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Abstract

Coccidiosis is an antagonistic poultry disease which negatively impacts animal welfare and
productivity. The disease is caused by an obligate, intracellular protozoon known as
Eimeria. Several Eimeria species known to infect chickens have been well documented.
However, recent studies have elucidated the emergence of three novel genetic variants or oper-
ational taxonomic units (OTUs). The discovery of OTUx, OTUy and OTUz complicates the
identification and diagnosis of coccidiosis. OTUs are clusters of unknown or uncultivated
organisms that are grouped according to a similarity in DNA sequence to a set of specific
gene markers. OTUs have been reported in the Earth’s Southern Hemisphere, including
Australia, Venezuela, India, Zambia, Uganda, Tanzania, China and Ghana. Elucidating
their impact on the poultry industry is fundamental in preventing anticoccidial resistance
and to access the potential of OTUs as vaccine candidates to provide cross-protection against
similar Eimeria species. The identification of OTUs further decreases the risk of false negative
coccidial diagnosis. Therefore, this article reviews the importance and risk imposed by OTUs,
coupled with their prevalence and geographical distribution in chickens globally.

Introduction

The poultry industry is a major driving force of food security and the economy worldwide
(Mottet and Tempio, 2017). In 2025, global poultry production is set to increase to 131 255
metric tons (Poultry Hub, 2019). Mohammed and Sunday (2015) reported a production of
1.125 million different birds of poultry in Africa alone. Chickens, a common source of poultry,
are fast becoming the most consumed meat throughout the world (Boulton et al., 2018).
Approximately 60 billion chickens per annum are produced globally, yielding 90 million
tons of meat and over a trillion eggs (Clark et al., 2017). Chikens’ protein content, short gen-
eration interval and global availability make them an economically significant poultry species
(Venkatas et al., 2019). However, the productivity and welfare of chickens are compromised by
several diseases, including coccidiosis (Adenaike et al., 2018; Hamid et al., 2018; Macdonald
et al., 2019; Venkatas and Adeleke, 2019).

Coccidiosis is a parasitic disease caused by a protozoan known as Eimeria (Brown-Jordan
et al., 2018). Guven et al. (2013) reported the prevalence of coccidiosis infection to vary
between 10% and 90% in industrial chicken farms worldwide. The high reproductive potential
and short, complex life-cycle of Eimeria often leads to severe disease outbreaks in both large
commercial farms and small backyard flocks. Sporulated oocysts of Eimeria invade and dam-
age the epithelial lining of the infected animal’s intestinal cells (Cheng et al., 2018). This in
turn, reduces the absorption of nutrients across the wall of the gut, resulting in poor growth
and performance, as well as, leaving the infected chickens susceptible to secondary diseases
(Adewole et al., 2017; da Costa et al., 2017). In addition to compromising the health of chick-
ens, the disease has incurred a large economic loss exceeding $3 billion. Hence, developing a
means of controlling the disease is fundamental (Cheng et al., 2018).

There are seven known Eimeria species, each of which differs significantly by both mor-
phological and physiological means. The identification of each species present within an infec-
tion is vital to develop species-specific treatment, as all Eimeria species may not be susceptible
to standard treatment (Guven et al., 2013; Brown-Jordan et al., 2018; Fatoba and Adeleke,
2018; Sharma et al., 2018). The identification of Eimeria species is not only required to diag-
nose and control the disease but is also required for population genetics, biology and epi-
demiological studies (Huang et al., 2017).

Recent studies have reported the identification of three new genetic variants of Eimeria,
known as operational taxonomic units (OTUs), which further complicate the identification
and diagnosis of coccidiosis (Jatau et al., 2016). Three chicken OTUs, namely OTUx, OTUy
and OTUz, were detected in Australia (Godwin and Morgan, 2015), Nigeria (Jatau et al.,
2016) and several other geographical regions below the 33o N line of latitude (Fornace
et al., 2013; Clark et al., 2016). However, their rapid spread north is of great concern as
they limit the effectiveness of current anticoccidial vaccines (Fatoba and Adeleke, 2018).
There is also a dearth of information regarding the pathology, risk imposed, occurrence
and drivers of OTUs worldwide. Therefore, this article aims to provide a review of the
risk imposed by OTUs on poultry industry, their prevalence and geographical distribution
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in order to determine their potential as anticoccidial vaccine
candidates and to reduce the incidence of false negative coccidial
diagnosis.

