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Effects of Eimeria tenella infection on the barrier damage and
microbiota diversity of chicken cecum
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ABSTRACT The symbiosis of host and intestinal
microbiota constitutes a microecosystem and plays an
important role in maintaining intestinal homeostasis
and regulating the host’s immune system. Eimeria
tenella, an obligate intracellular apicomplexan parasite,
can cause coccidiosis, a serious intestinal disease. In this
study, the effects of E. tenella infection on development
parameters (villus height, crypt depth, mucosa thick-
ness, muscularis thickness, and serosa thickness) and
microbiota in chicken cecum were investigated.
Fourteen-day-old male Hy-Line Variety Brown layer
chickens were inoculated with sporulated oocysts of E.
tenella. Cecal tissues were collected 7 d after inocula-
tion. Relative density of goblet cells and glycoproteins
were determined by Alcian blue periodic acid–Schiff
staining and periodic acid–Schiff staining, respectively.
Intestinal development parameters were also evaluated.
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Cecal contents were extracted, and the composition of
cecal microflora was examined by Illumine sequencing
in the V3–V4 region of the 16S rRNA gene. Results
indicated that E. tenella infection destroyed the struc-
ture of cecal tissue and reduced the relative density of
goblet cells and glycoproteins. Sequencing analysis
indicated that E. tenella infection altered the diversity
and composition of cecal microbiota. The populations of
Proteobacteria, Enterococcus, Incertae, and Escher-
ichia–Shigella decreased, and those of Bacteroidales and
Rikenella significantly increased in the infected group
compared with those in the control group. Hence, the
pathological damage caused by E. tenella infection is
associated with cecal microbiota dysbiosis, and this
finding may be used to develop an alternative measure
for alleviating the effect of coccidiosis on the poultry
industry.
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INTRODUCTION

The intestinal microflora, which exhibits high diver-
sity, is maintained in a relative balance that is critical
to the health of host and is susceptible to various diseases
(Zhu et al., 2002; Gong et al., 2007; Cui et al., 2017).
Coccidiosis, an intestinal disease in poultry, changes
the intestinal mucosal structure (Tian et al., 2014).
Eimeria tenella infection in chickens has led to produc-
tion losses and high costs of prevention and treatment,
accounting for more than 3.5 billion dollars annually
(Blake and Tomley, 2014; Witcombe and Smith, 2014).
The life cycle of E. tenella is complex because it
involves schizogamy, gametogony, and sporogony
developmental stages (Wang et al., 2019). In the process
of schizogamy, excessive second-generation merozoites
emerge from host cell lysis (Zhou et al., 2010). These
merozoites can rapidly and efficiently reinvade the intes-
tinal epithelial cells of chickens, resulting in hemorrhage,
malabsorption, and diarrhea (Fernando et al., 1983;
Allen, 1997; Chow et al., 2011). E. tenella specifically
targets the ceca in chickens, in turn, damaging the
intestinal mucosal barrier of the ceca and causing
intestinal microecological disturbance (Wu et al., 2014;
Macdonald et al., 2017; Okumura and Takeda, 2017).

The chicken intestine has a very diverse microbiota,
which interacts with the host and forms a stable and co-
ordinated intestinal system (Stanley et al., 2014). The
cecal microbiota affects the health and productivity of
chickens by regulating nutrient absorption and meta-
bolism, immune activity and function, and pathogen
exclusion (Stanley et al., 2014; Huang et al., 2018).
Data have supported that the invasion of pathogenic
microorganisms can lead to the absence of normal
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microbiota in the intestine and the transformation of
intestine microbiota from physiological to pathological
combinations (Hume et al., 2006). These phenomena
result in intestinal microecological disturbance, diar-
rhea, indigestion, and enteritis (Stanley et al., 2014;
Tojo et al., 2014).

