At 7 days, post-infection Firmicutes
(49.33%), Campilobacterota (24.90%), Proteobacteria (10.19),
and Bacteroidota (9.77%) were the most abundant in the
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jejunum, while for the control group it was Firmicutes
(67.42%), Proteobacteria (17.93%), Bacteroidota (8.04%) and
Campilobacterota (5.48%) (Figure 2A). Chicken cecum at 4-
and 7-days post-infections was similarly analyzed for
microbiome composition. The most common microbial phyla
were Firmicutes and Proteobacteria at 4 days post-infection and
control group (Figure 2B). Proteobacteria were highly dominant
in the cecum at 7 days post-infection, and in the control group,
accounting for > 65%, Campilobacterota and Bacteroidota were
the most abundant (Figure 2B).

In the jejunum, at the genus level, Lactobacillus (35.83%),
Helicobacter (35.45%), and Delftia (10.45%) were the most
common genus at 4 days post-infection. In the 4 days control
groups, Lactobacillus (56.9%) was the most common, with the
other main genera being (Delftia (12.78%), Streptococcus
(10.08%), Helicobacter (3.62%) and Alistipes (2.79%), present
at a much lower frequency (Figure 2C). At 7 days post-infection,
we found Helicobacter (24.9%), Lactobacillus (21.53%),
Tyzzerella (14.88%), and Alistipes (6.25%), while in the control
groups the most common genus was Lactobacillus (50.14%),
Acinetobacter (12.90%), Alistipes (5.68%) and Helicobacter
(5.48%) (Figure 2C).

In the cecum, at 4 days post-infection, the most common genus
was Alistipes (39.58%), Faecalibacterium (5.89%), Lactobacillus
(5.06%), Helicobacter (3.60%), and Barnesiella (3.11%), and for
the control group genus Alistipes (25.04%), Barnesiella (14.43%),
Faecalibacterium (9.87%) and Lactobacillus (5.65%) (Figure 2D).
At 7 days post-infection we found Alistipes (38.33%), Barnesiella
(10.84%), Rikenellaceae_RC9_gut_group (10.38%) and
Faecalibacterium (2.44%). Alistipes (49.21%) were highly
abundant at 7 days in the control group, with the other genus
Barnesiella (14.45%), Helicobacter (2.99%), and Faecalibacterium
(2.75%) also common (Figure 2D). Overall, the results indicated
that in the chicken intestinal tract microbial communities varied in
their compositions in controlled as well as in infected groups for
both the jejunum and the cecum.

Alpha diversity analyses of the
microbial community

Alpha diversity represents species richness, evenness, and
diversity. Chao is a non-parametric method for estimating the
number of species in an intestinal microbial community
(Figure 3A). At the same time, the Ace index represents the
community richness of the gut microbiota (Figure 3B). The
greater the Chao and Ace index, the higher the expected species
richness of the microbiota. The Shannon index measures
community diversity, which estimates the number of microbial
species present, and the higher value of the Shannon index, the
higher the diversity (Figure 3C). No significant (P > 0.05)
differences were observed between the Ace, Chao, and
Shannon indexes.
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Shared and unique microbial populations

To further study the microbial community of the chicken
GIT section with E. maxima infection, we analyzed unique and
shared OTUs of jejunum and cecum from infected and control
groups. Afterwards, we identified unique and shared OTUs of
infected and controlled chicken jejunum and cecum. A total of
1842 OTUs were detected, and unique taxon ranged from 88 to
286 OTUs at 4- and 7-days post-infection (jejunum and cecum)
(Figure 4A). Fifty-five OTUs were shared between 4- and 7- days
post-infection in the jejunum, and 28 OTUs for the cecum.
Unique OTUs were also more common in the jejunum (days 4
and 7) compared to the cecum (Figure 4A).