Impact and diagnosis of poultry coccidiosis

Mild or sub-clinical Eimeria infections are often difficult to diag-
nose as infected birds do not display any obvious symptoms
(Shahraki et al., 2018). Clinical Eimeria infections take a great
toll on infected birds, resulting in a sudden drop in feed intake
and a reduction in essential vitamin and mineral absorption.
Symptoms include bloody diarrhoea, fatigue, dehydration and
eventually death (Eke et al., 2016). Natural coccidial infections
in chickens are caused by a single Eimeria species or a combin-
ation of different Eimeria species (Guven et al., 2013; Gadelhaq
et al., 2015; Giles et al., 2019). The severity or level of pathogen-
icity observed in an infection depends on the species of Eimeria
causing the infection (Brown-Jordan et al., 2018). E. mitis and
E. praecox (low pathogenicity) and E. acervulina and E. maxima
(moderate pathogenicity) induce a mild coccidial infection,
whereas E. brunetti, E. necatrix and E. tenella (high pathogenicity)
bring about internal haemorrhaging, predisposing the birds to
necrotic enteritis and, in rare instances, lead to death (Barbour
et al., 2015; Huang et al., 2018; Macdonald et al., 2019).

Understanding the pathogenicity, genetic diversity, prevalence
and global distribution of these parasites is vital to develop robust,
effective and long-term control measures (Brown-Jordan et al.,
2018). Morphological (oocyst shape and size) and pathological
(lesion site) analyses were used to successfully diagnose coccidial
infections. However, the analysis only partially identified each
Eimeria species (Arafat and Abbas, 2018; Yunus et al., 2019).
These detection methods require trained experts, and are labour-
intensive and time-consuming (Ogedengbe et al., 2011).
Molecular, biochemical and immunological techniques have been
developed to overcome these limitations (Boulton et al., 2018).
According to Clark et al. (2017), DNA-based approaches, such as
assessment of the iso-enzyme patterns of oocysts, rRNA and
rDNA probes and species-specific PCR approaches have been
established. DNA diagnostic approaches rely on the comparison
of orthologous sequences to identify the species of a genus
(Sharma et al., 2018). Tang et al. (2018a) postulated that Eimeria
species have been effectively and accurately identified using the
18S rDNA region or ITS-1 and ITS-2 sequences. Recent studies
have reported the identification of three new genetic variants of
Eimeria, OTUs, which further complicate the identification, diag-
nosis and treatment of coccidiosis (Jatau et al., 2016).

Eimeria operational taxonomic units (OTUs) in chickens

Advances in DNA sequencing technology enabled researchers to
unveil and study microorganism communities at far greater
depths in the past decade (Huang et al., 2018). These studies
involve the amplification and sequencing of gene markers, such
as the internal transcribed spacer regions (ITS-1/2) and 16S
small ribosomal subunit RNA (rRNA). Amplified gene markers
are then aligned to known sequences in genetic databases for
identification (Hinsu et al., 2018; Stenzel et al., 2018). To date,
a large number of novel organisms has been discovered, including
novel genetic variants of Eimeria, OTUx, OTUy and OTUz (Jatau
et al., 2016). The term ‘operational taxonomic unit’ was first
coined by Sneath and Sokal (1962). OTUs were initially regarded
as a group of individuals clustered together by similarity and
equivalence to but not necessarily in line with evolutionary tax-
onomy (Callahan et al., 2017). However, studies describe OTUs
as a pragmatic proxy for different taxonomic levels of microbial
species in the absence of traditional systems of biological

classification (Vermeulen et al., 2016; Huang et al., 2018).
Therefore, OTUs are clusters of unknown or uncultivated organ-
isms that are grouped according to a similarity in DNA sequence
to a specific taxonomic gene marker (Callahan et al., 2017).

Three Eimeria OTUs in chickens, namely OTUx, OTUy and
OTUz have been reported to date (Cantacessi et al., 2008;
Fornace et al., 2013; Godwin and Morgan, 2015; Clark et al.,
2016). Clark et al. (2017) attributed the emergence of OTUs to
be a consequence of geographical isolation, genetic drift and
mutations. According to Wang et al. (2019), the distribution
OTU-infected broiler chickens worldwide disseminated novel
OTUs. Eimeria OTU infections cannot be treated or controlled
with traditional anticoccidial prophylaxis developed for known
Eimeria species (Huang et al., 2018; Sakkas et al., 2018). Hence,
it is fundamental to access the potential of OTUs as candidates
for anticoccidial vaccines by addressing the impact of OTUs on
the global poultry industry (Vermeulen et al., 2016).

