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Abstrakt

Eimerie jsou jednobunécni prvoci z kmene Apicomplexa zplsobujici
nemoc kokcidi6ézu, ktera je pricinou velkych ekonomickych ztrat predevsim
v driibezatském primyslu. Cilem této prace bylo vyvinout nové molekularni
metody a vyresit nékteré problémy, coZ by bylo cennym prispévkem v oboru,
vyuzitelnym jak ve vyzkumu tak i v praxi. ProtoZe imunita proti eimeriim je
druhové prisné specificka, je dtlezité znat jednotlivé druhy a dokazat je
rozpoznavat. Tradi¢ni diagnostické postupy spoléhaji na klasické metody
jako je wurcovani morfologie oocyst pod mikroskopem, stanovovani
prepatentni periody nebo hodnoceni 1ézi zplisobenych parazitem. Urcovani
druhii témito zplisoby je vSak Casové velice naro¢né a Casto nespolehlivé,
hlavné v piipadech, kdy analyzujeme smés vice druhi, jejichZ parametry se
pirekryvaji. I kdyZ metody urcovani druhli vyuzivajici klasickou PCR jiz
existuji, tyto metody postradaji vyhody nabizené real-time kvantitativni PCR
(qPCR). Prvnim cilem této prace bylo vyvinout qPCR metody pro detekci a
kvantifikaci sedmi druhd kufrecich eimerii. Cilem byla vysoka specifita
a maximalni pokryti vSech rtznych kment kazdého druhu, proto byly jako
cillové sekvence hledany jednokopiové nepolymorfni oblasti. Uzite¢nost
metody byla demonstrovana analyzou vzorkl z terénu. DalSim cilem prace
bylo vyreSeni postaveni druhu kureci kokcidie Eimeria mivati, jehoZ platnost
je casto zpochybiniovana. Pomoci izolace Cistych kment a nasledné analyzy
sekvenci malé ribozomalni podjednotky (18S) jsme dokazali, Ze v ramci
jednoho genomu tohoto parazita existuji dva typy 18S sekvence a Ze tyto typy
odpovidaji sekvencim E. mitis a E. mivati. Existence dvou typl 18S tak byla
u eimerii pozorovana poprvé a znamena, Ze druh E. mivati je stejny druh jako
E. mitis. Toto zjiSténi ma dulezité dopady pro diagnostiku kufecich eimerii,
veterinarni praxi a vyrobu Zivych vakcin. Dalsi oblasti prace byly kokcidie
kriit, kde jsme objasnili otdzku dvou kmeni druhu E. adenoeides, které se
lisily morfologii oocyst do takové miry, Ze jeden kmen byl pilivodné
povazovan za jiny druh. Pomoci analyzy genu 18S a test kfiZové imunity

jsme dokazali, Ze oba tyto kmeny predstavuji jeden a tentyz druh.



Abstract

Eimeria is an apicomplexan parasite causing disease coccidiosis that is
most prominent in poultry farming industry. This thesis is aimed to develop
new molecular tools and resolve issues that would be a valuable contribution
in the field from both research and industry perspective. Because immunity
to Eimeria is strictly species-specific, it is important to know and recognize
correctly all species that parasitize the host. Traditional diagnostic
approaches rely on classical methods such as oocyst morphology
determination under the microscope, measurement of prepatent period or
in-vivo assessment of lesions caused by this parasite. However, diagnostics of
individual species using these methods is very time-consuming and it is often
unreliable, especially when mixture of multiple species whose parameters
overlap is analyzed. Methods utilizing conventional PCR to distinguish
species already exist, however, they lack advantages offered by quantitative
real-time PCR (qPCR). The first aim of this thesis was to develop qPCR assays
for detection and quantification of seven Eimeria species which infect chicken
utilizing single-copy non-polymorphic targets in order to ensure maximal
specifity and coverage of all strains of each species. Usefulness of this method
was demonstrated by analysis of field samples. Another aim was to resolve
status of Eimeria mivati that was considered doubtful species. We have
analyzed small ribosomal subunit (18S) sequences of single-oocyst derived
strains of E. mitis and we have found that two types of 18S co-exist within
single genome that correspond to sequences of E. mitis and E. mivati. This
implies that E. mitis and E. mivati represent the same species. The
phenomenon of two types of 18S within single genome was not observed in
Eimeria until now and it has important implications for diagnostics and
vaccine production. The last aim was related to turkey coccidia E. adenoeides
where we encountered two strains that differed in oocyst morphology to the
extent never described before. We have resolved their status by molecular

phylogenetics using 18S gene and cross-immunity tests.



