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Abstract A recently completed analysis of Eimeria maxima
transcriptome identified a gene with homology to sequences
expressedbyE. tenellaandE.acervulinabut lackinghomology
withotherorganismsincludingotherapicomplexans.Thisgene,
designated Eimeria-specific protein (ESP), codes for a protein
withapredictedmolecularweightof19kDa.TheESPgenewas
cloned and the recombinant protein expressed in bacteria and
purified for preparation of specific antisera. Quantitative RT-
PCR showed transcription of ESP was low in unsporulated
oocysts and after 24 h of sporulation. However, transcription
nearly doubled after 48 h of sporulation and reached its highest
levelsinsporozoites(SZ)andmerozoites(MZ).Theproteinwas
detectable byWestern blot in both sporulatedoocysts and inSZ
and MZ. Immuno-localization by light microscopy identified
ESP in paired structures in the anterior ofSZandMZ. Immuno-
localization by electron microscopy identified ESP in MZ
rhoptries but no specific staining of any SZ structures was
detected. In addition, localization studies on intestinal sections
recoveredfrombirds120-hpost-infection indicates thatoocysts
donotstainwithanti-ESPbutstainingofmicrogametocytesand

developingoocystswasobserved.The results indicate thatESP
is associatedwith the rhoptry ofE.maxima and that the protein
may have functions in other developmental stages.

Introduction

Parasites of the genus Eimeria are the most ubiquitous and
economicallyimportantparasiteofchickens.Everychicken ina
production systemisconsidered tobe infectedwithoneormore
Eimeria species and economic losses are estimated to be over 1
billion dollars annually (Allen and Fetterer 2002). Control of
aviancoccidiosisiscurrentlyaccomplishedbyeithermedication
of feed with anti-coccidial drugs or administration of live
vaccines composed of low doses of Eimeria oocysts. The
increasingincidenceofdrug-resistanceandcostof livevaccines
ispromptingalternativecontrolstrategies,suchasimmunization
of chickenswith recombinantEimeria proteins.

There have been several attempts to identify and characterize
transcripts in developmental stages ofEimeriamaxima,Eimeria
tenella,andEimeriaacervulina(Wanetal.1999;Ngetal.2002;Li
et al. 2003; Miska et al. 2004, 2008: Schwarz et al. 2010). In
addition, a number of proteins primarily from developmental
stages of E. tenella have been identified and characterized (Lal
etal.2009)butthereremainalargenumberofgenesorproteinsthat
havebeendepositedinGenBankwhosefunctionisunknown.The
genes or proteins that lack an apparent function and appear to be
unique to Eimeriamay be the most relevant ones to investigate.
Unique genes and their products could prove useful as highly
specific targets for recombinant vaccine development.

Recently, a transcriptome study of E. maxima, an important
pathogenicspecies,identifiedagenewithhomologytogenesinE.
tenellaandE.acervulina(Schwarzetal.2010).Thisgenedenoted
asEimeria-specificprotein(ESP)codesforasecretedproteinwith
predictedmolecularweightof19kDa.Thisgene lackshomology
to known gene sequences from other Apicomplexa. Character-
izationofESPis importantbecauseof itsconservationin thethree
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species and its potential as a target for a novel control ofEimeria
parasites. In the current study, ESP from E.maximawas further
characterized and found to be most highly expressed during the
invasivestagesofdevelopmentandassociatedwith theparasite’s
rhoptries.

Material and methods

Parasites and hosts

One-day-old Sexsal (Moyers Hatchery, Inc. USA) or broiler
(Heritage strain; Longenecker’s Hatchery, Inc. USA) chickens
were housed in isolation and given food and water ad libitum.
E. maxima (Tyson’s strain) oocysts were maintained by
passage through naïve Sexsals 3–4 weeks of age as previously
described (Fetterer andBarfield 2003).All animal experiments
were approved by the Beltsville Agricultural Research Center
Animal Care and Use committee.

For studiesof sporulation time-course,unsporulatedoocysts
collected from the feces of infected birds were incubated with
sodiumhypochlorite (6%)onice for10min in twice thevolume
of the pellet with agitation every 2–3 min. Following bleach
treatment, samples were diluted with water and the bleach
removedbyrepeatedcentrifugation.Oocystsweresuspendedin
PBS containing an antibiotic/antimycotic mixture (GIBCO,
USA)and incubatedunder aerationat41°C.At thedesired time
interval (ranging from 0 to 72 h), an aliquot containing about
1×108 oocysts was removed from the incubation flask,
centrifuged, and the pellet containing oocystswas resuspended
in 1.0ml of 40mMTris and stored at−70 °C.