Impact of Eimeria OTUs in poultry production

The economic impact of Eimeria OTUs is yet to be accurately
established, as the presence of the genetic variants were only
recently reported (Morgan and Godwin, 2017). Hence, in addition
to a decrease in production, additional funds are now required for
the development of new strategies to identify OTUs, coupled with
the development of novel OTU antigen vaccines (Vermeulen et al.,
2016; Boulton et al., 2018). OTUx resulted in a gross margin of $0.1
per broiler bird and $3.4 per layer bird per annum in Tanzania;
$0.1 per broiler bird and $−0.6 per layer bird per annum in
Zambia; $1.3 per broiler bird and $−0.4 per layer bird per
annum in Ghana. OTUz generated a gross margin of $−3.6 per
broiler bird and $−2.6 per layer bird per annum in Tanzania; $
−1.9 per layer bird per annum in Zambia; and $−0.3 per broiler
bird and $−2 per layer bird per annum in Ghana. However,
these figures included additional expenses of feed and daily oper-
ational costs (Fornace et al., 2013).

Although these genetic variants have only been noted in the
southern hemisphere, human movement and trade add to the
risk of the spread of OTUs (Fornace et al., 2013; Clark et al.,
2016; Jatau et al., 2016; Morgan and Godwin, 2017). This in
turn confers significant consequences for the development and
application of novel anticoccidial vaccines, as OTU variants
may evade the immune protection conferred by vaccines (Clark
et al., 2017; Hinsu et al., 2018). Godwin and Morgan (2015) con-
firmed the lack of or little protection of developed vaccines against
these genetic variants. The authors further stated the dearth of
information regarding the biology and exact impact of OTUs
on poultry production in terms of how each OTU negatively
affects the birds. For example, Paracox 8 ( × 10) and
HuveGuard MMAT anticoccidial vaccines effectively retarded
infections with known Eimeria species. However, the vaccine
showed little to no effect on coccidial infections with OTUx or
OTUz. Jatau et al. (2016) reported similar results, whereby
Eimeriavax® 4 M which effectively treats against E. tenella,
E. necatrix, E. maxima, and E. acervulina could not prevent col-
onization by the OTU genetic variants (Chang et al., 2015). This
is of growing concern especially in countries where antibiotics
have been phased out, resulting in vaccines being utilized as the
sole anticoccidial treatment measure.

The impact of OTUs has been undermined due to a lack of
mortality reports and indiscrete lesions. However, OTUx was
reported to be moderately pathogenic, resulting in malabsorption.
On the other hand, OTUy and OTUz were said to be highly and
very highly pathogenic, respectively, resulting in haemorrhage
(Clark et al., 2017). The relationship and distinctiveness between
OTUs and known Eimeria species affecting chickens aid in
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uncovering the genetic variability of the variants (Godwin and
Morgan, 2015; Jatau et al., 2016; Hinsu et al., 2018).

Eimeria OTUS: divergent strains or distinct species?

One thousand eight hundred Eimeria species have been noted in a
vast range of hosts, including domestic pets (cats and dogs), poultry
(chicken, turkey, duck) and ruminants (cattle, goats and sheep)
(Chapman, 2014; Blake, 2015; Silva et al., 2017). However, only
seven pathogenic Eimeria species have been noted in chickens,
including E. praecox, E. tenella, E. necatrix, E. mitis, E. maxima,
E. brunetti and E. acervulina (Clark et al., 2016). Each of these spe-
cies differ in prevalence, location of infection, pathogenicity and
immunology depending on the magnitude of the infection
(Barbour et al., 2015; Huang et al., 2017; Brown-Jordan et al., 2018).