In this study, a chicken model of E. tenella infection
was established. The developmental parameters (villus
height [VH], crypt depth, mucosa thickness, muscularis
thickness, and serosa thickness) of the cecum, the rela-
tive density of goblet cells, and relative density of glyco-
proteins were observed under light microscope. The
diversity and abundance of the cecal microbiota were
detected by 16S rRNA gene sequencing. The findings
will clarify the effects of E. tenella infection on the bar-
rier damage and microbiota diversity of chicken cecum
and provide further basis to develop an alternative mea-
sure for alleviating the effect of coccidiosis on the poultry
industry.
MATERIALS AND METHODS

Chemicals and Reagents

E. tenella sporulated oocysts were provided by the
Pharmacology Laboratory of Henan University of
Science and Technology (Luoyang, China). 2.5% Potas-
sium dichromate (K2Cr2O7) solution, 0.9% physiological
saline solution, 4% paraformaldehyde, absolute alcohol,
xylene, and paraffin were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Periodic
acid–Schiff staining, Alcian blue periodic acid–Schiff
staining, and agarose were purchased from Servicebio
(Wuhan, China).
Preparation of Inoculum

E. tenella oocysts were passaged, purified, allowed to
sporulate in accordance with standard procedures, and
kept in 2.5% K2Cr2O7 solution (Lin et al., 2015). The
sporulated oocysts were washed with physiological saline
solution before inoculation and counted using a
cytometer.
Experimental Chickens

The experimental scheme conformed strictly to the
guidelines of the Institutional Animal Care and Use
Committee (No. 201) of Henan University of Science
and Technology (Luoyang, Henan, China). One-day-
old male Hy-Line Variety Brown layer chickens were
purchased from the Hatchery of Huizhong, Luoyang,
China and maintained at appropriate temperatures for
14 D in a standard animal house without coccidia.
Experimental Design

A total of 120 14-day-old chickens with similar weight
were randomly divided into 2 groups (n 5 60), control
group (CG) and infected group (IG), with 3 replicates
per group (n 5 20). Each group were treated as follows:
(1) CG: chickens treated without E. tenella sporulated
oocysts, with feeding physiological saline (1 ml/chicken)
and (2) IG: chickens inoculated by 2 ! 104 E. tenella
sporulated oocysts through oral gavage. All chickens
were housed in disinfected wire-floored metal cages and
had ad libitum access to feed and water. Seven day post-
infection, in each biological replicates, ceca from 5
chickens selected randomly were aseptically collected
and immediately immersed into liquid nitrogen, which
was combined into one sequencing sample for microbiota
diversity analysis. In each biological replicates, cecal tis-
sue from one chicken selected randomly and immediately
fixed with 4% paraformaldehyde for determination of
development parameters, goblet cells, and glycoproteins.

Histomorphological Observation

Cecal tissue samples were fixed with 4% paraformalde-
hyde for 24 h, dehydrated via gradient alcohol solutions,
transferred into xylene, embedded in paraffin, and sliced
into a thickness of 5 mm. The sections were deparaffi-
nized, rehydrated, placed in water, and stained with Pe-
riodic acid–Schiff staining (G1008) and Alcian blue
periodic acid–Schiff staining (G1049) commercial kits
(Servicebio) according to the manufacturer’s instruc-
tions. The development parameters were measured by
Pannoramic Viewer (1.15.2 RTM). Glycoprotein and
goblet cells were observed, identified, and counted under
light microscope (AX70, Olympus, Japan).

DNA Preparation and Sequencing

DNA was prepared from the frozen cecal samples via
the PowerSoil DNA isolation kit (12888-50, Anbiosci
Tech Ltd.). DNA purity and concentration were
detected using 1% agarose gels. The 16S rRNA gene
was obtained by amplifying the V3–V4 region with
primers 50-ACTCCTACGGGAGGCAGCA-30 and 50-
GGACTACHVGGGTWTCTAAT-30 (Yin et al., 2010;
Zhou et al., 2016) and sequenced using an Illumina
MiSeq platform in Biomarker (Beijing, China).