1. Introduction

Eimeria is an apicomplexan parasite causing coccidiosis, the disease
most prominent in poultry farming industry. It is single-celled protozoa with
complex life cycle which ends with formation of tough oocysts excreted in
faeces. This parasitic organism invades intestinal cells at defined locations
depending on Eimeria species and it replicates massively within the cells
causing substantial damage to the intestinal mucosa. Infections can result in
high mortality, haemorrhagic disease and poor growth performance that
cause significant economic losses. Eimerian oocysts are very resistant to
common disinfectants and reside in environment for very long time. Eimeria
is a close relative of important human pathogens Toxoplasma and
Plasmodium and it possess similar cellular machinery and similar genes
unique to apicomplexans. Numerous species of Eimeria which are adapted to
the specific host exist. Often multiple species parasitize each host and the
immunity of the host is always strictly species-specific (Shirley et al., 2007)

or even strain-specific (Smith et al., 2002).

The current strategies to prevent this disease are based on using in-
feed anticoccidial drugs or application of live vaccines. Anticoccidial drugs
added to the feed are relatively easy to use and cheap, however, new
problems arise from increased resistance of field strains of coccidia and there
is also a pressure from public health authorities to reduce drug residuals.
Many of the anticoccidial drugs are already ineffective against resistant
strains and there is a low support for development of a new drugs from
companies. On the other hand, live vaccines do not have a problem with
emergence of resistance and do not bear a risk of any residuals. Live vaccines
contain either virulent or attenuated line of each species being targeted.
Although production of live vaccines is very expensive and they can pose a
risk from residual pathogenicity, these vaccines are preferred for long-lived
flocks where they elicit effective life-long protection. Therefore, the
significant part of present research on coccidiosis focuses on improvement of

current live vaccines and also novel types of vaccine are sought which might



be composed of recombinant protein or vector and would enable production

of safer and cheaper vaccines.

Because the immunity of the host is always species-specific it is
important to know and understand all species that parasitize the host in
order to decide about their inclusion into any vaccine. For the live vaccines it
is important to include all individual species which are known to be
pathogenic and the similar situation would be with the recombinant vaccine

where antigens from multiple species will be necessary.

The aims of the present work were to develop new molecular tools and
to carry out specific molecular analyses of chicken and turkey Eimeria
species. We present results based on three published papers from this field.
More specifically, the first aim was development of reliable quantitative real-
time PCR (qPCR) assays for identification and quantification of all seven
chicken Eimeria species (Paper 1). This method serves as a support for
currently used live vaccines and it is also utilized to screen farms for
presence of coccidia in litter and it can be also used in research to quantify
parasitemia during the course of infection. Second aim related to this field
was to resolve issue with doubtful species E. mivati that was not until now
analysed on molecular level (Paper 2). It was important also from the
perspective to ensure that qPCR identification assays cover all chicken
species occurring in farms. Another aim which emerged during study of
turkey Eimeria species was resolution of conflict arising from classical

diagnostics methods by molecular analysis (Paper 3).



2. Current state of the art

2.1 Methods for identification of coccidian species

Research on coccidia has been traditionally carried out using mainly in-
vivo experiments that consisted of infection followed by isolation of oocysts
and their analysis by light microscopy. Species of Eimeria were distinguished
by oocyst morphology, prepatent period, minimum sporulation time or site of
their infection (Long et al., 1976). However, these procedures take weeks to
perform and the results are often ambiguous, especially when more species
similar in these parameters are present. The most often used diagnostic
parameter is the oocyst morphology because it is readily accessible and its
assessment can be done quickly. Multiple species differ in oocyst size and
shape, however, differences are often only slight and parameters often
overlap as they are spread according to a Gaussian distribution. Hence,
mistakes in identification often occur and quantitative analysis of mixtures
containing multiple species is almost impossible. On the other hand, only
simple laboratory methods that did not require expensive equipment are
needed. With the advent of PCR the new methods for molecular
characterization of Eimeria species at the DNA level emerged. The main aim
of the first works was to develop PCR identification assays that could identify
individual species which parasitize the host because the traditional methods
were and are still unreliable and time-consuming. The first PCR methods
were developed using internal transcribed spacer (ITS) of ribosomal DNA as
an target (Schnitzler et al, 1999; Haug et al, 2007). However, there are
known issues with ITS sequence which complicate its use in these methods.
This sequence is known to be present in genome in multiple copies and these
copies might differ significantly in sequence and it is known that ITS might
differ significantly also within strains of the same species (Lew et al.,, 2003).
Though their advantage of increased PCR sensitivity because of their multi-
copy state, ITS sequences might be not reliable species-discriminating target
in this fast evolving single-celled parasite which is known to having multiple
different strains. Alternative methods of classical PCR were developed which