The bayesian species delimitation statistical analysis tool using a
Markov chain Monte Carlo (reverse jump) method was utilized to
access the relationships between OTUs and known Eimeria species
(Hinsu et al., 2018). Clark et al. (2017) and Morgan and Godwin
(2017) described the similarity between the OTUx sequence and
ITS2 sequence of E. maxima, whereby OTUx clustered alongside
E. maxima in a phylogenetic Tamrua-Nei model. The authors
also detected the close cluster of OTUy and E. brunetti sequences,
whereas OTUz sequences formed a distinct clade by itself.
Cantacessi et al. (2008) and Fornace et al. (2013) reported similar
results. However, Fornace et al. (2013) defined OTUz as a genetic
descendant of E. necatrix and E. tenella. The similarity detected
between OTUz and known Eimeria species in chickens were fur-
ther complicated when Godwin and Morgan (2015) observed sig-
nificant similarity between OTUz and E. mitis.

The short distance between OTUx and E. maxima signifies a
close relationship, indicating that the genetic variants are sister
species. However, the genetic variant differs significantly from
E. maxima in oocyst shape and size, pre-patent period and the
site of infection. Similar differences were observed between
OTUy and E. brunetti (Godwin and Morgan, 2015; Jatau et al.,
2016; Hinsu et al., 2018). Clark et al. (2017) suggested that the
great divergence between OTUz and respective Eimeria species
indicate that OTUz should be regarded as a novel species.
While each of the OTUs was partitioned separately and were con-
fidently taxonomically assigned, an analysis of additional loci with
greater stability is required (Hinsu et al., 2018). Characterization
and alignment of OTUs to global Eimeria isolates aid in the cre-
ation of genetic markers used to identify the genetic variants

(Morgan and Godwin, 2017). However, to determine whether
OTUs have recently diverged from closely related Eimeria species
the prevalence, characterization and geographical distribution of
these OTUs need to be accessed (de Macedo et al., 2019).

Prevalence and geographical distribution of Eimeria OTUs

The occurrence and prevalence of Eimeria species depend on
both intrinsic (host age and class) and extrinsic (farm and flock
size; seasonal variation and environmental factors, coupled with
management strategies) factors (Kadykalo et al., 2017). Godwin
and Morgan (2015) reported OTUy to be the most widespread
and abundant genetic variant in Australia with more than 45%
of flocks infected, whereas OTUz was the least common (8%)
and OTUx (13%) was only moderately observed. The authors fur-
ther illustrated the prevalence of OTUs to be equivalent to the
prevalence of common Eimeria species; E. maxima, E. tenella
and E. brunetti in commercial flocks globally. Hinsu et al.
(2018) reported similar results in India with OTUy being the
most dominant genetic variant.

OTUx and OTUy were initially discovered in Victoria,
Australia, in two vaccinated flocks of broiler chickens (Morris
et al., 2007). Hinsu et al. (2018) confirmed these results and con-
cluded that OTU variants were more common in the Northern
region of Australia with 188 OTUs identified out of 592 samples.
However, all three OTUs (OTUx; OTUy and OTUz) were
observed at an average occurrence of 33% in both commercial
and backyard farms throughout Australia (Cantacessi et al.,
2008; Godwin and Morgan, 2015; Morgan and Godwin, 2017).
North Western Nigeria had a similar prevalence, with all three
OTUs detected (Jatau et al., 2016). The presence of only two var-
iants, OTUx and OTUz, were noted in commercial farms
throughout Zambia, Tanzanian and Ghana (Fornace et al.,
2013). Clark et al. (2016) observed similar results in Venezuela,
India, Zambia, Uganda, Tanzanian and Ghana. The authors fur-
ther reported a dispersion of the two cryptic variants in quantities
comparable to E. necatrix and E. maxima throughout South
America, Sub-Saharan Africa and Southern Asia

Hinsu et al. (2018) reported similar results, detecting low levels
of OTUy in India using Next Generation Sequencing (NGS) tech-
nology, thus providing the most northern occurrence of OTUs
reported to date. Tang et al. (2018b) recently observed additional,
unidentifiable OTUs in chickens immunized with transgenic
Eimeria in China. The occurrence of OTUs is only observed in

Fig. 1. The geographical distribution of reported Eimeria genetic variants, OTUx OYUy and OTUz throughout the world (Fornace et al., 2013; Clark et al., 2016; Jatau
et al., 2016; Morgan and Godwin, 2017).
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the Southern Hemisphere (30°N latitude) (Fig. 1) and is yet to be
discovered in South Africa, Egypt, USA and Europe (Clark et al.,
2017). The spread of OTUs north of the 30oN line of latitude is of
growing concern. Hence, identifying the factors driving the global
distribution of OTUs is fundamental for coccidial control.

