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Abstract Coccidiosis is the most important protozoan
disease affecting the poultry industry worldwide. Control
of poultry coccidiosis is presently based on managerial
skills and the use of prophylactic coccidiostatic drugs. With
the emergence of drug resistant Eimeria strains, emphasis
has been laid on development and use of safer vaccines;
some of them have been commercialized successfully. The
present review deals with the various factors responsible
for the development of clinical coccidiosis in poultry as
well as an overview of the currently available inducers and
boosters of immunity against coccidiosis. There are three
groups of vaccines currently available against coccidiosis
which can be distinguished on the basis of characteristics
of the Eimeria species included in the respective products,
viz. vaccines based on live virulent strains, vaccines based
on live attenuated strains, and vaccines based on live
strains that are relatively tolerant to the ionophore com-
pounds. The latter vaccine combines the early chemother-
apeutic effect of ionophores with the late prophylactic
effect of vaccination. Although in the near future more
varieties of oocyst based live vaccines are expected,
identification of selective coccidian-specific immunopro-
tective molecules is likely to get more attention to facilitate
the sustainable control of poultry coccidiosis.
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Introduction

During the last two decades the growth of poultry industry
has been remarkable and India presently holding the third
position in the world in egg production and poultry meat
production has reached about 2.2 million tons per year. It is
evident that the poultry industry is not only playing a great
role for the nutritional security of the country, but also
providing working opportunity to a sizeable population of
the world. About three million people in India are directly
linked to the poultry industry which in turn contributing to
the national economy to the extent of US $5.7 billion
annually. Although most of the diseases of infectious origin
affecting the poultry industry have been controlled suc-
cessfully using protective vaccines, coccidiosis caused by
several Eimera spp. is still considered as the most chal-
lenging deterrent for poultry development. Intensive sys-
tem of poultry rearing provides excellent opportunities for
accumulation and transmission of the coccidian oocysts
and in the absence of effective control measures clinical
disease is the inevitable outcome resulting in extensive
mortality of the young stocks. The reduced production
efficiency and the costs of veterinary and prophylactic
interventions resulting from poultry coccidiosis costs the
UK poultry industry alone in excess of £38M per annum
and the global loss due to poultry coccidiosis is estimated
to exceed £500M per annum (Shirley et al. 2007) which
may be considered as the singular reason for devising
improved control strategies.

Eimerian reproduction

The lifecycle of the organisms includes development both
inside and outside of the host. Within the host the parasite
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undergoes both asexual and sexual stages of development.
In general, oocysts voided through feces get sporulated
within about 24 h in the external environment in presence
of oxygen. The excystation of the oocysts within the
intestinal lumen is facilitated by trypsin, bile, and CO, and
the released sporozoites penetrate the villous epithelial
cells. Sporozoites of some species (E. brunetti and
E. praecox) develop within cells at the site of penetration.
Sporozoites of other species (E. acervulina, E. maxima,
E. necatrix, and E. tenella) are transported to other sites,
viz. the crypt epithelium, where they develop as a tro-
phozoites (Lawn and Rose 1982; Trout and Lillehoj 1993).
Within the host cells, trophozoites undergo asexual repro-
duction (schizogony or merogony) to produce merozoites
which penetrate healthy enteric cells. A few cycles of
merogony take place which is followed by sexual repro-
duction or gametogeny. Merozoites enter host cells and
differentiate into either male (microgamonts) or female
(macrogamonts) forms. The microgamonts divide to form
microgametes, which fertilize the macrogamonts leading to
the development of oocysts which are voided through the
feces. The prepatent periods generally range from 4 to
5 days following oral infection and maximum oocyst out-
put ranges from day 6 to 9 postinfection. The precise
biochemical and genetic mechanisms which control the
development of Eimeria spp. within host cells is yet to be
fully understood. Two linkage groups associated with
intracellular coccidian development have been identified
on chromosome No.l and 2 of E. fenella using precocious
and drug resistant lines, (Shirley and Harvey 1996). This
information may help identifying other genetic loci
involved in regulating the life cycle of E. tenella. Recently
a developmentally regulated gene (ets3a) (Ouarzane et al.
1998) has been identified.

