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Abstract In the poultry industry, Eimeria spp. is one of the
important pathogens which cause significant economic losses.
We have previously generated a chicken monoclonal antibody
(mAb), 6D-12-G10, with specificity for an antigen located in
the apical cytoskeleton of Eimeria acervulina and with cross-
reactive among Apicomplexan parasites, including other
Eimeria spp., Toxoplasma, Neospora, and Cryptosporidium
spp. Furthermore, the protein ofCryptosporidium parvum rec-
ognized by the 6D-12-G10 has been identified as elongation
factor-1α (EF-1α). In the present study, to identify the target
molecule of E. acervulina by the mAb, we performed two-
dimensional Western blotting analysis. Finally, we found two
positive molecules which are identified as EF-1α and a related
protein. Our previous finding using C. parvum and the results
in this study suggest that EF-1α could be associated with the
invasion facilitated by the cytoskeleton at the apical region of
zoites.
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Introduction

Protozoan parasites of the phylum Apicomplexa include a
large number of medically or veterinary important species.
Among them, Toxoplasma gondii causes encephalitis and birth
defects in humans and in a wide range of animals, Plasmodium
is the etiological agent of malaria, Cryptosporidium causes
watery diarrhea and mortality in immunocompromised indi-
viduals, and Eimeria induces lethal diarrhea in livestock. All
the apicomplexans are obligate intracellular parasites, and their
biological cycle involves the invasion of host cells, growth and
division, and release after lysis of the host cells. The invasive
zoites possess a collection of unique organelles, which form
the apical complex at the apical region (Morrissette and Sibley
2002). These organelles include the rhoptries, micronemes,
and dense-granule organelles, as well as apical polar ring and
subpellicular microtubules as cytoskeleton-associated struc-
tures (Santos et al. 2009). Although the functions of the organ-
elles have not been fully elucidated, they are suggested to be
associated with motility, adhesion, invasion, and formation of
the parasitophorous vacuole (Dubremetz et al., 1998;
Blackman and Bannister 2001).

In the poultry industry, Eimeria has been recognized as the
most significant protozoan parasite owing to its worldwide
prevalence and potential to cause economic losses (Dalloul
and Lillehoj 2006). Rather than using antibody strategies with
laboratory animals, we have previously generated monoclonal
antibodies (mAb) against Eimeria acervulina (a species that
infects chicken) using the chicken immune system to identify
target vaccine molecules as an alternative to chemoprophylac-
tic methods (Lillehoj et al. 1994; Sasai et al. 1996;

* Kazumi Sasai
ksasai@vet.osakafu-u.ac.jp

1 Division of Veterinary Science, Graduate School of Life and
Environmental Sciences, Osaka Prefecture University, 1-58 Rinku
Orai Kita, Izumisano, Osaka 598-8531, Japan

2 Animal Biosciences and Biotechnology Laboratory, Agricultural
Research Services, United States Department of Agriculture,
Beltsville, MD 20705, USA

3 Laboratory of Immunobiology, Department of Molecular and
Applied Biosciences, Graduate School of Biosphere Science,
Hiroshima University, 1-4-4 Kagamiyama,
Higashi, Hiroshima 739-8528, Japan

4 Department of Parasitology, Kitasato University School ofMedicine,
1-15-1 Kitasato, Minami-ku, Sagamihara, Kanagawa 252-0374,
Japan

Parasitol Res (2016) 115:4123–4128
DOI 10.1007/s00436-016-5185-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s00436-016-5185-0&domain=pdf


Constantinoiu et al. 2003). In previous studies, a chicken
mAb-designated 6D-12-G10 significantly inhibited the inva-
sion of T lymphocytes by sporozoites in vitro and recognized
the conoid of the sporozoites (Sasai et al. 1996 and 1998). The
6D-12-G10 is the first and only mAb that recognized the co-
noid of the apical complex. Moreover, 6D-12-G10 appears to
show high cross-reactivity with related parasites, including six
other chicken Eimeria spp., Neospora caninum, T. gondii, and
Cryptosporidium spp. (Sasai et al. 1998; Matsubayashi et al.
2005 and 2013). Further analyses inCryptosporidium parvum
revealed that the protein recognized by 6D-12-G10 was elon-
gation factor-1α (EF-1α). Although Cryptosporidium spp.
lack a conoid, it was suggested that EF-1α was associated
with the invasion supported by the cytoskeleton located at
the apical region of zoites (Matsubayashi et al. 2008 and
2013). However, the molecule of E. acervulina as the original
antigen of the chicken mAb remains unknown. In the present
study, we found that this molecule corresponded to the conoid
antigen in E. acervulina.

