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A cDNA clone derived from sporulated oocysts of Eimeria tenella and encoding the expression product
GX3262 was identified using a monoclonal antibody (12-09) raised against Eimeria acervulina sporozoites. The
cDNA fragment containing the coccidial antigen gene was cloned in bacteriophage lambda gtl 1, transferred to
a plasmid, and introduced into Escherichia coli for analysis of the gene products. The strain carrying the
plasmid produced GX3262 as part of a fusion protein consisting of the first 1,006 amino acids of E. coli
Il-galactosidase and 112 amino acids of the E. tenella protein of approximately 12 kilodaltons. Partially purified
antigen, heat-killed recombinant bacterin, and live E. coli containing the recombinant coccidial antigen were

used to immunize 1-week-old or newly hatched broiler chicks. Several immunization protocols were utilized,
including boosts with partially purified I1-galactosidase-GX3262, bacterin, or small numbers of live E. tenella
oocysts. After challenge with an experimental E. tenella infection, the birds were evaluated by scoring cecal
lesions to determine the level of protection. The greatest degree of protection was seen after only a single
immunization of 2-day-old birds with a live recombinant E. coli preparation. The results presented here
identify GX3262 as a potential candidate coccidial vaccine antigen and provide evidence for the first time that
newly hatched chickens can be successfully vaccinated with a recombinant antigen.

Coccidiosis, an intestinal disease caused by protozoan
parasites of the genus Eimeria, is characterized by bloody
diarrhea, morbidity, and mortality in young chickens. Al-
though chemoprophylaxis is almost the exclusive means of
control, over the years a number of methods have been
explored, such as the use of genetically resistant birds (13);
nutritional techniques including the use of vitamin supple-
ments (19); sanitation and quarantine (19); and live vaccines
(21). In spite of the availability of a number of chemothera-
peutic agents (14), coccidiosis remains one of the major
disease problems confronting the poultry industry. Coccidial
chemoprophylaxis is complicated by the frequent and unpre-
dictable development of drug resistance, the cost of synthe-
sis and testing of new anticoccidial agents, the necessity for
drug withdrawal periods, and the possibility that restraints
will be placed on medication used in feed given animals
grown for human consumption. Therefore the development
of an alternative control method, such as a vaccine, could
clearly be useful and practical. It has long been known that
chickens recovered from Eimeria infections show a strong
immunity to subsequent exposure to the parasite (20, 21). On
the basis of such observations, a live oocyst vaccine known
as CocciVac (Sterling) has been available for controlling
infections in breeder chickens and egg layers. Until recently,
attempts to vaccinate chickens with nonviable parasites
have been unsuccessful (20), and the prospects for develop-
ing a subunit vaccine have appeared dim. Recently, how-
ever, Murray et al. (17) have demonstrated protection
against virulent experimental coccidial infections of day-old
broilers by vaccination with coccidial extracts devoid of
living parasites. Similarly, Danforth et al. (5; H. D. Dan-
forth, P. C. Augustine, M. D. Ruff, R. McCandliss, R. L.
Strausberg, and M. Likel, submitted for publication) have
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reported the discovery of a coccidial gene expression prod-
uct with the ability to impart some protection against Eime-
ria tenella infections when administered as a Freund com-
plete adjuvant emulsion to 4-week-old birds. Using a
monoclonal antibody (MAb) raised against Eimeria acer-
lilli)a/a sporozoites, we have identified and cloned a gene
from E. teiella coding for an antigen that is capable of
imparting significant protection against E. tenella after a
single immunization of 2-day-old broilers. In the present
report, we describe the identification and characterization of
this antigen, designated GX3262, and demonstrate its poten-
tial as a candidate vaccine for broilers.