Diagnosis and identification at species level

Each of the seven valid species of chicken coccidia is
developmentally location-specific within the chick diges-
tive tract. It is common to find at least six species (e.g.,
E. acervulina, E. maxima, E. tenella, E. brunetti, E. mitis,
and E. praecox) in litter samples from a single flock during
its first 6 weeks (Williams 1995). Identification of the five
species, viz. E. acervulina, E. brunetti, E. maxima,
E. necatrix, and E. tenella, is comparatively easy based on
characteristic gross lesions. The pathogenicity ranges from
moderate to severe. Although E. praecox and E. mitis are
considered non pathogenic, experimental infections with
these species may produce pathogenesis resulting in
enteritis, diarrhoea, and reduced feed efficiencies (Wil-
liams 1998), which warrants their inclusion in the list of

coccidia to be controlled. Generally, the five most patho-
genic species can be differentiated in the host on the basis
of clinical signs, characteristic tissue lesions, prepatent
period, size of oocysts, and morphology of intracellular
stages.

Several molecular biological approaches have been
successfully employed, viz. differentiation of species on
the basis of isoenzyme patterns of oocysts by starch block
electrophoresis (Shirley 1975), use of the rRNA and
rDNA probes for identification of individual species
through characteristic restriction fragment patterns (Ellis
and Bumstead 1990), a randomly amplified polymorphic
DNA assay to differentiate E. acervulina and E. tenella
and their strains (Procunier et al. 1993). Molecular tools
and markers have been developed for differentiation of
different strains of E. tenella as well as precocious and
drug-resistant strains (Shirley 1994; Shirley and Harvey
1996). Sensitive detection and differentiation of the major
coccidian species have been possible applying PCR. PCR
amplification of internal transcribed spacer region 1 from
genomic DNA has been used to detect and differentiate
six Eimeria species (Schnitzler et al. 1997). A two-step
PCR technique was used for differentiation of eight coc-
cidian species. A PCR RFLP technique was used for
characterisation of six species of coccidia in Australia
(Woods et al. 2000). However, conventional PCR has
limitations in quantifying the number of Eimeria oocysts
present in samples as well as detection of mixed-species
infections which can be overcome by applications of real-
time PCR. A TaqMan® probe based qPCR targeting the
nuclear ribosomal DNA (ITS-2) has been used for
detection and quantification of seven species of Eimeria
infecting chickens opening new vistas for complex epi-
demiological studies(Morgan et al. 2009).

Sustainable control of coccidiosis
Management of poultry house

Oocysts of coccidia with high reproduction potential can
easily disseminate in the poultry house environment and it
is a challenging task to keep chickens coccidia free,
especially under intensive rearing conditions. QOocysts
sporulate readily in the litter. Nevertheless, the sporulation
of oocysts is affected by degradation, bacterial damage as
well as ammonia generated from the litter which may
affect their viability (Williams 1995). In the USA, removal
of caked litter and aeration of the poultry houses at the
interval of 2-3 weeks is practised and top dressing with
fresh litter before placing a new flock is a rule. On the other
hand, a thorough cleanout between flocks is a common
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practice in most European countries and Canada. Strict
biocontrol measures adopted by the caretakers of poultry
houses can play a great role in restricting the spread of
infective oocysts (Allen and Fetterer 2002).

