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Abstract
Ethanamizuril (EZL) is a novel triazine compoundwith excellent anticoccidial activity.We carried out a preliminary investigation
of the effects of EZL on the different life cycle stages of Eimeria tenella. EZL mainly acted on the schizogony stage, with peak
activity during the second-generation merozoite stage. We also studied the possible target of EZL by identifying the majorly
differentially expressed gene affected by EZL in second-generation merozoites using real-time polymerase chain reaction, and
screening for surface antigen proteins (SAGs). The relative expression levels of SAGs were compared by Western blot analysis
showing that expression levels of surface antigen family member (SAGfm) and SAG19 were significantly downregulated by
EZL. Immunofluorescence analysis indicated that SAGfm and SAG19 were localized on the surface of second-generation
merozoites. In addition, fluorescence signals were significantly stronger in second-generation merozoites of infected non-
medicated control (INC) group compared with that of the EZL group. Therefore, it was speculated that SAGsmight be a potential
target of EZL action. The inhibitory effects of anticoccidial drugs on SAG levels in coccidia thus warrant further research.
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Introduction

Coccidiosis is an intracellular parasitic disease caused by
coccidia, resulting in huge economic losses to the chicken-
breeding industry every year (Shirley et al. 2007; Williams
1999). Eimeria tenella has been regarded as a highly patho-
genic species responsible for cecal coccidiosis. For the limita-
tion of clinical use of vaccines, the prophylaxis and treatment
of avian coccidiosis depend mainly on chemical drugs (Blake
and Tomley 2014; Dalloul and Lillehoj 2006). However, the
long-term use of anticoccidial drugs has inevitably led to the
emergence of drug resistance, and there is thus an urgent need

to develop new therapeutic drugs and strategies to control
coccidiosis (Tan et al. 2017; Witcombe and Smith 2014).

Triazines are widely used anticoccidial drugs, to which
resistance has also appeared in recent years (Stock et al.
2018). Ethanamizuril (EZL) is a new triazine compound syn-
thesized by Shanghai Veterinary Research Institute, Chinese
Academy of Agricultural Sciences. EZL has shown high
anticoccidial activity, low toxicity, and no genotoxicity or ter-
atogenicity (Fei et al. 2013; Zhang et al. 2019); however, its
exact mechanism of action remains unknown. Anticoccidial
drugs might act by upregulating or downregulating the expres-
sion levels of functional proteins in coccidia. Diclazuril affect-
ed heat shock protein (Hsp) 90 in second-generation merozo-
ites of E. tenella, thus furthering the understanding of the
molecular mechanism of chemotherapy and suggesting that
Hsp90 might represent a promising target for interventions
aimed at E. tenella infection (Shen et al. 2012). Lower aspar-
tate aminotransferase and higher lactate dehydrogenase activ-
ities in birds with coccidiosis treated with toltrazuril indicated
that this treatment aided the regeneration of digestive system
tissues (Sokół et al. 2015). Furthermore, previous studies
showed that EZL interfered with metabolism by inhibiting
the expression of enolase of E. tenella (Liu et al. 2016b).

Section Editor: David S. Lindsay

* Chenzhong Fei
aries@shvri.ac.cn

1 Key Laboratory of Veterinary Chemical Drugs and Pharmaceutics,
Ministry of Agriculture and Rural Affairs; Shanghai Veterinary
Research Institute, Chinese Academy of Agricultural Sciences, No.
518, Ziyue Road, Minhang District 200241, Shanghai, People’s
Republic of China

Parasitology Research (2020) 119:1653–1661
https://doi.org/10.1007/s00436-020-06665-9

PROTOZOOLOGY - ORIGINAL PAPER

http://crossmark.crossref.org/dialog/?doi=10.1007/s00436-020-06665-9&domain=pdf
mailto:aries@shvri.ac.cn


Surface antigen proteins (SAGs) are glycosylphosphati-
dylinositol (GPI)-anchored surface proteins that are differen-
tially regulated among oocysts, sporozoites, and second-
generation merozoites of E. tenella, including 37 known and
many unannotated proteins (Tabarés et al. 2004). SAGs have
been shown to activate an immune response in chickens
against E. tenella. The SAG gene of Eimeria maxima
(EmSAG) could also stimulate immune protection against
E. maxima (Chow et al. 2011; Liu et al. 2018). Several GPI-
anchored antigens on the surface of parasite cell membranes
have been considered to be major determinants of critical in-
teractions with host cells. Dzierszinski et al. (2000) reported
that SAG3 of Toxoplasma gondii could decrease host cell
adhesion. However, although the expression of SAGs might
be related to the mechanism of action of anticoccidial drugs,
the mechanism of drug action on SAGs is not clear yet.