use single-copy target sequences instead of ITS. These targets were
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developed from RAPD-derived (Random Amplification of Polymorphic DNA)
SCAR (Sequence Characterized Amplified Region) markers and were tested
on multiple strains (Fernandez et al, 2003). Although this method is
considered to have higher reliability, all these classical PCR methods lacks
advantages offered by novel quantitative real-time PCR (qPCR) methods. The
first and the only one (excluding ours) qPCR method for identification of
chicken coccidia species was developed using ITS sequences as targets with
all its disadvantages mentioned previously (Morgan et al., 2009). Impaired
specifity of this method manifested as a false negativity in case of one strain
of E. praecox. Moreover, as the copy number of ITS sequence varies and is not
known in each Eimeria species, these assays cannot be used for exact
quantification in complex mixtures. Therefore, we attempted to develop
gPCR assays for all seven chicken Eimeria species that are based on single-
copy RAPD-derived markers which were confirmed to be non-polymorphic in

multiple strains of each species (Paper 1).

2.2 Chicken coccidia

In chicken, there are seven recognized species of Eimeria -
E. acervulina, E.brunetti, E. maxima, E.mitis, E.necatrix, E.praecox and
E. tenella. These species have been well studied and there are no doubts
about their validity. However, there are also two species which were also
described - E. mivati and E. hagani - but these species are not accepted by all
experts in the field, although species designated as E. mivati is included in
one commercial vaccine (Coccivac, Schering-Plough, USA). Chicken coccidia
have the longest history of research and are the best studied Eimeria species.
Their phylogenetic relationships were already studied to some extent using
small subunit ribosomal RNA (18S) sequence (Barta et al., 1997) and there
are no doubts about taxonomical status of the aforementioned seven species.
The methods utilizing classical PCR (Fernandez et al.,, 2003) as well as qPCR
(Vrba et al,, 2010) to identify these species already exist. Although coccidian
species which infect chicken host are the best studied Eimeria species, there
are still doubts about validity of the two species mentioned previously -

particularly E. mivati. While some researchers concluded that this is not a
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valid species (Shirley et al., 1983; McDonald et al., 1983), another researchers
advocated for this species (Fitz-Coy et al., 1989). The phylogeny studies that
included some sequences from presumed E. mivati never concluded firm
statements. Resolution of issue with E. mivati was important for decision
whether should it be considered for inclusion into vaccine and it was also
important to ensure that previously developed qPCR method for species
identification covers this species. Our gPCR method identified this species as
E. mitis and we have analysed status of this species by sequencing 18S rDNA
and phylogeny reconstruction (Paper 2). It was the first report of molecular
evidence for its taxonomical status - and it was confirmed that E. mivati is the
same species as E. mitis. Previous attempts to resolve status of this species by
18S sequence failed because it was not known that there might be two
polymorphic variants of 18S gene present within single genome of Eimeria.
We reported this in Eimeria for the first time, although it was known from
Plasmodium that such phenomenon exist, mainly among Apicomplexa.
Finding of two variants of 18S gene within single genome have significant
implications for population genetics and molecular diagnostic methods which

utilize this gene.

