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Abstract Actin depolymerizing factor (ADF) is an essen-
tial actin-binding protein that plays a key role in the control
of actin dynamics and actin-based motility processes in
intracellular parasites. To determine the effects of diclazuril
on ADF gene of second-generation merozoites (mz-ADF)
mRNA expression in Eimeria tenella, mz-ADF gene was
cloned by RT-PCR from extracted RNA in second-
generation merozoite of E. temella and successfully
expressed by pET-28a vector in Escherichia coli BL21
(DE3). Results showed that the full length of the cloned
cDNA sequence of the mz-ADF gene is 476 bp including
an ORF of 375 bp. The sequence has 100% homology with
a published sequence of sporozoite stage E. tenella ADF
mRNA (GenBank EF195234.1). The recombinant protein
was induced to be expressed by 1 mM isopropyl (3-D-1-
thiogalactopyranoside in vitro. Sodium dodecyl sulfate—
polyacrylamide gel electrophoresis analysis showed that
16.99 kDa fusion protein existed in solvable form.
Compared with the infected/control group, mz-ADF mRNA
expression level was downregulated by 63.86% in the
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infected/treatment group with the treatment of diclazuril. In
conclusion, the data presented here indicate that mz-ADF
gene participates in an important role in the invasion host of
E. tenella. Downregulation of mz-ADF mRNA expression
enrich the mechanism study of diclazuril on E. tenella.

Introduction

Actins dynamics, or the rapid turnover of actin filaments, play
a central role in numerous cellular processes (Fuhrmanna et al.
2007; Leadsham and Gourlay 2008; Prodon et al. 2009) as
well as the rocketing motion of intracellular parasites. A large
and diverse cast of characters, accessory proteins known as
actin-binding proteins, modulate actins dynamics (Staiger
and Blanchoin 2006; Michelot et al. 2007). Apicomplexan
genomes contain relatively few conventional actin-binding
proteins including ADF (Santos et al. 2009) and which
controls actin dynamics and actin-based motility processes.

E. tenella, an obligate intracellular apicomplexan (coc-
cidian) parasite, can efficiently and rapidly invade chicken
cecum epithelial cell to sustain living and expand colonia,
which is an important causal agent of clinical coccidiosis in
chickens. E. tenella lifecycle is complex involving endog-
enous developmental stage (schizogamy and gametogony)
and exogenous developmental stage (sporogony). It is in
the schizogamy stage that a large number of second-
generation merozoites released by host cell lysis do not grow
or undergo cell division extracellularly and must rapidly
attach to and actively reinvade other host cells (Russell 1983)
and eventually lead the most damage to the intestinal
tissues. Xu et al. (2008) reported that ADF was expressed
in all life stages of E. tenella, including merozoites,
sporozoites, unsporulated oocysts, and sporulated oocysts
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by southern blot analysis, and ADF protein existed in higher
amounts in merozoites and sporozoites than in sporulated
and unsporulated oocysts by dot-blotting analysis. However,
character of mz-ADF sequence has not been completely
defined. Cloning and sequence of mz-ADF gene of E.
tenella laid an important foundation for further functional
study.

Diclazuril, a benzeneacetonitrile anticoccidial, has potent
activity against the asexual and sexual stages of E. tenella
development (Xie et al. 1991; Maes et al. 1988; Verheyen et
al. 1988; Nodeh et al. 2008). However, the exact mecha-
nisms that drive inhibition of diclazuril in second-generation
merozoite remain incompletely understood. In the present
study, cloning and expression of mz-ADF gene of E. tenella
was analyzed in vitro. To further elucidate potential
mechanisms contributing to dicluzuril on E. fenella, mz-
ADF mRNA expression were also determined.

Materials and methods
Preparation of inoculum

Oocysts of E. tenella were kindly provided by Shanghai
Veterinary Research Institute, Chinese Academy of Agricul-
tural Sciences (CAAS). Oocysts were propagated, isolated,
sporulated, and counted prior to inoculation of subjects. The
total number of sporulated oocysts was estimated by
multiplication of the obtained number by the dilution factor.

Experimental drug

Diclazuril (>99%, Shanghai Veterinary Research Institute,
CAAS. Product No: 20080812) was given through the feed
at concentration of 1 mg/kg.