MATERIALS AND METHODS

Parasites. Sporulated E. tenella oocysts, batch USDA-API
no. 24 for isolation of mRNA and batch AHR no. 855B for
use in in vivo studies, were prepared from cecal washings
(3). In general, oocyst suspensions were filtered through
several layers of cheesecloth to remove fecal material and
were then collected by centrifugation, suspended in 2.5%
potassium dichromate to induce sporulation, and maintained
in potassium dichromate until used. Before administration to
chickens, the oocysts were washed free of dichromate,
treated for 2 min on ice with 5.0% sodium hypochlorite (The
Clorox Co., Oakland, Calif.), and centrifuged at 2,600 x g to
pellet digested material and float clean oocysts. The oocyst-
containing supernatant was saved, and the oocysts were
washed repeatedly with water and adjusted to appropriate
concentration in phosphate-buffered saline (PBS) (pH 7.3).
Before use in mRNA isolation, the oocysts were washed,
suspended in 5.0% sodium hypochlorite (Clorox), washed,
and layered over sucrose. Sporulated oocysts were then
collected after centrifugation from the interface and from the
layer just above the interface.

Construction of the E. tenella cDNA library. Total RNA
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was prepared from oocysts by the method of Pasternak et al.
(18). To approximately 0.75 g of E. teuiellai oocysts (USDA-
API no. 24) in 1.5 ml of lysis buffer (10 mM Tris acetate, 75
mM sodium acetate, 2 mM EDTA, 1% sodium dodecyl
sulfate [SDS], 200 p1g of proteinase K per ml, pH 7.5), an
equal volume of sterile glass beads (0.45 to 0.50 mm in
diameter) was added, and the oocysts were broken by
vortexing for approximately 2 min. The preparation was
centrifuged at 4,302 x g for 10 min, and the supernatant was
recovered and incubated at 37°C for 20 min. The solution
was extracted with a saturated phenol solution containing 10
mM Tris acetate, 75 mM sodium acetate, and 2 mM EDTA
(pH 7.5) and then extracted with chloroform, and the total
RNA was precipitated by addition of 0.1 volume of 2.4 M
sodium acetate (pH 5.5) and 2.5 volumes of 95% ethanol at
-20°C overnight. The RNA was then pelleted at 11,950 x g
for 15 min in an SS-34 rotor, desiccated, suspended in sterile
distilled water, and stored at -80°C. Poly(A)' RNA was
separated from total RNA by oligo(dT)-cellulose chromatog-
raphy (1). Bound RNA was eluted with 10 mM Tris hydro-
chloride (pH 7.5)-i mM EDTA. Fractions containing
poly(A)+ RNA were combined, and the RNA was ethanol
precipitated as described above. Methods for double-
stranded cDNA preparation were adapted from those of
McCandliss et al. (16).
For cloning of the cDNA into the EcoRI site of bacterio-

phage lambda gtll. EcoRI linkers were added to the ends of
the cDNA molecules. After ligation of the cDNA with
lambda gtll, the DNA was packaged into phage heads (8).
Escherichlia coli Y1088 (ATCC 37195) was used as a host for
titration and propagation of the phage. Bacteriophage
lambda gtll and all bacterial strains used with it were
obtained from Ron Davis (Stanford University. Stanford,
Calif.) and are described by Hunyh et al. (10).

Plaque screening using antibodies. Phage from an amplified
library of E. teniella cDNA in lambda gtll were used to
transfect host E. coli Y1090 (ATCC 37197) for plaque
formation. The plaques were then transferred to nitrocellu-
lose filters saturated with 0.01 M isopropyl-43-D-thiogalacto-
pyranoside (IPTG) and screened for their ability to bind
MAb 12-09 by a modification of the method used by Dan-
forth et al. (submitted). A bacteriophage giving a positive
response was transfected into E. coli Y1089 to produce a
lysogen. The antigen encoded by the phage was designated
GX3262.

Analysis of GX3262 cDNA. Phage DNA was prepared
using methods described by Maniatis et al. (15). The purified
phage DNA was digested with restriction endonuclease
EcoRI. The fragment encoding the GX3262 antigen was
subcloned into bacteriophage M13 mp8 for DNA sequence
analysis by the dideoxy method (2. 24).

Transfer of GX3262 cDNA coding sequence to an E. coli
expression plasmid. The lac promoter, 3-galactosidase gene.
and GX3262 coding sequence cloned in lambda gtll were
excised with restriction endonucleases KpiI and BatnHI and
inserted between the unique KpnI and BaitiiHI sites in
plasmid pGX3213. Plasmid pGX3213 is a modified form of
pGX1066 (23) carrying the set of cloning sites from pUC18.
The newly assembled plasmid was designated pGX3262.