Prophylactic application of anticoccidials

The use of anti coccidial feed additives during past
50 years has played a major role in the growth of the
poultry industry and has facilitated increased availability
of high quality, affordable poultry products to the con-
sumers. On the basis of specific modes of action, the
anticoccidials may be classified as (i) chemicals affecting
parasite metabolism, such as halofuginone, clopidol,
decoquinate, amprolium, or (ii) polyether ionophores
such as lasalocid, monensin, narasin, maduramycin, and
salinomycin, which alter ion transport and disrupt the
osmotoic balance. These latter compounds are now the
mainstay of coccidiosis control (Jeffers 1997). It is quite
an alarming fact that some degree of resistance to all
anticoccidial drugs, including ionophores, has developed
(Chapman 1994, 1998). To overcome the problem of
resistance, poultry producers are practising rotational use
of various anticoccidials with successive flocks or com-
bination of chemical and ionophore treatments. Identifi-
cation of the enzymes of sporozoite mannitol cycle
(Allocco et al. 1999) and histone deacetylase from the
trophozoites (Schmatz 1997) might be helpful in the
development of new anticoccidial.

Immunoprophylaxis

The immunity induced following infection with avian
Eimeria is species specific. Parasitic stages that are thought
to be important in generating protective immune responses
include the initial asexual developmental stages where
trophozoites multiply within the epithelial cell of intestinal
villi (Jenkins et al. 1991). T cell and cytokines play an
important role in protective immunity to Eimeria. While
Thl type cytokines play an important role in limiting
parasite multiplication in the early stages of infection,
regulatory cytokines and other immune cells may play a
vital role in limiting the immunopathology associated with
proinflammatory cytokines (Roberts et al. 1996).

Protective immunity in chickens can be induced by
deliberate infection with low numbers of Eimeria parasites
and it is established that following two to three consecutive
infections the birds develop solid immunity. All commer-
cially available coccidiosis vaccines are based on this
principle. Depending on the characteristics of the vaccine
strains used, these vaccines may be divided into three
groups.
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Live, virulent strain based vaccine

These vaccines incorporate a variable number of wild type
strains (Lee 1987). For broiler-breeders up to eight Eimeria
species are included in these products (Coccivac® D,
Immucox® C2), where as for use in the broiler industry
the number is restricted up to four species (Coccivac® B,
Immucox® C1). The mode of application is with drinking
water for all the four live vaccines. Besides drinking water
Immucox C1 can also be applied by incorporating in an
oral gel (Vermeulen et al. 2001).

Live, attenuated strain based vaccines

The attenuated lines of Eimeria parasites can be developed
through repeated selection for early maturation (pre-
cociousness) or by serial passage through embryonated
eggs (Long 1972; Jeffers 1975). The most important fea-
ture of these attenuated lines is their reduced proliferative
capacity resulting in less damage to the intestinal epithe-
lium after one passage through the gut. Paracox® (preco-
cious strains; Shirley and Millard 1986) and Livacox®
(precocious: TA strains, Bedrnik, 1989) are the example of
such attenuated vaccine and the performance was compa-
rable to anticoccidial drugs (Williams et al. 1999).

Establishment of a low level of infection in the early
part of life through immunization of the chicks with live or
attenuated strains helps in boosting the immune system of
the naive birds in the litter and thereby protect from a
future fulminating disease. Uses of therapeutics or feed
additives that interfere with development of the oocysts are
not permisible during the period of development of
immunity. Therefore, the risk of development of clinical
coccidiosis is highest at the early age (weeks 1-3) which
decreases as immunity starts developing (from weeks 3—4
onwards) (Vermeulen et al. 2001). A live vaccine com-
prising an precocious attenuated line of E. tenella and a
non-attenuated line of each E. maxima and E. acervulina,
namely Supercox1, has been introduced with the promise
of controlling clinical coccidiosis in broilers as well as
achievement of production performance superior to that of
using anticoccidial drugs against which resistance might
have developed (Suo et al. 2006).