Materials and methods

Chicks and parasites

The USDA strain of E. acervulina was maintained at the
Laboratory of Parasitic Diseases of the National Institute of
Animal Health (NIAH; Tsukuba, Ibaraki, Japan) and was used
throughout this study. The parasites were maintained by pas-
sage in 2- to 3-week-old chicks (Nisseiken, Tokyo, Japan).
The chicks were housed in wire-floored cages in coccidian-
free rooms and with free access to feed and water not supple-
mented with anticoccidial drugs or antibiotics. The animals
were treated in accordance with protocols approved by the
Animal Care and Use Committee of NIAH (approval no. 13-
090). The study animals were orally inoculated with 2 × 105

oocysts, and feces were collected after 6–8 days. Oocysts were
purified from feces using the sugar flotation method. The pu-
rified oocysts were sporulated by incubation at 28 °C in 2.5 %
potassium dichromate (Wako, Osaka, Japan) for 3–4 days.

Preparation of sporozoites

For purification of sporozoites, the sporulated oocysts
(5 × 108) were treated with sodium hypochlorite (Nacalai
Tesque, Kyoto, Japan) for 20 min at 4 °C and washed with
phosphate-buffered saline (PBS). The sporozoites were rup-
tured by vortexing with glass beads for 2–3 min to release the
sporocysts. The sporocysts were treated in excystation medi-
um, 0.25 % (w/v) trypsin (Merck, Darmstadt, Germany), and
1 % (w/v) taurodeoxycholic acid (Sigma, STL, USA) in
Hanks’ balanced salt solution (Sigma), pH 7.4, at 41 °C in a
5 % CO2 incubator for 90–120 min. The sporozoites were

purified by two methods. Namely, the sporozoites were ob-
tained by DEAE-cellulose columns (DE52; GE Healthcare,
Tokyo, Japan) (Schmatz et al. 1984) or by centrifugation at
106×g for 2 min according to a modification of a previously
described method (Stotish et al. 1977).

For one-dimensional polyacrylamide gel electrophoresis
(1-DE), the purified sporozoites were diluted in PBS, and
then, the antigens were extracted as previously reported
(Sasai et al. 1998). After centrifugation at 600×g for 5 min,
the aliquoted supernatants were treated with sample buffer
(125 mM Tris, 4 % SDS, 20 % glycerol, 10 % β-
mercaptoethanol, 0.0025 % bromophenol blue) and were
heated at 95 °C for 4 min. For two-dimensional polyacryl-
amide gel electrophoresis (2-DE), the purified sporozoites
were dissolved in 1.0–1.5 ml of rehydration/sample buffer
containing 8 M urea, 2.0 % CHAPS, 50 mM dithiothreitol,
0.2 % Bio-lyte 3/10, and 0.001 % bromophenol blue (Bio-
Rad, CA, USA). The solution was centrifuged at 600×g for
5 min, and the supernatant was aliquoted and stored at –80 °C
until use. Protein concentration was determined using the
Pierce™ Coomassie Blue Assay Kit (Thermo Fisher
Scientific, MA, USA).