In this study, we investigated the action of EZL in relation
to the developmental stage of E. tenella by evaluating its effi-
cacy at different stages of the life cycle. Furthermore, we
verified differentially expressed SAGs between EZL-treated
and untreated E. tenella during the peak period of action by
real-time polymerase chain reaction (PCR), Western blot, and
immunofluorescence localization analysis to explore the po-
tential target of EZL.

Materials and methods

Drugs and parasite

EZL (> 98%) and diclazuril (> 98%) were provided by
Shanghai Veterinary Research Institute, Chinese Academy of
Agriculture Sciences. The strain of E. tenellawas isolated and
maintained by the Key Laboratory of Animals Parasitology of
the Ministry of Agriculture and Rural Affairs. Sporulated oo-
cysts were stored in 2.5% potassium dichromate at 4 °C to
maintain their viability and rejuvenated before infection.

Chickens

One-day-old Pudong yellow broiler chicks were purchased
from a local hatchery (Shanghai, China) and reared in a
coccidia-free environment. The chicks were provided with
water and a standard diet without drug supplements ad
libitum. Electric radiators and ventilation fans were used to
maintain the recommended temperature and 24-h lighting.
The experimental protocol was conformed to the guidelines
of the Institutional Animal Care and Use Committee of China,
and was approved by the Ethics Committee of Shanghai
Veterinary Research Institute, Chinese Academy of
Agricultural Sciences.

Efficacy evaluation of EZL at different stages
of the life cycle of E. tenella

Four hundred 12-day-old chickens were weighed and allocat-
ed randomly to 10 groups (n = 40 per group): A1–A8, infected
non-medicated control (INC), and non-infected non-medicat-
ed control (NNC). Each group was further subdivided into
four blocks as four biological replicates of 10 chickens each.
Chickens in groups A1–A8 and INC were infected by oral
gavage with 8 × 104 E. tenella–sporulated oocysts per chick-
en. Chickens in groups A1–A7 were given 10 mg/kg EZL in
feed for 3 consecutive days at different stages, and group A8
was administered continuous 1 mg/kg diclazuril in feed,
whereas groups INC and NNC were provided with standard
diet without drug supplements (Table 1). All chickens were
sacrificed on the eighth day after infection.

Anticoccidial activity was assessed by measuring survival
rate (SR), weight gain (WG), oocyst index (OI), oocyst pro-
duction of per gram feces (OPG), and lesion gain (LS) accord-
ing to the guidelines for evaluating the efficacy of
anticoccidial drugs in chickens (Holdsworth et al. 2004).
The overall efficacy was mainly evaluated by anticoccidial
index (ACI), with ACI > 180 considered excellent activity,
160–179 moderate activity, 120–159 limited activity, and <
120 inefficacy (Suo and Li 1998).

Extraction and purification of second-generation
merozoites of E. tenella

A total of 120 chickens at approximately 2 weeks old were
allocated randomly to the INC group and EZL group (n = 60
per group). Each group was further subdivided into three
blocks as three biological replicates of 20 chickens each.
Then, all the chickens were orally infected with 8 × 104

E. tenella–sporulated oocysts per chicken. Chickens in the
EZL group were given 10 mg/kg EZL at 96 h post infection,
while chickens in the INC group did not receive any treatment.
Chickens were sacrificed at 116 h post infection, and cecal
tissues were collected and processed for the extraction and
purification of second-generation merozoites of E. tenella, as
described previously (Shen et al. 2014).

mRNA levels of differentially expressed proteins
in second-generation merozoites of E. tenella
determined by real-time PCR

