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Abstract

Background Eimeria are obligate protozoan parasites, and more than 1,500 species have been reported. However,
Eimeria genomes lag behind many other eukaryotes since obtaining many oocysts is difficult due to a lack of
sustainable in vitro culture, highly repetitive sequences, and mixed species infections. To address this challenge,
we used whole-genome amplification of a single oocyst followed by long-read sequencing and obtained a
chromosome-level genome of Eimeria tenella.

Results The assembled genome was 52.13 Mb long, encompassing 15 chromosomes and 46.94% repeat sequences.
In total, 7,296 protein-coding genes were predicted, exhibiting high completeness, with 92.00% single-copy BUSCO
genes. To the best of our knowledge, this is the first chromosome-level assembly of £. tenella using a combination

of single-oocyst whole-genome amplification and long-read sequencing. Comparative genomic and transcriptome
analyses confirmed evolutionary relationship and supported estimates of divergence time of apicomplexan

parasites and identified AP2 and Myb gene families that may play indispensable roles in regulating the growth and
development of £. tenella.

Conclusion This high-quality genome assembly and the established sequencing strategy provide valuable
community resources for comparative genomic and evolutionary analyses of the Eimeria clade. Additionally, our study
also provides a valuable resource for exploring the roles of AP2 and Myb transcription factor genes in regulating the
development of Eimeria parasites.
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Background

Eimeria are obligate protozoan parasites that have
evolved to exhibit immense diversity in their host range,
including mammals, birds, reptiles, fish, and amphib-
ians [1, 2, 3, 4]. Currently, more than 1,500 species of
Eimeria have been described, virtually all of which are
restricted to a single host species [5, 6, 7]. Oocysts that
infect birds and livestock are of great relevance, and coc-
cidiosis caused by Eimeria species has caused great eco-
nomic loss to the aquaculture industry and infected wild
vertebrates are significant [8, 9, 10, 11, 12]. In domestic
chickens (Gallus gallus domesticus), seven globally rec-
ognized Eimeria species infect distinct regions of the
intestine, each causing varying degrees of pathology [7].
Understanding the biology of Eimeria and their genetic
diversity, population structure, and capacity to evolve
underpins the development of new drugs and vaccines. It
is now more than 100 years since the significance of coc-
cidiosis was first recognized in poultry, however notable
gaps persist in our knowledge [5, 8].

High-quality genome sequencing is a powerful tool
for studying Eimeria in biology, genetics, genome, and
comparative genomics; however, studies on the Eimeria
genome are relatively scarce. Genome sequencing started
for Eimeria in 2002; after nearly 22 years of extensive
research by scientists around the world, only 12 Eimeria
species (E. tenella, E. praecox, E. acervulina, E. maxima,
E. necatrix, E. mitis, E. brunetti, E. falciformis, E. nie-
schulzi, E. zaria, E. nagambie, and E. outlata) have been
sequenced [13]. The landmark publication of seven Eime-
ria genome sequences in 2014 greatly boosted studies on
Eimeria, related apicomplexans, and many protozoa [14].
The Darwin Tree of Life (https://www.darwintreeoflife.o
rg/) and the Earth BioGenome Project (https://www.ear
thbiogenome.org/)have further promoted the progress of
Eimeria genome research [15]. The genomes of E. tenella
and E. praecox have reached a chromosome level in 2021
and 2023 [15].

The quality and number of Eimeria genomes have
lagged behind many other eukaryotes for the following
reasons: (1) 45-50% highly repetitive sequences (fre-
quent occurrence of trimer CAG (and other derivatives)
and heptamer AAACCCT/AGGGTTT) adding to the
difficulty of genome assembly [16]; (2) a lack of sustain-
able in vitro culture cannot obtain a large number of
single-species oocysts; (3) often a mixed infection with
strict host specificity, and it is difficult to establish ani-
mal models and obtain a large number of single-species
oocysts; and (4) the oocyst wall often adheres to food res-
idues and microorganisms like bacteria and fungi, which
can lead to DNA contamination and seriously affects
genome assembly. Based on the genomic and biological
characteristics of Eimeria, in 2014, Nair proposed using
single-cell and low-input amplification-based genomics,
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which can be considered for sequencing with little or no
need for in vivo culture [17]. Therefore, additional tools
are required if we want to make progress, such as single-
cell sequencing and long-read sequencing.

Recent advances in whole-genome amplification
(WGA) methods have enabled sequencing of picogram
amounts of DNA in a single cell, thus providing a pow-
erful way to obtain microbial genome sequences without
cultivation [18]. Detected genetic variants at the single-
cell level through WGA and sequencing are well estab-
lished in human cell lines [19, 20, 21, 22, 23, 24, 25, 26].
To date, single-cell WGA and sequencing have been used
successfully in ciliates, Plasmodium spp., Cryptosporid-
ium spp., and Leishmania donovani, leading to important
progress in understanding genome biology and evolu-
tion [27, 28, 29, 30]. Concurrently, with the progression
of long-read sequencing technologies, specifically from
companies such as Oxford Nanopore Technologies and
Pacific Biosciences, genomic research has transitioned
into the era of telomere-to-telomere (T2T) sequencing
[31, 32]. High-fidelity (HiFi) sequence reads generated
via circular consensus sequencing (CCS) are accurate
(greater than 99.00%), especially for repeat sequence
regions [33, 34]. Together these technologies enable us to
overcome the key difficulties.

To address this, we developed a platform for sin-
gle-oocyst, whole-genome sequencing using third-
generation technology, enabling genome analysis of
unculturable species or those with limited oocyst yields.
First, E. tenella with a reference genome and transcrip-
tome data (complete growth and development) was
selected as the research object. Second, we performed
single-oocyst WGA using the multiple displacement
amplification (MDA) method in E. tenella and then used
the amplified DNA to construct high-throughput librar-
ies for whole-genome sequencing (WGS) using long-
read sequencing technology (ONT and PacBio). Finally,
through assembly, we obtained a high-quality genome,
and through comparative genomics and transcriptomic
analysis, we elucidated the genomic features and revealed
the gene expression characteristics at different devel-
opmental stages, identifying key genes involved in the
developmental process, thereby laying a foundation for
an in-depth understanding of the Eimeria lifecycle.