Production and purification of the 3-gal-GX3262 antigen.
To produce the 3-galactosidase-GX3262 fusion protein (P-
gal-GX3262), recombinant E. coli cells. grown overnight in
Luria-Bertani broth with ampicillin and induced with IPTG,
were lysed by sonication and centrifuged, and the insoluble
cell pellet was washed extensively with PBS. It was found
that the fusion antigen produced from pGX3262 was primar-

ily insoluble in the cells. The insoluble cell material was
dissolved in 6 M guanidine hydrochloride, and after centrif-
ugation, the soluble fraction was dialyzed against PBS to
remove guanidine hydrochloride, at which point the antigen
precipitated. The purity of these preparations, as indicated
by SDS-polyacrylamide gel electrophoresis and laser scan-
ning, ranged from 40 to 60%. For use in certain studies a
control antigen preparation, GX3217, was also prepared.
Plasmid pGX3217 carries all of the genetic material of
pGX3262 except that it has no cloned cDNA. The GX3217
antigen preparation was made in a manner identical to 3-gal-
GX3262 but from E. (oli carrying pGX3217.

Electrophoresis and Western blotting (immunoblotting).
Prior to animal studies, all antigens were analyzed by
SDS-polyacrylamide gel electrophoresis, laser densitome-
try. and Western blot, and for total protein concentration.
The antigens were electrophoresed under reducing condi-
tions on 6% stacking and 10 or 12.5% resolving SDS-
polyacrylamide gels by the method of Laemmli (12). Pairs of
identical gels were run; one was stained with Coomassie blue
R-250 for scanning with an Ultroscan XL Enhanced Laser
Densitometer (LKB Instruments), and the other was trans-
ferred to nitrocellulose membrane for immunoassay. The
protein transfer was performed according to the method of
Towbin et al. (24), using Blotto instead of bovine serum
albumin (10). The blot was probed with MAb 12-09 and
horseradish peroxidase-conjugated secondary antibody
(Kirkegaard and Perry Laboratories, Gaithersburg, Md.).
The transferred molecular weight standards were stained
with amido black 10B. Protein concentrations were deter-
mined with the bicinchoninic acid protein assay (Pierce
Chemical Co., Rockford, Ill.).

Preparation of heat-killed bacterin carrying the GX3262
antigen. Recombinant bacteria grown for approximately 5 h
in Luria-Bertani broth were collected by centrifugation,
suspended in PBS, and subjected to heat treatment at 65°C
for 1 h. After inactivation, the cells were tested for viability
and evaluated for total protein and antigen content. These
preparations contained from 5 to 10% of total protein as the
,B-gal-GX3262 fusion protein.

In vivo evaluation of GX3262. Male Hubbard x Hubbard
broilers (Hubbard Farms. Statesville, N.C.) at either 2 days
or 1 week of age were used in these studies. Chickens with
body weights within 10%, of the mean were randomized into
groups of 10 to 15 before use and housed in a brooder
(Petersime Incubator Co., Gettsyburg, Ohio). At 14 days
post-hatch, chicks were moved to large wire-floored cages
for the duration of the study. The basic experimental design
involved immunizing birds subcutaneously or orally with
partially purified recombinant antigen preparations, heat-
killed bacterins. live E. coli cells, or control materials;
challenging them with E. tendell/i oocysts; and then evaluat-
ing them for cecal lesions as described by Johnson and Reid
(11). This involves evaluating the level of infection in both
ceca according to a score range of 0 (no pathology) to 4
(maximal pathology). For all immunizations, antigen sam-
ples were diluted in 30% Alhydrogel (Superfoss: Sergeant
Chemical Co.. Clifton, N.J.) based on percent fusion protein
as determined by densitometric scanning of SDS gels. Sta-
tistical evaluation of data was accomplished by using the
Dunnett one-tailed test (7).