Total RNAwas extracted from second-generation merozoites
using an RNeasy®Mini Kit (Qiagen, Germany). The quantity
and quality of the extracted RNAwere measured by gel elec-
trophoresis and an Ulrtramicro spectrophotometer (Thermo
Fisher, USA). First-strand cDNAwas synthesized from 2 μg
total RNA according to the GoScript™ Reverse Transcription
System protocol (Qiagen, Germany).
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Reverse transcription products from second-generation
merozoites were amplified by real-time PCR to verify the
mRNA levels of differentially expressed proteins. Real-time
PCR was performed in an optical 96-well plate with an ABI-
7500 real-time PCR System (Applied Biosystems, USA)
using specific primers (Table 2) and cycling conditions (I,
2 min at 95 °C; II, 40 cycles of 15 s at 95 °C, 1 min at
60 °C; III, dissociation stage). The reaction mixture contained
10 μl GoTaq® qPCR Master Mix (Promega, USA), 0.4 μl
forward primer (200 nM), 0.4 μl reverse primer (200 nM),
2 μl cDNA (≥ 100 ng), and 7.2 μl nuclease-free water in each
20 μl reaction mixture. The housekeeping gene β-actin was
used as an endogenous control to normalize the relative ex-
pression levels of differential proteins between groups.
Quantitative analysis was carried out using the comparative
CT method (Schmittgen 2001). Negative controls were need-
ed to be established for each trial. Each reaction was per-
formed in triplicate, and each experiment was carried out
twice.

Generation of recombinant SAGs

Recombinant SAGs (rSAGs) was constructed as previously
described (Mai et al. 2007). Briefly, the open reading frames
(ORFs) of SAGfm and SAG19 without the signal peptide
sequences were amplified using specific primers (Table 3)
for PCR assays with E. tenella cDNA as a template, respec-
tively. The amplification products of SAGfm and SAG19
were then cloned using a pGEM-T Easy vector (TaKaRa,
China), inserted into the expression vector pET-28a (+)
(Novagen, China), and confirmed by endonuclease digestion.
Following sequence analysis (Sangon Biotech, Shanghai,
China) and verification, the positive clones were confirmed
as pET-28a-SAGfm and pET-28a-SAG19 and induced to
abundantly express at different temperatures and isopropyl

β-d-1-thiogalactopyranoside concentrations in Escherichia
coli BL21 (DE3). Then, rSAGs were purified using His
GraviTrap (GE, USA) and the concentration of the samples
was determined using the Bradford method (Ku et al. 2013).
The purified rSAGs were verified by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) andWestern
blot, and stored at − 80 °C until further analysis.

Preparation of polyclonal anti-SAG antibodies

Rabbit polyclonal anti-SAGfm and anti-SAG19 antibodies
were generated in 5-week-old pathogen-free New Zealand
white rabbits. Rabbits were immunized subcutaneously with
0.5 mg recombinant proteins fully emulsified with Freund’s
complete adjuvant. Two weeks after the first immunization,
the rabbits were injected with 0.3 mg recombinant protein in
Freund’s incomplete adjuvant. Three booster immunizations
were administered at 1-week intervals. Finally, rabbit serum
containing antibodies was harvested after the last booster in-
jection and stored at − 80 °C until subsequent analysis. Pre-
immunization serum was obtained for later use as a negative
control.

Protein expression levels of SAGs
in second-generation merozoites of E. tenella
determined by Western blot

Total proteins were extracted from second-generation mero-
zoites in the EZL and INC groups using cell lysis buffer
(Western and immunoprecipitation buffer, 1% SDS, 1 mM
phenylmethylsulfonyl fluoride). Following repeated pipetting
to crack the merozoites, lysis buffer was added and centri-
fuged at 14,000×g for 5 min, and the supernatant was then
transferred to a new 1.5-ml centrifuge tube. Protein concen-
trations were quantified using a BCA Protein Assay Kit

Table 1 Efficacy evaluation of
EZL at different stages of life
cycle of E. tenella

Group Administration time (day) SR (%) WG OPG OI LS ACI

A1 − 2~1 95 223 ± 51 46.9 ± 10.5 40 24 104 ± 11

A2 − 1~2 85 214 ± 54 80.7 ± 17.0 40 23 92 ± 11

A3 0~3 100 257 ± 44 23.2 ± 13.2 40 19 125 ± 16**

A4 1~4 100 297 ± 35 9.2 ± 4.8 10 17 170 ± 8**

A5 2~5 100 296 ± 33 0.4 ± 0.5 5 1 191 ± 5**

A6 3~6 100 272 ± 37 0.2 ± 0.2 0 18 171 ± 4**

A7 4~7 98 248 ± 54 0.3 ± 0.3 0 18 161 ± 5**

A8 0~7 100 295 ± 33 0.0 0 15 181 ± 14**

INC -- 78 194 ± 55 27.4 ± 8.0 40 27 73 ± 31**

NNC -- 100 306 ± 22 0.0 0 0 200 ± 2

SR, survival rate;WG, weight gain;OPG, oocyst production of per gram feces; LS, lesion gain;OI, oocyst index;
ACI, anticoccidial index; Administration time, the day of infection as day 0; A1–A7: EZL, 10 mg/kg; A8:
diclazuril, 1 mg/kg; INC, infected non-medicated control; NNC, non-infected non-medicated control