Bioinformatics Analysis of Sequencing
Data

FLASH (http://ccb.jhu.edu/software/FLASH/) was
used to merge the read pairs from the original DNA frag-
ments (Mago�c and Salzberg, 2011). Sequences were
assigned to samples according to specific barcodes and
primers. Trimmomatic software (http://www.
usudellab.org/cms/?page5trimmomatic) was used to
discard the sequences that were less than 500 bp
(Bolger et al., 2014). According to the 97% identity
threshold in UCLUST (http://www.drive5.com/
uclust/downloads1-2-22q.html), all sequences were clus-
tered into operational taxonomic units (OTUs) (Edgar,
2010). With the OTU definition at a similarity cutoff
of 97%, Venn diagrams were analyzed between the 2
groups. The most abundant sequence in each OTU was
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blasted against Silva databases (Release119, http://
www.arb-silva.de) to determine the phylogeny (Quast
et al., 2010). In alpha-diversity analyses, Mothur
(version v.1.30 http://www.mothur.org/) was used to
calculate Chao 1, ACE, Shannon, and Simpson indices
(Schloss et al., 2009). R software was used to establish
heatmaps by vegan, vegdist, and hclust parameters.
The differentially abundant bacterial taxa between the
2 groups were observed by linear discriminant analysis
effect size (http://huttenhower.sph.harvard.edu/lefse/
). The community structure in each classification level
was subjected to taxonomy dendrogram analysis in
MEGAN 5 (http://ab.inf.uni-tuebingen.de/software/
megan5/) (Huson et al., 2007).
Statistical Analysis

All results were presented as mean 6 standard devia-
tion. All data were statistically analyzed by Student t
test. P , 0.05 indicated significant differences.
Figure 1. Staining analysis of goblet cells and glycoproteins in cecum. Go
(A and B) and PAS (C and D), respectively. A and C are the sections of the
villus and crypt structure; B and D are the sections of the cecum from the infe
crypt was damaged inE. tenella infection chickens. E presents relative densiti
(VH) and crypt depth (CD) of the cecum. G shows the mucosa thickness, m
sented with themeans6 standard deviation. **P, 0.01, compared with the C
Abbreviations: AB-PAS, Alcian blue periodic acid–Schiff staining; PAS, pe
RESULTS

Changes in the Relative Density of Goblet
Cells and Glycoproteins in Chickens

The distribution of goblet cells (Figures 1A and B)
and glycoproteins (Figures 1C and D) were determined.
Compared with the CG, the relative density of goblet
cells and glycoproteins was decreased obviously in IG
(Figure 1E, P , 0.01).
Changes in Development Parameters in the
Cecum of E. tenella-Infected Chickens

As shown in Figures 1F, the cecum VH was lower
(P , 0.01) and crypt depth significantly increased in
IG (P, 0.01) than CG. In Figure 1G, the cecummucosa
thickness was markedly decreased (P , 0.01), and mus-
cularis thickness and serosa thickness were notably
increased in IG (P , 0.01) compared with that in CG.
blet cells and glycoproteins in cecum were determined through AB-PAS
cecum from the control group (CG), and showing the normal intestinal
cted group (IG), and themucosa, muscularis, serosa, intestinal villus, and
es of goblet cells and glycoproteins in the cecum. F shows the villus height
uscularis thickness, and serosa thickness of the cecum. The data are pre-
G. Black arrows indicate goblet cells. Red arrows indicate glycoproteins.

riodic acid–Schiff staining.
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Table 1. Number of OTUs and estimators of sequence diversity and richness.

Sample_ID OTUs ACE Chao1 Simpson Shannon

CG 230 6 16.04 248.5 6 15.47 248.59 6 14.74 0.12 6 0.01 2.79 6 0.08
IG 253 6 15.31 263.68 6 10.31 266.58 6 19.03 0.13 6 0.05 2.79 6 0.42

Abbreviations: CG, control group; IG, infected group; OTU, operational taxonomic unit.
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Changes in Richness and Diversity of Cecal
Microbiota in Chickens

In Table 1, cecal microbiota richness was evaluated by
OTU counts. The number of OTUs was increased in IG
compared with that in CG. The microbiota richness and
diversity between IG and CG were also assessed by the
abundance (Ace and Chao 1) and diversity (Shannon
and Simpson) indices. With E. tenella infection, the
microbiota richness and overall diversity increased in
IG than the CG.
Cecal Microbiota Changes at Various Levels

At the phylum level, the overallmicrobiota composition
of each group is shown inFigure 2A.Themicrobiota inCG
mainly included Firmicutes (48.86%), Bacteroidetes
(31.09%), Proteobacteria (15.58%), and Actinobacteria
(4.42%). E. tenella infection increased the population of
Bacteroidetes (51.42%) but decreased those ofProteobac-
teria (0.08%) and Actinobacteria (0.31%).