Material & methods

Sample preparation

The E. tenella strain used in this study was the Houghton
(H) strain donated by the State Key Laboratory of Zoon
Protozoa, China Agricultural University. Sporulated
oocysts were suspended in 2.50% K,Cr,O, solution and
then washed with a sterile PBS solution.
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Single-oocyst separation

Five microliters of purified E. tenella oocyst suspension
was absorbed using a 10 pL pipette and dripped onto a
glass Petri dish. Under an inverted Olympus microscope
at 60 x magnification (OLYMPUS-BX53, Japan), a sin-
gle oocyst of E. tenella was isolated using a three-axis
hydraulic micromanipulator (World Precision Instru-
ments, Inc., USA). In this study, only one oocyst was
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selected, the oocyst wall was punctured with a capillary
needle of approximately 40 um, and the four sporocysts
were released. The four sporocysts were transferred into
a PCR tube containing 4 pL of PBS buffer (Fig. 1).

Single-oocyst WGA, library construction, and sequencing
Single-cell WGA was performed using a REPLI-g@Sin-
gle Cell Kit (QIAGEN, Germany). WGA products were

Single-oocyst Genome Third Genome Assembly
Generation Sequencing

~ Platforms

@
00

Single-oocyst 6

()} PacBio HiFi (Revio)

Release séorg:lcysts

Strategies

High coverage
(17Gb, 340x)

PacBio
reads
H|F|Ada-

Flye Pilon Flye
w y

Contlgs

Ragool Ragoo

T -

1|l

v

l /i
Single-oocyst sample

Quickmerge

Scaffolds

1—

‘ Separation process for single oocyst of Eimeria tenella

Fig. 1 Assembly workflow of single-oocyst genomes of E. tenella. The workflow illustrates the preparation of a single oocyst of the E. tenella sample,

sequencing platforms, and assemblers



Zhang et al. BMC Genomics (2025) 26:257

purified using Agencourt AMPure XP beads (BECK-
MAN, USA) to remove dNTP, primers, primer dimers,
salt ions, and other impurities from the amplified prod-
ucts. To reduce exogenous DNA contamination, we
cleaned the bench using anhydrous ethanol and treated
the MDA reagents with UV irradiation for 30 min before
amplifying the single-oocyst sample. Both MDA amplifi-
cation and DNA purification tests were performed in a
1300 Series II Class A2 biosafety cabinet (Thermo Fisher
Scientific). NanoDrop One (Thermo Fisher Scientific,
USA) was used to detect sample concentrations C (ng/
uL), A260/A280, and A260/A230. Qubit 3.0 (Invitrogen,
USA) was used to quantify the WGA products, and the
Nc/Qc (NanoDrop/Qubit) ratio was calculated according
to the concentrations detected by the two instruments.
At the same time, 1uL of the amplification product was
diluted with double steamed water at 1:100, and then
the content of E. tenella genomic DNA was detected by
qPCR based on the SSU rRNA gene of E. tenella (Sup-
plemental Material). The content of E. tenella genomic
DNA in the diluent was characterized by the Ct values
obtained using a fluorescent quantitative PCR instru-
ment (JTOWER3 G, Analytikjena, Germany).

Single-oocyst WGA products library construction and
sequencing

High-quality amplified DNA was used to construct a
genomic library, which was size-selected using BluePip-
pin (Sage Science, USA). The purified and size-selected
library was then sequenced on the PacBio Revio equip-
ment platform (HiFi) in continuous long-read mode
(Pacific Biosciences, USA) and on the PromethION
sequencer (ONT, UK) following the manufacturer’s
instructions (Supplemental Material). A total of 17 Gb
(340x coverage) PacBio HiFi and 10 Gb (200x cover-
age) ONT long sequencing reads were obtained after
removing adaptors reads. For short-read sequencing,
library preparation was performed with 50 ng of frag-
mented DNA using the MGIEasy Universal DNA Library
Prep Kit (MGI, Shenzhen, China) and sequenced on
the MGISEQ-2000 platform (BGI, Shenzhen, China)
(Supplemental Material). Approximately 1.6 Gb (32x
coverage) of 150-bp paired-end reads (clean data) were
generated using the MGI sequencing platform (Fig. 1).

Genome assembly

The adapters in the HiFi and ONT raw data were
removed using HiFiAdapterFilt v.2.0.1 [35] and Porechop
v.0.3.2 [36] to trim adapters and low-quality bases in
the short reads. First, based on ONT and PacBio reads,
genome assembly was performed using Flye v.2.9.2 [37]
with the default parameters. RaGOO v.1.1 [38] was used
to map the contigs to the chromosomes of closely related
species (PRJEB43184). Additionally, to enhance the

Page 4 of 17

contiguity of the assembly, the genome assemblies gen-
erated by the two platforms were merged using Quick-
merge v.0.3 (https://github.com/mahulchak/quickmerge).
Finally, they were polished using Pilon v.1.24 (https://gith
ub.com/broadinstitute/pilon) based on short sequencing
reads [39] (Fig. 1). Benchmarking Universal Single-Copy
Orthologs (BUSCO) v.5.4.6 [40] was used to evaluate the
completeness of the E. tenella genome assembly against
the Coccidia_odb10 database.

Repetitive elements annotation

A combination of de novo and homolog search strategies
was used to identify and annotate the repeat sequences
in the E. tenella genome. RepeatScout v.1.0.5 [41] iden-
tified duplicate sequences to remove LTR-type data and
then merged the results with LTR-FINDER v.1.05 [42]
and LTR-harvest [43]. The identified repeats and the Rep-
base database were merged as the final repeat sequence
library, followed by classification into different repeat
categories using the PASTECIassifier.py script included
in REPET v.2.5 [44]. The E. tenella genome assembly was
investigated for TEs using RepeatMasker v.4.0.6, with a
final repeat sequence library [45].