**Means with the same letters were significant difference (P < 0.05)
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(Beyotime, China) and adjusted to be consistent using
phosphate-buffered saline (PBS). Protein samples (20 μg per
lane) were detected using 10% SDS-PAGE, and the separated
proteins were transferred onto a polyvinylidene difluoride

membrane. Subsequently, the membrane was blocked with
5% skimmed milk powder for 2 h, followed by overnight
incubation with primary rabbit polyclonal antibodies (1:500
dilution) at 4 °C. After washing in TBST buffer, the

Table 3 Primer sequences used in PCR amplification

Protein name GeneBank accession Primer name Primer sequence(5′–3′) Restriction enzyme

SAGfm XM_013378554 Forward TATGGATCCCTTTCCCTTCGCTCTAGC BamH I

Reverse GCGAAGCTTTCAAGCCCGAATGATCAGAG Hind III

SAG19 XM_013379462 Forward TATGGATCCCTACACTTCTCATCGGCG BamH I

Reverse GCGAAGCTTTCAAGCCCGAATGATCAG Hind III

SAGfm, surface antigen family member. Restriction enzyme sites underlined

Table 2 Specific primer sequences used in real-time PCR analysis

Protein name Uniprot accession Primer name Specific primer sequence(5′–3′)

β-Actin H9BA70 Forward GGATTGCTATGTCGGCGATGA

Reverse ACACGCAACTCGTTGTAGAAAGTG

Lactate dehydrogenase Q87804 Forward CGCCACCTAAGGACGATA

Reverse TGCCAAGGGAGCCAAGCA

Phosphoglycerate kinase U6L816 Forward CGTCTGGTCAGCAAACCCTA

Reverse GACATCCCGCAGTGAGCAAT

Eukaryotic initiation factor 4a U6KZN0 Forward TTCAAGGCGCAGATTTTGGC

Reverse GACGAGGGTGTCGAACTTGT

Ribosomal protein U6KW42 Forward GGCCTCCCCAATTTAGGCTT

Reverse CCCAACAAACACGCAAGGAG

Hexokinase U6KUE1 Forward TTTCCGGGTTCTACTTGGGC

Reverse CAAGTCCCATCCCCAGCTTT

Glyceraldehyde 3-phosphate dehydrogenase E3VWM6 Forward CAACGCATCTTGCACAACCA

Reverse AGGGGATAACTTTGCCCACG

Superoxide dismutase U6KTI3 Forward ACGCCTTTCAGAGACAACCC

Reverse TCTCATTCGCGAAGTCCCAA

SAGfm 1 H9B9H4 Forward GGCCTTAGGGGACAGTTCAC

Reverse ATTAAGGCCTTCCGTTCGCA

SAGfm 2 U6KUL4 Forward CAGACTGCCGAGTTGTCACT

Reverse CTGCTATCGATGCGGAACCT

SAGfm 3 Q70CC8 Forward AAAGCGAATGCGGGGAAGTA

Reverse TTTGTGCTTTTCGCCGACAG

SAGfm 4 Q70CD0 Forward CCCTACTGCGCCGAAAATTG

Reverse AGTCCAGCAGTGTAAGTCGC

SAGfm 5 U6L233 Forward CACGGAGTTCAACTGCAACG

Reverse CTCCGATAGCAGAAACGCCA

Eukaryotic initiation factor 4e U6L048 Forward AGAAGGCATCCAGCCAATGT

Reverse CAGTGACGTGACTTCCGTGT

Ribosomal protein H9B912 Forward CAGTGCCCACAAGTTCCCTC

Reverse GTCCGTGATGTTGTGACCCT

SAGfm, surface antigen family member
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membrane was incubated with horse radish peroxidase
(HRP)–conjugated goat anti-rabbit IgG (1:1000 dilution,
Beyotime, China) for 1 h. Then, after washing in TBST buffer,
HRP signals were detected using an enhanced chemilumines-
cent solution Beyo ECL (Beyotime, China). The expression
levels of SAGs were analyzed and quantified using ImageJ
1.46 software to calculate their grayscale values.