Chickens and treatment

Two hundred forty 14-day-old Chinese Yellow Broiler male
chickens, from Hatchery Huizhong with a good reputation
of producing diseased-free chickens, were randomly allot-
ted to two groups of 120. Each group was maintained as the
following: (1) Chickens were challenged with E. tenella
oocysts and were administrated with normal feed, infected/
control group; (2) Chickens were challenged with E. tenella

oocysts and administrated with 1 mg/kg diclazuril in feed at
96 h after inoculation, for 24 h, infected/treatment group.
Chickens were inoculated by oral gavage with an 8x10*
oocysts/chick suspended in 1 ml of distilled water. The
experimental design was approved by the local committee
of the Faculty of Veterinary Medicine and conformed to the
guidelines of Institutional Animal Care and Use Committee
of China.

Preparation of the second-generation merozoite

With the combination application of enzymatic digestion,
centrifugation, erythrocytes disruption, and Percoll density
gradient centrifugation, the second-generation merozoites
of E. tenalla were obtained from parasitic ceca by the
technique modified based on what has been described
previously (Liu et al. 2006) for further study.

Total RNA extraction and purification and cDNA synthesis

Total RNA was extracted with TRI1zol® Reagent (Invitrogen,
USA) according to the manufacturer’s instructions. To avoid
DNA contamination, the extracted RNA preparations were
additionally treated with RNase-free DNase 1 (40 U/mg
RNA Takara, China) for 30 min at 37°C. DNase [ was
inactivated afterwards by heating (75°C, 10 min). The total
RNA was purified by the RNeasy Mini Kit (Qiagen,
Germany) according to the manual. cDNA was synthesized
by second-generation merozoite purified total RNA using
SuperScript™ 1[I Reverse Transcriptase kit (Invitrogen,
USA) and pd (N)g random hexamer primers. The cDNA
was then used as template for further study.

Cloning of E. tenella mz-ADF gene

According to the sequences obtained from GenBank:
EF195234.1, two specific primers P1 and P2 (Table 1)
were used through using a PC-818A Progaram Temp
Control System (Astec, Japan) under the following condi-
tion: 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for
1 min, followed by 10 min at 72°C. The PCR product was
purified by electrophoresis in a 1% agarose gel and
extracted using gel extraction kit (Qiagen, Germany)
according to manufacturer’s instructions. The purified PCR
amplified fragments were ligated into the pGEM®-T-Easy

Table 1 Primers used for

the cloing of mz-ADF in Primer name

Primers (5'—3")

amplification
P1

P2
P3
P4

5-CCTGTTGCCGTTTGTTTTCT-3'
5'-AAGCACTGGGTTTCTGGCTA-3’
5'-AGAGAATTCATGGCGAGCGGAATGCCAGTC-3" EcoRI
5'-CGAAAGCTTCTAATGGAGCACGCTTAGGTC-3' HindIIl
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Table 2 Primer sequences with their corresponding PCR product size and position

Gene Primers (5'—3")

Product Genebank Accession no.

(base pairs)

Primer locations

18S rRNA  ATCGCAGTTGGTTCTTTTGG CCTGCTGCCTTCCTTAGATG
TGCGTCACTCTTTCAAATGG TAAATCATGCGTGGCTTCAC

mz-ADF

248-417 170
240-441 202

U67121
EF195234.1

cloning vector (Promega, USA) following the manufac-
turer’s recommendations, and the ligation mixture was used
to transform Escherichia coli strain DH5«x. TIANprep Mini
Plasmid Kit (Tiangen, China) preparations of the recombi-
nant plasmid (pGEM-mz-ADF) were analyzed by EcoRI
enzyme digestion and electrophoresis. Positive recombinant
clone was sequenced using an ABI 3730 automated
sequencer by Shanghai Sunny Biotechnology Co. Ltd.,
and sequence data were assembled and analyzed by
DNAstar software.

Expression of Hisg-mz-ADF fusion protein

Based on the positive recombinant plasmid (pGEM-mz-
ADF) as template, cDNA fragments corresponding to the
OREF of E. tenella mz-ADF were amplified by PCR using
specific primers P3 and P4 (Table 1) with HindIll and
EcoRI sites at the 5’ and 3’ ends of the fragment,
respectively. The cloned products were digested with
Hindlll and EcoRI. The purified PCR amplified fragments
using gel extraction kit (Qiagen, Germany) were then
ligated overnight into pET-28a vector digested by the same
restriction enzyme HindIll and EcoRI with T4 DNA ligase
(Promega, USA) at 16°C, which was transformed into E.
coli strain BL21 (DE3). The empty plasmid was also
transformed into E. coli strain BL21 (DE3) as a negative
control. The expression was induced by isopropyl [3-D-1-
thiogalactopyranoside (IPTG). Recombinant-expressed
E. tenella mz-ADF with Hisg-tag were enriched and
purified from the lysated supernatant using the His-Bind
Purification® Kit (Novagen, Germany) and determined by

Fig. 1 Agarose gel
electrophoresis of mz-ADF
RT-PCR products of 476 bp

fragment of E. tenella. M 2000
DL2000 DAN marker; / and 2, 1000
mz-ADF RT-PCR products; 3 750
negative control 500

250
100

sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE).

