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Abstract

Background The apicomplexan parasites Fimeria spp. are the causative agents of coccidiosis, a disease with a sig-
nificant global impact on the poultry industry. The complex life cycle of Eimeria spp. involves exogenous (sporo-
gony) and endogenous (schizogony and gametogony) stages. Unfortunately, the genetic regulation of these highly
dynamic processes, particularly for genes involved in specific developmental phases, is not well understood.

Methods In this study, we used RNA sequencing (RNA-Seq) analysis to identify expressed genes and differentially
expressed genes (DEGs) at seven time points representing different developmental stages of Eimeria tenella. We then
performed K-means clustering along with co-expression analysis to identify functionally enriched gene clusters. Addi-
tionally, we predicted apicomplexan AP2 transcription factors in E. tenella using bioinformatics methods. Finally, we
generated overexpression and knockout strains of ETH2_0411800 to observe its impact on E. tenella development.

Results In total, we identified 7329 genes that are expressed during various developmental stages, with 3342 genes
exhibiting differential expression during development. Using K-means clustering along with co-expression analy-
sis, we identified clusters functionally enriched for oocyte meiosis, cell cycle, and signaling pathway. Among the 53
predicted ApiAP2 transcription factors, ETH2_0411800 was found to be exclusively expressed during sporogony.

The ETH2_0411800 overexpression and knockout strains did not exhibit significant differences in oocyst size or out-
put compared to the parental strain, while the resulting ETH2_0411800 knockout parasite showed a relatively small
0ocyst output.

Conclusions The findings of our research suggest that ETH2_0411800 is not essential for the growth and develop-
ment of £ tenella. Our study provides insights into the gene expression dynamics and is a valuable resource for explor-
ing the roles of transcription factor genes in regulating the development of Eimeria parasites.
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Background

Chicken coccidiosis, caused by the infection of apicom-
plexan parasites belonging to the genus Eimeria, leads
to significant economic losses to the poultry industry [1,
2]. The current measures for the control of chicken coc-
cidiosis largely rely on the use of anticoccidial drugs or
live vaccines [3-5]. Among the seven Eimeria species
that infect chickens, Eimeria tenella is the most patho-
genic and prevalent species [1, 6]. Eimeria tenella is also
a model species for investigating the biology of Eimeria
parasites.

The life cycle of eimerian parasites comprises three
developmental stages: the exogenous sporogony of
oocysts and the endogenous schizogony and gametogony
[7, 8]. Although previously reported studies have aptly
described the appearance and characteristics of para-
sites sampled from these developmental stages through
electron microscopy [9-11], little is known about the
regulatory mechanisms governing the switching of dif-
ferent developmental stages. Since the proliferation and
differentiation of parasites during these stages are strictly
governed by specific sets of genes, comprehending their
biology through the perspective of gene regulation is
essential. Taking advantage of genome and transcrip-
tome sequencing [12-14], the dawn of deciphering the
genetic regulation of development in eimerian parasites
appears on the horizon. RNA sequencing (RNA-Seq)
technology is widely used to assess expression patterns of
genes in different developmental stages [15, 16], as well
as in exploring the differentially expressed genes (DEGs)
among samples with different phenotypes such as drug-
sensitive or drug-resistant [17-19]. To date, hundreds to
thousands of stage-specific genes have been identified in
Eimeria spp., but only a few of them have been demon-
strated to be useful markers for particular stages.

In the present study, we obtained gene expression pro-
files for exogenous sporogony, endogenous schizogony,
and gametogony stages of E. tenella at seven time points,
including unsporulated oocysts (USO), partially sporu-
lated (8 h) oocysts (SO8h), sporulated oocysts (SO),
sporozoites (SP), merozoites (Mz108 and Mz120), and
gametocytes (Gam132). Among the DEGs, we focused on
ApiAP2 transcription factor (TF) genes and investigated
the function of ETH2_0411800 through gene editing.
Our findings contribute to a much more detailed under-
standing of the biological processes of E. tenella, which is
crucial for developing new interventions and treatments
to control coccidiosis in poultry.

Methods

Animals and parasites

One- to 6-week-old Arbor Acres (AA) broilers were pur-
chased from Beijing Arbor Acres Poultry Breeding Co.,
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Ltd. (Beijing, China), and 1-week-old specific-patho-
gen-free (SPF) chickens were purchased from Beijing
Boehringer Ingelheim Vital Biotechnology Co., Ltd.
(Beijing, China). All chickens were raised in isolators
equipped with high-efficiency particulate air (HEPA)
filters and were fed coccidia-free feed and water. The E.
tenella Houghton (ETH) strain used in this study was
kindly provided by Professor Damer Blake of the Royal
Veterinary College, University of London. A Cas9-
expressing transgenic E. tenella strain (HCYA) was used
for gene editing [20].

Preparation of samples for RNA-Seq at seven time points
Unsporulated oocysts (USO) were collected from the
cecal contents of 20 2-week-old AA broilers at 7 days
post-infection (dpi) and then purified [21]. The puri-
fied oocysts were subjected to sporulation at 28 °C in
2.5% potassium dichromate. Partially sporulated oocysts
(SO8h) were collected 8 h after the sporulation process,
and completely sporulated oocysts (SO) were collected
after 48 h [22]. Sporozoites (SP) were harvested from
sporulated oocysts after in vitro excystation with bile—
trypsin treatment and Percoll gradient centrifugation
[21].