Localization of SAGs in second-generation merozoites
of E. tenella

Second-generation merozoites in the EZL and INC groups
were fixed on glass slides using 2% paraformaldehyde for
15–30 min, washed three times with PBS, and then blocked
with 2% bovine serum albumin for 2 h. After washing in PBS,
the merozoites were incubated overnight with polyclonal an-
tibodies (1:500 dilutions) at 4 °C. The merozoites were then
washed in PBS and incubated with fluorescein isothiocyanate
(FITC)–conjugated goat anti-rabbit IgG (1:1000 dilution;
Beyotime). Nucleus were probed with 2-(4-amidinophenyl)-
6-indole carbamidinedihydrochloride (DAPI; Sigma-
Aldrich). The glass slides were examined under an inverted
fluorescence microscope (Zeiss, Germany).

Statistical analysis

Data were presented as mean ± standard deviation. Results
were compared between groups by analysis of variance
followed by Bonferroni’s t test. Differences were considered
significant at p < 0.05.

Results

Efficacy of EZL at different stages of the life cycle
of E. tenella

The various parameters used to evaluate efficacy of EZL at
different stages of the life cycle of E. tenellawere summarized
in Table 1. These parameters showed that the experiment
conformed to the requirements of clinical trials of
anticoccidial drugs. The ACIs in groups A8, INC, and NNC
were 181 ± 14, 73 ± 31, and 200 ± 2, respectively. The ACIs in
groups A1, A2, and A3 were 104 ± 11, 92 ± 11, and 125 ± 16,
showing no anticoccidial activities, respectively; the ACIs in
groups A4, A6, and A7 were 170 ± 8, 171 ± 4, and 161 ± 5,
showing moderate anticoccidial activity, respectively; and the
ACI in group A5 was 191 ± 5, indicating excellent
anticoccidial activity, corresponding to the developmental
stages of second-generation merozoites.

mRNA levels of differentially expressed proteins
in second-generation merozoites of E. tenella
determined by real-time PCR

Seven upregulated and seven downregulated proteins
screened by proteomics in second-generation E. tenella mer-
ozoites under EZL treatment were selected for real-time PCR
verification (Table 4). The result of real-time PCR was similar
with that of proteomic analysis.

Amplification of SAGs

Full-length SAGs were amplified by PCR with E. tenella
cDNA as a template. Sequence analysis showed that SAGfm
ORF contained 738 bp encoding 246 amino acid residues and
SAG19 ORF contained 756 bp encoding 252 amino acid res-
idues (Fig. 1).

Expression and purification of rSAGs

rSAGs were abundantly expressed in the precipitate and were
inclusion body proteins, as shown by SDS-PAGE. The puri-
fied fusion rSAGfm and rSAG19 were approximately
32.10 kDa and 32.26 kDa, respectively (Fig. 2). This calcu-
lated total value of fusion protein was considered the sum of
both the approximate 3.52 kDa length of the vector after re-
striction enzyme digestion and the length of the SAG
(SAGfm, 28.58 kDa; SAG19, 28.74 kDa). rSAGfm and
rSAG19 verified by Western blot analysis both contained
His tags (Fig. 3).

Protein expression levels of SAGs
in second-generation merozoites of E. tenella
determined by Western blot analysis

The protein expression levels of SAGs were analyzed and
quantified using the ImageJ 1.46 software to calculate the
grayscale values. The expression levels SAGfm and SAG19
were significantly reduced in the EZL group compared with
those in the INC group (Figs. 4, 5, and 6), indicating that
SAGfm and SAG19 protein expression were significantly
downregulated by EZL treatment.

Localization of SAGs in second-generation merozoites
of E. tenella

We determined the distribution of SAGs in second-generation
merozoites of E. tenella in the EZL and INC groups by im-
munofluorescence analysis using anti-SAGfm and anti-
SAG19 primary rabbit polyclonal antibodies, respectively,
and FITC-conjugated goat anti-rabbit IgG second antibody
(Fig. 7). The second-generation merozoites of E. tenella in
the INC group showed good morphology and strong green
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fluorescence signals distributed across the whole surface of
the merozoites, indicating that SAGfm and SAG19 were dis-
tributed uniformly on the surface of the merozoites. However,
the green fluorescence signals were significantly weaker in the
EZL group and the outer membrane of the merozoites ap-
peared convex and invaginated. These results showed that
the expression levels of SAGs were significantly decreased,
and the morphology of merozoites was damaged by EZL
treatment.