Real-time PCR analysis of mz-ADF gene expression

The expression level of mz-ADF gene was quantified by
real-time amplification of this purpose gene and the
housekeeping gene 18S rRNA as control from the above
cDNA preparation using the RG-3000A real-time PCR
system (RoterGene, USA) and SYBR® Premix Ex Tag™
(Perfect Real Time) kit (Takara, China). The real-time PCR
reaction mixture (20 pl) contained 10 pul SYBR® Premix
Ex Tag™ (2x), 0.2 pM of above-described primer, 1 ul
cDNA template, and 7 pl RNase-free distilled H,O. The
real-time PCR protocol included an initial denaturation at
95°C for 15 s. This was followed by 40 PCR cycles con-
sisting of a denaturation step at 95°C for 5 s, an annealing
step at 55°C for 10 s, an extension step at 72°C for 15 s.
The PCR reaction was then subjected to a melting protocol.
The specificity of amplification was confirmed by agarose
gels with ethidium bromide and direct sequencing of the
PCR products. The sequences of the primers are reported in
Table 2.

Statistical analysis

Data are expressed as mean + SD. Statistical analyses were
performed by Student’s ¢ test. Values of p<0.05 were
considered significant.

Fig. 2 Identification of recom-
binant plasmid (pGEM-mz-
ADF) containing 476 bp
fragment by PCR amplification.
M DL2000 DNA marker; / and
2 amplification by specified
primer; 3 negative control
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Fig. 3 Identification of recom-
binant plasmid (pGEM-mz-
ADF) containing 476 bp
fragment by digestion with
endonuclease EcoR 1. M1
DL2000 DNA marker; /-4
pGEM-mz-ADF digested by
EcoRI. M2 DL12000 DNA
marker

MI1l 2 3 4 M2

3000

Results
Amplification of the ADF gene

The 476-bp mz-ADF gene amplification products were
generated from the cDNA of second-generation merozoite
(Fig. 1). PCR products purified by gel extraction kit was
cloned into pGEM-T-Easy vector; recombinant plasmid
were analyzed by electrophoresis (Fig. 2) and EcoRI
enzyme digestion (Fig. 3). Positive recombinant clones
were sequenced by Shanghai Sunny Biotechnology Co.

Spo  GTTTTCTTCTTCCAGCTGTAATCATTAAGGTGGATTACTTCCGCATCAAGCGCTGCGTGT 60

SGM == m e m e mm e e oo CCTGTTGC 8
Spo GACTCGTGAGTAGGTGAAGGTGTGCGTGCGTGTGTAGAAAGCTGGTCGACCTCCTGTTGC 120

SGM CGTTTGTTTTCTTACTTGGATTTTTCGAGCTTTATACTTCAAGTCGCTTTATTCTGCGAA 68
Spo CGTTTGTTTTCTTACTTGGATTTTTCGAGCTTTATACTTCAAGTCGCTTTATTCTGCGAA 180

SGM GATGGCGAGCGGAATGCCAGTCAACGAGTCCTGCGTGACTACGTTCAACGAACTCAARACT 128
Spo GATGGCGAGCGGAATGCCAGTCAACGAGTCCTGCGTGACTACGTTCAACGAACTCAARACT 240

SGM GCGTCACTCTTTCAAATGGATCATCTTCAAGATTGACCACGATGAGATTGTGGTCGAGAA 188
Spo GCGTCACTCTTTCAAATGGATCATCTTCAAGATTGACCACGATGAGATTGTGGTCGAGAA 300

SGM GAAGGGCACTGGTGACGCCTCAACTCTCACAAAGGAACTTCCAGCTAGTGATTGCAGATA 248
Spo GAAGGGCACTGGTGACGCCTCAACTCTCACAAAGGAACTTCCAGCTAGTGATTGCAGATA 360