Whereas 564 OTUs were shared at 4 days, post-infection,
and control groups jejunum (J4I and J4C), 350 unique OTUs in
jejunum post-infection (J4I) and 509 in jejunum control (J4C)
were identified. The number of unique OTUs in the J4C was
higher than in the J41, suggesting that the microbial composition
in the chicken GIT might decrease following E. maxima
infection (Figure 4B). Unique OTUs were detected in the two
experimental groups, 614 and 137 OTUs at 7 days, post-
infection, and control groups of the jejunum (J7I and J7C),
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respectively. While 627 OTUs were shared between the J7I and
J7C groups (Figure 4C). In the cecum, 664 OTUs were shared
between 4 days post-infection and control groups for the cecum
(C4I and C4C), whereas 153 in C4I and 538 in C4C groups were
unique (Figure 4D). Thus, as observed in the cecum OTUs,
diversity in the control group was higher at 4 days post-
infection. In the cecum tract, 554 OTUs were shared with the
7 days post-infection and control groups (C7I and C7C), while
475 and 126 OTUs were unique to the C7I and C7C groups,
respectively (Figure 4E).

Clustering microbial community
composition

Weighted and unweighted uniFrac were used to investigate
the beta diversity of infection and control sample groups
through distance matrix PCA plotting. The similarity and
difference of microbial diversity in the infection and control
groups of jejunum and cecum were analyzed in a PCA plot with
PC1 accounting for 62.03% and PC2 accounting for 15.02%
variation in weighted uniFrac (Figure 5A), while for the
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C4C

FIGURE 4

day post-infection and control group.

Venn diagram showing the number of unique and shared OTUs in jejunum and cecum content microbial. (A) The jejunum and cecum OTUs at
fourth- and seventh-day post-infection. (B) OTUs of jejunum at fourth-day post-infection and control group. (C) OTUs of jejunum at seventh-
day post-infection and control group. (D) OTUs of cecum on the fourth-day post-infection and control group. (E) OTUs of cecum at seventh-

C71

C7C

unweighted uniFrac, the two first PC accounted for PCI, 28.14%
and PC2, 8.04% of the variation (Figure 5B). PCA analysis
clearly separates the jejunum and cecum microbiome. Each
tissue sample is closer in the weighted uniFrac analysis. The
more similar microbial communities among the samples, the
closer the distance sample point on the PCA plot. Furthermore,
clustered heat maps were performed at phylum and genus levels
(Figures 5C, D). The microbial community heat map reveals the
richness and diversity of bacterial populations in the infection
and control group of jejunum and cecum samples.

Functional analysis of jejunum and
cecum microbial community

We performed a Linear discriminant analysis Effect Size

(LEfSe) functional analysis to detect the differential microbial
enrichments of chicken jejunum and cecum following Eimeria
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maxima infection. The histogram of the LDA scores ((log 10) >
4)) structures exhibited a significant (P < 0.05) enriched
microbiota difference between jejunum and cecum on different
days post-infection. The LDA scores showed that the relative
abundance of Escherichia_Shigella, Escherichia_coli and
Enterobacteriaceae were enriched at 4 days post-infection in
the jejunum. In contrast, Tyzzerella, Massilia, Alistipes
Barnesiella and Bacteroidota were enriched at the 7 days post-
infection in the jejunum (Figure 6A). Firmicutes,
Ruminococcaceae, Bacteroidaceae, Oscillospirales Lactobacillus
and Clostridia_UCG_014 were enriched at 4 days post-infection
in the cecum. On the 7 days post-infection of cecum Bacteroides,
Bacteroidota, Bacteroidales, Rikenellaceae_RC9_gut_group,
Ruminococcaceae and Bacteroidaceae were enriched
(Figure 6B). Comparable enrichment analyses at 4 -and 7-days
post-infection of jejunum and cecum by linear discriminant
analysis (LDA) plot identify unique biomarkers bacterial species
for the jejunum and cecum infection group.
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FIGURE 5

PCA analysis of operational taxonomic units from sample groups. (A) weighted uniFrac of jejunum and cecum groups (B) unweighted uniFrac
jejunum and cecum groups. The different colours in the PCA plot are represents different sample groups, and the closer sample distance point
has more like the microbial composition. The microbial abundance heat map shows the hierarchical distribution of the phylum and genus levels.
(C) Microbial cluster distribution of 32 phyla. (D) Microbial cluster distribution of 35 genus. The colour intensity in each panel shows the

percentage of microbial composition referring to the colour key value.