Factors influencing the polarized distribution of Eimeria
OTUs

The elucidation of factors driving the polarized distribution of
OTUs globally was initially brought into question by Clark
et al. (2016). The authors suggest the polarized distribution of
OTUs may result from the discovery of novel trade routes for
the distribution of goods, including commercial chicken broilers.
Commercial chicken genotypes have recently been introduced to
much of the southern hemisphere. These genotypes interbreed
with indigenous chicken breeds, introducing OTU genotypes
into chicken populations (Suganthi, 2014; Morgan and Godwin,
2017). However, the lack of persistence and nature of infection
within a host make transmission by this means highly unlikely
(Jatau et al., 2016). Additionally, commercial poultry breeds
were historically dispersed north to south, as determined by
ancient mitochondrial DNA signatures (Storey et al., 2012).
OTUs are also said to migrate via transmission machinery; equip-
ment and farm workers; genetic drift via geographical isolation
and switching hosts from other galliforms with a regional distri-
bution (Clark et al., 2016). Novel trade routes increase the likeli-
hood of the parasite population mixing (Ogedengbe et al., 2011).

Conversely, Hinsu et al. (2018) reported a significant similarity
in OTUy genotypes detected in indigenous and commercial
chicken breeds in India. This indicated that the polarized global
distribution of OTUs is highly unlikely to be a consequence of
host genotype specificity. Clark et al. (2017) and Prakashbabu
et al. (2017) reported that OTUs are more dependent on geograph-
ical location as compared to the seven-known chicken Eimeria spe-
cies. However, geographical location alone serves as an inadequate
explanation for the polarized distribution of OTUs. The origin of
OTUs is yet to be discovered due to a lack of historical samples.
Therefore, additional studies should be carried out to determine
the geographical origin of OTUs (Fornace et al., 2013; de
Macedo et al. 2019). However, OTUs could be distinct species of
Eimeria, which diverged a long time ago, together with the seven
known Eimeria species as opposed to diverging recently from
closely related species. Thus, OTUs may be ubiquitous, but due
to limited methods of detection and discrimination, may not be
detected. All gene markers used to detect specific Eimeria species,
i.e. ITS-1, ITS-2, 18s ribosomal and SCAR markers, are located
within a single locus. Genome-wide association studies (GWAS)
should be carried out on OTU variants to identify more effective
gene markers for identification.

Conclusion

The elucidation of Eimeria genetic variants, OTUx, OTUy and
OTUz, has resulted in great controversy over the last decade by
thwarting the identification and diagnosis of coccidiosis.
Understanding their impact on the economy and poultry industry
is necessary to prevent further anticoccidial resistance and access
the anticoccidial vaccine potential of OTUs. Although there is a
dearth of information regarding the biology and exact impact of
OTUs on poultry production, OTUx was reported to be moder-
ately pathogenic, resulting in malabsorption. OTUy and OTUz
were said to be highly and very highly pathogenic, in the order
listed. The relationship and distinctiveness between OTUs and
known Eimeria species affecting chickens may help to unravel
the biology behind these genetic variants. The effectiveness of

current vaccines is also limited by the prevalence and geograph-
ical distribution of OTUs, as the prevalence of OTUs varies in dif-
ferent geographical regions. To date, the occurrence of OTUs was
only noted in the Earth’s Southern Hemisphere. However, migra-
tion of OTUs to the rest of the world may be inevitable. However,
the detection of OTUs in Northern regions of the world is limited
by genetic markers occurring within a single locus.
Characterization and GWAS should be carried out on OTU var-
iants to identify more effective gene markers for identification.
Additional research into the biological aspect of OTUs and
their potential as anticoccidial vaccine candidates to provide
cross-protection against their closest relatives is required.

Financial support. National Research Foundation, South Africa funded this
work (Grant number: 112768) and provided scholarship for the first author
(Grant Number: 116935).

Conflict of interest. The authors declare that they have no conflict of
interest.

Ethical standards. Not applicable.

References

Adenaike AS, Peters SO, Adeleke MA, Fafiolu AO, Takeet MI and
Ikeobi CO (2018) Use of discriminant analysis for the evaluation of coccidi-
osis resistance parameters in chickens raised in hot humid tropical environ-
ment. Tropical Animal Health and Production 50, 1161–1166.