Sporozoites(SZ)werepreparedfromsporulatedoocysts(less
than30dayspost-harvest) aspreviouslydescribed (Fettererand
Barfield2003)andwerepurifiedbyfiltering throughacellulose
filter pad (Fetterer et al. 2004: Fuller and McDougald 1990).
Isolated SZ were prepared for microscopy as described below.
For merozoites (MZ) collection, 10–20 broiler chicks (2–
4weeks of age)were inoculatedwith5×105 sporulatedoocysts
perbirdandsacrificedat96-hpost-infection.About15cmofthe
jejunum distal toMeckel’s diverticulumwas removed andMZ
isolated as previously described (Schwarz et al. 2010). Isolated
MZwerepelletedintoHBSSandfrozenat−70°Corpreparedfor
microscopy as described below.

Cloning and expression of recombinant E. maxima ESP

RNAextractedfromE.maximasporozoitesusingTRIzolreagent
(Invitrogen,USA)as recommendedwas treatedwith twounitsof
DNase then reverse transcribed (Access RT-PCR System;
Promega, USA) using the following primers for E. maxima
ESP: forward 5′-GTACGGATTTGCTTACAGTCAAG-3′ and
reverse 5′-GTCTTGCAGAAGACAGTTGTCTC-3′ under the
followingconditions:48°Cfor45min;94°Cfor2min;40cycles

of94°Cfor30s;53°Cfor60s;68°Cfor120s;and68°Cfor7min.
The782-bpESPampliconwaspurifiedfromtheagarosegelusing
agel extractionkit (Qiagen,USA), cloned into thepGEM-Teasy
vector system (Promega, USA) and recombinant plasmids were
purifiedwithQIAprepSpinMiniprepKit (Qiagen,USA). Inserts
were sequenced using the M13 vector priming sites for
confirmation and this sequence for E. maxima ESP has been
deposited toGenBank under the accession JN560940.

Another set of primers (ESP_1 forward: 5′-GCAGGATC
CATGAAGGGAGCTATCC-3′ and ESP_1 reverse: 5′-GCC
GAATTCGTCTATTTACTGCTTGTCCTCAG-3′) were
designed and used to amplify a 530-bp region of E. maxima
ESP beginning at the predicted methionine start codon
through to the predicted stop codon from the plasmid DNA
described above under the following thermal cycling condi-
tions: 95 °C 3 min; 30 cycles of 95 °C for 45 s; 60 °C for 30 s,
and 72 °C for 60 s; and 72 °C for 7 min. These primers
included BamHI and EcoRI restriction sites at the 5′ and 3′
ends, respectively. After gel electrophoresis the E. maxima
ESP amplicon was purified (QIAquick Gel Extraction Kit;
Qiagen, USA) and ligated into the expression vector system
pTrcHis A (Invitrogen) for in frame ligation at the BamHI and
EcoRI restriction sites, forming the recombinant E. maxima
plasmid rEmESP-pTrcHis. Chemically competent DH5α
Escherichia coliwere prepared according to standard protocol
(Hanahan 1983) and transformed with rEmESP-pTrcHis.
Appropriate target and orientation of inserts were confirmed
by sequencing using the following flanking vector primers:
sense 5′-CTGTACGACGATGACGATAAG-3′; antisense 5′-
TCATCCGCCAAAACAGCCAAG-3′. E. coli BL21 (strain
optimized for protein expression) (Novagen, USA) was
transformed according to manufacturer protocol with the
rEmESP-pTrcHis. PCR-confirmed recombinants were cul-
tured at 37 °C in selective media (Luria-Bertani+100 μg/ml
ampicillin) to O.D.600=0.6. The expression of rEmESP was
induced with 1 mM isopropyl β-D-1-thiogalactopyranoside at
37 °C for 4 h. Cultures were centrifuged at 5,000×g for 10min
at 4 °C, the supernatant decanted and the pellet resuspended at
1:20 of original culture concentration (OC) in native binding
buffer (20-mM sodium phosphate; 500-mM sodium chloride;
pH 7.8) followed with the addition of phenylmethylsulfonyl
fluoride protease inhibitor at 1:10 of the suspension volume
and frozen at −70 °C. Three rounds of freeze-thaw using an
ethanol dry-ice bath and 37 °Cwater bath were performed to
lyse the cells, which were then treated with DNase and
RNase (1:10,000 OC) for 30 min at room temperature and
centrifuged for 10 min at 5,000×g. The soluble fraction
containing rEmESP was collected and purified using
immobilized metal affinity chromatography on a nickel-
nitrilotriacetic acid agarose column (Qiagen, USA) according
to manufacturer guidelines, visualized using SDS-PAGE and
quantified using bicinchoninic acid (BCA) analysis (Thermo
Scientific, USA).
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Quantitative RT-PCR analysis