At the family level (Figure 2B), some bacteria were
uniformly affected by E. tenella infection. Lachnospira-
ceae (32.86%) and Enterobacteriaceae (14.32%) were
the most abundant families in CG, followed by Rikenel-
laceae (13.46%), Ruminococcaceae (11.98%), and Bifi-
dobacteriaceae (2.36%). The population of
Rikenellaceae (21.43%) was significantly enriched and
those of Bifidobacteriaceae (0.26%) and Ruminococca-
ceae (8.95%) decreased in IG.

At the genus level (Figure 3), the identified genera in
CG were mainly Incertae (34.94%), Escherichia–
Shigella (15.55%), and Bifidobacterium (1.07%). E. ten-
ella infection enriched Rikenella (53%) and Strepto-
coccus (17.8%) and reduced Escherichia–Shigella
(0.09%), Enterococcus (0.04%), and Incertae (32.38%).
Microbiota Taxon Populations Associated
With E. tenella Infection

The microbiota was compared between CG and IG by
using the linear discriminant analysis effect size algo-
rithm to identify taxonomic differences associated with
E. tenella infection (Figure 4A). Important taxonomic
differences were identified using a logarithmic linear
discriminant analysis score cutoff of 4.0 (a 5 0.01)
(Figure 4B). A total of 17 bacterial groups were differen-
tially expressed between the CG and IG. Bacteroidetes
were overrepresented, while Actinobacteria, Collinsella,
Escherichia–Shigella, and Proteobacteria were under-
represented in chickens with E. tenella infection.
Changes of the Cecal Microbiota
Communities in Chickens

Bacterial communities are presented in Figure 5.
Actinobacteria, Bacteroides, Odoribacter, Parabacteri-
odes, Alistipes, Rikenella, Lachnospiracoeae, Clostri-
diales, Anaerrotruncus, Ruminococcaceae, and
Enterobacteriaceae were the dominant bacteria in the
cecal microbiota of chickens. E. tenella infection
increased the abundance of Bacteroides, Parabacterio-
des, Alistipes, Rikenella, Clostridiales, and Anaerro-
truncus and decreased those of Actinobacteria,
Odoribacter, Ruminococcaceae, and Enterobacteri-
aceae in IG compared with CG.
DISCUSSION

In birds, the intestine plays an important role in
fermentation, transport, and absorption of water and
nutrients (Stanley et al., 2014). E. tenella infection seri-
ously damaged the intestinal structure of chickens (Zhou
et al., 2010), reducing feed intake (Morris et al., 2007)
and increasing risk of secondary infection and mortality
(Wang et al., 2018). Recently reports mentioned that E.
tenella infection lead to the cecum microbiota distur-
bance (Macdonald et al., 2017) and intestinal dysfunc-
tion (Bortoluzzi et al., 2019). The present study
further explored the underlying mechanism of E. tenella
infection on cecummicrobiota from the perspective of in-
testinal barrier damage and homeostasis.
The morphology and structure of cecal tissues can

reflect physiological functions in terms of exercise, diges-
tion, and absorption (Rubin and Levin, 2016; Greig and
Cowles, 2017; Wang et al., 2019). In this study, E.
tenella invasion damaged the cecum villus, sloughed off
intestinal epithelial cells, and significantly increased
the thickness of the muscularis and serosa.
Concomitantly, the intestinal villus ruptured and VH
and mucosal thickness decreased significantly, which
caused the intestinal crypt to compensate for the loss
of intestinal villus. Goblet cells, which are distributed
in intestinal epithelial cells, are derived from
pluripotent stem cells inhabiting the intestinal crypt
and involved in promoting the development and
absorption of intestinal epithelial cells (van der Flier
and Clevers, 2009; McCauley and Guasch, 2015).
Glycoproteins secreted by goblet cells can flush foreign
pathogenic factors and prevent harmful substances
from contacting the intestinal epithelial cells (Hansson
and Johansson, 2010; Round et al., 2012). In the
present study, E. tenella propagation damaged the
morphology of the cecum, resulting in extensive loss of



Figure 2. Relative contributions of the dominant phyla (A) and family (B) in the cecal microbiota throughV3–V4 amplicon sequencing. *P, 0.05,
**P , 0.01.
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goblet cells and reduced glycoproteins secretion. These
phenomena consequently affect the intestinal mucosal
immune response (Laurent et al., 2001). Changes in
the cecum environment may alter the composition of
endogenous microbiota.
Figure 3. Heatmap of the genus-level changes in the control group (CG)
bacterial distribution. The heatmap plot depicts the relative percentage of ea
families are indicated by color intensity with the legend next to the heatma
16S rRNA sequencing technology was used to enhance
our understanding of the pathogenic mechanism of E.
tenella on cecal microbiota composition and abundance.
Based on the preliminary analysis of richness and diver-
sity indices, E. tenella infection increased the cecal
and infected group (IG). The double hierarchical dendrogram shows the
ch bacterial genus within each sample. The relative values of the bacterial
p. *P , 0.05, **P , 0.01.