Discussion

The study analyzed Ethiopian indigenous Horro chicken
jejunum and cecum microbiota composition after infection with
Eimeria maxima to understand host-microbial interaction
following infection with a pathogen. The chicken gastrointestinal
tract (GIT) microbial diversity and composition are expected to
play a vital role in health and growth, enhancing the immune
system and nutrient absorption (33). Bacterial colonization in the
gut begins immediately after the hatching, while the intestinal
microbial composition is influenced by different factors such as
pathological conditions, genetics, environment, age, and diet (34).
Host diet can importantly impact the gastrointestinal tract
microbiome, which in turn influences host metabolism and
welfare (35). Microbiota diversity is expected to vary along the
intestinal tract, and it undertakes change over time, following
pathogen infection or changes in diet (36). It is therefore
important to understand the variation of microbial composition
in different sections of the chicken gastrointestinal tract. Here, we
used high-throughput sequencing technology to examine host-
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microbial interaction following Eimeria coccidia infection of
chicken jejunum and cecum.

A gastrointestinal tract microbial of chickens with high
diversity is expected to be more stable and healthier than a low
diversity one (37). The cecal microbial taxa of Firmicutes and
Proteobacteria were significantly increased after the Eimeria-tenella
infection (38). From our study, Firmicutes, Campilobacterota,
Proteobacteria, and Bacteroidota were the major phyla in the
chicken jejunum and cecum intestinal tract post-infection with
Eimeria maxima. Thus, Firmicutes and Proteobacteria were highly
dominant during post-infection of jejunum and cecum,
respectively. In addition, Firmicutes were more abundant at 7
days post-infection than at 4 days post-infection in the jejunum.
Likewise, proteobacteria were more abundant at 7 days post-
infection than at 4 days post-infection in the cecum intestinal
tract. So Eimeria tenella infection changed the abundance of the
bacteria OTUs and caused cecal microbiota dysbiosis (3).

The gastrointestinal consists of important microbes that
encourage the nutrition and proper development of chicken;
however, the gut microbiome is affected by different Eimeria
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LEFSe analysis of differential OTUs along with the fourth- and seventh-day post-infection of jejunum and cecum groups. (A) Differential
microbial enrichment of J4I and J7I (B) Differential microbial enrichment of C4l and C7I. The green and red horizontal colour bars represent
microbial enrichment in the 4- and 7-days post-infection of jejunum and cecum, respectively.

parasite infections, causing an imbalance in intestinal
homeostasis, and driving the increment of pathogens (8). The
disruption of the microbiota homeostasis has been related to
pathogens infection in humans and animals (39). The host-
pathogen interactions influence the host’s complex body system,
including immunology, physiology, nutrition, and the gut
microbiome. The major bacterial genera were the Lactobacillus
and Helicobacter at the 4-and 7-days post-infection of jejunum.
Alistipes, Barnesiella and Faecalibacterium were major genera at
the 4- and 7-days post-infection of the cecum. Increasing
bacterial strains abundance may increase resistance to Eimeria
infection by inhibiting intestinal pathogens. Lactobacillus can
modulate the inborn and developed immune system of poultry,
contributing to resistance to bacterial and parasitic infection (3).
Some Lactobacillus species will help stabilize the gut microbial
composition by generating antimicrobial bacteriocins (40). In
the jejunum, Helicobacter was the predominant genus at 7 days
post-infection, while Lactobacillus was more dominant at 4 days
post-infection. Also, Alistipes was the most-commonest bacterial
genera on both 4 -and 7-days post-infection in the cecum. The
microbial composition and diversity were different in each
intestinal section (41).

Alpha diversity indexes calculations, such as Ace, Chaol, and
Shannon, measure the distribution and abundance of OTUs within
a specific population community (33). Microbial diversity,
evenness and richness are vital indicators of the health of the
gastrointestinal tract (33). The number of microbes in the gut
decreases during pathogenic disruption or nutrient imbalance (42).
Chaol and Ace index values for the jejunum and cecum following
Eimeria maxima infection on the 4 days post-infection were lower
compared to their control groups. But at 7 days post-infection
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(jejunum and cecum) were higher in microbial richness relative to
their respective control groups. Alpha diversity is strongly
associated with specific gene functions, which contributes to the
fundamental microbiota mechanism (43).