SGM CGCAGTGTACGATGAAGGCCAGAGGATCCACTTCATCTTGTGGTCCCCGGACTGTGCCCC 308
Spo CGCAGTGTACGATGAAGGCCAGAGGATCCACTTCATCTTGTGGTCCCCGGACTGTGCCCC 420

SGM AGTGAAGCCACGCATGATTTACTCTTCATCGAAGGATGCTTTGGCGAAGAAACTGGAGGG 368
Spo AGTGAAGCCACGCATGATTTACTCTTCATCGAAGGATGCTTTGGCGAAGAAACTGGAGGG 480

SGM AACCGTGGCGACAACCCTGGAGGCCCACGAGCTCGGCGACCTAAGCGTGCTCCATTAGGA 428
Spo AACCGTGGCGACAACCCTGGAGGCCCACGAGCTCGGCGACCTAAGCGTGCTCCATTAGGA 540

SGM CGTTTTCAACCCCTAGTCCGTAGCCCGCTAGCCAGARACCCAGTGCTT------------ 476
Spo CGTTTTCAACCCCTAGTCCGTAGCCCGCTAGCCAGAARACCCAGTGCTTGGAGCGGTCGCA 600

SGM = mmm i m e
Spo ACAACTAGCCGCGTTCGTGTAAATTGGGGGTTGTTGTTTCCCCGCTGCCTGCCTTCCCGC 660

SGM = o m oo
Spo CTTCTTCCCCGTGGGACGGTGTGGGGGAGCTAAAGGGCAGGGTGTTCGCTGCTGCATAGT 720

Spo GAAGCAGAAGGCACCCGAGCCCCACACGCAGCTCCTGAAGCGATGTAGTCCAGCAGCGAT 780

SGM = mmm e e
Spo  GAGGCTGCGATGATTCGCTGAGGGCAGCCGAACTCGGAGACGGATAAATCGTAATTGCGC 840

SGM = mmmmmem oo
Spo  CGCGGGCGAATTGG:

872

Fig. 4 Sequence of mz-ADF fragment of E. fenella. Sporozoite (Spo);
second-generation merozoite (SGM)
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Fig. 5 Agarose gel electropho-
resis of mz-ADF gene (ORF)
PCR products. M DL2000 DNA
marker; /—4 PCR products

M1 2 3 4

2000

1000
750
500

250
100

Ltd., and sequence data (Fig. 4) have 100% homology with
a published sequence of sporozoite stage E. tenella ADF
mRNA (GenBank: EF195234.1).

Recombinant protein expression of mz-ADF

A DNA fragment encoding 117 amino acids of mz-ADF gene,
which included the amino initiation and terminus of the
mature protein, was amplified from positive recombinant
plasmid pGEM-mz-ADF by PCR and subcloned into the
expression vector pET-28a to give rise to the construct pET-
28a-mz-ADF. Recombinant expression plasmid pET-28a-mz-
ADF was analyzed by electrophoresis (Fig. 5) and EcoRl/
HindIll enzyme digestion (Fig. 6). Selected recombinant
clones were sequenced by Shanghai Sunny Biotechnology
Co. Ltd. Expression of the recombinant proteins in E. coli
BL21 (DE3) was induced using 1 mM IPTG at 37°C, for
4 h, to get to high expression. The expressed and purified
protein was high to visualize by Coomassie Blue staining of
whole bacterial lysates separated by SDS-PAGE (Fig. 7) and
had a theoretical molecular weight of 16.99 kDa solvable
fusion protein, including the mass contributed by the fusion.

Expression of mz-ADF mRNA

In order to determine the effect of diclazuril on mz-ADF, the
relative expression level of mz-ADF mRNA was measured

M2 1 2 Ml

Fig. 6 Agarose gel electrophoresis of EcoRI/HindIIl restriction
enzyme assay of recombinant expression plasmid. A2 DL 12000
DNA marker; / and 2 restriction enzyme assay of recombinant
plasmid pET-28a-mz-ADF; M1 DL2000 DNA marker
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Fig. 7 Expression of ADF-mz M 1 2 3

in E. coli BL21 (DE3). M

Protein marker; / negative con-
trol (not induced); 2—7 induced
at different time (1, 2, 4, 6, 8,
and 10 h, respectively); Su
supernatant; Pe pellet;

Pu purified product assay of
recombinant plasmid
pET-28a-mz-ADF

using real-time PCR. The standard curves of 18S rRNA and
mz-ADF gene were y=-3.174%log(x)+31.172 and y=
—3.349 xlog(x)+41.118, respectively (Fig. 8), which were
obtained by correlation of the Ct values with the dilution
series. The amplification efficiencies of the 18S rRNA and
mz-ADF were 107% and 99%, respectively. The mz-ADF
mRNA expression level was downregulated by 63.86% with
diclazuril administration (Fig. 9). Melting curves profile
(Fig. 8) showed high amplification specificity.