Gene prediction and annotation

Protein-coding genes were predicted by integrating ab
initio methods, homology alignment data, and tran-
scriptomic data. Transcriptomic data for E. tenella
from unsporulated oocysts (SRX15012440), sporulated
oocysts (SRX15012437), sporozoites (SAMEA3249300,
SAMEA3249299 and SAMEA3249304), merozoites
(SAMEA3249301 and SAMEA3249306), and game-
tocytes  (SAMEA3249302, SAMEA3249305 and
SAMEA3276969) (Project: PRJEB8442, https://www.eb
i.ac.uk/ena/browser/view/PRJEB8442;  http://www.ncbi
.nlm.nih.gov/sra) were downloaded from the NCBI and
ENA databases. For ab initio methods, PASA v.2.4.0 [46]
was applied to produce candidate gene structures, which
could be applied to obtain a set of gene structures for
training SNAP (v.2013-11-29) [47], Augustus v.3.3.3 [48],
GenomeThreader v.1.6.1 [49], and GlimmerHMM v.3.0.4
[50]. Subsequently, using trained gene models, Augustus
v.3.3.3 [48] and GlimmerHMM v.3.0.4 [50] were used to
forecast the gene structure. Liftoff v.1.6.3 was used for
annotation based on the reference genome annotation
result file [51]. Gene models derived from ab initio and
homologous alignment data were integrated into a non-
repetitive gene set using EVidenceModeler v.1.1.1 [52],
and protein-coding genes were predicted.

The predicted protein sequences were functionally
annotated through searching against 18 databases using
InterProScan v.5 [53], including CDD [54], Coils [55],
Gene Ontology [56], Gene3D [57], Hamap [58], MobiD-
BLite [59], PANTHER [60], Pfam [61], Phobius [62], PIR
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[63], PRINTS [64], ProSite [65], SELD [66], SignalP [67],
SMART [68], SUPERFAMILY [69], TIGRFAM [70], and
TMHMM [71].

Circumscribing species

The whole-genome average nucleotide identity
(ANI) and alignment coverage between Eimeria spp.,
about E. temella_1 (in the present study), E. tenella
(PRJEB43184), E. necatrix Houghton (PRJEB4833), E.
maxima Weybridge (PRJEB4864), E. acervulina Hough-
ton (PRJEB4832), E. brunetti Houghton (PRJEB4834), E.
mitis Houghton (PRJEB4835), E. praecox (PRJEB71489),
E. nagambie (PRJEB40060), E. lata (PRJEB40060),
E. zaria (PRJEB40060), E. falciformis Bayer Haber-
korn 1970 (PRJNA232109), and E. nieschulzi Landers
(PRJNA258495) were calculated using FastANI v.0.2.10
[72] with the default parameters.

Collinearity analysis

Three species with completed genomes, namely E. tenella
(in this study), E. tenella (PRJEB43184), E. tenella APU2
(PRJNA929509) and E. praecox (PRJEB71489), were
selected for collinearity analysis. MCScanX [73] was used
to identify the homologous scaffolds and gene synteny.
Pairwise blocks were defined as at least five homologous
genes in a 25-gene size window.

Phylogenetic analysis and divergence time estimation

The orthologous gene copies that were present in 13 spe-
cies of apicomplexan parasites, namely P, falciparum 3D7
(PRJNA13173), B. bovis T2Bo (PRJNA18731), C. parvum
C1HN (PRJNA1045063), T. gondii ME49 (PRJNA28893),
Cystoisospora suis Wien 1 (PRINA341953), Cyclospora
cayetanensis NF1_C8 (PRINA357479), E. tenella (in pres-
ent study), E. necatrix, E. maxima, E. acervulina, E. bru-
netti, E. mitis, and E. praecox, were identified and aligned
using OrthoFinder v.2.5.4 [74]. The aligned sequences
were concatenated using custom scripts to generate
FASTA files for further phylogenetic analyses. Maxi-
mum likelihood phylogenetic trees were generated using
RAXML v.4.4 [75] with the best-fit model LG +F +R5.
ITOL was used to visualize and edit phylogenetic tree-
labels (http://itol2.embl.de/upload.cgi). The divergence
time for apicomplexan parasites was estimated using
the MCMCtree [76] program with two correlated time
points: 817 million years ago (Mya, divergence time
between P. falciparum and T. gondii, ranging from 580
to 817 Mya), 545 Mya (divergence time between B. bovis
and C. parvum, ranging from 420.3 to 580 Mya) and 499
Mya (divergence time between T. gondii and C. parvum,
ranging from 420 to 580 Mya) [77-78].
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Ortholog group identification and gene family expansion
and contraction analysis

The apicomplexan protein sequences were downloaded
from the NCBI database. The orthologous groups across
13 species, namely P. falciparum, B. bovis, C. parvum, T.
gondii, C. suis, C. cayetanensis, E. tenella, E. necatrix, E.
maxima, E. acervulina, E. brunetti, E. mitis, and E. prae-
cox, were identified using OrthoFinder v.2.5.4 [74], which
is a practical, fast, accurate, and comprehensive tool for
comparative genomes. The identified ortholog groups
were used for further analysis of gene family expansion
and contraction with cafe5 v.5.0.0 [79].

Ka/Ks analysis

The nonsynonymous (Ka) and synonymous (Ks) sub-
stitution rates and positive selection strength (Ka/Ks)
were calculated using the KaKs_Calculator v.2.0 [80].
First, reciprocal BLAST was used to run pairwise align-
ments of the E. tenella genome with C. cayetanensis and
E. maxima; the e-value was set to le-5, and the number
of hits for each pair of species was set to 5. Second, each
pairwise protein sequence was aligned using MUSCLE
[81], and pairwise nucleotide sequence alignments were
generated by transforming protein alignments into codon
alignments using ParaAT [82]. Third, Ka/Ks ratios were
calculated based on pairwise codon alignments using
KaKs_Calculator, and the KaKs_Calculator models were
invoked from the PAML.MO model (Branch site model)
used in this study.