RESULTS

Identification and characterization of GX3262. The appar-
ent molecular mass of the P-galactosidase fusion protein as
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FIG. 1. Western blot analysis of coccidial proteins. Lane 1,
Molecular size markers; lane 2, GX3217 antigen; lane 3, GX3262
antigen; lane 4, E. tenella sporulated oocyst antigen. The blot was
probed with MAb 12-09. Molecular size markers, indicated in
kilodaltons at the left, were used to estimate the apparent molecular
masses of coccidial proteins. Upper arrow indicates the 115-kDa
,-gal-GX3262 recombinant fusion protein in lane 3, and lower arrow
indicates the 28-kDa coccidial protein identified by MAb 12-09 in
sporulated oocysts (lane 4).

determined by SDS-polyacrylamide gel electrophoresis and
Western blotting (Fig. 1) was about 115 kilodaltons (kDa).
The DNA sequence and predicted translation product for the
GX3262 antigen are presented in Fig. 2. The sequence
encoding the GX3262 antigen was determined by the method
of Sanger et al. (22) and revealed that the antigen without
P-galactosidase is composed of 112 amino acids with a
predicted molecular mass of 12 kDa. It is therefore consid-
erably smaller than the 28-kDa sporozoite refractile body
protein shown by Western blot analysis to be detected by
MAb 12-09 (Fig. 1). The DNA sequence also established that
the cloned segment encodes the carboxy terminus of the E.
tenella protein. The repeated regions observed in Plasmo-
dium parasite-derived proteins (4, 25) and also in the 5401
antigen described by Danforth et al. (submitted) were not
observed in GX3262. The segment directly adjacent to the
P-galactosidase coding region is unusual in that it begins with
10 leucine residues. Amino acid composition analysis re-
vealed that five amino acids, alanine, leucine, serine, gly-
cine, and glutamine, are prominent in this antigen.

Protective immunity by partially purified ,(-gal-GX3262.
Initial studies with GX3262 involved determining whether
partially purified antigen could induce a protective response
against E. tenella infection. One-week-old birds were se-

TABLE 1. Protection induced by partially purified
,-gal-GX3262 fusion protein"

Study Treatment Lesion score
Day 7 Day 21 (X ± SD)

A GX3262 (10 pg) GX3262 (100 p.g) 2.30 ± 1.03
GX3262 (50 VLg) GX3262 (100 jig) 2.21 ± 0.52
GX3262 (100 ,ug) GX3262 (100 Rg) 1.41 ± 1.01
Alhydrogel Alhydrogel 2.24 ± 0.85
PBS PBS 2.11 ± 1.07

B GX3262 (100 jig) GX3262 (100 ,ug) 1.96 ± 1.05
Alhydrogel Alhydrogel 3.11 ± 0.35
PBS PBS 3.04 + 0.50

"One-week-old birds were treated subcutaneously with partially purified
,B-gal-GX3262 fusion protein (GX3262) as indicated and then challenged on
day 28 with E. teiell( oocysts. Lesions were scored on day 35. Values
underlined indicate significant reduction compared with Alhydrogel-treated
controls at P ± 0.05.

lected for these studies, and multiple immunization proto-
cols were utilized in an effort to maximize the ability to
detect a protective response. On day 7 post-hatch, various
groups of birds were immunized subcutaneously with 10, 50,
or 100 jig of partially purified ,B-gal-GX3262 fusion protein in
30% Alhydrogel. Control birds were given Alhydrogel alone
or PBS. Two weeks later, 100 jLg of the fusion protein
GX3262 was administered to three of the groups, and the
birds were challenged orally with sporulated E. tenella
oocysts 1 week later. Cecal lesions were evaluated 7 days
after challenge (Table 1, study A). Immunization with 100 jLg
of P-gal-GX3262 resulted in significant protection (mean
lesion score of 1.41 + 0.01, which is a reduction of 37%
compared with the control).

In a follow-up study (Table 1, study B), in which birds
were likewise given two 100-jig doses of f-gal-GX3262, very
similar results were observed. However, in this case the
birds were challenged with enough oocysts to achieve a
control lesion score of 3.11 ± 0.35, and immunized birds
showed a reduction in their lesion scores to 1.96 ± 1.05,
again a 37% reduction in lesion score even though the
infection level was high. To ensure that the recombinant
antigen alone was responsible for the protection, a group of
birds were immunized with the control antigen preparation,
GX3217. With such a preparation no protection was ob-
served (data not shown).