Adewole S, Odeyemi D, Aleem S and Omoyeni TE (2017) The study of
Eimeria tenella infections in Poultry Birds in Ekiti State. International
Journal of Scientific World 6, 31–33.

Arafat N and Abbas I (2018) Coccidia of Japanese quail: from identification,
prevalence, infection, and immunization. The Journal of Parasitology 104,
23–30.

Barbour EK, Bragg RR, Karrouf G, Iyer A, Azhar E, Harakeh S and
Kumosani T (2015) Control of eight predominant Eimeria spp. involved
in economic coccidiosis of broiler chicken by a chemically characterized
essential oil. Journal of Applied Microbiology 118, 583–591.

Blake DP (2015) Eimeria genomics: where are we now and where are we
going? Veterinary Parasitology 212, 68–74.

Boulton K, Nolan MJ, Wu Z, Psifidi A, Riggio V, Harman K and Watson KA
(2018) Phenotypic and genetic variation in the response of chickens to Eimeria
tenella induced coccidiosis. Genetics Selection Evolution 50, 63–70.

Brown-Jordan A, Blake D, Beard J, Beharry A, Serrette L, Soleyn A and
Oura C (2018) Molecular identification of eimeria species in broiler chick-
ens in Trinidad, West Indies. Veterinary Sciences 5, 12–21.

Callahan BJ, Mcmurdie PJ and Holmes SP (2017) Exact sequence variants
should replace operational taxonomic units in marker-gene data analysis.
The ISME Journal 11, 2639–2643.

Cantacessi C, Riddell S, Morris GM, Doran T, Woods WG, Otranto D and
Gasser RB (2008) Genetic characterization of three unique operational
taxonomic units of Eimeria from chickens in Australia based on nuclear
spacer ribosomal DNA. Veterinary Parasitology 152, 226–234.

Chang Q, Wang W, Regev‐Yochay G, Lipsitch M and Hanage WP (2015)
Antibiotics in agriculture and the risk to human health: how worried should
we be? Evolutionary Applications 8, 240–247.

Chapman HD (2014) Milestones in avian coccidiosis research: a review.
Poultry Science 93, 501–511.

Cheng P, Wang C, Lin X, Zhang L, Fei C, Zhang K and Wang X (2018)
Pharmacokinetics of a novel triazine ethanamizuril in rats and broiler
chickens. Research in Veterinary Science 117, 99–103.

Clark EL, Macdonald SE, Thenmozhi V, Kundu K, Garg R, Kumar S and
Nolan MJ (2016) Cryptic Eimeria genotypes are common across the south-
ern but not northern hemisphere. International Journal for Parasitology 46,
537–544.

Clark EL, Tomley FM and Blake DP (2017) Are Eimeria genetically diverse,
and does it matter? Trends in Parasitology 33, 231–241.

da Costa MJ, Bafundo KW, Pesti GM, Kimminau EA and Cervantes HM
(2017) Performance and anticoccidial effects of nicarbazin-fed broilers
reared at standard or reduced environmental temperatures. Poultry
Science 96, 1615–1622.

1618 J. Venkatas and M.A. Adeleke

https://doi.org/10.1017/S0031182019001100 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182019001100


de Macedo LO, Santos MA, da Silva NM, do Rêgo Barros GM, Alves LC,
Giannelli A, Ramos RA and de Carvalho GA (2019) Morphological and
epidemiological data on Eimeria species infecting small ruminants in
Brazil. Small Ruminant Research 171, 37–41.

Eke SS, Ibeh EO, Omalu ICJ, Otuu CA, Hassan SC and Ubanwa ED (2016)
Prevalence of coccidiosis in chickens at three poultry farms at Minna, Niger
State, Nigeria. Nigerian Journal of Parasitology 37, 153–156.

Fatoba AJ and Adeleke MA (2018) Diagnosis and control of chicken coccidi-
osis: a recent update. Journal of Parasitic Diseases 42, 483–493.

Fornace KM, Clark EL, Macdonald SE, Namangala B, Karimuribo E,
Awuni J and Rushton J (2013) Occurrence of Eimeria species parasites
on small-scale commercial chicken farms in Africa and indication of eco-
nomic profitability. PLoS One 8, 42–54.

Gadelhaq SM, Arafa WM and Aboelhadid SM (2015) Molecular character-
ization of Eimeria species naturally infecting Egyptian Baldi Chickens.
Iranian Journal of Parasitology 10, 87–91.