Identification Of AP2 and Myb gene family in Eimeria spp.
Of chicken and gene families phylogenetic analysis

To investigate the type and number of AP2 and Myb-
related gene families in each Eimeria spp., the target pro-
teins of the AP2 and Myb gene families retrieved from
T. gondii in ToxoDB (https://toxodb.org/) were first dow
nloaded as reference data [83]. The AP2 and Myb gene
families were identified by BLASTP searches using the
above reference data (E-value<1le-5). At the same time,
the HMMER (http://hmmer.org/) was also used to search
these two gene families by building a Hidden Markov
Model (HMM) profile [85]. Finally, the filtered AP2 and
Myb proteins were merged respectively from the results
of the above two methods and used for further analy-
sis. The AP2 and Myb gene family protein sequences of
Eimeria spp. were used for phylogenetic analyses. Protein
sequences were aligned for each dataset using the MUS-
CLE [81] algorithm on the GUIDANCE web server with
default parameters. A phylogenetic tree was constructed
using the maximum likelihood (ML) method imple-
mented in IQ-TREE with 1,000 bootstrap replicates [87,
88]. The best-fit amino acid substitution model for ML
analysis was MFP.
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Chromosome distribution, gene structure, conserved
domain, and conserved motif analysis

The chromosomal distribution of these genes was
obtained from the genome annotation information. The
exon-intron organization and splicing phase of these pre-
dicted AP2 and Myb genes were also investigated based
on the annotation file of the Eimeria spp. genome and
then graphically displayed using the Gene Structure Dis-
play Server [84]. The conserved domains were predicted
using the Hmmer web server [85]. Finally, conserved
protein motifs were analyzed using MEME [86], with an
optimum motif width ranging from 6 to 200 and a maxi-
mum number of 10.

Gene expression of EtAP2 and EtMyb gene families

The high-throughput RNA sequencing data of E. tenella
were retrieved and downloaded from the SRA database
(Project: PRJEB8442, https://www.ebi.ac.uk/ena/brow
ser/view/PRJEB8442; http://www.ncbi.nlm.nih.gov/s
ra) and used to detect the differential expression of the
EtAP2 and EtMyb genes. A total of five RNA datasets
from different developmental stages were used, namely
unsporulated, sporulated, sporozoites, merozoites, and
gametocytes. Hisat2 v.2.2.1 [89] was used to compare
transcriptome data to the genome of E. tenella, feature-
Counts (https://github.com/apeltzer/IGCG-featureCoun
ts) was used for gene quantitative analysis, and DEseq2
v.1.4 (https://github.com/thelovelab/DESeq2) was used
for differential expression analysis.

Results
Genome assembly and annotation
The final assembly had a total length of 52.13 Mb in 15
chromosomal scaffolds and one mitochondrial scaffold,
which is consistent with previous studies on E. tenella
genome size. Fifteen chromosome-level scaffolds lengths
are as follows: 0.88 Mb (Chromosome (Chr) 1), 1.11 Mb
(Chr 2), 1.83 Mb (Chr 3), 1.80 Mb (Chr 4), 2.84 Mb (Chr
5), 3.26 Mb (Chr 6), 3.61 Mb (Chr 7), 3.76 Mb (Chr 8),
3.54 Mb (Chr 9), 3.93 Mb (Chr 10), 4.14 Mb (Chr 11),
3.99 Mb (Chr 12), 4.85 Mb (Chr 13), 5.82 Mb (Chr 14),
and 6.76 Mb (Chr 15), and there is certain collinear-
ity between chromosomes (Fig. 2). The total scaffold
N50 and GC contents of the genome were 3.92 Mb and
51.61%, respectively (Table 1). We re-mapped the PacBio
HiFi reads to the E. tenella assembly and found a uni-
formly high coverage across nearly all genomic regions.
The assembly had a BUSCO completeness score of
92.00%, using the Coccidia_odb10 reference set. All these
results confirmed the overall accuracy of the assembly
(Fig. 3a and S1; Table 1).

A total of 24.47 Mb of sequences (46.94%) were anno-
tated as TEs, 7,296 protein-coding genes were predicted
and 5,484 (75.16%) genes were annotated in the assembly
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of E. tenella (Table S1). The protein-coding genes of E.
tenella were functionally annotated (783 KEGG pathways
and 54 GO categories) (Table S2, Fig. S2), which provides
a systematic understanding of the biological functions of
E. tenella genes and helps to elucidate their roles in host
infection and the parasite’s lifecycle. Collectively, the
results illustrate the high quality, reliability, and accuracy
of the assembly.

Analysis of repeat sequences

A total of 24.47 Mb of sequences, representing 46.94%
of the E. tenella assembly, were annotated as repeat,
which included 128,513 elements (Table S1). This
repeat sequences content was higher than that previ-
ously reported for E. tenella (38.94%) and E. maxima
(37.78%). Approximately 33.92% of the E. tenella genome
was annotated as containing transposon elements (TEs),
including 1.45% retrotransposons and 19.87% DNA
transposons. Unclassified DNA transposons were the
dominant TEs, followed by Retroelements. The Gypsy
retrotransposon element was the second most abundant
TE, constituting 2.35% of annotated TE content. Cross-
genome comparisons with E. brunetti and E. praecox
showed that LTR-RTs, especially Gypsy elements, con-
tributed the most to the genome expansion of E. praecox
(Fig. 3b).

A distinct bimodal distribution was observed for Gyspy
insertion times in E. tenella, whereas a trimodal distribu-
tion was observed for E. praecox (Fig. 3c). E. tenella had
a comparatively high proportion of recent LTR-RT inser-
tions, with the peak of amplification appearing around
0.1 My; the other peak occurred at approximately 0.45
My (Fig. 3c). At the superfamily level, we found very
recent bursts of unknown elements in E. tenella and
bursts of Gyspy element at 0.075—0.15 My, while ampli-
fications of unknown and Gyspy retrotransposons domi-
nantly shaped the bimodal distribution pattern burst
dynamics. We also found very recent bursts of Gyspy ele-
ments in E. praecox (Fig. 3b, c).