In subsequent studies we evaluated dosage requirements
of the 3-gal-GX3262 fusion antigen (Table 2). Two immuni-

leu leu leu leu leu leu leu leu leu gln gly ala glu cys leu leu arg ser ser lys 20
CTG CTG CTG CTG CTG CTG CTG CTG CTG CAG GGC GCG GAG TGC CTC TTG AGG AGC AGC AAA 60

leu ala leu glu ala leu leu glu gly ala arg val ala ala thr arg gly leu leu leu 40
CTG GCC CTC GAG GCC CTC CTC GAG GGG GCC CGC GTT GCA GCA ACG CGG GGT TTG CTG CTG 120

val glu ser ser lys asp thr val leu arg ser ile pro his thr gln glu lys leu ala 60
GTC GAG AGC AGC AAA GAC ACG GTG CTG CGC AGC ATT CCC CAC ACC CAG GAG AAG CTG GCT 180

gln ala tyr ser ser phe leu arg gly tyr gln gly ala ala ala gly arg ser leu gly 80
CAG GCC TAC AGT TCT TTC CTG CGG GGC TAC CAG GGG GCA GCA GCG GGG AGG TCT CTG GGC 240

tyr gly ala pro ala ala ala tyr gly gln gln gln gln pro ser ser tyr gly ala pro 100
TAC GGG GCC CCT GCT GCT GCT TAC GGC CAG CAG CAG CAG CCC AGC AGC TAC GGG GCG CCC 300

pro ala ser ser gln gln pro ser gly phe phe trp ***

CCC GCC TCC AGC CAG CAG CCC TCC GGC TTC TTC TGG TAG
112
336

FIG. 2. Nucleotide sequence encoding the GX3262 antigen. The GX3262 DNA sequence is shown in capital letters, and the antigen amino
acid sequence is shown in lowercase letters.
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TABLE 2. Protection induced by single or multiple
immunizations with partially purified 13-gal-GX3262 fusion protein"

Treatment Lesion score
Day 7 Day 21 (X ± SD)

GX3262 (100 ,ug) 3.58 00.44
GX3262 (100 jug) GX3262 (100 ,ug) 2.21 ± 0.69
GX3262 (200 jig) 2.87 ± 0.69
GX3262 (200 jig) GX3262 (200 jg) 2.88 ± 0.80
PBS PBS 3.71 ± 0.22

" One-week-old birds were treated subcutaneously with partially purified
3-gal-GX3262 fusion protein (GX3262) as indicated and then challenged on
day 28 with E. tenellaz oocysts. Lesions were scored on day 35. Values
underlined indicate significant reduction compared with PBS-treated controls
at P s 0.05.

TABLE 3. Lack of protection with partially purified
3-gal-GX3262 fusion protein when administered

on day 2 post-hatch"

Treatment Lesion score

Day 2 Day 7 Day 21 (X SD)

GX3262 (100 jig) 3.16 ± 0.87
GX3262 (100 jig) GX3262 (100 jig) 3.08 ± 0.87

GX3262 (100 jig) 2.04 ± 1.29
GX3262 (100 jig) GX3262 (100 jig) 2.79 ± 0.94

PBS PBS 3.57 + 0.50

" Two-day- or 7-day-old birds were treated subcutaneously with partially
purified 3-gal-GX3262 fusion protein (GX3262) as indicated and then chal-
lenged on day 28 with E. tenzell(i oocysts. Lesions were scored on day 35.
Values underlined indicated significant reduction compared with PBS-treated
controls at P - 0.05.

zations with 100 jig of partially purified 3-gal-GX3262 re-
sulted in significant protection, whereas a single immuniza-
tion of 100 jig failed to provide such protection and the
administration of 200 jig of antigen failed to increase the
level of protection above that observed with two indepen-
dent 100-jig doses.

