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ABSTRACT FEimeria tenella is an obligate intracel-
lular parasite of the chicken cecum; it brings huge eco-
nomic loss to the chicken industry. Enolase is a
multifunctional glycolytic enzyme involved in many
processes of parasites, such as infection and migration. In
this study, the effect of diclazuril on the expression of
enolase in second-generation merozoites of FE. tenella
(EtENO) was reported. The prokaryotic expression
plasmid pET-28a- EtENO was constructed and trans-
formed into Escherichia coli BL21 (DE3). Then, it was
subjected to expression under the induction of isopropyl-
B-D-1-thiogalactopyranoside. The expressed products
were identified and purified. The purified EfENO protein
was used for antibody preparation. The FIENO mRNA

and protein expression levels were analyzed via real-time
PCR and Western blotting. Localization of EtENO on
the merozoites was examined by immunofluorescence
technique. The mRNA and protein expression levels of
EtENO were decreased by 36.3 and 40.36%, respectively,
by diclazuril treatment. EtENO distributed in the sur-
face, cytoplasm, and nucleus of the infected/control
group. With diclazuril treatment, it was significantly
reduced in the surface and cytoplasm and even dis-
appeared in the nucleus of the infected /diclazuril group.
These observations suggested that FtENO may play an
important role in mechanism of diclazuril anticoccidial
action and be a potential drug target for the intervention
with E. tenella infection.
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INTRODUCTION

Obligate intracellular apicomplexan parasites cause
humans and animal diseases (Ferndndez et al., 2012;
Marugan-Hernandez et al., 2017). This phylum contains
various parasitic protists, including zoonotic pathogens
such as Plasmodium, Cryptosporidium, and Tozoplasma
(Yang and Arrizabalaga, 2017) and pathogens (e.g.,
Babesia, Theileria and Fimeria) that exclusively infect
livestock and poultries (Marugan-Hernandez et al.,
2017). Among them, the latter apicomplexan parasites
cause a serious effect on animal health and production.
Coccidiosis is caused by Fimeria spp. infection in
chicken intestines. Eimeria spp. has 7 species; of which,
the most pathogenic is Fimeria tenella. These species
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cause cecal coccidiosis (Suprihati and Yunus, 2018;
Wang et al., 2019). E. tenella infects the chicken cecum,
leading to weight loss, malabsorption, hemorrhage, cecal
microenvironment disorder, and even death (Fernandez
et al., 2012; Marugan-Hernandez et al., 2017; Jia et al.,
2020; Zhou et al.; 2020). Anticoccidial drugs were widely
used for the prevention and control of coccidiosis. Com-
plete effective chemotherapeutic agents to control
coccidiosis are few owing to the increasing problem of
drug resistances. Thus, discovering and selecting a suit-
able drug target is essential for the development of new
coccidiostats.

The life cycle of E. tenella consists of sporogony, schi-
zogony, and gametogony stages. E. tenella requires extra-
cellular invasive stages for cecal cell and intracellular
proliferation (Labbé et al., 2006). To finish its life cycle,
E. tenella must adjust its metabolism to the different living
conditions. Energy metabolism is a necessary process of
biological survival (Mi et al., 2017), and the energy source
of E. tenella is largely dependent on anaerobic energy by
glycolysis (Denton et al., 1996). Enolase, as a key enzyme
in the glycolysis pathway, catalysts the reversible
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interconversion of 2-phospho-d-glycerate to phosphoenol-
pyruvate (Mi et al., 2017). In addition, enolase is a highly
conserved and multifunctional protein in prokaryotes and
eukaryotes, with a wide range of additional functions
beyond its classical role in glycolysis (Liu et al., 2016; Mi
et al., 2017).

On the cell surface of certain pathogens, enolase acts
as a plasminogen receptor (Arce-Fonseca et al., 2018).
For example, in Leishmania Mezicana, antienolase anti-
bodies inhibited up to 60% of plasminogen binding on
live parasites (Vanegas et al., 2007), and the enolase
from Taenia solium was found capable of binding plas-
minogen and participating in parasite invasion together
with other plasminogen-binding proteins (Ayén-Nufiez
et al., 2018b). Furthermore, enolase is involved in host
cell invasion through pathogenic microorganisms. In
Plasmodium falciparum, neutralization of enolase on
the cell surface of merozoites and ookinetes may inhibit
the host cell invasions at erythrocyte and transmission
stages (Dutta et al., 2018). Enolase also acts as a candi-
date antigen of immune diagnosis in parasites, such as
Toxoplasma gondii (Jiang et al., 2016) and T. solium
(Ponce et al., 2018). In E. tenella, enolase (EtENO)
was involved in adaptation of the metabolism to the
intracellular anaerobic development (Labbé et al.,
2006), and it was identified as an immunogenic protein
in second-generation merozoites (Liu et al., 2009).