One- and two-dimensional polyacrylamide gel
electrophoresis and Western blotting

For 1-DE, 20–40 μg of prepared E. acervulina antigens was
resolved on 4 % stacking/12 % resolving sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at
200 V constant voltages (Laemmli 1970), and the separated
proteins were blotted to polyvinylidene difluoride (PVDF)
membrane (Immobilon Transfer Membranes, Millipore,
Bedford, Massachusetts) using the Mini Trans-Blot®
Electrophoretic Transfer Cell (Bio-Rad). 2-DE was performed
using the Protean IEF Cell kit (Bio-Rad) according to the
manufacturer’s protocol. Briefly, for first-dimension electro-
phoresis, ReadyStrip™ pH 3–10 IPG strips (7 cm, Bio-Rad)
were rehydrated for 12 h with 150 μl of 100 μg of the sporo-
zoite extract. The focusing conditions were 20 min at 250 V,
followed by voltage ramping to 4000 Vover a 2-h interval and
electrophoresis for 2.5 h at 4000 V at 20 °C. For second-
dimension electrophoresis, proteins were resolved on 4 %
stacking/12 % gradient SDS-PAGE gels at 200 V. Second-
dimension gels were blotted to a PVDF membrane
(Millipore) and analyzed by Western blotting as described
below.

Western blot analysis was performed as previously report-
ed (Matsubayashi et al. 2005). Briefly, a cell culture superna-
tant containing mAb 6D-12-G10 (Sasai et al. 1996) and a
chicken-purified IgG as a control (1:1000, Sigma) were used
as the primary antibodies, and the bound antibodies were de-
tected using horseradish peroxidase-labeled rabbit anti-
chicken IgG F(ab)′2 fragment (1:1000, Cortex Biochem.,
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CA, USA) and developed using the TMB Membrane
Peroxidase Substrate System (Kirkegaard & Perry
Laboratories, MD, USA) according to the manufacturer’s
instructions.

ELISA

To confirm the reactivity against the antigen prepared
for 1-DE, antigens extracted from sporozoite (50 μl/well
at 50 μg/ml) was coated onto flat-bottomed 96-well
enzyme-linked immunosorbent assay (ELISA) plates
(Becton Dickinson). Non-specific binding was blocked
by 1 % bovine serum albumin in PBS for 1 h at
37 °C. The mAb 6D-12-G10 or control (purified normal
chicken IgG (1:1000, Sigma)) was distributed at 50 μl/
well. Following incubation at 37 °C for 1 h, plates were
washed with PBS containing 0.05 % Tween 20 (PBST)
and incubated at 37 °C for 1 h with 50 μl/well of HRP-
labeled rabbit anti-chicken IgG F(ab) ′2 fragment
(1:1000, Cortex Biochem., California, USA). Plates
were washed with PBST and developed using TMB
microwell peroxidase substrate (KPL) according to the
manufacturer’s instructions. The single wavelength ab-
sorbance was measured at 450 nm by iMark™
Microplate Absorbance Reader (Bio-Rad).

Identification of proteins

The E. acervulina antigen recognized by mAb 6D-12-G10
was identified via NH2-terminal amino acid sequencing in
combination with liquid chromatography/tandem mass
spectrometry (LC-MS/MS), as previously reported
(Matsubayashi et al. 2013). Briefly, for LC-MS/MS analy-
sis, the positive spots detected in the 2-DE gel after stain-
ing with Coomassie blue (Bio-rad) were excised, digested
with trypsin (Promega, WI, USA), and resolved via high-
performance liquid chromatography on a C-18 column
(0.1 × 50 mm; Michrom BioResources, MA, USA)
coupled to a Q-TOF2 mass spectrometer equipped with a
nanoelectrospray ionization source (Waters Micromass,
McKinley Scientific, NJ, USA). Positive ion tandem mass
spectra were acquired, and the MS/MS data were used to
search a non-redundant NCBI protein database using the
MASCOT software (Matrix Science, MA, USA).

Ethics statement

Any animals were not scarified for the purpose of this study.
Any human participants were not involved in this study. All
the authors have no conflict of interest.

Results

To identify the molecule of E. acervulina recognized by the
mAb 6D-12-G10, the 1-DE and 2-DE Western blotting anal-
yses were conducted. After purifications of sporozoites by
DEAE-cellulose columns or the centrifugal elutriation, anti-
gens were extracted in PBS for 1-DE. As results, no positive
bands were observed in these antigens byWestern blotting. By
ELISA, absorbance values of these antigens did not show any
significant reactivity compared with those of the control.
Thus, it was suggested that the molecules recognized the
mAb could not be extracted in PBS.