In another series of studies, the partially purified I-
gal-GX3262 fusion antigen was evaluated in an effort to
determine its ability to induce protective immunity, begin-
ning with the immunization of 1-day-old broilers. These
birds were given three separate immunizations of 100 jig of
3-gal-GX3262 on days 1, 7, and 21 post-hatch. After the

standard challenge with E. tenella oocysts and subsequent
lesion evaluation, it was observed that such treatment re-
sulted in a substantial reduction in the severity of cecal
lesions as compared with lesion scores observed in the
nonimmunized controls. Chickens vaccinated three times
with 100 jig of f-gal-GX3262 had lesion scores reduced
significantly (mean lesion score of 1.56 + 0.53) as compared
with nonvaccinated counterparts (mean lesion score of 3.43
± 0.54). In addition, when distribution patterns of lesion
scores in vaccinated and control chickens were observed
(Fig. 3), it was clear that vaccination with the recombinant
protein induced a significant shift to the left, resulting in
about 70% of chickens being scored in the 0 to 1.9 range of
cecal lesions, in contrast to the control birds, where over
80% of chickens scored in the 3 to 4 range.
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FIG. 3. Distribution patterns of lesion scores. Doses (100 jLg) of
partially purified recombinant 13-gal-GX3262 antigen were adminis-
tered on days 1, 7, and 21 post-hatch. An E. tenella challenge was

administered on day 28, and cecal lesions were scored on day 35.
Hatched bars, 1-Gal-GX3262 antigen; solid bars, PBS.

Although the GX3262 antigen is active, results thus far
obtained failed to show whether the protective immunity
was induced by the immunization administered on day 1, or
day 7, or day 21, or a combination thereof. Therefore a study
was designed to demonstrate the feasibility of immunization
of 1-day-old broilers (Table 3). A single immunization with
100 jig of ,B-gal-GX3262 on day 7 post-hatch induced partial
protective immunity, as evidenced by a significant reduction
in severity of cecal lesions to 2.04 ± 1.29, compared to the
mean cecal lesion scores of 3.6 ± 0.50 in the control group.
An additional injection of 100 jig of antigen on day 21 failed
to increase this level of protection, and no protection was
induced by a single antigen immunization of 1- or 2-day-old
chickens.

Protective immunity with heat-killed bacterins. Although
partially purified preparations of ,B-gal-GX3262 proved to be
active against E. tenella challenges, protection was not
optimum. Therefore we immunized groups of 1-week-old
birds with heat-killed recombinant E. coli cells (bacterin)
containing 100, 200, or 500 jig of 3-gal-GX3262 and followed
this 2 weeks later with an identical immunization. Immuni-
zation of broilers with bacterin carrying 100 jig of 3-gal-
GX3262 induced a partial immunity against challenge infec-
tion, manifest as a reduction of nearly a full lesion score as
compared with nonimmunized controls when scored 6 days
after challenge. The distribution pattern of cecal lesion
scores for the various treatment groups on the basis of
severity was skewed to the left (Fig. 4) in comparison with
the control birds, which were skewed to the right. Increasing
the dose to 200 jig appeared to be slightly more effective, as
suggested by an average cecal lesion score reduction of 1.2;
however, the distribution pattern was comparable to that
observed in the group given 100 jLg. A 500-jig dose of
antigen, in the form of E. coli bacterin, also showed some
effect in reducing cecal lesions as compared with the lesions
of the control chickens, but protection was less marked in
comparison with that seen with the 100- or 200-jig doses.

Subclinical E. tenella exposure. It was speculated that it
might be possible to prime 1- or 2-day-old chickens and then
expect a booster effect (anamnestic response) from any
subclinical exposure of the chickens to the parasite in the
field. Owing to the considerable degree in variability in the
parasite load in the field a consistent low-level natural
exposure to the parasite may not be achieved. Therefore, to
simulate natural parasite exposure in a controlled manner, a
titration was performed to determine the minimum number
of oocysts that should be used during the boost so that no
protection was afforded without an initial priming with the
recombinant f8-gal-GX3262 bacterin. The titration suggested
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FIG. 4. Distribution patterns of lesion scores. Heat-killed recom-

binant E. coli cells carrying the f-gal-GX3262 fusion protein were

administered in sufficient quantities to deliver the P-gal-GX3262
antigen as indicated in the figure. Immunizations were given on days
7 and 21 post-hatch. An E. tenella challenge was administered on

day 28, and cecal lesions were scored on day 34.
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FIG. 5. Distribution patterns of lesion scores. Heat-killed recom-

binant E. coli cells carrying the ,-gal-GX3262 fusion protein were

administered on day 2 post-hatch to groups indicated and in suffi-
cient quantities to deliver 100 pLg of the 3-gal-GX3262 antigen.
Twenty-five live sporulated oocysts were administered on day 10
post-hatch. An E. teniellti challenge was administered on day 24, and
cecal lesions were scored on day 30.