Figure 4. Different abundances of bacterial communities between control group (CG) and infected group (IG). (A) Histogram of the LDA scores
computed for differentially abundant bacterial taxa between CG and IG. (B) Taxonomic distribution of bacterial between CG and IG. A total of 17
differentially abundant bacterial taxa were detected (a5 0.01, LDA score5 4.0). Of those, 7 bacterial taxa were overrepresented in samples from IG
(green), and 10 bacterial taxawere overrepresented in samples fromCG (red).*P, 0.05, **P, 0.01. Abbreviations: LDA, linear discriminant analysis.
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microbial diversity. Actinobacteria, Bacteroidetes, Fir-
micutes, and Proteobacteria are the dominant phylum
in chicken cecum, consistent with previous reports
(Stanley et al., 2014; Waite and Taylor, 2014;
Jandhyala et al., 2015). Bacteroidetes and Firmicutes
are the most important microbiota in the intestine
(Hidalgo-Cantabrana et al., 2017). Firmicutes can pro-
mote the effective absorption of nutrients and calories
and maintain health (Ley et al., 2005; de Clercq et al.,
2016). With the infection of E. tenella, the population
of Firmicutes in the cecum became less than that of
Bacteroidetes, which may be 1 of the reasons for the
chickens weight loss, malnutrition, and anemia of the
chickens (Pastor-Fern�andez et al., 2019). Previous
studies reported that the loss of intestinal probiotics
can stimulate exfoliation in the mucosa layer, shrinking
of the intestinal villus, and reduction in the number of
epithelial cells (Handelsman, 2004; Biggs and Parsons,



Figure 5. MEGAN 5 cladogram representing the bacterial community composition of control group (CG, gray dots) and infected group (IG, yellow
dots) from cecal content of chickens. The area of pie chart represents the relative abundance of bacteria at this level. The fan-shaped area represents the
size of the corresponding flora abundance. *P , 0.05, **P , 0.01.
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2008; Jandhyala et al., 2015; Gallo et al., 2016; Liu et al.,
2019). In the present study, the abundance of members
of Ruminococcaceae, Coprococcus, Ruminococcus,
Lachnospira, Bifidobacterium, Incertae, and
Actinobacteria remarkably decreased, thereby affecting
the absorption capacity, immune function, and self-
repair function of infected chickens (Duncan et al.,
2002; Frank et al., 2007; Lee et al., 2013).
Proteobacteria contain a wide variety of remarkable
conditional pathogens, such as Escherichia–Shigella
(Ma et al., 2017), which significantly decreased from
15.55% in CG for 0.09% in IG (P , 0.05). E. tenella
infection is speculated to influence the colonization of
Escherichia–Shigella in the cecum (Cui et al., 2017). E.
tenella infection probably interferes with the growth
and colonization of resident bacteria, resulting in
changes in the richness and diversity of the cecal micro-
biota, increased susceptibility to other pathogens, and
exacerbated cecal injury.

The intestinal mucus layer can provide a habitat and
energy source for intestinal microbiota (Schroeder,
2019). The intestinal microbiota produces short-chain
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fatty acids, which can act as energy sources for intestinal
epithelial cells (Kuru et al., 2004). The intestinal mucus
layer interacts with the intestinal microbiota to main-
tain intestinal homeostasis (Okumura and Takeda,
2018). In the present study, the intestinal barrier
damaged by E. tenella infection led to changes in cecal
composition and homeostasis, which might be related
to the abundance and diversity of the cecum microbiota.
Knowledge between coccidian and cecummicrobiota will
provide a foundation for developing prevention and
treatment strategies against the ubiquitous parasite in
the poultry industry.
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