Diclazuril is an effective phenylacetonitrile anticocci-
dial drug that has long been used to control coccidiosis
caused by E. tenella (Zhou et al., 2019). Here, EtENO
gene was cloned and expressed in FEscherichia coli
competent cells. In addition, the mRNA and protein
expression levels of FIENO were identified using dicla-
zuril treatment, and the spatial position of EtENO was
observed through immunofluorescence.

MATERIALS AND METHODS

Inoculum Preparation

Luoyang strain E. tenella oocysts were provided by
Veterinary Pharmacology Laboratory in Henan Univer-
sity of Science and Technology. Oocysts were propa-
gated, isolated, sporulated, and placed in 2.5%
K5Cry07 solution. Before inoculation, the KoCryO; was
removed via repeated centrifugation. The precipitated
sporulated oocysts were diluted with distilled water.

Diclazuril

Diclazuril (>99%, Shanghai Veterinary Research
Institute, Chinese Academy of Agricultural Sciences)
was administered to chickens through the diet at a
dose of 1 mg/kg.

Experimental Animals and Treatment

One-day-old male Chinese yellow broiler chickens
were purchased from a commercial hatchery of Luoyang,
China. The chickens were kept in wire-floored cages,
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housed in an oocyst-free environment, allowed free
drinking water, and fed with a diet without any anticoc-
cidial drug.

On day 12, 120 chickens were randomly divided into 2
groups (n = 60), with 3 biological replicates per group
(n = 20). 1) In the infected/control group, the chickens
were inoculated with a dose of 8 X 10" sporulated oo-
cysts/chicken by oral infection and administrated with
normal feed without any anticoccidial drugs. 2) In the
infected /diclazuril group, the chickens were inoculated
with a dose of 8 X 10* sporulated oocysts/chicken by
oral infection and administrated with 1 mg/kg diclazuril
at 96 h to 120 h after inoculation. The experimental
scheme conformed strictly to the guidelines of the Insti-
tutional Animal Care and Use Committee (No. 201) of
Henan University of Science and Technology (Luoyang,
Henan, China).

Preparation of the Second-Generation
Merozoites

Second-generation merozoites of E. tenella were ob-
tained from chicken cecal tissues as previously described
(Zhou et al., 2010a, 2012; Zhou et al., 2010a; Li et al.,
2019). In brief, the chickens were euthanized 120 h after
infection, and the parasitized caeca were incubated with
hyaluronidase (Sigma) at 37°C for 60 min. The crude
preparation of merozoites were filtrated and isolated
from erythrocytes via lysis (0.155 mol/L NH,CI,
0.01 mol/L. KHCO3, 0.01 mmol/L. EDTA, pH = 7.4)
at 4°C for 10 min. After centrifugation was performed,
the merozoite pellet was resuspended in 30% Percoll
(Pharmacia) with PBS. Five volumes of this merozoite
solution was layered gently onto one volume of high-
density 50% Percoll with PBS and centrifuged at
2,200 g for 15 min. The lower aqueous layer was carefully
collected and washed with PBS.

Preparation of Total RNA and cDNA

Total RNA of the second-generation merozoites was
extracted using TRIzol reagent (Ambion, Shanghai) in
accordance with the manufacturer’s instructions. The
purity and concentration of total RNA were measured
by 1% agarose gel electrophoresis and Nanodrop 2000¢
spectrophotometer (Thermo scientific). cDNA was syn-
thesized from the purified total RNA by using Easy-
Script One-Step gDNA Removal and cDNA Synthesis
SuperMix (TransGen Biotech, Beijing).

Cloning of EtENO Gene

With ¢cDNA as template, specific primers (P1-F:
5-AGCCGACAGTCCCAGCGAAGATG-3, P1-R: 5'-
AGTCTGTGGACAAATCGTGGGCA-3) was used
to amplify the open reading frame gene fragment of
EtENO via PCR at a 55°C annealing temperature.
Amplified fragments were purified by electrophoresis
and isolated using the Agarose Gel DNA Extraction
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Table 1. Primer sequences with their corresponding PCR product size and position.

Gene Primers (5 —3') Primer locations Product (base pairs) GenBank accession no.