A robust genome-based taxonomy

We found a clear whole-genome average nucleotide iden-
tity (whole-genome ANI) discontinuity among the 13
Eimeria species: >99.91% or <91.08%; among them, the
ANI score of E. tenella and E. necatrix was 91.08%, that
of E. maxima and E. lata was 90.63%, and those of other
Eimeria species in chicken ranged from 77.35 to 82.77%.
The ANI score of the two Eimeria species in the mouse
was 77.69%. The range of ANI scores between Eimeria
species of chicken and mouse Eimeria species was 77.05—
78.46%, suggesting that the ANI was also suitable for
Eimeria species (Fig. 3d, e).
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Fig. 2 Genomic features of £. tenella. Circos display of important features of the assembled E. tenella genome. The five layers depict the chromosome
names and sizes, the scale unitis 0.2 Mb. (a), gene density along each chromosome, black: low gene distribution, blue: high gene distribution (b), repeat
sequence density along each chromosome, red: high repeat density, blue: medium repeat density, yellow: low repeat density (c), distribution of GC con-

tent in each chromosome (d), links between syntenic genes (e)

Orthology, collinearity, and phylogenetic analyses

In P falciparum, C. suis, C. parvum, T. gondii and E.
tenella species, a total of genes (8,740) were clustered
into (6,691) orthologous groups, of which 2,112 (31.56%)
genes were shared across all five apicomplexan species
(Fig. 4a). A total of 6,320 genes were clustered into 5,276
orthologous groups, of which 2,857 (54.15%) genes were
shared across all five Eimeria species, representing a pan-
Eimeria conserved orthogroup (Fig. 4a). Furthermore,

synteny analysis indicated that E. tenella and the refer-
ence genome (E. tenella) barely exhibited disparities in
gene content within comparable regions (Fig. 4b, S5). The
observed differences primarily pertain to minor struc-
tural variations such as the slightest inversions. However,
the genes of E. tenella and E. praecox displayed no sig-
nificant collinear relationships, with a rearrangement of
large fragments (Fig. 4b).
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Table 1 Comparison between the assembled and published E. tenella reference genomes
Statistic E. tenella E. tenella E. tenella E. tenella
(This study) (Published in 2023) (Published in 2021) (Published in 2013)
Number of oocysts One Population Population Population
Sequencing platform PB+ONT+MGlI ONT +lllumina PB+Hic+ 10X Genomics lllumina lllumina
Genome assembly
Number of scaffolds 15 15 33 4,664
Genome size (bp) 51,908,535 51,306,473 53,250,139 51,859,670
Largest contig (bp) 6,727,460 6,756,684 6,779,867 1,462,819
N50 (bp) 3,921,268 3,922,363 4,007,228 200,914
N9O (bp) 1,828,249 1,771,817 1,948,711 3,069
GC (%) 51.61 515 515 515
Size of total repeat sequences (%) 4717 - - 38.94
Genome annotation
Number of predicted genes 6,095 - 7,268 8,603
Number of annotated genes 5,484 - - -
Genome completeness
Complete BUSCOs (%) 920 98.8 98.8 93.0
Complete and single-copy BUSCOs (%) 914 98.8 984 928
Complete and duplicated BUSCOs (%) 06 0 04 0.2
Fragmented BUSCOs (%) 0.1 0.8 04 52
Missing BUSCOs (%) 0.7 04 0.8 18
Total Lineage BUSCOs 502 502 502 502
Note: Pacbio, PB; Nanopore ONT
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The species tree was also inferred using phylogenomic
analysis of 150 single-copy orthologous genes identified
using OrthoFinder v2.5.4 [74] in 13 apicomplexa species.
P. falciparum was used as an outgroup to reconstruct ML
phylogenetic trees. Each species formed a monophyletic
clade with sister-group relationships among clades (T.
gondii and C. suis). Eimeria spp. are paraphyletic, with
sister-group relationships among clade (E. tenella and E.
necatrix) and (E. brunetti and E. mitis) (Fig. 4c). In the
phylogenetic tree of apicomplexan parasites, the Eimeria
genus is positioned on a relatively lower branch, indicat-
ing a distant evolutionary relationship with species like P
falciparum, B. bovis, T. gondii, and C. parvum (Fig. 4c).
However, it is more closely related to the host-specific
species C. suis and C. cayetanensis (Fig. 4c). This result
suggests that these species may have undergone similar
selective pressures during evolution, particularly in terms
of host specificity and adaptation of parasitic mecha-
nisms. E. tenella was derived from a common ancestor
with other parasites approximately 231.48 million years
ago (Mya) (Fig. 4c). This means E. tenella shares a distant
common ancestor with other parasites, dating back to the
early Triassic period (the early evolution of dinosaurs).
Furthermore, E. tenella and other Eimeria species are
thought to have split around 192.38 Mya (Fig. 4c). This
divergence event likely marks the point at which Eimeria
species began to diverge from a common ancestor, grad-
ually adapting to host environments and forming distinct
species. The relatively recent timing of this divergence
suggests that E. tenella and other Eimeria species share a
more recent common ancestor and have undergone simi-
lar evolutionary pressures in terms of host specificity and
parasitic mechanisms.

Multigene families and adaptive evolution of Eimeria
tenella

All apicomplexan parasites species demonstrate a high
level of gene family stability, and the high proportion
of stable gene families helps them maintain long-term
survival within the host, ensuring the stability of their
physiological functions (Fig. 5a). C. parvum exhibits
a significant contraction of gene families, far surpass-
ing other species (with 1339 contracted gene families),
reflecting its genome streamlining in adaptation to its
host and lifestyle (Fig. 5a). This genome simplification is
closely related to its high adaptability to the host environ-
ment, allowing C. parvum to achieve maximum survival
and reproductive capacity with the minimal genetic bur-
den. In contrast, Cystoisospora suis shows a substantial
expansion of gene families, far exceeding other species
(with 1556 expanded gene families), indicating significant
genomic expansion to adapt to the microenvironment
within its pig host, thereby enhancing its survival and
reproductive abilities within the host (Fig. 5a).

In Eimeria species, most exhibit a certain degree of
gene family expansion, with E. necatrix and E. maxima
standing out, suggesting a strong demand for adapta-
tion to host immune responses and increased infection
capability (Fig. 5a). In contrast, E. tenella shows relatively
fewer expanded gene families (48 expanded), such as
those involved in transcription (AP2 domain transcrip-
tion factor and DEAD-like helicase superfamily), trans-
lation (lysyl-tRNA synthetase, class-I aminoacyl-tRNA
synthetase family, RNA methyltransferase, and ribo-
somal protein L15), post-transcriptional modification
(phosphatase 2 C), and protein degradation (S8 family
peptidase and ubiquitin-transferase domain-containing
protein). These expanded genes are primarily involved
in various biological processes, including growth and
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Fig. 5 Evolution of gene families, adaptive evolution in apicomplexan parasites, chromosomal distribution, and expression of EtAP2 and EtMyb gene
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tively correlated)

development, host invasion, metabolism, catalysis, and
ATP energy acquisition. These processes are crucial for E.
tenella’s infection mechanisms, host adaptation, lifecycle
development, and energy acquisition, enabling it to sur-
vive and rapidly reproduce within the host, thus complet-
ing its lifecycle. Most Eimeria species also show a high
level of gene family contraction, especially E. tenella and
E. acervulina, which may be associated with their spe-
cific adaptation to the host, the elimination of redundant
genes, and the optimization of their genome structure
(Fig. 5a). Despite significant gene expansion in E. necatrix
and E. maxima, their gene family contraction is relatively
limited, which may indicate that their genomes maintain

a higher complexity to adapt to the immune challenges of
different hosts.