2.3 Turkey coccidia

Eimeria species infecting turkeys are much less studied than its chicken
counterparts. There are seven species described in the literature, namely:
E. adenoeides, E.dispersa, E.gallopavonis, E.innocua, E. meleagridis,
E. meleagrimitis and E. subrotunda. However, validity of most of these species
has yet to be confirmed as there are multiple doubts which await to be
resolved using molecular phylogenetics. For example, E.subrotunda and
E. innocua were described many years ago but there are no reports of
encountering these species nowadays (Chapman, 2008), species
E. gallopavonis has never been encountered outside USA although all chicken
Eimeria species are spread worldwide (Chapman, 2008), validity of
E. dispersa has been questioned (Joyner, 1978), and finally notion that
multiple species might exist under the name E. meleagrimitis were reported

(Ruff et al, 1980; Chapman, 2008). The diagnostics according to the
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morphology and other biological parameters that is well established in
chicken coccidia is thus very limited in turkey coccidia because available
literature is not consistent in description of individual species and there are
no molecular tools for distinguishing these species. There are two
commercial vaccines which include some species of turkey coccidia although
there are no research papers concerning or supporting these vaccines. These
vaccines utilize virulent strains and are thus marketed only in USA and
Canada because virulent coccidiosis vaccines are not permitted in Europe.
Only recently the paper was published that deals with characterization of
ITS-1 sequences from four turkey coccidia species (Cook et al., 2010) and it
also found discrepancies in current taxonomy and it suggests that two
different species exist under name E. meleagrimitis. Although literature was
quite consistent in description of species E.adenoeides, we have
unexpectedly found that there are two different strains of this species that
differ in oocyst morphology to the extent never observed in coccidiosis
before. Such finding together with molecular analysis of 18S and cytochrome

oxidase sequence is subject of our publication (Paper 3).
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3. Aims of the work

The aims of the work were to develop a new tools and to resolve issues
that would be a valuable contributions in the field of coccidiosis from both

industry and research perspectives.

The first aim was to develop a qPCR assays for all seven chicken Eimeria
species. These assays can be used by researchers to advance their research
efforts in coccidiosis as well as companies focusing on diagnostics of field

samples.

The second aim was to resolve issue with E. mivati using molecular
tools. That would be a valuable and persuading contribution to a
longstanding debate about this species in the field of chicken coccidiosis as it
is important to know what species really exist in order to do correct

decisions in vaccine production and field diagnostics.

The third aim was to resolve unknown status of the two different
strains of turkey coccidia E. adenoeides, where we encountered variations
that were never described before. Consequently, this has an important
implications for diagnostics of turkey coccidia and it is a contribution to the
whole image of turkey coccidia taxonomy that we trying to complete in our

further research in this field.
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4. Comments on published papers

4.1 Development of qPCR for detection and quantification of
all seven Eimeria species infecting chicken (Paper 1)

This paper presents development and validation of seven qPCR assays
specific to seven chicken Eimeria species - E.acervulina, E.brunetti,
E. maxima, E. mitis, E. necatrix, E.praecox and E. tenella. The aim was to
choose the target sequence that would be single-copy and non-polymorphic
within species in order to ensure compatibility with a broad spectrum of
various strains that exist in coccidia. For this purpose we have utilized
SCARdb (Fernandez et al, 2004) database of known SCAR (sequence-
characterized amplified region) markers and we have utilized and validated
four previously developed markers for E. acervulina, E. maxima, E. necatrix
and E. tenella (Blake et al., 2008). SCARdb contains multiple RAPD-derived
sequences tested on several strains in Brazil. These sequences were found to
be species-specific but sequence identity among different strains was
confirmed only in some of these sequences. We have selected multiple
candidate SCAR markers for each species and designed qPCR markers within
their sequence. SCAR sequences were first checked for presence of
repetitions by Tandem Repeat Finder (Benson, 1999) in order to avoid
repetitious regions. Then, qPCR markers 100 - 150 bp in length were
designed using Primer3 software (Rozen and Skaletsky, 2000) and secondary
structure of resulting candidate qPCR markers was checked using mfold DNA
folding software (Zuker, 2003). We aimed to avoid qPCR markers that would
be easily folded into strong secondary structure that would hinder correct
annealing of primers and probe. At the beginning we have ordered all
primers (without expensive probes) for such designed candidate qPCR
markers. We obtained all available strains of each of seven Eimeria species
and isolated the DNA for further tests of polymorphism of these candidate
markers. At first we validated species-specifity of each marker and its
convenience for gqPCR using Sybr GREEN gPCR assays that do not require
fluorescent probes. Using these Sybr GREEN reactions we also screened for