Subsequently, after purification by DEAE-cellulose col-
umns, sporozoites were treated with rehydration/sample buffer
for 2-DE, and however, any positive spots against the mAb 6D-
12-G10 were not seen by 2-DE Western blotting. While using
the antigens prepared for 2-DE after the centrifugal elutriation,
some spots were detectable by Western blotting with mAb 6D-
12-G10 (Fig. 1a). When using the control antibody, chicken
IgG, on the other hand, most of spots other than two spots that
were indicated by two arrows in Fig. 1a were immunostained
(Fig. 1b). These results suggest that these two spots were the
target molecules of the mAb 6D-12-G10 in E. acervulina.

a

b

c

Fig. 1 Two-dimensional Western blot analysis of E. acervulina antigens
stained with mAb 6D-12-G10 (a), normal chicken IgG (b), and the
proteins separated by two-dimensional gel electrophoresis were stained
with Coomassie blue (c). Arrows indicate positive spots. The positions of
the molecular mass standards are indicated on the right. pH values are
indicated at the top
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These two spots were named provisionally as spot nos. 1 and 2,
respectively. Molecular weight and isoelectric point (pI) of
these spot nos. 1 and 2 were calculated each 37.8 kDa and pI
7.39 and 39.0 kDa and pI 7.49, respectively. Figure 1c shows
Coomassie blue staining profile of the blotting membrane, and
these spots were identified as a single distinct protein.

The tryptic peptides derived from the proteins reactive to
6D-12-G10 were analyzed by LC-MS/MS. The significant
hits with >10 % sequence coverage after database search of
the tandem mass spectra using Mascot are shown in Table 1
and Figs. 2 and 3. The protein in spot no. 1 was identified as
E. acervulina EF-1α as a significant hit. LC-MS/MS analysis
indicated that the tryptic peptides in spot no. 2 corresponded to
two predicted proteins with 23 % sequence coverage of
E. acervulina EF-1α protein and 18.6 % coverage of
E. acervulina transhydrogenase.

Discussion

The E. acervulina conoid antigen had previously been recog-
nized by one-dimensional electrophoretic separation followed
by Western blotting as a 21-kDa protein (Sasai et al. 1996).
Since then, we tried to identify the protein, and however, we
could not detect the positive bands so far. In the present study,
we concluded that the positive protein could not be detected
by extraction in PBS unlike the method as described previous-
ly. About 2-DE Western blotting, we could identify the posi-
tive spots of two distinct proteins (with 39.0 and 37.8 kDa,
respectively) only by the centrifugal purification, but not by
DEAE-cellulose columns. Although the differences in molec-
ular weight between our results and previous findings cannot
be completely explained, one possible reason might be the
methods of purification for sporozoites or by the soluble re-
agents used for 2-DE, including urea and CHAPS.
Additionally, we speculate that the reproducibility of purifica-
tion for sporozoites including protein or epitope preservations
by DEAE-cellulose columns might not be always realized
depending on the researchers. Furthermore, the conoid is

thought to intermittently protrude beyond the apical end of
zoites before the invasion (Hu et al. 2002), and thus, it remains
unknown that the antigens could be secreted or released at this
moment. Instead of the complicated and troublesome purifi-
cations using cellulose columns, we obtained sporozoites
using a light centrifugation, as described above, without los-
ing a large number of zoites and in a short period (within
30 min), and successfully identified the positive spots.

With regard to the 39.0-kDa antigen (spot no. 2), it
corresponded to two distinct proteins: EF-1α, which was iden-
tical to the protein in spot no. 1, and as transhydrogenase. In
general, transhydrogenases couple the transfer of reducing
equivalents (hydride ion equivalents) between NAD(H) and
NADP(H) to the translocation of protons across membranes
(Hatefi and Yamaguchi 1996). In Eimeria, transhydrogenases
are present in refractile bodies located in the cytoplasm, in the
central area of sporozoites (Vermeulen et al. 1993), but not at
the apical region, and little information on these enzymes is
available for this parasite. To date, the whole genome of
E. acervulina has not been fully sequenced, and therefore,
genetic information is limited unlike Eimeria tenella.
Actually, the number of expressed sequence tag of
E. acervulina, which is deposited in GenBank, is 20,354, in
contrast with 67,101 of E. tenella. Although details remain
unknown, on the basis of this information, we speculate that
the EF-1α isoforms reported in other organisms (Choi et al.
2009; Becker et al. 2013) or proteins homologous to EF-1α
may also be present in E. acervulina. The slight differences in
molecular weight and pI value between the isoforms may be

Table 1 Summary of LC-MS/
MS analysis of E. acervulina
antigen spots recognized by the
mAb 6D-12-G10

Protein (organism) Hits (molecular
mass (kDa)/pI)

Database
accession no.