the minimum number of oocysts to be less than 50 per bird.
A study was then initiated in which 2-day-old birds were
immunized with heat-killed bacterin carrying the 3-gal-
GX3262 fusion protein and then some groups were boosted
orally with 25 live E. tenella oocysts (Table 4). Immunization
of birds on day 2 of life with 100 p.g significantly reduced the
lesion score level (mean lesion score of 2.16). A subclinical
infection of 25 E. tenella oocysts administered to birds so
primed reduced the level of the mean lesion score substan-
tially further (mean lesion score of 1.02 ± 0.91). Adminis-
tration of 25 oocysts in the absence of a priming immuniza-
tion had no significant influence on lesion scores. An
evaluation of the percentage of chickens in each treatment
group showing lesions in various ranges (Fig. 5) supports the
contention that an initial immunization with bacterin, fol-
lowed by a live boost with oocysts, results in the greatest
level of protection.

Protective immunity with live recombinant E. coli. Since
the possibility exists that the appropriate number or strains
of coccidia may not be available naturally at the time they
are required, a vaccine that would induce maximum protec-
tion with only a single immunization given on day 1 post-

TABLE 4. Enhancement of protection induced by heat-killed
recombinant E. (coli carrying the ,B-gal-GX3262 fusion protein

following a live boost with E. tetnld/a oocysts"

Treatment Lesion score

Day 2 Day 1i) (X ± SD)

GX3262 (100 [.g) 25 oocysts 1.02 ± 0.91
GX3262 (100 ,ug) 2.16 ± 0.83
PBS 25 oocysts 2.88 ± 0.53
GX3262 (25 [ig) 25 oocysts 2.18 + 0.95
PBS 3.27 ± 0.82

" Two-day-old birds were immunized subcutaneously with enough heat-
killed recombinant E. coli to yield P-gal-GX3262 fusion protein (GX3262) as
indicated, and various groups were given a subclinical oral dose of E. tc'iellai
oocysts. All bir-ds were challenged with an infectious dose of oocysts on day
24, and lesions were scored on day 30. Values underlined indicate significant
reduction compared with PBS-treated controls at P ± 0.05.

hatch, without the requirement for a boost, would be pref-
erable. To explore the feasibility of such a system, we
delivered the P-gal-GX3262 by subcutaneous inoculation of
live recombinant E. coli cells and examined the effects on

subsequent infection. In this study, IPTG-induced recombi-
nant E. coli were harvested; one half were heat killed, and
the remainder were stored at 4°C. Both preparations were

then used for immunization. A single immunization with
heat-killed bacterin at either 25 or 100 ig reduced cecal
lesions to 2.68 0.81 and 2.52 ± 1.07, respectively, com-

pared with a score of 3.67 + 0.38 in the nonimmunized
group. However, a single vaccination with live E. coli
designed to deliver antigen at comparable doses reduced the
lesion scores to 1.86 + 1.01 and 1.42 ± 1.06, respectively.
The level of protection obtained using the live E. co/i was

particularly striking on examination of the distribution pat-
tern of the percentage of chickens in each group showing
lesions in various ranges (Fig. 6). With the live E. coli, about
70% of the birds given 100 pLg of fusion antigen had lesion
scores in the 0 to 1.9 range; 97% of nonimmunized birds
showed lesions in the 3 to 4 range. In a subsequent study,
live E. (oli producing GX3217 was used to immunize birds
and no effect on lesion scores was observed. For example,
birds immunized with live E. (oli carrying 100 pg of GX3217
showed average cecal lesions of 4.00 + 0 6 days after
challenge, as compared to 3.98 ± 0.10 for the nonimmunized
controls. In this same study, 100 p.g of GX3262, also
administered in live E. coli, reduced the average lesion score

to 2.78 ± 1.20.