Total RNAwas isolated from E.maxima as above then treated
with1U/μgofRQ1Rnase-freeDNase(Promega,USA)prior to
first-strandcDNAsynthesisusingtheAdvantage®RT-for-PCR
Kitwith randomhexamers for priming (ClontechLaboratories,
USA). To compare the relative expression of ESP during E.
maxima development, 1 μg of cDNA template was combined
with 150 nM forward and reverse primer and 1x EvaGreen
MasterMix(BiotiumInc.,USA)in25-μl totalvolumethenreal-
time PCR amplified on theMx3000P (Stratagene, USA) using
the following cycling conditions: 95 °C for 10min; 40cycles of
95 °C for 30 s; 57 °C for 30 s;72 °C for 40 s; and a dissociation
curve generated by ramping from55 to 95 °C.

The transcript levels of two candidate housekeeping genes,
18S rRNA and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), were empirically tested for their suitability as
normalizing standards in RNA isolated from the developmental
stages ofE.maxima. Primers designed to amplify theE.maxima
GAPDH gene proved to be differentially expressed while
primers targeting the small subunit rRNA (18S rRNA) gene
(forward 5′-CGGTGAAACTGCGAATGGCTCA-3′ and re-
verse 5′-GCCTTCCTTAGATGTGGTAGCC-3′) were consis-
tently expressed and thus used as the reference gene to calculate
the relative expression level of ESP as: (CTreference−CTtarget).
The mean of three technical replicates were calculated and the
dataset was transformed to a positive scale in a linear fashion
using the following: X=Y+K+1 where Y is the relative
expression level for a sample, K (22.37) is the lowest Y value
from the dataset and 1 to plot the lowest value in the dataset at 1
(Schwarz and Evans 2013). A 130-bp region of E.maxima ESP
spanning an intron was amplified using forward: 5′-GCTGC
TCCTGAGGACATCAG-3′ and reverse: 5′-CCTTCTCCA
ACTCCTCAGTGCT-3′. These primers were designed to span
an intron to avoid amplifying any contaminating gDNA that
may have been present following the RNA extraction. Values
were expressed as mean+1 SEM.

Antibody production

Antisera production was performed by a commercial company
(PacificImmunology,USA;Kimetal.2010).Inbrief,antiserawas
generated by a primary immunization with affinity-purified
recombinant ESP (rESP) emulsified in Freund’s Complete
Adjuvant, followed by two booster immunizations with rESP in
Freund’sIncompleteAdjuvant.Afterthefinalimmunization,sera
were collected from rabbits and frozen (−70 °C) in 1-ml aliquots.

Electrophoresis and Western blot analysis

Soluble extracts ofE.maximaoocystswereprepared in40-mM
Tris, pH 8.0 containing a cocktail of protease inhibitor DNAse
and RNAse as previously described (Fetterer et al. 2004).

Samples were incubated for 10min at 37 °C and then frozen at
−70 °C. Concentrations of soluble proteins were measured by
BCA assay (Thermo Scientific, USA) with bovine serum
albumin as the standard. Samples were analyzed by polyacryl-
amide gel electrophoresis using 1-mm thick gradient gels (8–
9 cm, 4–12%Bis-Tris, Invitrogen,USA) as described (Fetterer
andBarfield2003).All sampleswerereducedbyadditionof10-
mM dithiothreitol. Extracts of sporulated oocysts, SZ and MZ
wereloadedontogelsatabout10μgofproteinper lane.Western
blot analysis was performed using the method previously
described(FettererandBarfield2003).Rabbitprimaryantibody
wasusedindilutionsfrom1:500to1:1,000.Secondaryantibody
was goat anti-rabbit conjugated to HRP (20 ng/ml; Thermo
Scientific, USA). Chemiluminescence of blots was visualized
with a digital camera after exposure to Luminol (SuperSignal
WestDuraExtend,ThermoScientific,USA).Westernblotswere
quantifiedwith a gel analysis system (Labworks, UVP,USA).