Discussion

To gain a better understanding of the mechanism of action of
anticoccidial drugs, it is necessary to clarify the developmen-
tal stages at which they are active. In this study, we evaluated
the efficacies of EZL against the different stages of life cycle
of E. tenella. EZL administration starting 2, 1, and 0 days
before infection (groups A1, A2, A3) and lasting for 3 days
failed to control the infection, suggesting that EZL had little

inhibitory effect on the initial invasive stages of E. tenella.
However, EZL administration on the first day after infection
inhibited the invasion of E. tenella, corresponding to the early
schizogony stage. EZL also exhibited high anticoccidial activ-
ity in the second-generation merozoite and early gametogen-
esis stages. These results indicated that EZL acted mainly on
the schizogony stage, with peak activity against second-
generation merozoites. Second-generation merozoites repre-
sent an important stage in the coccidian life cycle; during this
stage, merozoites reproduce exponentially, resulting in irre-
versible damage to the intestinal tract in chickens. Diclazuril
was also reported to induce apoptosis and alter the mitochon-
drial transmembrane potential in second-generation merozo-
ites of E. tenella (Zhou et al. 2010).We therefore used second-
generation merozoites to study the mechanism of EZL action
in subsequent experiments.

Table 4 mRNA levels of differentially expressed proteins in second-generation merozoites of E. tenella determined by real-time PCR

Upregulated protein Uniprot accession Ratio 2−ΔΔCT Downregulated protein Uniprot accession Ratio 2−ΔΔCT

Log2(S/D) Log2(S/D)

Lactate dehydrogenase Q8I8U4 1.99 1.74 SAGfm1 H9B9H4 − 1.32 0.0002

Phosphoglycerate kinase U6L816 1.82 3.26 SAGfm2 U6KUL4 − 1.46 0.015

Eukaryotic transcription
initiation factor 4a

U6KZN0 1.46 8.88 SAGfm3 Q70CC8 − 1.46 0.23

Ribosomal protein U6KW42 1.24 10.54 SAGfm4 Q7OCDO − 2.47 0.17

Hexokinase U6KUE1 1.21 200 SAGfm5 U6L233 − 2.76 0.24

Glyceraldehyde 3-phosphate
dehydrogenase

E3VWM6 1.16 60 Eukaryotic transcription
initiation factor 4e

U6L0A8 − 1.49 0.04

Superoxide dismutase U6KTI3 1.4 208 60S acidic ribosomal
protein P1

H9B912 − 1.5 0.12

SAG fm, surface antigen family member; Ratio Log2(S/D), ratio of protein abundance in EZL group (S) to that in INC group (D) by proteomic analysis

Fig. 2 SDS-PAGE analysis of purified rSAGs. (M) Protein molecular
weight marker. (1) Purified rSAGfm. (2) Purified rSAG19.

Fig. 1 Amplification of SAGfm and SAG19 genes (cDNA as a template).
(M) DNA marker DL2000. (1) PCR product of SAGfm gene. (2) PCR
product of SAG19 gene
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Previous studies confirmed that anticoccidial drugs might
exhibit their effects by upregulating or downregulating
coccidial proteins. Diclazuril reduced the expression of
Hsp90, protein kinase C receptor, lactate dehydrogenase,
and other proteins (Shen et al. 2012; Shen et al. 2014).
Similar to diclazuril, EZL could also downregulate the expres-
sion of enolase in second-generation merozoites of E. tenella,
thus elucidating that EZL exerted anticoccidial activity by
interfering with merozoite metabolism (Liu et al. 2016b).
After EZL treatment, seven upregulated and seven downreg-
ulated proteins were selected from among the differentially
expressed coccidial proteins for verification by real-time
PCR, which showed that SAGs were significantly downregu-
lated and accounted for a large proportion of the differentially
expressed proteins. The levels of E. tenella SAGs were regu-
lated differently among oocysts, sporozoites, and second-
generation merozoite stages, with only one expressed specif-
ically in sporozoites, a few in both sporozoites and merozo-
ites, and most in second-generation merozoites (Tabarés et al.
2004). Immunoproteomic analysis can also be used to identify
differentially expressed proteins in second-generation mero-
zoites, and significant differences in SAGs have been ob-
served (Liu et al. 2009). Overall, these results suggested that
SAGs might be involved in the anticoccidial mechanism of
EZL.