Discussion

Protozoan parasites of the genus Eimeria cause great
economic losses in the poultry industry. E. fenella, an
important protozoan parasite, is one of the most virulent of
seven species of Eimeria that infects chickens, develops in
the intestinal cecum, and provokes hemorrhage and, in severe
cases, anemia and death due to blood loss and shock. In the

Cycling AFAM/ 185 rRNA
R=0.99883

| R"2=0.99766

M=-3174

Fig. 8 Standard and melting curves of 18S rRNA and mz-ADF

whole lifecycle, E. tenella compulsory invasive to suscep-
tible host cell depending on a system of adhesion-based
motility called “gliding” to actively penetrate host cells
which are characterized by a unique complex of specialized
structures and driving force from motility of actin filaments.
ADF can enhance the turnover and treadmilling of actin
filaments (Didry et al. 1998; Carlier et al. 1997). Actin
polymerization-dependent motility facilitates parasite migra-
tion across cellular barriers, enables dissemination within
tissues, and powers invasion of host cells (Sibley 2004).
Polymerization at barbed ends of actin filaments has been
proposed to provide the driving force for forward movement,
while dissociation of actin subunits from free pointed ends
by ADF allows for filament actin turnover and not to com-
pletely depolymerize actin (Ono 2007). As depolymerization
is a rate-limiting step in actin dynamics, ADF is suspected to
increase microfilament dynamics by increasing the rate at
which actin monomers leave the pointed end of the filament
and by a filament-severing activity (Maciver and Hussey
2002). The ADF has been shown to play an important
role in the rapid depolymerization of actin filaments via a
pH-dependent during actin-based motility, such as cytoki-
nesis (Abe et al. 1996), polarization (Chen et al. 2002;
Bernstein and Bamburg 2004), and tip growth in plants

Fig. 9 The relative expression 12+
level of ADF

1.0
0.8
0.6 -

0.4r-

Relative Expression

0.2

0.0~

{1 Infected/control group
B Infected/treatment group
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(Augustinel et al. 2008). In the field of protozoon, Tammana
et al. (2008) reported that when the ADF/cofilin gene of
Leishmania flagellum was knocked out by targeted gene
replacement, the resultant mutants were completely immotile.

In the present study, an E. tenella mz-ADF cDNA was
cloned and sequenced, and the sequence has 100%
homology with a published sequence of sporozoite stage
E. tenella ADF mRNA (GenBank EF195234.1). High-
sequence homology and different patterns of temporal and
spatial expression of ADF endow it an important functional
member during the whole life of E. fenella. The recombi-
nant protein was induced to be expressed and purified as
fusion protein, which were shown by SDS-PAGE (Fig. 7).
Since the pET-28a having six His-label was selected as the
expression vector in this experiment, these expressed
recombinant protein could be purified by His Bind Resin
after nondenaturalization, and the function of mz-ADF can
be further researched in the next step.

Diclazuril is a benzeneacetonitrile belonging to the
group of nucleoside analogs. Studies have demonstrated
that this compound has a broad spectrum activity against all
pathogenic Eimeria species in chickens. In E. tenella,
detailed histological, clinical, and ultrastructural studies
have shown that diclazuril, given in a single oral dose at
different periods after inoculation, was fully effective
against asexual as well as sexual stages (Maes et al. 1988;
Verheyen et al. 1988). It was found that treatment with
diclazuril downregulated mz-ADF mRNA expression by
63.86% in the present study. Indications from this study
were that diclazuril downregulated the mz-ADF mRNA
expression, which in turn, interferes filament turnover and
inhibit second-generation merozoite invasion to host. mz-
ADF is prone to be a pathway that diclazuril antagonize
coccidiosis, which has not been reported so far.

In conclusion, these results indicate that mz-ADF gene
participate in an important role in the invasion host of E.
tenella. Downregulation of mz-ADF mRNA expression
enrich the mechanism study of diclazuril on E. tenella.
Further, mz-ADF, as an attractive target for control
coccidiosis, remains to be investigated.
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