Antibody localization

For indirect fluorescent antibody staining (IFA) of E.maxima,
SZorMZwererecoveredfrominfectedchickensandpurifiedas
describedabove.Parasiteswereair driedor fixedwithmethanol
or acetone, processed as previously described (Fetterer et al.
2004), and visualized at ×400 magnification with a Zeiss
compound microscope. A 1:250 to 1:1,000 dilution of rabbit
anti-ESPwasusedas theprimaryantibodyand1:100dilutionof
FITC-labeled anti-rabbit IgG (Pierce) as a secondary antibody.
Forantibodylocalizationininfectedintestine,tissuewasisolated
and fixed in 10 % formalin, and 10-μm paraffin sections were
prepared (Histoserv Inc., USA). Sections were stained with
1:1000dilutionofrabbitanti-ESPastheprimaryantibodyusing
Dako(Denmark)EnvisionwithAECasthesubstratechromogen
followingmanufacturer’s recommendation.

Fig. 1 The relative expression of ESP transcripts from developmental
stages of E. maxima. The relative expression of ESP from E. maxima
unsporulated oocysts (0 h), sporulating oocysts (12–48 h), sporulated
oocysts (72 h), sporozoites (Spz) and merozoites (Mz) were plotted
after being normalized to 18SrRNA. Values are means ± SEM; n=3
technical replicates
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For electron microscopy, SZ and MZ isolated as above
were fixed for 5 min at room temperature by immersion
into 4.0 % paraformaldehyde/0.5 % glutaraldehyde/0.05-
M Na-Cacodylate buffer at pH 7.0. This was followed by
washing in a 0.1-M Na-Cacodylate buffer rinse, six times
over 1 h, dehydrated in an ethanol series and infiltrated
with hard-grade acrylic resin (LR White, London Resin
Company, UK) and cured at 55 °C for 24 h. The samples
were centrifuged at about 1,000×g for 10 min between
each solution change. Ninety-nanometer silver–gold
sections of the tissue were obtained on a Reichert/AO
Ultracut microtome with a Diatome diamond knife and
collected onto 200 mesh formvar coated Ni grids. The
grids were floated with the tissue section facing down on
drops of PBS containing 0.1-M glycine and 1 % BSA for
10 min, washed with PBS, floated on drops of PBS–2 %
nonfat dry milk –0.1 % Tween 20 (Tw20), and then
floated on drops containing a 1:250 to 1:1,000 dilution of
rabbit antiserum in PBS–NFDM–Tw20. Rabbit antiserum
to rESP was used in the primary labeling step. The grids
were incubated for 2 h at room temperature, washed three
times with PBS–NFDM–Tw20, and floated for 1 h at
room temperature on drops of a 1:50 dilution of gold

particle (10 nm diameter)-labeled goat anti-rabbit IgG
(H–L chain specific, Sigma, USA). The grids were
washed three times with PBS–Tw20, twice deionized
H2O, air dried, stained with 5 % uranyl acetate for
30 min, and examined with a Hitachi H7000 electron
microscope.

Results

Quantitative analysis of ESP transcripts in E. maxima

The transcript expression profile of ESP in developmental
stages of E. maxima was determined by quantitative RT-PCR.
These data were normalized to the level of 18S rRNA from the
same template sample and plotted as relative expression
(Fig. 1) as described. ESP was transcribed at relatively low
levels in oocysts at 0 h, 12 h, and 24-h sporulation with mean
relative expression=1.943±0.489, 2.950±0.085, and
2.003±0.171, respectively. At 48 h, ESP relative expression
levels approximately doubled (Fig. 1) and reached cycling
threshold ∼8 cycles earlier, increasing mean relative expres-
sion levels to 10.107±0.177 in 48-h sporulated oocysts. ESP