For the collection of merozoite or gametocyte sam-
ples, eight 6-week-old AA broilers were infected with 10°
sporulated oocysts of ETH. Merozoites were isolated at
108 h (Mz108) and 120 h (Mz120) from the ceca of chick-
ens following previous studies [16, 23]. In brief, the con-
tents scraped from the cecal mucosa were subjected to
treatment using 0.5% sodium taurodeoxycholate hydrate
and 0.25% trypsin in phosphate-buffered saline (PBS) for
30 min at 42 °C. The suspension containing free mero-
zoites was filtered through gauze and then centrifuged
at 3600 rpm for 5 min. Then the parasite pellets were
washed and suspended with PBS. Cecal mucosa contain-
ing gametocytes of three SPF chickens (Gam132) were
collected at 132 h post-infection [24].

RNA-Seq, read mapping, and data processing
Total RNA was extracted with Trizol " reagent (Thermo
Fisher Scientific) from the above samples. RNA concen-
tration and quality were then assessed using a NanoDrop
ND-2000 and the Agilent RNA 6000 Nano Kit on a 2100
Bioanalyzer instrument (Agilent, USA). The different
sequencing libraries were constructed using the TruSeq
RNA Library Prep Kit (Illumina, USA) and sequenced on
an Illumina NovaSeq platform, and 150-base-pair (bp)
paired-end reads were generated. RNA-Seq was con-
ducted by Novogene Co, Ltd. (Beijing, China).
Low-quality reads and adapter sequences were
trimmed using Trimmomatic-0.38. The clean reads were
mapped to the chromosome-level E. tenella reference
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genome (ToxoDB-60_EtenellaHoughton2021, https://
toxodb.org/toxo/app/downloads/Current_Release/Etene
llaHoughton2021/) using STAR 2.5.3a [25] and read
counting was performed using featureCounts, and then
transcript abundance in transcripts per million (TPM)
was calculated from featureCounts output [26]. Princi-
pal component analysis (PCA) was performed using the
PCAtools [27] to exhibit the correlation of transcrip-
tomes. Hierarchical clustering analysis (HCA) was per-
formed with pheatmap [28]. Clustering of transcripts was
performed using the K-means clustering algorithm with
manual adjustment.

Differential expression of the transcripts was analyzed
using the likelihood ratio test (LRT) in the DESeq2. The
resulting lists of DEGs were sorted and filtered with a
false discovery rate (FDR) threshold of less than 0.01.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis was con-
ducted using the R package “clusterProfiler” The thresh-
old significance of the P-value uses FDR calibration at
0.05.

Genome-wide prediction of ApiAP2 TFs

To identify ApiAP2 TFs genes in E. tenella genomes, we
collected all protein sequences annotated in the E. tenella
genomes to form an initial set of protein sequences.
The TFs were gathered from information obtained from
the PlantTFDB 5.0 plant transcription factor database,
Human TFDB 3.0, and AnimalTFDB 3.0. In parallel, a
custom hidden Markov model (HMM) profile for TF
DNA-binding domains (DBDs) was generated and used
to scan the proteomes of E. tenella using hmmsearch
(HMMER V.3.3) with an E-value cutoff of le-5. The
National Center for Biotechnology Information (NCBI)
Conserved Domain Search service (CD Search) was used
to manually confirm the predicted TFs.

Construction of ETH2_0411800 knockout

and overexpression parasites

The ETH2_0411800 knockout parasites were constructed
by clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)-
mediated gene editing of the ETH2_0411800 locus in
the HCYA strain of E. tenella. In the knockout plasmid,
mCherry was fused to the pyrimethamine-resistant
gene TgDHFR-ts-m2m3 (DHFR), which was flanked by
homologous sequences of 800 bp derived from 5 and 3’
of ETH2_0411800. The guide RNA (gRNA) target to the
AP2 domain of ETH2_0411800 was fused into the single-
guide RNA (sgRNA)-expressing cassette driven by EtU6.
For overexpressing ETH2_0411800 in the Houghton
strain of E. tenella, the EYFP gene fused to DHFR was
ligated to the 3" of ETH2_0411800 CDS, which was
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flanked by a Flag-tag at each end. The transfection, selec-
tion by pyrimethamine and sorting with fluorescence-
activated cell sorting (FACS), and the propagation of the
transgenic parasites were performed following our previ-
ous protocol [20].

Biological characterization of ETH2_0411800
overexpression and knockout parasites

To investigate the impact of ETH2 0411800 on the
life cycle of E. tenella, the oocyst output was compared
between ETH2_0411800 overexpression and the wild-
type parent strain, as well as between ETH2_0411800
knockout and HCYA strains. One-week-old AA broilers
(n=3) were infected with 1000 fresh oocysts. Feces were
collected daily from infected birds during the period
5-12 dpi. The daily oocyst output was measured with a
McMaster chamber for the detection of oocyst shedding.
After sporulation, the oocyst size (both the length and
width) was measured under a microscope. Cecal sam-
ples of one-week-old AA broiler chickens (n=3) were
collected at 108 h, 120 h, and 136 h after infection with
ETH2_0411800 knockout strain and subjected to prepa-
ration of sections for H&E staining.

Immunofluorescence assay

Human foreskin fibroblast (HFF) cells infected with
sporozoites of ETH2_0411800 overexpression strain for
12 h and grown on coverslips were fixed in 4% paraform-
aldehyde for 1 h at 37 °C, followed by permeabilization
with 0.25% Triton X-100 (Sigma, MC0711) for 20 min
and blocking with 3% bovine serum albumin (BSA).
Slides of parasites-infected cells were then incubated
with anti-Flag antibody (1;1000, Sigma, RRID [research
resource identifier]: AB_1960908), anti-Cy3 antibody
(1:200, Proteintech, RRID: AB_10892835), and Hoe-
chst (1;200, Macgene, RRID: AB_2651133) for 1 h. After
washing three times in PBS, the slides were sealed with
antifade mounting media. Images were captured with a
fluorescence microscope (IX71, Olympus).