Giles T, van Limbergen T, Sakkas P, Belkhiri A, Maes D, Kyriazakis I and
Foster N (2019) Differential gene response to coccidiosis in modern fast
growing and slow growing broiler genotypes. Veterinary Parasitology 268,
1–8.

Godwin RM and Morgan JA (2015) A molecular survey of Eimeria in chick-
ens across Australia. Veterinary Parasitology 214, 16–21.

Guven E, Beckstead RB, Kar S, Vatansever Z and Karaer Z (2013) Molecular
identification of Eimeria species of broiler chickens in Turkey. Ankara
Üniversitesi Veteriner Fakültesi Dergisi 60, 245–250.

Hamid PH, Kristianingrum YP, Wardhana AH, Prastowo S and
Silva LMRD (2018) Chicken coccidiosis in Central Java, Indonesia: a recent
update. Veterinary Medicine International 2018, 467–481.

Hinsu AT, Thakkar JR, Koringa PG, Vrba V, Jakhesara SJ, Psifidi A and
Joshi CG (2018) Illumina next generation sequencing for the analysis of
Eimeria populations in commercial broilers and indigenous chickens.
Frontiers in Veterinary Science 5, 154–162.

Huang Y, Ruan X, Li L and Zeng M (2017) Prevalence of Eimeria species in
domestic chickens in Anhui province, China. Journal of Parasitic Diseases
41, 1014–1019.

Huang G, Tang X, Bi F, Hao Z, Han Z, Suo J and Yu F (2018) Eimeria
tenella infection perturbs the chicken gut microbiota from the onset of
oocyst shedding. Veterinary Parasitology 2018, 213–232.

Jatau ID, Lawal IA, Kwaga JK, Tomley FM, Blake DP and Nok AJ (2016)
Three operational taxonomic units of Eimeria are common in Nigerian
chickens and may undermine effective molecular diagnosis of coccidiosis.
BMC Veterinary Research 12, 86–92.

Kadykalo S, Roberts T, Thompson M, Wilson J, Lang M and Espeisse O
(2017) The value of anticoccidials for sustainable global poultry production.
International Journal of Antimicrobial Agents 154, 83–115.

Macdonald SE, Van Diemen PM, Martineau H, Stevens MP, Tomley FM,
Stabler RA and Blake DP (2019) Impact of Eimeria tenella coinfection
on Campylobacter jejuni colonization of the chicken. Infection and
Immunity 87, 18–24.

Mohammed BR and Sunday OS (2015) An overview of the prevalence of
avian coccidiosis in poultry production and its economic importance in
Nigeria. Veterinary Research International 3, 35–45.

Morgan JA and Godwin RM (2017) Mitochondrial genomes of Australian
chicken Eimeria support the presence of ten species with low genetic diver-
sity among strains. Veterinary Parasitology 423, 58–66.

Morris GM, Woods WG, Richards DG and Gasser RB (2007) Investigating
a persistent coccidiosis problem on a commercial broiler–breeder farm uti-
lising PCR-coupled capillary electrophoresis. Parasitology Research 101,
583–589.

Mottet A and Tempio G (2017) Global poultry production: current state and
future outlook and challenges. World’s Poultry Science Journal 73, 245–256.

Ogedengbe JD, Hanner RH and Barta JR (2011) DNA barcoding identifies
Eimeria species and contributes to the phylogenetics of coccidian parasites

(Eimeriorina, Apicomplexa, Alveolata). International Journal of Poultry
Science 41, 843–850.

Poultry hub (2019) Global industry statistics. Available at http://www.poultry-
hub.org/production/industry-structure-and-organisations/global-industry-
statistics/ (Accessed 29 April 2019).

Prakashbabu BC, Thenmozhi V, Limon G, Kundu K, Kumar S, Garg R,
Clark EL, Rao AS, Raj DG, Raman M and Banerjee PS (2017) Eimeria
species occurrence varies between geographic regions and poultry produc-
tion systems and may influence parasite genetic diversity. Veterinary
Parasitology 233, 62–72.

Sakkas P, Oikeh I, Blake DP, Nolan MJ, Bailey RA, Oxley A and
Kyriazakis I (2018) Does selection for growth rate in broilers affect their
resistance and tolerance to Eimeria maxima? Veterinary Parasitology 258,
88–98.