Live, ionophore tolerant strain based vaccine

Use of ionophore tolerant Eimeria strains has given a new
dimension to the anticoccidial vaccine development. An
experimental vaccine comprising a strain of E. acervulina
and a strain from E. maxima, both of which were partially
tolerant to salinomycin, have been developed in USA.
Later a live vaccine that can be used with different
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ionophores has been introduced (Nobilis® COXATM) to
the market (Schetters et al. 1999). The vaccine comprises
strains of three different Eimeria species, namely E. acer-
vulina, E. tenella, and E. maxima which are relatively
tolerant to ionophores. The advantage of these specific
vaccines is that they allow the use of ionophores during the
first 3—4 weeks when immunity is not complete and the
birds are still susceptible. The specific anticoccidial viz.
salinomycin limits the increase of infection pressure to the
field strains during the period of development of immunity
(Vermeulen et al. 2001).

Recombinant vaccine

A major drawback of live vaccines is their limited shelf life
and relatively high production costs associated with
attenuation. Besides this, it is a herculean task to produce
enough material sufficient to vaccinate billions of broilers
each year. Therefore, the need for developing a protective
recombinant protein based vaccines has been emphasized
(Jenkins 2001; Vermeulen 1998). As a matter of fact sev-
eral target apicomplexan proteins have been expressed and
used for either diagnostic or prophylactic purposes (Vel-
murugan et al. 2008; Tewari et al. 2007, 2010). Microneme
proteins are common to apicomplexan parasites and are
involved in host cell adhesion and penetration. Several
genes coding microneme proteins of E. tenella have been
identified and cloned (Ryan et al. 2000). The microneme
proteins from E.tenella, Etmic2 and Etmic4 have shown
protective effect (Du and Wang 2005) and in ovo vacci-
nation with Etmic2 gene reportedly stimulated intestinal
protective immunity against E. tenella and E. acervulina
(Ding et al. 2005). Administration of short oligodeoxy
nucleotide containing unmethylated CpG motifs (CpG
ODNs), which are known to enhance both innate and
adaptative immune responses (Krieg 1995), along with the
MIC2 antigen in ovo has shown promising results (Dalloul
et al. 2005). Enhancement of host immune response was
also achieved by co-administration of the chicken inter-
leukin-2 (IL-2) gene (Ding et al.2005). EtMIC1 and
EtMIC?2 could induce high humoral and CMI response and
vaccination along with interleukin (IL)-8, IL-16, trans-
forming growth factor-f4, or lymphotactin resulted in
considerably reduction of oocyst output and increased
bodyweight gain, following challenge, (Subramanian et al.
2008; Lillehoj et al. 2005).

Several proteins associated with the sexual stage of
Eimeria maxima includingl4, 30, 56, 82 and 230 kDa
antigens have been identified as potential vaccine targets for
inducing transmission-blocking immunity. Immunization
with the 56 and 230 kDa antigens has shown cell mediated
immunity against experimental coccidiosis and reduced
fecal oocyst shedding (Wallach 1997). Interestingly, the 56

and 230 kDa antigens also induced the production of IgY
antibodies which are transferrable to the embryo via egg
yolk (Belli et al. 2002) and can provide protective immunity
against coccidiosis following challenge infection (Lee et al.
2009). An 82 kDa recombinant protein associated with
gametocyte of E. maxima has could induce protective
intestinal immunity resulting in decreased oocysts shedding
and reduced gut pathology (Jang et al. 2010) associated with
increase in the body weights of chickens (Anwar et al. 2008).

Use of viral vector delivery systems currently consid-
ered as a promising step forward for producing sustainable
cost effective Eimeria vaccines suitable for mass applica-
tion. Fowl pox and Herpes virus of turkeys are considered
lucrative candidates for their ability to harbor the insert
size needed for expression of multiple Eimeria genes
necessary to control the various species of parasite (Cor-
nenberg et al. 1999; Boyle and Heine 1993).