18S RNA ATCGCAGTTGGTTCTTTTGG 248-417 170 U67121
CCTGCTGCCTTCCTTAGATG

E{ENO AACCAGATTGGCTCCATCAC 1095-1296 202 AF353515.1

GCAGCAGCTGGTTGTACTTG

Abbreviation: FtENO, enolase of Fimeria tenella.

Kit (Takara, Beijing) following the manufacturer’s
instructions.

After fragment isolation, the purified PCR products
were insertion into the pMD-19T Vector (Takara, Bei-
jing). The recombinant cloned of pMD-19-E{ENO was
transformed into E. coli DH50 competent cells (Takara,
Beijing). The positive recombinant clone was sequenced
by Shanghai Sangon Biotech Co. Ltd. The positive re-
combinant plasmids were extracted in accordance with
the instructions of the TaKaRa MiniBEST Plasmid Pu-
rification Kit, version 4.0 (Takara, Beijing).

Expression and Purification of
Recombinant EtENO Protein

With the positive recombinant plasmid (pMD-19-
EfENO) as the template, the DNA fragments correspond-
ing to the open reading frame of FtENO were amplified via
PCR. The specific primers were as follows: P2-F:
5-TGTGAATTCATGGTGGCCATAGTCGAG-3" and
P2-R: 5-CGTAAGCTTCTAGTTGGAGGGGTTTCG-

bp M 1 2
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Figure 1. Agarose gel of EtEno RT-PCR products of 1,427 bp frag-
ment of Eimeria tenella. Abbreviations: M, DL2000 DNA Marker; 1,
Blank control; 2, PCR product; EtENO, enolase of Eimeria tenella.

3/ with EcoR I and Hind Il restriction sites. The PCR prod-
ucts and pET-28a vector were double digestion by FcoR 1
and Hind III before ligation reaction. The recombinant
expression plasmid pET-28a-EtENO was transformed
into E. coliBL21 (DE3) competent cells (Biomed, Beijing).
The bacteria containing the recombinant plasmid pET-
28a- EIENO were induced with 0.5 mmol isopropyl-p-D-1-
thiogalactopyranoside (IPTG) at 37°C to express the
recombinant proteins. The supernatant of lysate was
resolved on 12% sodium dodecyl sulfate-polyacrylamide
gel (SDS-PAGE). The soluble recombinant EtENO
(r EtENO) protein was enriched and purified under native
conditions by using a His-tag Protein Purification Kit
(Beyotime, Shanghai) following the manufacturer’s
instructions.

Polyclonal Antibody Production

The purified r FEtENO proteins were used as antigen for
the generation of polyclonal anti- EtENO sera. New Zea-
land white rabbits were immunized via subcutaneous
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Figure 2. Identification of recombinant plasmid pMD-19- EtENO by
PCR amplification. Abbreviations: M, DL2000 DNA Marker; land 2,
amplification by specified primer; FtENO, enolase of Eimeria tenella.
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Figure 3. Agarose gel electrophoresis of pET-28a- EtENO PCR prod-
ucts. M, DL2000 DNA Marker; land 2, PCR products.

injection of rEtENO protein emulsified with Freund’s
complete adjuvant (Sigma-Aldrich) at 500 pg/rabbit.
Two week later, rFtENO protein emulsified with
Freund’s incomplete adjuvant (Sigma-Aldrich) was
injected into rabbits as a secondary immunization. Sub-
sequently, 2 booster immunization were administered at
an interval of 2 wk. Ten d after the final immunization,
EtENO polyclonal anti- EtENO sera were collected, and
the titers of polyclonal anti- EtENO sera were evaluated
using ELISA.

Real-Time PCR Determination of EtENO
mRNA Level

The mRNA expression level of FtENO was quantified
by the CFX96 Touch real-time PCR system (Bio-Rad)
and TB Green Premiz Ex Tag GC (Perfect Real Time)
(Takara, Beijing). The 18S rRNA of E. tenella acted as
the control (Zhou et al., 2010c). The sequences of the
primers are reported on Table 1. Each reaction was per-
formed in triplicate, and the entire experiment was car-
ried out in triplicate.