marks of cross-reactivity with foreign DNA that is present in huge amount in
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DNA samples from faces (bacteria, yeast, plant, host). Then we PCR-amplified
each candidate qPCR marker from each strain of respective species and then
cloned these markers into pBluescript vector and sequenced them.
Polymorphisms of each candidate marker among various strains was
assessed by alignment of resulting sequences by BLAST bl2seq algorithm
(Altschul et al,, 1997). The ultimate goal was to find qPCR marker for each
species that would be identical in sequence with SCAR from which it was
derived and also identical among all strains tested. After testing one or more
candidate markers for each species we have found such markers. Markers
previously developed for E. maxima, E. necatrix and E. tenella were found to
be non-polymorphic in all tested strains so there was no need to test another
candidate markers for these species. However, marker previously developed
for E. acervulina was found to be polymorphic so we have tested another
candidate markers for this species. Polymorphism of markers was avoided to
lower probability of false negativity or positivity in yet unknown strains and
also in order to ensure correct annealing of fluorescent probe in the middle
of marker sequence. Imperfect probe annealing could lead to
underestimation of species quantity or it could prevent detection entirely.
For the final set of markers, fluorescent probes were ordered using 6-
carboxyfluorescein (6-FAM) at the 5’-end and Black Hole Quencher (BHQ-1,
replacement of TAMRA) at the 3’-end. The standard curves were then
generated using both plasmid-encoded markers as well as genomic DNA.
These curves demonstrated repeatability across wide linear range of
measurements - between 101 - 108 for plasmid DNA and between 101 - 106
for genomic DNA. It indicates sensitivity at the level of 10 genomes which is
approximately one sporulated oocyst (8 genome copies). Coefficients of
regression exceeded 0.99 in all assays. Precision of these assays was
measured as an average standard deviation of mean triplicate Ct values and
was less than 0.19 which means that these assays can distinguish between
two-fold dilutions in 99.2% cases. Efficiency of PCR was found to be similar
among assays and was measured to be over 1.93. Specifity, sensitivity and
standard curves were validated also in independent laboratory at Royal

Veterinary College, University of London by Dr. Damer Blake. In the paper we

16



show how to calibrate these seven assays using genomic DNA from known
number of oocysts and such calibrated assays can be then used for reliable
relative quantification of individual species in mixture. This approach is
demonstrated and assays are also validated by analysis of field samples from
multiple farms. Relative abundance of each species was measured using DNA
isolated from litter and faces collected at farms. The species which were
present in sufficient amount to be detected by microscopy were confirmed by
this traditional approach. Moreover, in one selected sample from Angola we

confirmed each species also using 18S amplification, cloning and sequencing.

The developed assays provide quick and reliable tool for specific
detection and quantification of seven Eimeria species infecting chicken.
Single-celled Eimeria parasites possess huge replicative potential and thus
have ability to mutate genotype relatively quickly, especially under the
pressure of host immunity and anticoccidial drugs. This is favourable for
development of many genetically different strains worldwide. For this reason
we aimed for global validity and we did thorough analysis of each qPCR
marker using as many strains as possible. Although we cannot guarantee that
some different strain of some species exists that might escape from detection
using our primers and probes, our approach aimed to minimize such risk.
Along with seven species assays we also routinely include additional Eimeria
genus-specific assay targeting universal multi-copy 5S region. This assay is
able to detect any Eimeria species with high sensitivity and is useful in cases
where sample contains non-chicken species of Eimeria. In such cases all
seven species assays can be negative and Eimeria-5S assay will be positive
indicating presence of non-chicken Eimeria (for example turkey coccidia).
This assay might prove helpful also in some rare case where some strain of
chicken Eimeria escapes detection. Sensitivity of our assays is sufficient to
detect genomic DNA from single sporulated oocyst, however, in practice the
sensitivity is limited by efficiency of DNA isolation. Using the dedicated kit we
can isolate DNA directly from litter and faeces, but the sensitivity is lower
compared to the method where the oocysts are first isolated from faeces
using flotation and then the DNA is isolated from purified oocysts. The

isolation of DNA from eimerian oocysts is critical step because the methods
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to efficiently disintegrate tough oocysts are not easy. We have found highest
and consistent efficiency by utilizing mechanical disruption by vigorous
shaking with glass beads in Mini-BeadBeater (BioSpec, USA) machine.
Samples are then processed by standard spin column DNA isolation. In cases
when oocysts contained in litter and faeces need to be disintegrated we
utilize silicon-carbide sharp particles instead of glass beads. Apart from
oocysts, the DNA can be isolated from any developmental stage of Eimeria
such as sporozoites or merozoites. These developmental stages are present
in infected tissues or cell culture and do not require mechanical disruption
step. DNA can be thus more easily isolated using standard protocols

developed for tissues.