Western blotting

Immunoblot analysis of proteins was performed
with ~ 107 sporozoites of ETH2_0411800 overexpression
strain or ETH in lysis buffer, respectively. Proteins were
separated using sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to a
polyvinylidene fluoride (PVDF) membrane. The blocked
PVDF membranes were probed with anti-Flag antibod-
ies (1:1000, Sigma, RRID: AB_1960908), anti-GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) antibod-
ies (1:50000, Proteintech, RRID: AB_2107436), and anti-
mouse secondary antibodies (1:2000, Macgene, RRID:
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AB_895481). Signals were detected using a Tanon 1600
(Tanon, China).

Results

Characteristics of transcriptomes of development stages

in E. tenella

To investigate the dynamics of gene expression by tran-
scriptomic analysis, we sampled a total of seven time
points covering the three developmental stages of E.
tenella. At each time point, three biological replicates
of parasite samples were collected, of which 30-90% of
reads were mapped to the E. tenella reference genome
(Additional file 1: Table S1). We only used unique
mapped reads to calculate normalized gene expression
in terms of TPM. To study the relationship between
samples and evaluate the reproducibility of the biologi-
cal replicates, we performed a Pearson correlation anal-
ysis matrix of the samples and found that the biological
replicates showed good reproducibility. Transcriptomes
collected from close time points were observed to have
a high degree of similarity (Additional file 8: Figure S1).
The transcripts with a TPM equal to or greater than one
TPM in at least two of the three biological replicates were
considered as expression.

To gain insight into the transcriptome dynamics during
E. tenella development, we performed PCA and HCA.
The PCA plot showed the top two principal components
that explain most of the variance between samples in the
data set, 30.8% and 21.7% for PC1 and PC2, suggesting
that the major source of the variances among the samples
is due to samples from different time points. Seven time
points were clustered away from each other (Fig. 1A).
Based on HCA, the expression profiles of the seven time

Page 4 of 13

points are separated (Fig. 1B). Mz120 was more highly
correlated with Gam132 than Mz108.

Functional enrichment of expressed genes identified
during seven time points of E. tenella

A total of 7329 expressed genes (Additional file 2:
Table S2) of all the samples were clustered into five
groups using co-expression patterns detection (Fig. 2A
and B, Additional file 3: Table S3). Cluster 2 was found
to be highly expressed during the stage of unsporulated
oocysts, represented by 1281 genes (Fig. 2B; Additional
file 3: Table S3). The genes in cluster 2 were mainly
enriched in GO terms “DNA replication,” “metabolic pro-
cesses,” and “biosynthetic processes” (Fig. 3A). A total
of 55 KEGG pathways were identified, among which the
top 10 pathways were found to be significantly enriched
in processes such as DNA replication, cell cycle, DNA
repair, and meiosis (Fig. 3B), highlighting the complex
regulatory mechanisms involved in the development of
unsporulated oocysts.

The development process of sporogony was rep-
resented by 737 genes highly expressed at USO and
SO8h time points in cluster 1 (Fig. 2B; Additional file 3:
Table S3). Genes highly expressed at this process were
enriched in GO terms “membrane” (Fig. 3A; Additional
file 4: Table S4). Genes highly expressed during sporo-
gony were primarily assigned to the KEGG pathways
of “signaling pathway” (cyclic guanosine monophos-
phate-protein kinase G [cGMP-PKG] signaling path-
way, calcium signaling pathway, and cyclic adenosine
monophosphate [cAMP] signaling pathway) and “oocyte
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Fig. 1 Transcriptome relationships of E. tenella at different developmental time points. A PCA of the transcriptomes of E. tenella developmental
stages: unsporulated oocysts (USO), partially sporulated oocysts (SO8h), sporulated oocysts (SO), merozoites (Mz108 and Mz120), and gametocytes
(Gam132). B Hierarchical clustering analysis of seven time points. Genes expressed in at least one stage (TPM > 1) were used for PCA

and hierarchical clustering by utilizing a Z-score normalization step
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Fig. 2 Gene expression patterns during E. tenella development. A Determining the optimal number of clusters for K-means clustering. The
factoextra package embedded in R was used to determine the optimal number of clusters. The dashed line indicates the optimal number
of clusters. B The expression profile of transcripts during development. The expression of transcripts during development was grouped into 5

clusters. At each stage, the data were shown in three biological replicates

meiosis” (Fig. 3B; Additional file 4: Table S4), indicating
a complex regulatory network in the sporogony process.

Cluster 3, comprising 1562 genes, displayed high
expression levels during the sporulated oocyst stage
(Fig. 2B; Additional file 3: Table S3). The highly expressed
genes in this cluster were found to be mainly associated
with the GO terms “integral component of membrane”
and “intrinsic component of membrane” (Fig. 3A; Addi-
tional file 4: Table S4). Genes were primarily linked to
KEGG pathways like “spliceosome,” “RNA biosynthesis,’
and “oocyte meiosis” (Fig. 3B; Additional file 4: Table S4).

Cluster 4, consisting of 1968 genes, was the cluster
that best represented the process of schizogony (Fig. 2B;
Additional file 3: Table S3). Enrichment analysis revealed
that this cluster was particularly significant for “gene
expression,” “compounds metabolic and biosynthetic pro-
cesses, and “translation” On the other hand, cluster 5,
composed of 1781 genes, was predominantly expressed at
Gam132 (Fig. 2B; Additional file 3: Table S3). The highly
expressed genes in this cluster were mainly related to GO
terms such as “peptidase complex,” “microtubule-based
process,” and “catabolic process” (Fig. 3A; Additional
file 4: Table S4).