Western Blotting

For Western blotting, the purified merozoites were
lysed using RIPA Lysis Buffer (Beyotime, Shanghai)
and determined using the BCA protein assay kit
(CWBIO, Beijing) for concentration quantification.
Equal amounts of protein samples in the infected/
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Figure 4. Agarose gel electrophoresis of FcoR 1/ Hind III restriction
enzyme assay of recombinant expression plasmid pET-28a- EtENO.
Abbreviations: M, DL2000 DNA Marker; 1, Enzymatic products;
EtENO, enolase of Fimeria tenella.

control and infected/diclazuril groups were separated
on 12% SDS-PAGE and subsequently transferred to a
polyvinylidene fluoride membrane (Membrane Solu-
tions). The separated proteins were detected using poly-
clonal rabbit anti- ETENO sera as the primary antibodies
and horseradish peroxidase—conjugated goat anti-rabbit
IgG antibody (Solarbio, Beijing) as the secondary anti-
body. Horseradish peroxidase activity was revealed
using enhanced chemiluminescence.

Immunofluorescence

The merozoites were resuspended in PBS, smeared on
glass coverslips, and fixed with 4% paraformaldehyde
(Servicebio, Wuhan) at room temperature. Then, they
were permeabilized with 1% TritonX-100 (Sangon
Biotech, Shanghai) and blocked with 2% BSA-PBS at
4°C overnight. Subsequently, the merozoites were sub-
jected to incubation with polyclonal rabbit anti- EtENO
sera (1:1000 dilution) for 1 h at 37°C and fluorescein
isothiocyanate—conjugated goat anti-rabbit IgG (Serv-
icebio, Wuhan) (1:200 dilution) at 37°C in the dark for
1 h. After redyeing with 4’ 6’-diamidino-2-phenylindole
(Boster, China) at room temperature for 30 min was con-
ducted, 50 plL antifade mounting medium (Boster,
China) was applied to close the coverslip before
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Figure 5. Expression of EfENO in Escherichia coli BL21 (DE3). M,
Protein molecular weight Marker; 1~6, pET-28a-EtENO induced the
expression of 0 h, 1 h, 2 h, 4 h, 6 h, and 8 h; 7, pET-28a- FtENO cultured
for 8 h without induce. Abbreviation: EtENO, enolase of Fimeria tenella.

examination under a confocal laser scanning microscope

(LSM 800, ZEISS).

Statistical Analysis

The data were expressed as the means = SD. Statistics
were performed using SPSS (SPSS, version 21.0; IBM).
Differences were considered to be statically significant
when P < 0.05.

kDa EfENO
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Figure 6. SDS-PAGE of purified rEtENO protein. Abbreviation:
rEtENO, recombinant enolase of Eimeria tenella.
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Figure 7. Antiserum FE(ENO antibody levels tested by ELISA.
Abbreviation: FtENO, enolase of Eimeria tenella.

RESULTS

Cloning and Amplification the EtENO Gene

Asshown in Figure 1, 1,417-bp EtENO gene amplifica-
tion products were obtained. The purified PCR products
were cloned into the pMD-19-T vector and analyzed via
electrophoresis (Figure 2).

EtENO Protein Expression

The recombinant expression plasmid pET-28a- FtENO
was identified via electrophoresis (Figure 3). PET-28a~
E{ENO was double digested using FEcoR 1/Hind TII
(Figure 4). The rEtENO protein in E. coli BL21 (DE3)
was analyzed using SDS-PAGE (Figure 5). The results
showed that it was solvable fusion protein with theoret-
ical molecular weight of 51.97 kDa (Figure 6).

Anti-EtENO Polyclonal Serum Titer Assay

As shown in Figure 7, with preimmunization serum as
negative control, no reaction was found when dilution of
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mRNA relative expression

0.0-

Infected/control group
Infected/diclazuril group

Figure 8. Quantitative real-time PCR analyze the mRNA relative
expression level of FtENO in second-generation merozoite of E. tenel-
la.Abbreviation: FtENO, enolase of Eimeria tenella.
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Figure 9. Western blot analysis of the expression of EtENO. (A) Western blot electrophoretic pattern. (B) EtENO relative expression levels.
** P < 0.01 indicated statistically significant differences. Abbreviation: EtENO, enolase of Eimeria tenella.

serum was more than 1:2,000. The titer of anti-EtENO
serum was more than 1:128,000. The optical density
was higher than 0.5.

Expression of EtENO mRNA

The EtENO mRNA expression in the infected/dicla-
zuril group was significantly decreased by 36.3%
compared with that in the infected/control group
(Figure 8, P < 0.01).