We have demonstrated usefulness of this qPCR technique for screening
of farms for presence of coccidia and their quantification. Mixed-species
infections and mixed-species vaccines are most common, therefore
quantification of individual species is needed, for example in order to do
distinguish problem-causing species from ubiquitous species present in small
amount. Relative quantification is particularly important in live vaccine
manufacture where the inocula need to be tested for species-purity in order
to prevent immunization with other species, both in vaccine production as
well in quality control process. Final multi-species formulation of live
vaccines can be checked as well. Also in veterinary practice, samples of
infected intestinal tissue can be taken from multiple locations and analyzed
for species abundance and this can help in cases where there are doubts
about what species caused the observed lesions or in cases of suspected
subclinical coccidiosis that facilitates development of necrotic enteritis. In
research it is also advantageous to check species-purity of samples and
measure their level of contamination with other species. We can also quantify
parasitemia (per gram tissue) in various parts of intestine during the course
of infection, for example when studying life cycle of attenuated species. Given
the high economical significance of chicken coccidiosis it is very probable
that qPCR techniques will become routine diagnostic method in many

laboratories even though these methods are not currently cheap.
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4.2 Discovery of two types of 18S sequence within E. mitis
that contests the existence of E. mivati (Paper 2)

In this paper we analyze species E. mitis using sequencing of 18S and
cytochrome oxidase (COI) gene in order to resolve issue of related species
E. mivati whose validity was considered doubtful. While some researchers
believed that this species is valid, other researchers considered this species
to be the same species as E. mitis. During the course of thorough 18S
sequencing of pure strains of E. mitis we have found that it contains two
types of 18S gene and that the sequences of these two types correspond to
sequences of E. mitis and E. mivati. Such result was not expected because it
was not known that organisms from Eimeria genus might contain more than
one type of 18S gene, although it was observed in some other apicomplexan
organisms, eukaryotes normally have these genes homogenized and maintain

only single type of 18S sequence.

Species E. mitis that was used for our analyses originated from mixed
field isolate where E. mitis was detected and quantified by our gPCR method.
It was a mixture of five species. We have first selectively enriched this
mixture by passaging on birds which were immunized with other four
species (E. acervulina, E. maxima, E. necatrix and E. tenella). This way the
content of E. mitis was increased from 30% in original sample to 98% in
enriched sample. Such mixture was then used for single-oocyst isolations. In
order to ensure analysis of pure strains we have carried out five independent
single-oocyst isolations that consisted of picking-up single oocyst by
micromanipulator and infecting chicken with that single oocyst. This
technique is analogous to colony picking in microbiology that is done for the
similar reasons - to ensure that we are working with single-cell derived line
and not mixture of species. The oocysts of these strains were then
characterized by measurement under the microscope and we have found that
all five strains have similar distribution of length and width and that average
dimensions (15.0 pum x 13.8 pum) correspond to known dimensions of both

E. mitis and E. mivati.
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Oocysts of each of five strains were then used for DNA isolation and
amplification of 18S and COI genes. PCR fragments were cloned into
pBluescript vector and resulting purified plasmids were sequenced. Six
bacterial colonies with 18S and two colonies with COI for each E. mitis strain
were subjected to sequencing. We have found two types of 18S sequence in
each strain in roughly equal ratio. The first type (mitis-type) have high
homology to already known sequences of E. mitis and the second one (mivati-
type) is homologous to known sequences attributed to E. mivati. Phylogenetic
analysis using all 18S sequences of E. mitis and E. mivati showed that these
two types segregate into two clades with high statistical support. This
suggest that these two sequences do not evolve according to traditional
model of concerted evolution. Grouping observed in phylogenetic analysis
also confirmed that the differences between these two sequence types are
not just random polymorphisms but are rather fundamental. Mitochondrial
cytochrome c oxidase subunit I gene sequences were identical among all five
strains and are highly homologous to the only one known sequence of
E. mivati. COI sequence of E. mitis was not published until now. Phylogenetic
analysis utilizing COI sequences of E. mitis, E. mivati and other chicken
Eimeria species showed grouping into clades that correspond to species. In
this analysis E. mitis and E. mivati COl sequences are grouped into single
lineage which is in agreement with our hypothesis that this two sequences
come from the same species. We employed Bayesian inference and maximum
likelihood method and both provided the same topology of phylogenetic tree
with high statistical support.