Global comparison of transcriptomic change during

E. tenella developmental stages

To identify DEGs during development, we used the
DESeq2 for differential expression analysis under strin-
gent criteria of FDR <0.01. We identified the 3342 DEGs
in response to developmental processes (Additional file 5:
Table S5), reflecting the great difference across the dif-
ferent developmental stages. We performed a K-means
clustering analysis of all DEGs to identify co-expression
patterns that may inform future functional studies. We
determined the optimal number of clusters to be six clus-
ters that emerged from the cluster analysis (Additional
files 5 and 9: Table S5 and Figure S2).

Cluster 1 includes genes that are upregulated at the
gametocyte stage and generally downregulated through-
out the other stages. The biological process microtubule-
based process was highly enriched in cluster 1. Cluster 2
includes genes that are upregulated during the process
of sporogony but are then consistently downregulated
during endogenous parasite development. For cluster 2,
enrichment analysis indicated significant enrichment of
the DNA metabolic process (Additional file 10: Figure
S3B). KEGG pathway analysis showed that the DEGs
were significantly enriched in DNA replication, oocyte
meiosis, and cell cycle (Additional file 6: Table S6). Clus-
ters 3 and 4 include genes that are separately upregu-
lated at the sporozoite and sporulated oocysts stage.
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The cluster group (clusters 5 and 6) includes genes that
are upregulated during schizogony. Cluster 4 includes
genes that are upregulated at the sporulated oocyst stage.
Enrichment analysis indicated significant enrichment
of the “integral component of membrane” and “intrin-
sic component of membrane” (Additional file 10: Figure
S3C). Clusters 5 and 6 include genes, expressed in schiz-
ogony, which showed enrichment of core functions such
as “ribosome,” “RNA binding, and “gene expression”
(Additional file 10: Figure S3D).
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Expression dynamic of ApiAP2 TFs

ApiAP2 TFs play a crucial role in regulating gene expres-
sion in apicomplexan parasites, specifically during stage-
specific transitions that occur throughout their life cycle.
Previous studies have highlighted the essentiality of these
TFs in regulating development. We identified 53 AP2
domains-contained proteins in the E. tenella genome
(Fig. 4A, Additional file 7: Table S7). To further explore
the expression patterns of these TF genes, we ana-
lyzed their expression profiles in different development
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Fig. 4 Prediction and validation of expression patterns of 53 ApiAP2 transcription factors in E. tenella. A Gene IDs of the 53 ApiAP2 transcription
factors in the E. tenella genome, their respective protein architecture schematic (with AP2 domain displayed in green). B Heatmap representation
of expression patterns for ApiAP2 genes at seven time points. The Z-score was calculated for the normalized expression of ApiAP2 TF genes
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stages of E. tenella (Fig. 4B; Additional file 7: Table S7),
which demonstrated that particular expression pattern.
Heatmap analysis clustered these genes into four major
districted clades according to differential expression pat-
terns (Fig. 4B). We observed ApiAP2 genes in cluster 1
highly expressed in oocysts, indicating that these genes
played a role in sporogony. Cluster 2 genes are highly
expressed in schizogony, and these genes could be further
divided into two different clusters, one of which was spe-
cifically expressed in Mz120. Genes of cluster 3 displayed
higher expression levels in sporulated oocysts. Clus-
ter 4 was best represented by 15 ApiAP2 genes, which
are highly expressed at the gametocyte stage. However,
the functions of members of the ApiAP2 family remain
unknown in E. tenella.

Overexpression and CRISPR/Cas9-mediated knockout

of an ApiAP2 gene

ETH2_0411800, which encodes a protein containing one
AP2 domain (Fig. 4A), is highly USO-specific (approxi-
mately 20-fold higher in USO than Mz108, Mz120, and
Gam132) (Additional file 2: Table S2). And this gene
was highly expressed during sporogony (Fig. 4B). To
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investigate whether ETH2_0411800 is conserved in api-
complexan protozoan parasite, we searched for any
proteins with a domain similar to the AP2 domain of
ETH2_0411800. Protein—protein BLAST (BlastP) search
identified proteins with a homologous domain to the
AP2 domain of ETH2_0411800 from apicomplexan para-
sites Plasmodium falciparum, Plasmodium berghei, and
Toxoplasma gondii (Fig. 5A). The phylogenetic tree of
ETH2_0411800 and the homologous proteins was topo-
logically consistent with that of the tree of Apicomplexa,
which further suggested that these proteins are orthologs
(Fig. 5B). Collectively, we concluded that ETH2_ 0411800
is an ApiAP2 family protein conserved in the phylum
Apicomplexa.