Probability-based
Mowse scorea

% sequence
coverage

Spot no. 1 (37.8 kDa of pI 7.39)

Elongation factor 1-alpha, putative
(E. acervulina)

49.33/9.16 CDI83049 513.3 27.8

Spot no. 2 (39.0 kDa of pI 7.49)

Transhydrogenase, putative
(E. acervulina)

116.35/6.80 CDI76761 817.4 18.6

Elongation factor 1-alpha, putative
(E. acervulina)

49.33/9.16 CDI83049 411.5 23.3

a The Mowse score is calculated as −log 52(P), where P is the probability that the observed match is a random
event

1    MGKEKTHINL VVIGHVDSGK STTTGHLIYK LGGIDKRTIE KFEKESSEMG 
51   KASFKYAWVL DKLKAERERG ITIDIALWQF ETPTFHYTVI DAPGHRDFIK 
101  NMITGTSQAD VALLVVPADQ GGFEGAFSKE GQTREHALLA FTLGVKQMIV
151  GINKMDATTP EKYSESRFNE IQAEVSRYLK TVGYNPEKVP FVPISGFMGD
201  NMVEKSTNMP WYKGKTLVEA LDSVEPPKRP SDKPLRLPLQ DVYKIGGIGT
251  VPVGRVETGI LKPGMVVTFA PTGLQTEVKS VEMHHTQLEQ AVPGDNVGFN 
301  VKNVSVKDVK RGHVASDSKN DPAKGAASFQ AQVIVLHHPG QINPGYTPVL
351  DCHTAHISCK FAELEKRLDR RSGKALEDNP KFIKSGDAAI VKMEPSKPMC 
401  VESFIEYPPL GRFAVRDMKQ TIAVGVIKAV EKKEAGGKVT KSAQKAAGKK

Fig. 2 Amino acid sequences of E. acervulina transhydrogenase and EF-
1α (NCBI database accession nos. CDI76761 and CDI83049). The
tryptic peptides identified by LC-MS/MS analysis using E. acervulina
antigen (spot no. 1) and recognized by mAb 6D-12-G10 are underlined
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due to the small database available for Eimeria. Although
further studies on whole genome sequencing are needed, the
proteins that possess the epitope recognized by 6D-12-G10
were found in two spots, which were thought to be EF-1α
(spot no. 1, with 37.8 kDa) and EF-1α-like protein (spot no.
2, with 39.0 kDa).

EF-1α is a highly conserved ubiquitous protein involved in
translation and functionally carries aminoacyl-tRNA to the A
site of the ribosome in a GTP-dependent reaction (Riis et al.
1990). EF-1α is reported to have many other functions, in-
cluding cell growth, motility, protein turnover, and signal
transduction (Ridgley et al. 1996; Ransom-Hodgkins 2009).
In addition, EF-1α can bind actin filaments and microtubules
and regulate their assembly and cross-linking (Yang et al.
1990; Doyle et al. 2011). The results of our previous study
on C. parvum suggest that EF-1α is associated with the cyto-
skeleton at the apical region and is an essential component of
the invasion apparatus of the parasite (Matsubayashi et al.
2013). The distinct localization of EF-1α in zoites, i.e., on
the apical membranes of C. parvum and in the conoid of
E. acervulina, may be related to differences in the mechanism
of invasion, considering that Eimeria sporozoites invade both
T lymphocytes and intestinal epithelial cells, whereas
C. parvum sporozoites infect only the surface microvilli of
epithelial cells. Of note, our present results suggest that EF-

1α of Apicomplexan parasites including EF-1α-associated
protein can mediate an active process in the cytoskeleton;
therefore, the elucidation of the role of this protein may help
identify vaccine candidates against parasite infection.
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