Fig. 2 Gel analysis of recombinant and native ESP. a Gel
electrophoresis of recombinant ESP (rESP). About 1 (lane1) or 5 μg
(lane 2) was loaded in each lane. Gel was stained with Coomassie

blue. Standards (std) have Mr of 21 and 27 kDa. b Western blot
analysis of E. maxima MZ lane 1 or SZ lane 2. About 3.0-ug were
loaded per lane. Standards (Std) have Mr of 20 and 30 kDa

Fig. 3 Immuno-localization by
IFA of anti-ESP in E. maxima
SZ (a) and MZ (b). The arrows
indicate location of anti-ESP
stained with fluorescently
tagged anti-rabbit IgG
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transcription maintained similar levels through sporulation at
72 h (11.460±0.338) then reached highest levels of relative
transcription in SZ (15.430±0.053) and MZ (14.403±0.295).

Western blot analysis of ESP in developmental stages

The purified rESP analyzed by gel electrophoresis had a
relative molecular weight (Mr) of 24 kDa (Fig. 2a) and
stained specifically with the anti-ESP by Western blot (not
shown). The theoretical molecular weight (MW) for the

entire recombinant predicted translation is 23 kDa while the
predicted MW for the native protein is 19 kDa. Western blot
analysis of SZ and MZ extracts indicate a single band with
Mr of about 23 to 24 kDa recognized by anti-ESP (Fig. 2b)

Antibody staining

Epifluoresence microscopy of IFA staining of E. maxima SZ
indicated that ESP was localized to paired structures in the
parasite’santerior(Fig.3a).StainingofMZwasalsolocalizedto

Fig. 4 Ultrastructural
localization of anti-ESP in E.
maxima MZ. Arrows indicate
dark grains that visualize the
bound antibody
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structures in the parasite’s anterior (Fig. 3b). Pre-bleed sera did
not react with either SZ or MZ (not shown). Ultrastructural
studies demonstrated specific staining of anti-ESP in paired
structures in the anterior of the MZ consistent with the
morphology of the rhoptries (Fig. 4). In approximate longitu-
dinal sections, the structures appeared elongated (Fig. 4a and c)
whileinanapproximatedcrosssection,thestructuresarecircular
(Fig. 4b). In some sections, staining could be observed in
membranous structures that were not obviously rhoptries
(Fig. 4c). Staining of structures in E. maxima SZ was not
observed (not shown).

Staining of intestine 120 h after infection of birds with E.
maxima oocysts demonstrated limited staining of oocysts
with staining restricted to outer parasitophorous vacuole
(PV) membranes (Fig. 5b). In developing oocysts, weak
staining was observed in cytoplasm and PV membranes.
Wall-forming bodies were not stained (Fig 5d). General
staining of microgametocytes was observed (Fig. 5c)
however, staining of macrogametes was not observed (not
shown).

Discussion

Previous studies of the E. maxima transcriptome reported a
predicted protein, denominated ESP, which is abundantly
expressed in three Eimeria species, is not homologous to other
proteins outside the genus Eimeria, and is without known
function (Schwarz et al. 2010). The current results extend the

knowledge of ESP and indicate it is differentially transcribed
throughoutdevelopment and the protein is associatedwithboth
the rhoptries, the PV membranes surrounding the developing
oocysts and themicrogametes.

Three distinct organelles comprise the apical complex of
Apicomplexan parasites: rhoptries, micronemes, and dense
granules.Allof theseorganellesareunique toApicomplexaand
play critical roles in mediating host cell invasion (Katz et al.
2006). As a result, proteins produced by these organelles are
frequently targeted for vaccine development as a way of
minimizing cross-reactivity with host epitopes and for the
potential of blocking critical components to host cell invasion.
Unlikemicroneme proteins,which are highly conserved across
Apicomplexa (Tomley and Soldati 2001), putative rhoptry
proteins are very divergent across taxa (ex. Plasmodium vs.
Toxoplasma vs. Eimeria) and may reflect highly specialized
coevolution of these parasite proteins with their specific host
targets (BoothroydandDubremetz2008).ThatESPisuniqueto
Eimeriaspecies ismostcongruouswithour currentunderstand-
ing of rhoptry proteins but notwithmicroneme proteins.