To explore how ETH2_0411800 contributes to E.
tenella development, we generated the ETH2_ 0411800
overexpression strain (Fig. 6A and B). Western blot-
ting analysis showed the successful expression of
ETH2_0411800 in E. tenella (Fig. 6C). To further ana-
lyze the localization of ETH2_ 0411800, indirect immu-
nofluorescence assays (IFAs) performed on the stage
of SP revealed that ETH2_ 0411800 localized within
the nuclei by co-staining with Hoechst (Fig. 6D). The
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Fig. 5 Identification of possible ETH2_0411800 orthologs in apicomplexan parasites. A Alignment of conserved amino acid sequences

from ETH2_0411800 and BlastP-searched proteins by the ClustalW program in MEGA 11. Positions at which all sequences have an identical

amino acid are indicated by one asterisk. Amino acid sequences were retrieved from the PlasmoDB and ToxoDB databases. (E. tenella,
ETH2_0411800; Besnoitia besnoiti, BESB_028780; Hepatocystis, HEP_00213800; C. cayetanensis, cyc_04832; P. berghei, PBANKA_1001800; P falciparum,
PF3D7_0404100; T. gondii, TGME49_251740; Neospora caninum, NCLIV_066800). B Phylogenetic tree of ETH2_0411800 and homologous proteins,
which were inferred from their whole amino acid sequences using the maximum likelihood method and Jones-Taylor-Thornton (JTT) matrix-based

model
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overexpression strain produced oocysts that were indis-
tinguishable from wide type in size and numbers (Fig. 6B
and E). Analysis of the ETH2_0411800-overexpression
strain showed a similar oocyst output curve when com-
pared to those of the wild type (Fig. 6E and F).

To explore the function of the ETH2_0411800 gene,
we used genome editing for the generation of an
ETH2_0411800 knockout strain (Fig. 7A and B). The
deletion of ETH2_0411800 was validated by polymer-
ase chain reaction (PCR) and sequencing (Fig. 7C).
ETH2_0411800 gene knockout parasites showed a com-
parative growth, i.e., similar oocyst output curve and rel-
atively small oocyst output (Fig. 7D and E). Comparison
of endogenous development showed no significant differ-
ence compared to the control strain (Additional file 11:
Figure S4). These findings indicate that ETH2_0411800 is
not crucial for the growth and development of E. tenella.

Discussion

Our study presents a comprehensive transcriptional
analysis of gene expression patterns during the devel-
opmental stages of E. tenella. We identified 7329 genes
that are expressed during various developmental stages,
with 3342 genes exhibiting differential expression during
development, which were thus useful for inferring gene
function and understanding the genetic control of devel-
opmental transitions. Furthermore, from 53 predicted
ApiAP2 TFs, we validated their transcriptional across
three stages of the life cycle. We then constructed over-
expression and knockout parasites for a sporogony stage-
specific ApiAP2 gene, ETH2_0411800, and studied its
role in endogenous development.

During endogenous schizogony and gametogony devel-
opment, parasites switch from asexual replication to sex-
ual development, and the DEGs between these stages are
enriched in GO in terms of participating in translation,
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gene expression, substance biosynthesis, and metabolism
processes, as well as microtubule-associated proteins.
These results provide insights into the complex biological
processes underlying the development of E. tenella. Tran-
scriptome analysis at three time points during sporo-
gony showed significant upregulation of genes related
to the membrane components, oocyte meiosis, and
signaling pathways, which was consistent with results
of other Eimeria spp. [24, 29]. Based on our analysis,
the cGMP-PKG signaling pathway was identified as the
most significant pathway, indicating its significant role
in the sporogony of E. tenella. The parasite’s cGMP-PKG
signaling pathway is essential at multiple stages of the
parasite life cycle [30—33]. Previous research on Eimeria
transcriptional changes revealed increased expression of

gametocyte-specific genes, including GAM56 and HAP2,
along with upregulation of hundreds of other genes [16,
34]. The study found upregulation of most of these genes
at Gam132, which were specifically related to gameto-
gony. Collectively, these molecular clues unveil the for-
merly unknown developmental process of E. tenella at
the molecular level.

Despite extensive research on ApiAP2 TFs in api-
complexan parasites such as Plasmodium spp., T. gon-
dii, and Cryptosporidium [35-40], their function in
Eimeria pp. has not been studied to date. We also identi-
fied 53 ApiAP2 TFs by using a bioinformatics approach.
The ETH2 _0411800 was found mainly expressed dur-
ing oocyst stages, indicating that it is a sporogony
stage-specific gene in E. temella. ETH2_0411800 is
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an AP2-Sp2 homologous expressed exclusively dur-
ing sporogony. Previous studies showed that AP2-Sp2
together with three other TFs (AP2-Sp, AP2-Sp3, and
SLARP) play important roles in regulating gene expres-
sion during sporozoite development in malaria [41-44].
ETH2_0411800 knockout parasites grew similarly to
HCYA parasites, indicating that this gene may not play a
significant role in development. Whether ETH2_0411800
regulates the expression of other genes remains unclear
and requires further study.

Our analysis revealed that another ApiAP2 gene
ETH2_ 0940300 is also highly expressed during schizog-
ony (Additional file 12: Figure S5). Its homologous gene,
TgAP2XII-1 of T. gondii, is expressed during the tachy-
zoite stage. Furthermore, TgAP2XII-1 works in concert
with TgAP2IX-4 and microrchidia (MORC) to regulate
the expression of genes critical to cell cycle progres-
sion [45]. The latest study demonstrates AP2XII-1 and
AP2XI-2 bind cooperatively to DNA as heterodimers and
selectively recruit HDAC3 and MORC to the promoter of
merozoite genes, which in turn creates a non-permissive
chromatin environment for transcription in tachyzoites
[46]. These findings suggest that ETH2 0940300 plays a
crucial role in regulating the development of parasites by
controlling cell cycle-related genes during cell division
and development. In this study, we attempted to knock
out this ApiAP2 gene using CRISPR/Cas9 but failed (data
not shown), which is in accordance with our previous
work showing that ETH2_0940300 (ETH_00031200) is
indispensable for the survival of the parasites [20]. In the
future, a conditional knockout system is needed for the
study of essential genes in eimerian parasites.