We discovered species adaptations using pairwise Ka/
Ks comparisons of the E. tenella genome with those of
C. cayetanensis and E. maxima. Within the E. tenella
genome, we found that 22 and 27 of these families had
higher Ka/Ks ratios than other genes (Fig. 5b, c). We
found that some genes received selection pressure,
including NUF2, protein serine/threonine phosphatase,
AP2, and Myb (Fig. 5b, c).
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Identification, phylogenetic relationship, motif, protein
domain, and gene structure analyses of the AP2 and Myb
gene families in seven Eimeria spp. from chicken

In total, 284 AP2 and 60 Myb protein sequences were
identified in the genomes of seven Eimeria spp. from
chickens, and the AP2 and Myb gene numbers of each
species ranged from 22 to 53 and 4 to 12, respectively
(Table S3 and S4). We named the 284 AP2 and 60 Myb
genes based on their location on the chromosomes or
scaffold of seven Eimeria spp. from chickens (Tables S3
and S4). The 284 predicted AP2 and 60 predicted Myb
proteins varied in length, molecular weight (MV), and
isoelectric points (PIs) (Tables S3 and S4). To further
study the evolutionary relationships of the AP2 and Myb
genes, we constructed phylogenetic trees using their
respective protein sequences of these seven Eimeria spp.
from chicken and analyzed the protein characteristics,
including conserved motifs, protein domains, and corre-
sponding exon organization (Figs. S3 and S4). The infor-
mation obtained from the phylogenetic tree showed that
the AP2 and Myb genes from the different species were
also divided into many groups, whereas all AP2 and Myb
genes were scattered (Figs. S3 and S4).

Chromosomal distribution and differential expression of
the EtAP2 and EtMyb genes

In the present study, chromosome mapping of EtAP2
and EtMyb was performed using the E. tenella genome.
A total of 52 AP2 and 9 EtMyb genes were evenly dis-
tributed on chromosomes 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,
13, 14, and 15, and nine AP2 and three Myb transcrip-
tion factors were clustered on chromosomes 13 and 12,
respectively (Fig. 5d, e). To investigate the expression
patterns of EtAP2 and EtMyb further, we analyzed the
transcriptome data of the five stages during the growth
and development of E. tenella. The results showed high
variance in the expression levels of EtAP2 and EtMyb.
Regarding EtAP2, 10 AP2 genes showed no obvious
high expression during the whole growth and develop-
ment process of E. tenella, most of the AP2 genes were
highly expressed in the asexual reproductive stage, and
only four AP2 genes were highly expressed in the sex-
ual reproductive stage (Fig. 5f). A total of 17, 9, 22, 13,
and 5 AP2 genes were highly expressed in unsporulated
oocysts, sporulated oocysts, sporozoites, merozoites,
and gametocytes, respectively. Among them, two AP2
genes (ETH2_0518400 and ETH2_0411800) were sig-
nificantly overexpressed during the entire growth stage,
especially in the unsporulated oocysts stage (Fig. 5f). The
ETH2_0940300 AP2 gene was highly expressed only at
the sporozoite stage (Fig. 5f). The ETH2_0604000 AP2
gene was highly expressed only at the merozoite stage
(Fig. 5f).
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Four proteins showed relatively high expression at
multiple stages during the growth and development of
E. tenella, including ETH2 1257900, ETH2_0916800,
ETH2_1341800, and ETH2_1583500 (Fig. 5f). However,
two genes, namely ETH2_ 1257900 and ETH2_1249500,
showed low expression in all stages during the growth
and development of E. tenella (Fig. 5f). Furthermore,
ETH2_ 0802900 was significantly expressed only in
unsporulated and sporozoite stages. The ETH2_1257900,
ETH2_0916800, ETH2_1341800, ETH2_1583500, and
ETH2_0802900 genes were significantly expressed in the
sporozoite stage, and their expression levels decreased
after the sporozoite stage (Fig. 5f). Interestingly, with
the growth and development of E. tenella, the expression
level of ETH2_1257900 increased gradually and was the
highest in the merozoite stage (Fig. 5f).

Discussion

High-quality genomes provide valuable data for compar-
ative analyses to gain insights into the biological features
of Eimeria species. In this study, we developed a platform
for whole-genome, third-generation sequencing of a sin-
gle oocyst. High genome completeness (average 92.00%)
and high precision are encouraging, suggesting that it is
possible to obtain high-quality genome data from a single
oocyst of Eimeria regarding both coverage and preci-
sion. We obtained a genome at the chromosome level of
E. tenella and successfully assembled 15 chromosome-
level scaffolds. However, pulsed-field gel electrophoresis
and electron microscopy results indicated that E. tenella
had at least 14 chromosomes, with size ranging from 1
to 7 Mb [90, 91]. Interestingly, recent applications of
third-generation ONT, PacBio, and Hi-C sequencing to
E. tenella and E. necatrix have increased their karyotypes
from 14 to 15 chromosomes [15]. Conversely, closely
related coccidia species, Neospora caninum and T. gon-
dii, have exhibited a reduction in their karyotype count,
decreasing from 14 to 13 chromosomes [92, 93]. These
findings challenge previous assertions regarding the
haploid chromosome number of 14 for Eimeria species,
suggesting that further investigation is necessary to accu-
rately determine and understand the karyotype complex-
ity within this group of parasites.