Both light and electron microscopy localized anti-ESP
antibody to paired organelles in the anterior of MZ consistent
with the structure of theEimeria rhoptries (Jenkins et al. 1990).
The localization of ESP to the rhoptries and potentially other
organelles at the apical end of SZ andMZwas themost striking
observation and supports a functional role forESP inmediating
hostcellinteraction.Ultrastructuralstudiessuggesttheproteinis
distributed throughout the rhoptries rather than to specific
regions(bulborneck)asreportedforsomerhoptryproteinsinthe

Fig. 5 Staining of sections of
tissue from chicken mid
intestine with anti-ESP 120 h
after infection with 25,000
oocysts. Positive staining is
indicated by dark red color. a
Staining with pre-bleed sera. b
Oocysts. c Microgametocytes. d
Developing oocysts showing
wall-forming bodies (blue stain)
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related apicomplexan parasites Plasmodium falciparum and
Toxoplasma gondii (Rodger et al. 1988; Bradley et al. 2005). In
contrast to our results using MZ, no specific staining of SZ by
anti-ESP was observed by electron microscopy although light
microscopyclearlyshowedstainingintheanterioroftheSZ.The
reason for this is not apparent.Although it couldnot bedetected
by electronmicroscopywithin the SZ andESP transcriptswere
found to be highly expressed in SZ by quantitative RT-PCR.
Additionally, ESP was detected by Western blot in fully
sporulated oocysts, (which contain SZ) aswell as isolated SZ.

AlthoughESPisclearlyassociatedwiththerhoptriesofSZand
MZ, it was also observed in PV surrounding oocysts and in
microgametocytesembeddedinhosttissue,suggestingimportant
roles beyond initial host cell invasion, possibly maintenance of
intracellular stability within the host cell. It is known that some
rhoptry proteins fromApicomplexa are secreted during host cell
invasion and associatewith the PVandPVmembrane that forms
around the parasite embedded in a host cell (reviewed in
Boothroyd and Dubremetz 2008). We have shown that
transcription of ESP is active to varying degrees throughout
parasite development, congruent with our detection of ESP
protein to particular regions of parasites atmultiple development
stages. Similar to our findings with ESP, previous studies of SZ
proteinsfromEimeria,suchasthemicronemeproteinMIC2,have
increased transcription prior to completion of sporulation and
formation of SZ within the oocyst (Sasai et al. 2008; Ryan et al.
2000). A similar pattern of expression would be expected for
rhoptry proteins since they are also part of the apical complex.
Taken together, thesedataareconsistentwitha functional role for
ESP as a protein that mediates interaction with the host
environment and may also serve as a structural protein of PV
membranes andmicrogametes.

Proteins specific to the rhoptries of the Apicomplexans T.
gondii, Neospora caninum, and P. falciparum have been
characterized and range inmolecular weight from 40–240 kDa
(Bradley et al. 2005; Bradley and Sibley 2007; Marugan-
Hernandez et al. 2011). Recently, the rhoptry proteome fromE.
tenella has been characterized (Oakes et al. 2013). A large
number of proteins were indentified in the E. tenella rhoptry,
manywithhomologytoproteinsfromT.gondiiandN.caninum.
Since they did not screen their data against anEimeria panel of
proteins, ESP was not identified because there are no
homologues for ESP present in Apicomplexa clades (e.g.,
Toxoplasma or Neospora) outside of Eimeria as confirmed in
Schwarz et al. 2010. Thus, the absence of ESP from these data
is misleading. A recently published expressed sequence tag
collection produced from E. tenella (Amiruddin et al. 2012)
was screened prior to the protein accession of ESP resulting
from this study (AEN84770) and therefore did not identify
ESP in their data at the time. However, we reexamined their
data and indeed found ESP to be present in their “Predicted
Secreted Proteins” data file from E. tenella (sequence ID
cn1070_Etm102F05) with a BLASTx e-value of 3.00E-63

match to accession AEN84770 (E. maxima ESP). Their
analysis of the ESP sequence confirmed the presence of a
signal peptide and the lack of transmembrane or GPI anchor
regions, consistent with the initial characterization of ESP by
Schwarz et al. 2010. In conclusion, this supports that ESP is a
secreted protein unique to Eimeria species that localizes to the
rhoptry organelles and PV where it most likely mediates host
cell interaction.
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