Conclusions

Our study provides a comprehensive understanding of
transcriptome characteristics during the various devel-
opment stages in E. temella, including the expression
patterns of the ApiAP2 family. The overexpression and
knockout of ETH2_0411800, which is a sporogony stage-
specific gene, indicated its potential function related to
the amount of oocyst output. The expression patterns
and stage-specific genes identified in the present study
contribute to a better understanding of crucial stages in
the E. tenella life cycle, and provide comprehensive tran-
scriptomic data for future studies in this field.
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DHFR Pyrimethamine-resistant gene TgDHFR-ts-m2m3
HFF Human foreskin fibroblast

IFAS Indirect immunofluorescence assays

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513071-023-05828-8.

Additional file 1: Table S1. Summary of read counts, quality control, and
read alignment of RNA-seq. Alignment of reads was performed using the
STAR.

Additional file 2: Table S2. The TPM of expressed genes in different
parasite replicates.

Additional file 3: Table S3. Expression patterns of genes related to
parasite development.

Additional file 4: Table S4. GO and KEGG functional categories enriched
in five co-expression clusters.

Additional file 5: Table S5. Expression patterns of DEGs related to para-
site development.

Additional file 6: Table S6. GO and KEGG functional categories of DE
genes enriched in six co-expression clusters.

Additional file 7: Table S7. List of ApiAP2 transcription factors expressed
in different parasite samples.

Additional file 8: Figure S1. Correlation of expression between replica-
tions at each time point for E. tenella. There are three biological replicates
for each sampling time point.

Additional file 9: Figure S2. Global comparison of transcriptomic
changes during E. tenella development. A Determining the optimal num-
ber of clusters for K-means clustering. The optimal number of clusters was
determined using the factoextra package embedded in R. Dashed line
indicates the optimal number of clusters. B The expression profile of DEGs
during development. The expression of transcripts during development
was grouped into six clusters.

Additional file 10: Figure S3. Functional enrichment analysis in six
co-expression clusters of DEGs during E. tenella development. A-C GO
enrichment analysis based on clusters 1, 2, and 3. D GO enrichment
analysis based on clusters 5 and 6. ClusterProfiler was used for functional
enrichment analysis, with all genes as background. A hypergeometric test
was carried out, and all significant categoriesare displayed.

Additional file 11: Figure S4. Tissue sections for observing endogenous
development in ETH2_0411800 knockout and HCYA strains. The endog-
enous development of ETH2_0411800 knockout and HCYA strains was
observed using H&E stained cecal sections. The black arrow shows mature
second-generation schizonts and the red arrow shows gametophytes. The
scale bar represents 50 um

Additional file 12: Figure S5. Identification of ETH2_0940300 orthologs
in apicomplexan parasites. A Schematic representation of ETH2_0940300
and homologous genes. The green box shows the AP2 domain. B Align-
ment of conserved amino acid sequences from ETH2_0940300 and
BlastP-searched proteins by the ClustalW program in MEGA 11. Positions
at which all sequences have an identical amino acid are indicated by
asterisks. Amino acid sequences were retrieved from the PlasmoDB and
ToxoDB databases.



https://doi.org/10.1186/s13071-023-05828-8
https://doi.org/10.1186/s13071-023-05828-8

Chen et al. Parasites & Vectors (2023) 16:241

Acknowledgements

We would like to thank Liying Du and Yinghua Guo from Flow Cytometry Core
at the National Center for Protein Sciences at Peking University for technical
help.

Author contributions

LC: experiment performance, draft manuscript preparation, and data analysis.
XT, DH, YZ, and CW: data analysis. PS, CW, FX, ZH, JC, NZ, WC, and YG: experi-
ment performance. XT and XS: study conception and design. XL: funding
acquisition, study conception and design, and manuscript revision. All authors
read and approved the final manuscript.

Funding

This study was supported by the National Natural Science Foundation of
China (32072884, 32273035, and 31873007) and the China Agriculture
Research System of the Ministry of Finance (MOF) and the Ministry of Agricul-
ture and Rural Affairs (MARA) (CARS-43). Xianyong Liu was supported by the
2115 Talent Development Program of China Agricultural University.

Availability of data and materials

The RNA-Seq data for these isolates are available in the NCBI Sequence Read
Archive (SRA) database, under accession number PRINA951257. This study
did not generate any custom code. Any additional information required to
reanalyze the data reported in this article is available from the lead contact on
request.

Declarations

Ethics approval and consent to participate

All animal experiments were performed in accordance with the China Agricul-
tural University Institutional Animal Welfare and Animal Experimental Ethical
Inspection [approval number: AW22022202-1-1].

Consent for publication
Not applicable.

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

Author details

"National Key Laboratory of Veterinary Public Health Security, Key Laboratory
of Animal Epidemiology and Zoonosis of Ministry of Agriculture, National
Animal Protozoa Laboratory & College of Veterinary Medicine, China Agricul-
tural University, Beijing 100193, China. >Key Laboratory of Animal Biosafety
Risk Prevention and Control (North) of MARA, Institute of Animal Sciences,
Chinese Academy of Agricultural Sciences, Beijing, China. >School of Animal
Science and Technology, Guangxi University, Nanning, China. *Key Laboratory
of Animal Genetics, Breeding and Reproduction of the Ministry of Agriculture
& Beijing Key Laboratory of Animal Genetic Improvement, China Agricultural
University, Beijing, China. >Department of Pathogen Biology, Guangdong
Provincial Key Laboratory of Tropical Disease Research, School of Public Health,
Southern Medical University, Guangzhou, China.