Western Blotting

Asshown in Figure 9A, FtENO exhibited obvious pro-
tein imprint expression (Figure 9A). The protein expres-
sion in the infected/diclazuril group was decreased by

DAPI

dnoa3 [01)u0d/pajddyuy

dnou3 [Linzeip/pajddjuy

anti-EfENQO

40.36% (P < 0.01) (Figure 9B) compared with that in
the infected/control group.

Localization of EtENO in
Second-Generation Merozoites

The results of immunofluorescence analysis showed
that considerable EfENO immunostaining (green fluores-
cence) appeared to be at the surface, cytoplasm, and nu-
cleus of the second-generation merozoites in the infected/
control group. In the infected/diclazuril group, the
EtENO immunostaining was significantly lessened in
the surface and cytoplasm and even disappeared in the
nucleus compared with that in the infected /control group
(Figure 10).

Merge

Figure 10. Immunolocalization of EtENO in second-generation merozoites. DAPI staining (blue) was used to detect parasite nuclei. Merge was an
overlay of anti- FIENO and DAPI staining. Abbreviation: EtENO, enolase of Eimeria tenella.
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DISCUSSION

The related proteins involved in host cell invasion and
energy metabolism played an important role in the infec-
tion and survival of F. tenella in chicken cecum cells.
Studies showed that enolase is a multifunctional protein;
it is not only a glycolytic enzyme but also a participant in
many important processes, such as invasion (Avilan
et al., 2011), immunoprotection (Liu et al., 2017), gene
regulation (Liu et al., 2016), development, and reproduc-
tion (Ji et al., 2016). Studying the EtENO gene could
provide a theoretical basis for exploring the mechanism
of infection and invasion of host cells by E. tenella. In
addition, it could provide some potential therapeutic
strategies for the control of FE. tenella.

E. tenella uses anaerobic glycolysis during schizogony.
The proteins involved in ATP production may produce
energy for invasion and requirement by invasive merozo-
ites (Lal et al., 2009). As a key enzyme in glycolysis and
gluconeogenesis, enolase catalyzes the reversible dehy-
dration of 2-phospho-d-glycerate to phosphoenolpyr-
uvate in the presence of magnesium ions. In the
present study, the FIENO mRNA and protein expres-
sion levels were reduced after diclazuril treatment.
Thus, diclazuril may affect the expression of EFtENO,
thereby affecting the energy required by E. tenella inva-
sion to cecum cells through glycolysis. Furthermore,
diclazuril reduced the number of second-generation mer-
ozoites of F. tenella and alleviated the cecal damage
(Zhou et al., 2010b; Tian et al., 2014), which was also
associated with the downregulation of the expression of
EtENO, subsequently reducing the energy access of
E. tenella.

In addition to energy supply, enolase participates in
other functions of the parasites through spatial location.
Enolase is involved in the invasion of parasites as a
plasminogen-binding protein (Figueiredo et al., 2015;
Aguayo-Ortiz et al., 2017; Ayén-Nudez et al., 2018a,
2018b). Labbé et al. (2006) reported that EtENO was
partially observed inside the nucleus of sporozoites and
schizonts, thus suggesting an involvement in the control
of gene regulation. Liu et al. (2016) reported that
EtENO mainly appeared at the apical end of merozoites,
indicating that enolase may participate in the parasite
invasion process. In the present study, E{ENO was
observed at the surface and cytoplasm and inside the nu-
cleus of merozoites, suggesting that surface-associated
EtENO may also participate in the attachment and in-
vasion process of F. tenella. The EtENO at the cyto-
plasm mainly provides energy through glycolysis
process for the survival of FE. tenella. With diclazuril
treatment, the localization of FtENO in nucleus of mer-
ozoites almost disappear in the infected/diclazuril
group, indicating that FfENO may be involved in gene
regulation in the proliferation of E. tenella.

Furthermore, studies have shown that enolase as a
promising vaccine candidate against parasite disease,
such as Chagas disease (Arce-Fonseca et al., 2018), tri-
chomonosis (Mirasol-Meléndez et al., 2018), and hydatid
disease (Pourseif et al., 2019). The enolase from in T.

ZHOU ET AL.

solium metacestode showed a potential use in the immu-
nodiagnosis for porcine cysticercosis (Ponce et al., 2018).
In Trypanosoma cruzi, enolase was proposed as a key
protein essential for the survival of the parasite and
has been used as a drug development target (Valera-
Vera et al., 2020). In summary, diclazuril could downre-
gulate EtENO expression in merozoites. In view of the
role of enolase in parasite infection, immunoregulation,
and energy metabolism, FtENO is likely to be a potential
drug target for the prevention and control of E. tenella
infection.
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