Gut microbial clusters were dissimilar in individual birds
and for the two studied intestinal tracts. The Venn diagram
showed that most of the OUTSs are shared at 4 -and 7-days post-
infection between the jejunum and cecum intestinal tracts.
Operational taxonomic unit populations affected by Eimeria
coccidia infection help to identify bacterial populations present
in the gut, which could be useful in sustaining and restoring gut
homeostasis during and after infection (44). The number of
OTUs in chicken jejunum and cecum at fourth-day post-
infection with Eimeria maxima was much less than that of
control groups. On the other hand, from the 7 days, post-
infection, chicken jejunum and cecum OTUs were higher in
the control groups. These results illustrate that the microbiota
diversity, following infection with Eimeria maxima, will depend
on the time since the initial infection. The main effect of
infection will be initially a reduction of the microbiota
diversity, as illustrated by the results on day 4 post-infection,
but then an increase in diversity is observed on day 7 post-
infection. It illustrates the plasticity of the microbiota of the
Horro chicken to respond to the infection with Eimeria maxima,
a possible adaptive response of indigenous chicken to mitigate
the detrimental effect. Comparative studies with other breeds
may assess if such an adaptive mechanism is breed specific.

Principal component analysis is required to significantly
reduce their dimensionality in an understandable way, such
that most of the information in the data is well-preserved (45).
PCA result of the microbial community in jejunum, infection
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and control groups were distinctly separated, while infection and
control groups were closer in the cecum. Hence the intestinal
microbiota composition of the jejunum sample groups was
different from that of the cecum, with more separation
between the control and the infected group.

Furthermore, Linear discriminate analysis (LDA) was used to
further assess the difference in relative abundances of
gastrointestinal microflora associated with Eimeria maxima
infection. Thus, we calculated the LDA scores of chickens’
intestinal microflora, and we found that Escherichia_Shigella,
Escherichia_coli and Enterobacteriaceae were significantly
enriched a day 4 post-infection in the jejunum. Furthermore,
nine bacterial genera were differentially expressed between days 4
-and 7 post-infections in the jejunum and cecum. The result showed
that Tyzzerella, Masala, Alistipes and Barnesiella were over-
represented at the 7 days post-infection in the jejunum, while
Escherichia_Shigella was underrepresented at 4 days post-infection
in the jejunum. In addition, cecum bacteria genera, Bacteroides and
Rikenellaceae_RC9_gut_group were overexpressed at the 7 days
post-infection, whereas Lactobacillus and Clostridia_UCG_014
genera were underrepresented at the 4 days post-infection.
Several studies have reported that Lactobacillus inhibits the
growth of pathogens through the production of organic acids,
therefore promoting animal growth (46).

The study revealed that Eimeria maxima infection
influenced the gastrointestinal tract microbial community and
impacted the microbiota diversity in chickens. Thus, the gut
microbiome could be used to evaluate interactions between the
host microbiome and parasite infection. All these results could
suggest valuable information for future studies to understand
how Eimeria maxima parasite infection influences the chicken
gut microbial composition imbalance. However, it needs further
research on mediating microbial communities and their role in
chicken’s metabolism and health status.

Conclusion

The current study has demonstrated the influence of Eimeria
maxima infection on microbial diversity and its abundance in the
chicken jejunum and cecum. The gastrointestinal tract microbiome
composition is possibly correlated with gut pathology. It reveals the
importance of accounting for microbial abundance differences
while exploring the association between the Eimeria parasite and
the chicken microbiome. The major phylum, Firmicutes,
Campilobacterota, Proteobacteria, and Bacteroidota were detected
in post-infection of jejunum and cecum. Chicken jejunum and
cecum microbiome that difference in abundance and composition
were mainly related to Eimeria maxima infection and may affect
poultry health and production. In conclusion, Eimeria maxima
infection of the chicken gastrointestinal tract has influenced
microbial diversity, composition, and enrichment from different
time points.
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