Received: 3 April 2023 Accepted: 31 May 2023
Published online: 19 July 2023

References

1. Dubey JP. Coccidiosis in livestock, poultry, companion animals, and
humans. Boca Raton: CRC Press; 2019.

2. Blake DP, Knox J, Dehaeck B, Huntington B, Rathinam T, Ravipati
V, et al. Re-calculating the cost of coccidiosis in chickens. Vet Res.
2020;,51:1-14.

3. Peek HW, Landman WJ. Coccidiosis in poultry: anticoccidial products,
vaccines and other prevention strategies. Vet Quart. 2011;31:143-61.

4. Fatoba AJ, Adeleke MA. Transgenic Eimeria parasite: a potential control
strategy for chicken coccidiosis. Acta Trop. 2020;205:105417.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 12 of 13

Chapman HD, Rathinam T. Focused review: The role of drug combina-
tions for the control of coccidiosis in commercially reared chickens. Int J
Parasitol-Drugs. 2022;18:32-42.

Clark EL, Tomley FM, Blake DP. Are Eimeria genetically diverse, and does it
matter? Trends Parasitol. 2017,33:231-41.

Lopez-Osorio S, Chaparro-Gutiérrez JJ, Gémez-Osorio LM. Overview of
poultry Eimeria life cycle and host-parasite interactions. Front Vet Sci.
2020;7:384.

Dubey JP, Jenkins MC. Re-evaluation of the life cycle of Eimeria
maxima Tyzzer, 1929 in chickens (Gallus domesticus). Parasitology.
2018;145:1051-8.

Vetterling JM. Eimeria tenella: host specificity in gallinaceous birds. J
Protozool. 1976;23:155-8.

Ball SJ, Pittilo RM, Joyner LP, Norton CC. Scanning and transmission
electron microscopy of Eimeria maxima microgametogenesis. Parasitol-
ogy. 1981,82:131-5.

. Novilla MN, Jeffers TK, Griffing WJ, White SL. A redescription of the life

cycle of Eimeria mitis Tyzzer, 1929. J Protozool. 1987,34:87-92.

Shirley MW, Ivens A, Gruber A, Madeira AM, Wan KL, Dear PH, et al.

The Eimeria genome projects: a sequence of events. Trends Parasitol.
2004,20:199-201.

Ogedengbe ME, EI-Sherry S, Whale J, Barta JR. Complete mitochondrial
genome sequences from five Eimeria species (Apicomplexa; Coccidia;
Eimeriidae) infecting domestic turkeys. Parasit Vectors. 2014;7:335.

. Gao Y, Suding Z, Wang L, Liu D, Su S, Xu J, et al. Full-length transcrip-

tome analysis and identification of transcript structures in Eimeria neca-
trix from different developmental stages by single-molecule real-time
sequencing. Parasit Vectors. 2021;14:502.

Reid AJ, Blake DP, Ansari HR, Billington K, Browne HP, Bryant J, et al.
Genomic analysis of the causative agents of coccidiosis in domestic
chickens. Genome Res. 2014;24:1676-85.

Walker RA, Sharman PA, Miller CM, Lippuner C, Okoniewski M, Eichen-
berger RM, et al. RNA Seq analysis of the Eimeria tenella gametocyte
transcriptome reveals clues about the molecular basis for sexual
reproduction and oocyst biogenesis. BMC Genomics. 2015;16:1-20.
Zhang H, Zhang L, Si H, Liu X, Suo X, Hu D. Early transcriptional
response to monensin in sensitive and resistant strains of Eimeria
tenella. Front Microbiol. 2022;13:934153.

YuY, Dong H, Zhao Q, Zhu S, Liang S, Wang Q, et al. Molecular
characterization and analysis of the ATPase ASNAT homolog gene of
Eimeria tenella in a drug sensitive strain and drug resistant strains. Int J
Parasitol-Drug. 2021;15:115-25.

YuY, Huang W, Wang Q, Dong H, Zhao Q, Zhu S, et al. Molecular char-
acterization and analysis of drug resistance-associated protein enolase
2 of Eimeria tenella. Int J Parasitol-Drug. 2023;21:81-90.

Hu D, Tang X, Ben Mamoun C, Wang C, Wang S, Gu X, et al. Efficient
single-gene and gene family editing in the apicomplexan parasite
Eimeria tenella using CRISPR-Cas9. Front Bioeng Biotechnol. 2020;8:128.
Dulski P, Turner M. The purification of sporocysts and sporozoites

from Eimeria tenella oocysts using Percoll density gradients. Avian Dis.
1988;32:235-9.

Ryley J, Meade R, Hazelhurst J, Robinson TE. Methods in coc-

cidiosis research: separation of oocysts from faeces. Parasitology.
1976;73:311-26.

Zhou B, Wang H, Wang X, Zhang L, Zhang K, Xue F. Eimeria tenella:
effects of diclazuril treatment on microneme genes expression in
second-generation merozoites and pathological changes of caeca in
parasitized chickens. Exp parasitol. 2010;125:264-70.

XieY, Xiao J, Zhou X, Gu X, He R, Xu J, et al. Global transcriptome land-
scape of the rabbit protozoan parasite Eimeria stiedae. Parasit Vectors.
2021;14:308.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al.
STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29:15-21.
LiaoY, Smyth GK, Shi W. featureCounts: an efficient general purpose
program for assigning sequence reads to genomic features. Bioinfor-
matics. 2014;30:923-30.

Blighe K. PCAtools: PCAtools: Everything Principal Components Analy-
sis. R package version 2.10.0 (2021). https:/lgithub.com/kevinbligh
ePCAtools.