Shahraki F, Shariati-Sharifi F, Nabavi R and Jamshidian A (2018)
Coccidiosis in Sistan: the prevalence of Eimeria species in native chicken
and its histopathological changes. Comparative Clinical Pathology 2018,
1–7.

Sharma D, Singh N, Singh H, Joachim A, Rath SS and Blake DP (2018)
Discrimination, molecular characterisation and phylogenetic comparison
of porcine Eimeria spp. in India. Veterinary Parasitology 255, 43–48.

Silva LM, Chávez-Maya F, Macdonald S, Pegg E, Blake DP, Taubert A and
Hermosilla C (2017) A newly described strain of Eimeria arloingi (strain A)
belongs to the phylogenetic group of ruminant-infecting pathogenic species,
which replicate in host endothelial cells in vivo. Veterinary Parasitology 248,
28–32.

Sneath PHIA and Sokal RR (1962) Numerical taxonomy. Nature 193, 855–
860.

Stenzel T, Dziewulska D, Michalczyk M, Ławreszuk DB and Koncicki A
(2018) Molecular analysis of cox-1 and 18S rRNA gene fragments of
Eimeria species isolated from endangered grouse: capercaillie (Tetrao uro-
gallus) and black grouse (Tetrao tetrix). Parasitology Research 117, 1–8.

Storey AA, Athens JS, Bryant D, Carson M, Emery K, DeFrance S,
Higham C, Huynen L, Intoh M, Jones S and Kirch PV (2012)
Investigating the global dispersal of chickens in prehistory using ancient
mitochondrial DNA signatures. PloS One 7, 171–182.

Suganthi RU (2014) The uniqueness of immunocompetence and meat quality
of native chickens: a specialized review. World Journal of Pharmaceutical
Sciences 3, 2576–2588.

Tang X, Huang G, Liu X, El-Ashram S, Tao G, Lu C and Suo X (2018a) An
optimized DNA extraction method for molecular identification of coccidian
species. Parasitology Research 117, 655–664.

Tang X, Suo J, Li C, Du M, Wang C, Hu D, Duan C, Lyu Y, Liu X and
Suo X (2018b) Transgenic Eimeria tenella expressing profilin of Eimeria
maxima elicits enhanced protective immunity and alters gut microbiome
of chickens. Infection and Immunity 86, 88–105.

Venkatas J and Adeleke MA (2019) A review of Eimeria antigen identification
for the development of novel anticoccidial vaccines. Parasitology Research
118, 1701–1710.

Venkatas J, Adeleke MA, Peters SO and Adebambo AO (2019) Phenotypic
differentiation of purebred and crossbred indigenous chicken genotypes
using multivariate analysis. International Journal of Poultry Science 18,
301–308.

Vermeulen ET, Lott MJ, Eldridge MD and Power ML (2016) Evaluation of
next generation sequencing for the analysis of Eimeria communities in
wildlife. Journal of Microbiological Methods 124, 1–9.

Wang P, Gong P, Wang W, Li J, Ai Y and Zhang X (2019) An Eimeria acer-
vulina OTU protease exhibits linkage-specific deubiquitinase activity.
Parasitology Research 118, 47–55.

Yunus M, Suprihati E and Wijaya A (2019) The morphological endogenous
development of Eimeria necatrix at primary and secondary infected chick-
ens and its histopathological effect. Journal of Physics: Conference Series
1146, 12–18.

Parasitology 1619

https://doi.org/10.1017/S0031182019001100 Published online by Cambridge University Press

http://www.poultryhub.org/production/industry-structure-and-organisations/global-industry-statistics/
http://www.poultryhub.org/production/industry-structure-and-organisations/global-industry-statistics/
http://www.poultryhub.org/production/industry-structure-and-organisations/global-industry-statistics/
http://www.poultryhub.org/production/industry-structure-and-organisations/global-industry-statistics/
https://doi.org/10.1017/S0031182019001100

	Emerging threat of Eimeria operational taxonomic units (OTUs) on poultry production
	Introduction
	Impact and diagnosis of poultry coccidiosis
	Eimeria operational taxonomic units (OTUs) in chickens
	Impact of Eimeria OTUs in poultry production
	Eimeria OTUS: divergent strains or distinct species?
	Prevalence and geographical distribution of Eimeria OTUs
	Factors influencing the polarized distribution of Eimeria OTUs
	Conclusion
	References