In this experiment, SAGfm and SAG19 were significantly
downregulated and were validated by molecular methods.
Protein levels of SAGfm and SAG19 were significantly lower
in the EZL group compared with those in the INC group, in
accord with the results of real-time PCR. SAG19, as a repre-
sentative member of the SAG family, was overexpressed in
Escherichia coli, purified, and crystallized by the hanging-
drop method of vapor diffusion using ammonium sulfate as
precipitant (Ramly et al. 2013). The structure of SAG19 has
thus been determined, making it suitable for studying the bi-
ological function of the drug–protein junction. Many other,
unannotated SAGs, such as SAGfm, also have functions sim-
ilar to SAG19.

We carried out immunofluorescence localization analysis
in second-generation merozoites of E. tenella, which were
non-adherent cells, allowing the entire procedure to be per-
formed in a 1.5-ml centrifuge tube. The fixative and washing
solution were removed by centrifugation to avoid damage to
and loss of merozoites during the washing process because of
their non-adherent nature. In addition, SAGfm and SAG19
were shown to be distributed throughout the surface of the
merozoites, but the green fluorescent signal was significantly

Fig. 3 Western blot analysis of purified rSAGs (6× His monoclonal
antibody as primary antibody). (M) Protein molecular weight marker.
(1) Purified rSAGfm. (2) Purified rSAG19

Fig. 6 The protein expression level of SAG19 in the second-generation
merozoites of E. tenella. EZL: SAG19 in the EZL group. INC: SAG19 in
the INC group. *p < 0.05 with the same letter was significant difference

Fig. 5 The protein expression level of SAGfm in the second-generation
merozoites of E. tenella. EZL: SAGfm in the EZL group. INC: SAGfm in
the INC group. *p < 0.05 with the same letter was significant difference

Fig. 4 Western blot analysis of SAGs in the second-generation merozo-
ites of E. tenella. EZL: SAGs in the EZL group. INC: SAGs in the INC
group
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weakened in the EZL group and the outer membrane appeared
convex and invaginated. These results indicated that EZL sig-
nificantly inhibited the expression of SAGs and suggested that
EZLmight destroy the structure of the merozoites by affecting
the normal synthesis of SAGs, consistent with the observed
damage and ultrastructural changes caused by EZL (Liu et al.
2016a). It was speculated that SAGs might be the target pro-
teins of EZL, and further studies on the mechanism of EZL
action are warranted to provide guidance for the development
of other anticoccidial drugs to help delay the occurrence of
drug resistance.

Conclusion

EZL mainly acted at the schizogony stage of E. tenella, with
peak activity in second-generation merozoites. Fourteen dif-
ferentially expressed proteins in second-generation merozo-
ites following EZL treatment were verified by real-time
PCR, and SAGs were identified as potential targets of EZL.
SAGfm and SAG19were cloned, expressed, and evaluated by
Western blot and immunofluorescence localization, which
showed that their expression levels were significantly de-
creased by EZL. SAGs may thus represent the target proteins

Fig. 7 Location of SAGs in the second-generation merozoites of
E. tenella at × 40 magnification. A/B: SAGfm in the second-generation
merozoites were detected by rabbit polyclonal antibody anti-SAGfm. A1-
A3: infected non-medicated control; B1-B3: EZL group. C/D: SAG19 in
the second-generation merozoites were detected by rabbit polyclonal an-
tibody anti-SAG19. C1-C3: infected non-medicated control; D1-D3:

EZL group. A1, B1, C1, D1: The second-generation merozoites were
dyed by FITC. A2, B2, C2, D2: The nuclei were probed by DAPI. A3,
B3, C3, D3: Overlaps of FITC and DAPI. Scale-bars 10 μm (Green,
Alexa Fluor488-conjugated secondary antibody. Blue, the nuclear dye
with DAPI)
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of EZL in E. tenella, and further studies are needed to clarify
the effects of EZL on coccidial SAGs expression.
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