DISCUSSION

The objective of this study was to develop an inexpensive,
competitive, safe, and efficacious vaccine to protect poultry
from coccidiosis. Using the MAb 12-09, a cloned cDNA
sequence has been identified which encodes an antigen
(designated GX3262) that may meet these objectives.

Several recent reports (5, 17; Danforth et al., submitted)
have indicated the feasibility of using a nonliving subunit
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FIG. 6. Distribution patterns of lesion scores. Two-day-old
chicks were given either live or heat-killed recombinant E. coli cells
carrying the 3-gal-GX3262 fusion protein (GX3262 in figure) at
levels indicated in the figure. An E. tenella challenge was given on

day 24, and cecal lesions were evaluated on day 30.

vaccine for controlling coccidiosis. The major problem with
the use of such preparations obtained from native oocysts is
the cost of production. The identification, cloning, and
expression of an E. tenella cDNA sequence coding an
antigen designated 5401 by Danforth et al. (submitted) dem-
onstrated that by using modern genetic engineering tech-
niques it was possible to clone and express an antigen that
could provide partial protection against coccidiosis. How-
ever, to achieve partial protection with the 5401 antigen, the
birds were immunized beginning at 4 weeks of age by antigen
emulsified in Freund complete raiitigen. To comply with
current husbandry practices of the poultry industry, due
mainly to economic constraints, it would be necessary to
immunize chicks at the time of hatching or shortly thereafter
and without Freund complete antigen.
The GX3262 antigen provides some major advantages

over antigens previously identified. The MAb 12-09 was

originally prepared against E. acerviulina, but it cross-reacts
with sporozoites of all the commercially important species of
Eimeria (6). Therefore, the GX3262 antigen cloned from E.
tenella is probably found as part of a highly conserved
refractile body protein present in most Eimeria species and
has the potential to provide cross-protection against a num-

ber of Eimeria species.
We have demonstrated that although partially purified

preparations of GX3262 are active, they do not provide
optimal protection. In addition, of nine such preparations
tested, only three gave consistent positive results. The
inconsistency in activity with various preparations may be
the result of improper folding of the molecule during the
purification procedure or may indicate that the molecule is
fairly labile. Utilization of a heat-killed bacterin avoids
problems associated with purification and in addition is a

more economical means of antigen production. Our studies
have shown that GX3262 bacterins have the ability to
consistently induce partial protection in newly hatched
chicks after only a single immunization. The level of the
protection observed with this type of immunization was still
only partial, but can be significantly increased by the use of
a booster challenge with small numbers of live E. tenella
oocysts. This booster mimics the low level of infection that

would be expected to occur under field conditions. How-
ever, because the required level and type of coccidia may
not be available in the field at the appropriate time, and
becaulse with the use of such a vaccine it would be antici-
pated that the environmental level of coccidia would de-
crease with time, a vaccine that would induce maximum
protection without the need for an oocyst boost would be
preferable. In this regard, consistently better protection was
seen with the live vaccine as compared with the heat-killed
vaccine. It is possible that the live bacterin was more
effective because the GX3262 antigen had not been compro-
mised by heat treatment. It is also possible, however, that
the lack of heat treatment permitted the E. coli cells to
function as a more effective adjuvant. These questions, as
well as the development of various other procedures for
inactivating the live E. coli, are currently being explored.
The structure of GX3262 is different from those of the 5401

antigen and other parasite antigens (4, 25). GX3262 is not
particularly hydrophobic or hydrophilic, and it has no re-
peating sequences. This antigen is less than half the size of
the 28-kDa E. tenella protein which cross-reacts with MAb
12-09. However, we have recently identified additional
cDNA clones that encode longer segments of the coccidial
protein from which GX3262 is derived. It is possible that
these larger fragments of the complete E. tenella protein
would constitute an even more active antigen. It will also be
interesting to compare the protective capabilities of E.
tenellal and E. acervulina variants of the GX3262 antigen,
particularly since it is well known that E. acervulina is highly
immunogenic (20, 21).
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