Factors influencing vaccine efficacy
Methods of vaccination

Even distribution of the vaccine oocysts is crucial for the
induction of protective immunity using live vaccines. As a
practice the oral vaccines are administered through drink-
ing water or by a variety of feed-based administrations.
The limited available data about the use of oral vaccine in
broiler flocks indicate that induction of protective immu-
nity is not complete (Williams et al. 1999) which may be
ascribed to the fact that success of immunization is
dependent upon the chance of the individual chicken to
receive a full dose of vaccine. Therefore, it is a common
phenomenon that some of the birds receiving more than
one dose while others receiving no vaccine at all following
application through feed. This situation could be avoided
by spraying the vaccine on the birds. Spray-cabinets are
widely adapted to vaccinate broilers against coccidiosis
(Coccivac-B®). A red coloured dye is incorporated in the
vaccine which stains the feathers of approximately 90-95%
of the birds following spray. Part of the vaccine sprayed
may be taken up through the eyes and part through the beak
when the birds arrange their feathers (Chapman et al.
2002). Spray vaccination, therefore, recommended as a
more efficient mode of prophylactic approach and it has
been observed that over 94% of birds vaccinated by spray
had indeed taken up the oocysts (Schetters et al. 1999).

Incorporation of sporozoite antigens of Eimeria tenella
into Iscoms could protect broiler chicks following a vac-
cination through the intra-nasal route. These results suggest
that this route of vaccination could also be effective in
inducing protection against avian coccidiosis (Garcia et al.
2008).
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Combination of ionophores with vaccine

Following proper administration, all available vaccines
require a 3—4 weeks time to induce protective immunity in
the chickens. Danforth (1998) observed that most broiler
breeds exhibited a transient drop in weight gain following
vaccination, but recovered quickly and compensated for the
loss within 3 or 4 weeks. In another series of field experi-
ments it was shown that vaccinated flocks had higher feed
conversion rates than non-vaccinated but medicated flocks.
The improvement of feed conversion by 4% in the absence of
coccidial challenge has been widely recognized for drugs
such as salinomycin or maduramycin. One of the most
interesting observations was that the combination of such
ionophore treatment with vaccination could further improve
the effect of vaccination or treatment alone (Li et al. 2005).

Application of cytokines and ISCOM as adjuvants

Since cytokines are responsible for determining the outcome
of immune response, some of them are often considered as
potent immunomodulators. Interferon gamma, the important
cytokine of Thl pathway is considered to have adjuvant
effect with an anti-coccidial vaccine. Chicken IFNy has been
cloned and expressed (Digby and Lowenthal 1995), and
treatment with recombinant IFNy alone has been shown to
help in preventing reductions in body weight gain as well as
oocysts output with E. acervulina and E. tenella infections.
However, application of cytokines is not free from limitation
and the cytokines are subjected to rapid degradation and
clearance in vivo. To overcome the problem, the cytokines
may be administered in the form of its coding DNA sequence
(gene) and may be packaged in a suitable viral vector to
facilitate its application in large flocks. Simultaneous inoc-
ulation of cDNAs encoding chicken IFN-y along with 3-1E
cDNA of E. acervulina, a stimulator of interferon gamma,
could further enhance immunity (Lillehoj et al. 2000). Fol-
lowing inoculation of chickens with a fowl adenovurus
chicken IFN-y construct resulted in less reduction in weight
following challenge with E. acervulina.

Immunostimulating complexes (ISCOMs) are unique
multimolecular structures formed by encapsulating anti-
gens, lipids and triterpene saponins and are one of the most
successful antigen delivery systems for microbial antigens.
In a recent communication, significant immunostimulation
and protection to challenge have been reported following
immunization of chickens with ISCOMs containing puri-
fied saponins and native E. fenella antigens. The observa-
tion is significant in a way that ISCOMs could be used to
develop a safe and effective vaccine because of their ability
to stimulate humoral immunity and simultaneously pro-
tecting chickens against a challenge with E. tenella infec-
tion (Berezin et al. 2010).
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Alternative control strategies
Dietary modulators of immunity

A number of natural products or feedstuffs have been
tested as anticoccidial dietary additives including mush-
room and herb extracts incorporation of which resulted in
enhancement of both cellular and humoral immune
responses in E. fenella infected chickens (Guo et al.
2004). Poultry feeds containing fish oils, flaxseed oil etc.
are rich in n-3 fatty acids, viz. decosahexaenoic acid,
linoleic acid, eicosa pentaenoic acid could reduce the
lesion caused by E. tenella when incorporated in the
starter ration (Allen et al. 1997a, b). The fish oil and
flaxseed oil diets could not only significantly reduce the
degree of infection but also development of E. tenella and
caused ultrastructural degradation of both asexual and
sexual stages by inflicting oxidative stress (Danforth et al.
1997).