Since the first genome of E. tenella was published in
2014 [14, 15], three genome versions of E. tenella have
been published and updated, which constitute valuable
genomic resources for the study of E. tenella. When com-
paring our results to the genome assemblies of E. tenella
published in 2021 and 2023, we observed similarities in
genome size, GC content, number of scaffolds, N50 size,
and genome completeness. However, notable improve-
ments were observed when comparing our results to
the 2014 assembly. Specifically, the number of scaffolds
decreased dramatically from 4,664 to 15, indicating the
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achievement of a chromosomal-level draft of the genome.
The N50 increased from 200,914 bp to 3,921,268 bp, and
the size of repeat sequences in this study was higher than
that in previous studies (Table 1). However, the number
of genes predicted in this study (7,296) was lower than
that reported in previous studies (8,603) (Table 1). This
discrepancy may be attributed to the high quality and
continuity of the genome assembly in our study, which
likely reduced errors and duplicate gene predictions.
And, we think the genome of E. tenella reached chromo-
somal level at 2021, 2023 and in the present study, which
primarily relies on long-read sequencing technology
capable of spanning repetitive sequence regions.

In 2022, Tang assembled the human genome in 1, 10,
20 and 30 cells to investigate the limitations of human
genome assembly using a minimal amount of single-
cell genome sequencing data. The results revealed that
BUSCO evaluation completeness was 13.00%, 81.20%,
90.80%, and 91.50% [94]. In apicomplexan parasites, The
BUSCO evaluation completeness of single-amplified
genomes from Plasmodium spp. and Cryptosporidium
oocysts were 62.00% and 81%, respectively [28]. We
identified 462 (92.00%) of 502 conserved BUSCO genes
(Table 1). Thus, the E. tenella genome sequence is of high
quality in both intergenic and genic regions because an E.
tenella oocyst contains eight sporozoites, and the sporo-
zoite is the clonal unit.

Additionally, in apicomplexan parasites, repeat
sequences have been observed in Eimeria, Plasmodium
(P. gallinaceum and P. relictum), and Babesia spp [30, 95,
96]. The retrotransposons identified in Eimeria spp. were
mainly classified as belonging to the LTR/Gypsy family. In
the present study, repeated sequences of several Eimeria
species were analyzed, and the results showed that recent
large-scale bursts of Gypsy retroelements may have con-
tributed directly to the E. praecox genome expansion
(Fig. 3b, ¢). All transposable elements (TEs) were inserted
within the past 0.5 million years (Mya), indicating that
after speciation events among the three Eimeria species,
at least one significant amplification of TEs occurred in
each genome. Intriguingly, in E. tenella, unclassified DNA
transposons were the major TEs that recently expanded
(Fig. 3b, c). However, we do not know whether this affects
the gene structure and function of the genome. There-
fore, additional studies are necessary to elucidate the
potential role of transposable elements (TEs) and DNA
transposons in the evolution of E. tenella. Furthermore,
it would be valuable to investigate whether TE and DNA
transposon insertion polymorphisms can serve as mark-
ers to trace the origin and phylogenetic relationships of
E. tenella.

Robust taxonomy is essential for communicating scien-
tific results and describing biodiversity [96, 97, 98]. Spe-
cies identification and classification of Eimeria mainly
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depend on morphological and molecular biological iden-
tification (SSU rRNA, ITS, and COI gene loci). However,
the morphological structure and molecular sequences of
Eimeria species exhibit a high degree of similarity, which
poses challenges in accurately identifying and distin-
guishing between species. Consequently, this similarity
has led to confusion and ambiguity, with multiple names
being assigned to the same Eimeria species. Fortunately,
the emergence of whole-genome ANI tools has provided
favorable evidence for Eimeria species identification and
classification. Whole-genome ANI has been widely used
to quantitatively circumscribe species of prokaryotes
[97, 99]. We found a clear ANI discontinuity among the
13 genomes of Eimeria: >99.91% or <91.08% (Fig. 3d,
e), suggesting that ANI was also suitable for Eimeria.
For Eimeria, ANI>97.00% and <92.00% were consid-
ered intraspecies and interspecies boundaries, respec-
tively. These boundaries of Eimeria are much clearer and
greater than those of prokaryotes (with ANI>95.00% and
<95.00% as intraspecies and interspecies boundaries,
respectively), suggesting that intraspecific genetic con-
servation and interspecific genetic divergence of Eime-
ria are greater than those of prokaryotes. In addition,
the ANI results of the genome in this study further con-
firmed that the three Eimeria species (E. lata, E. nagam-
bie, E.zaria) discovered in 2021 are new Eimeria species
[100]. Intriguingly, the ANI scores of E. tenella and E.
necatrix were 91.08%, and the two species had similar
virulence intensities and were the most closely related.
Therefore, ANI scores for E. maxima and E. lata were
90.63%, suggesting that E. maxima and E. lata may be
closely related to each other and have similar biological
functions.

Based on the interspecific collinearity analysis, it was
evident that the collinearity between the Eimeria spe-
cies was low, indicating significant differences in chro-
mosome structure, which is similar to previous research
[14] (Fig. 4b). In addition, ignoring the fact that the E.
tenella genome contains 45-55% repetitive sequences,
we believe that differences in parasitic sites, species evo-
lution, and pathogenicity may be one of the reasons for
this result. Our research revealed minimal disparities in
gene content within comparable regions of C. parvum
and C. tyzzeri, primarily involving minor structural varia-
tions such as small translocations and inversions. How-
ever, large fragments have been rearranged in the genes
of C. parvum and C. muris (unpublished data). The para-
sitic site of E. tenella is the cecum, and that of E. prae-
cox is the first third of the small intestine. Additionally, E.
tenella and E. praecox had a relatively long evolutionary
distance from each other, and E. tenella and E. necatrix
diverged approximately 192.38 Mya (Fig. 4c). Moreover,
previous research has shown that synteny between the
genomes of E. tenella and E. necatrix is extensive, but
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that between the genome of E. tenella and those of E.
maxima and E. acervulina is notably less, which also
supported this result [14]. Finally, we believe that more
genomic studies on Eimeria are needed to better eluci-
date the synteny among their chromosomes and to con-
firm our hypothesis.