Kolde, R. pheatmap: Pretty Heatmaps. R package version 1.0.12 (2020).
https://rdrrio/cran/pheatmap.


https://lgithub.com/kevinblighePCAtools
https://lgithub.com/kevinblighePCAtools
https://rdrr.io/cran/pheatmap

Chen et al. Parasites & Vectors

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

(2023) 16:241

Blake D, Tomley F. Genomics, transcriptomics, and proteomics of the
Eimeria species. In Coccidiosis in livestock, poultry, companion animals,
and humans. CRC Press. 2019;3;59-64.

Brown KM, Sibley LD. Essential cGMP signaling in Toxoplasma is initi-
ated by a hybrid P-type ATPase-guanylate cyclase. Cell Host Microbe.
2018;24:804-16.

Brochet M, Balestra AC, Brusini L. cGMP homeostasis in malaria parasites-
The key to perceiving and integrating environmental changes during
transmission to the mosquito. Mol Microbiol. 2021;115:829-33.

Wang PP, Jiang X, Zhu L, Zhou D, Hong M, He L, et al. A G-protein-coupled
receptor modulates gametogenesis via PKG-mediated signaling cascade
in Plasmodium berghei. Microbiol Spectr. 2022;10:e00150-e222.

Ye S, Lunghi M, Soldati-Favre D. A signaling factor linked to Toxoplasma
gondii Guanylate cyclase complex controls invasion and egress during
acute and chronic infection. mBio. 2022;13:201965-2.

Su S, Hou Z, Liu D, Jia C, Wang L, Xu J, et al. Comparative transcriptome
analysis of Eimeria necatrix third-generation merozoites and gametocytes
reveals genes involved in sexual differentiation and gametocyte develop-
ment. Vet Parasitol. 2018;252:35-46.

Tandel J, Walzer KA, Byerly JH, Pinkston B, Beiting DP, Striepen B. Genetic
ablation of a female-specific apetala 2 transcription factor blocks oocyst
shedding in Cryptosporidium parvum. mBio. 2023;4:e03261-22.

Josling GA, Russell TJ, Venezia J, Orchard L, van Biljon R, Painter HJ, et al.
Dissecting the role of PfAP2-G in malaria gametocytogenesis. Nat Com-
mun. 2020;11:1503.

Shang X, Wang C, Fan Y, Guo G, Wang F, Zhao Y, et al. Genome-wide
landscape of ApiAP2 transcription factors reveals a heterochromatin-
associated regulatory network during Plasmodium falciparum blood-
stage development. Nucleic Acids Res. 2022;50:3413-31.

Farhat DC, Hakimi MA. The developmental trajectories of Toxo-

plasma stem from an elaborate epigenetic rewiring. Trends Parasitol.
2022;38:37-53.

Balaji S, Babu MM, lyer LM, Aravind L. Discovery of the principal specific
transcription factors of Apicomplexa and their implication for the
evolution of the AP2-integrase DNA binding domains. Nucleic Acids Res.
2005;33:3994-4006.

Wang C, Hu D, Tang X, Song X, Wang S, Zhang S, et al. Internal daughter
formation of Toxoplasma gondii tachyzoites is coordinated by transcrip-
tion factor TgAP2IX-5. Cell Microbiol. 2021;23:e13291.

Guttery DS, Zeeshan M, Ferguson DJ, Holder AA, Tewari R. Division and
transmission: malaria parasite development in the mosquito. Annu Rev
Microbiol. 2022;76:113-34.

Yuda M, Kaneko |, Murata Y, lwanaga S, Nishi T. Targetome analysis of
malaria sporozoite transcription factor AP2-Sp reveals its role as a master
regulator. mBio. 2023;14:e02516-22.

Yuda M, lwanaga S, Shigenobu S, Kato T, Kaneko I. Transcription factor
AP2-Sp and its target genes in malarial sporozoites. Mol Microbiol.
2010;75:854-63.

Lindner SE, Swearingen KE, Shears MJ, Walker MP, Vrana EN, Hart KJ, et al.
Transcriptomics and proteomics reveal two waves of translational repres-
sion during the maturation of malaria parasite sporozoites. Nat Commun.
2019;10:4964.

Srivastava S, White MW, Sullivan WJ Jr. Toxoplasma gondii AP2XII-2
contributes to proper progression through S-phase of the cell cycle.
Msphere. 2020;5:00542-e620.

Antunes AV, Shahinas M, Swale C, Farhat DC, Ramakrishnan C, Bruley C,
et al. In vitro production of cat-restricted Toxoplasma pre-sexual stages
by epigenetic reprogramming. bioRxiv. 2023. https://doi.org/10.1101/
2023.01.16.524187.

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

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1101/2023.01.16.524187
https://doi.org/10.1101/2023.01.16.524187

	Comparative transcriptome profiling of Eimeria tenella in various developmental stages and functional analysis of an ApiAP2 transcription factor exclusively expressed during sporogony
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Animals and parasites
	Preparation of samples for RNA-Seq at seven time points
	RNA-Seq, read mapping, and data processing
	Genome-wide prediction of ApiAP2 TFs
	Construction of ETH2_0411800 knockout and overexpression parasites
	Biological characterization of ETH2_0411800 overexpression and knockout parasites
	Immunofluorescence assay
	Western blotting

	Results
	Characteristics of transcriptomes of development stages in E. tenella
	Functional enrichment of expressed genes identified during seven time points of E. tenella
	Global comparison of transcriptomic change during E. tenella developmental stages
	Expression dynamic of ApiAP2 TFs
	Overexpression and CRISPRCas9-mediated knockout of an ApiAP2 gene

	Discussion
	Conclusions
	Anchor 25
	Acknowledgements
	References