Dietary plum shown to promote protective immunity
against coccidiosis as assessed by reduced body weight
loss, decreased oocyst shedding, enhanced splenocyte
proliferation, and elevated expression of transcripts
encoding IFN-g and IL-15 (Lee et al. 2008).

Artemisinin, a Chinese herb isolated from Artemisia
annua works as a naturally occurring endoperoxide
with antimalarial properties. It has also been found to be
effective in reducing oocyst output from both E. acervulina
and E. fenella infections when incorporated in starter diets
(Allen et al. 1997a, 1997b). Although the mode of action is
not known, it may be presumed that the oxidative stress
induced could have the lethal effects on the parasites (Allen
and Fetterer 2002).

The commercially available probiotic Mitomax® con-
taining Pedococcus and Saccharomyces
boulardii, was evaluated as a prophylactic drug for con-
trolling poultry coccidiosis caused by E.acervulina and
E.tenella. Tt has shown to enhance resistance of birds
against coccidiosis when incorporated in the broiler diet
at >0.1% which could be demonstrated by increased
coccidian specific humoral immunity and less faecal
oocyst production (Lee et al. 2007). Incorporation of
immunobiotics, particularly lactic acid bacteria could be
useful as immunomodulators to stimulate the gut-associ-
ated immune system in neonatal chicks, and thereby
protect them from disease without decreasing growth
performance as a possible substitution of antibiotics (Sato
et al. 2009).

Antioxidants, viz. gamma tocopherol, abaundantly
present in wheat, corn and soybeen, as well as curcumin,
present in turmeric, could reduce the severity of infection
of upper and middle part of small intestine caused by
E. acervulina and E. maxima (Allen et al. 1998).

acidilactici
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The sugar beet containing betaine, an osmoprotectant,
has long been known to have growth promoting effect on
livestock. In an experimental tissue culture, betaine and
salinomycin could significantly reduce cell invasion by
E. acervulina by directly affecting the development of the
parasite (Augustine 1997; Augustine and Danforth 1999;
Augustine et al. 1997).

A number of nonspecific immunomodulatory agents have
been used to enhance immune response against various
pathogens in the livestock and poultry industry. A recent study
showed that Mycobacterium phlei can be used as an immu-
notherapeutic agent in augmenting gut mucosal immune
response in broiler birds to prevent enteric pathogens during a
critical phase in their lifespan (Bera et al. 2010).

Future research

Over the past several decades, plethora of information on
the genetic makeup of avian Eimeria spp. and their im-
munobiological interaction with host has been generated.
Increasing reports of development of resistance of the
parasites to traditional anticoccidials is one of the impor-
tant reasons for the impetus given to find new and effective
ways for controlling coccidiosis. The success of search of
molecules taken place both on the parasites and the host
may be attributed to the application of techniques based on
molecular biology and which has further driven the search
for effective vaccines. The key for successful control of
coccidiosis is expected to reveal from a better under-
standing of parasite biology. The key signal molecules
associated with the host and site specificity of avian coc-
cidia need to be identified. Although the host cell invasion
process by the parasite is largely understood, the limita-
tions of defense mechanisms that promote the survival of
the parasite within the host need to be explored. The
genetic basis of survival of the parasite and in that process
the key molecules associated need to be identified. The
application of the knowledge of bioinformatics may help in
the understanding of the complicated process. The regu-
latory mechanisms involved in the host for expression of
key molecules is equally important for better understanding
the pathogenesis process as well as may help in devising
strategies for their amelirioration.
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