Phylogenetic analysis of protein sequences confirmed
the close relatedness of C. cayetanensis to Eimeria spp.
and between Eimeria chicken species, which was consis-
tent with other studies [14, 77, 79, 101]. Our compara-
tive analysis revealed that E. tenella was derived from a
common ancestor of C. cayetanensis around 231.48 Mya
(Fig. 4c). Thus, C. cayetanensis is similar to E. tenella in
terms of genome organization, metabolic capabilities,
and potential invasion mechanisms. We also investigated
the differences between the seven Eimeria spp. that infect
chickens. The phylogenetic relationship between Eime-
ria spp. appears to be related to their pathogenicity. E.
tenella and E. necatrix with high pathogenicity clustered
in a small branch (diverged approximately 31.54 Mya), E.
brunetti and E. mitis with certain pathogenicity clustered
in a small branch (diverged approximately 21.02 Mya),
with low pathogenicity of E. maxima and E. acervulina,
E. praecox with little or no pathogenic were in three sepa-
rate branches (Fig. 4c). The collinearity results of Eimeria
spp. from other studies and in the present study all sup-
ported this phylogenetic relationship [14] (Fig. 4b).

Transcription factors play major roles in the transcrip-
tional regulation of developmental stages in eukaryotes.
As apicomplexan parasites, Eimeria spp. have complex
life cycles that are characterized by several differentiation
stages reflected in transcriptome changes [102]. Despite
extensive research on ApiAP2 transcription factors in
apicomplexan parasites, such as Plasmodium spp., T. gon-
dii, and Cryptosporidium spp [103, 104, 105, 106, 107].,
their functions in Eimeria spp. have not been extensively
studied to date. Previous research showed that EnA-
piAP2 plays an important role in the growth, develop-
ment, and sexual evolution of E. necatrix [108—109].
And AP2 (ETH2_0411800) is not essential for the growth
and development of E. tenella [110]. Our results showed
that the AP2 transcription factor gene family not only
expanded but may also be under diversifying selection,
which suggests that the AP2 gene family could be impor-
tant for host-parasite interactions (Fig. 5c). We also iden-
tified 284 AP2 transcription factors of chicken Eimeria
spp. using a bioinformatics approach, and a phylogenetic
analysis of AP2 domain sequences showed that Eime-
ria spp. clustered in different clades, which is consistent
with previous research (Fig. S3 and Table S4) [111]. The
ETH2_ 1513500, ETH2_0940300, and ETH2_0604000
genes were found to be mainly expressed during the
unsporulated, sporozoite, and merozoite stages, respec-
tively, indicating that it is a sporogony and asexual
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reproduction stage-specific gene in E. tenella (Fig. 5f).
Most AP2 genes were significantly expressed during the
asexual stage, suggesting that the AP2 gene family may
play an indispensable role in regulating the growth and
development of E. tenella.

Compared to a previous study [110], the number of
identified AP2 protein family member was similar; how-
ever, there are some differences in the expression dynam-
ics results (Table S3). For example, in this study, 17 genes
were identified as highly expressed in the unsporu-
lated stage, which is three more than in previous study
[110]. Similarly, the number of highly expressed genes
in the sporozoite stage (21) is significantly higher than
the 6 reported previously, whereas the number of genes
expressed in the gametocyte stage (5) is much lower
than the 15 reported in earlier studies (Fig. 5f) [110].
We believe that the differences in expression dynam-
ics results may be attributed to various factors, such as
sample preparation, library construction, and the choice
of sequencing platforms. Nevertheless, the findings from
multiple studies on the expression of the EtAP2 gene
family provide a solid foundation for further in-depth
functional research. Therefore, future studies on EtAP2
gene expression and function will require greater focus
and involvement from researchers.

Recently, significant advancements have been achieved
in the research of the functional role of the Myb gene
family within the T. gondii, P. falciparum, C. parvum, and
Giardia intestinalis genomes [112, 113, 114, 115]. Our
results showed that the Myb transcription factor gene
family may also be under diverse selection. However,
there are no data on the Myb gene family in the Eime-
ria species. In the present study, the number of genes
containing Myb domains in Eimeria varied from 4 to
12 (Table S4). There was a negative correlation between
the number of Myb genes and the genome size of Eime-
ria spp. of chickens. Through the Myb gene phylogenetic
tree consisting of Eimeria spp. of chicken, we noticed
that the Myb genes of Eimeria were scattered among
many groups, suggesting that they may not have evolved
through genome-wide replication (Fig. S4). The distri-
bution of Myb genes across multiple branches indicates
that these genes may have undergone a diversified evo-
lutionary process in different species of Eimeria. At the
same time, it may suggest that the Myb genes in differ-
ent Eimeria species have functionally diverged, poten-
tially adapting to different ecological environments or
host-specific requirements. Further findings suggest that
the EtMyb gene family is differentially expressed at dra-
matically different life stages in E. tenella and may act
as transcriptional regulators for the progression of E.
tenella throughout the life cycle. The significant expres-
sion of the five EtMyb gene families during the sporozoite
stage and their subsequent decrease in expression after
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this stage suggests their potential role in regulating genes
critical for the early stages of E. tenella development and
host infection. This stage-specific expression pattern
indicates that these transcription factors may be essential
for processes like sporozoite activation, host-cell inva-
sion, or adaptation to the host environment. Understand-
ing this regulatory mechanism could provide insights
into the molecular basis of the parasite’s lifecycle and
help identify potential targets for interventions to disrupt
the infection process.

Conclusion

In summary, we developed a platform for whole-genome,
third-generation sequencing of a single oocyst and gener-
ated the genome at the chromosome level. This provides
an effective method for WGS of more than 1500 Eimeria
species for which population oocysts cannot be obtained.
Furthermore, we effectively prove that the genome
obtained from a single oocyst of Eimeria is of high qual-
ity and accuracy. Through comparative genomics and
transcriptomic analysis, we understand the genome char-
acteristics and have identified AP2 and Myb gene families
that may perform roles in various biological processes. It
lays a foundation for the later function mining research.

Technical validation

The assembly was evaluated using two criteria: map-
ping of long sequencing reads and BUSCO assessment.
PacBio HiFi and ONT long reads were aligned using
minimap2 v.2.24. The mapping rates for the HiFi and
ONT reads were 99.61% and 99.24%, respectively. More-
over, presence of highly conserved eukaryotic orthologs
via BUSCO (Table 1). Overall, these assessments inde-
pendently confirmed the accuracy and completeness of
genome assembly.
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