We also investigated predicted secondary structure of these two types
of small ribosomal subunit in order to check whether differences at the DNA
level might have some significant impact on structure. Using superposition
with Toxoplasma gondii 18S structure, we have indentified structure (helix
43 in V7 region) that differs in these two types of 18S. This helix is elongated
in mitis-type 18S rRNA by four nucleotide pairs compared to mivati-type 18S
rRNA. Although we cannot predict what is the functional impact of this
difference in secondary structure, we have shown that the differences in

these sequences cannot be regarded as random single-nucleotide
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polymorphisms (SNPs) that are otherwise common in 18S sequences from
various strains. We can only hypothesize that different 18S types might play

different roles in parasite life cycle as it was observed in Plasmodium.

Our findings oppose existence of E. mivati as an independent species,
because if the strains carrying one or the other type of 18S gene exist, they
will likely cross-breed and still represent single species. However, more
probable explanation is that all strains of E. mitis contain two types of 18S
gene and that the sequences detected previously and attributed to either
E. mitis or E. mivati come from the same species. It is probable that detection
of only one type of sequence in the past was caused by insufficient sampling
where only one or two 18S clones were sequenced. When field samples
containing multiple species were analysed, researchers found multiple 18S
sequences including mitis-type and mivati-type from E. mitis which were
thought to be from two species. Our work presents persuading molecular
evidence that contests existence of E. mivati and reports two types of 18S
sequence within single eimerian genome. These findings are important for
both Eimeria taxonomy as well as for molecular diagnostics utilizing 18S

gene.

4.3 Description of two strains of E. adenoeides with
remarkable morphological variability (Paper 3)

The paper deals with turkey coccidia E. adenoeides which is considered
as one of the most pathogenic and most often encountered coccidia of the
turkey. Although literature is relatively consistent in description of this
species compared to other turkey Eimeria species, we have found unexpected
morphological variability of oocysts that has never been observed before in
coccidiosis. At the beginning of our work with turkey coccidia we thought
that the smaller strain (KCH) is a species E. meleagrimitis because of its
oocyst morphology and dubious pathogenicity, however, after molecular
analysis of 18S gene we hypothesized that it might be the same species as

E. adenoeides because their sequences shared high similarity. Utilizing
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additional molecular and biological tests we concluded that these two strains

represent single species.

After preliminary analysis of 18S sequences from mixed field samples
from small turkey farms in Czech Republic we performed single-oocyst
isolations of desired species. We have isolated strains now designated
E. adenoeides KR and E. adenoeides KCH. At the beginning the KCH strain was
though to be E. meleagrimitis. We measured oocyst dimensions for each
strain. While the KR strain had large and ellipsoidal oocysts, the KCH strain
had small and ovoid oocysts. Oocyst morphology of KR strain corresponded
to E.adenoeides as described in literature. Oocysts of KCH strain
corresponded to E. meleagrimitis or some other turkey coccidia species. DNA
from both purified strains was subjected to PCR amplification of 18S, ITS-1
and COI genes. PCR fragments were cloned into vector and purified plasmids
from multiple clones were sequenced. Here, we have found only one type of
18S sequence within each genome. The 18S sequences of KR and KCH strain
shared very high similarity and differed only in two tranversions. Despite this
similarity we still expected these two strains to be two different species
because some examples of 18S from rabbit coccidia show that such small
difference between species is possible. ITS-1 sequences were quite different
between these two strains, however, it is known that, because of its inherent
polymorphism, ITS-1 is not appropriate for inference of phylogenetic
relationships in Eimeria. Mitochondrial cytochrome oxidase sequences were
relatively different at the DNA level though they are translated into identical

protein.

Although molecular data indicated that these two strains might
represent single species, we could not do any firm conclusions from these
results without further biological tests. We have compared prepatent period,
macroscopic lesions and pathogenic effect of both strains and we have
carried out cross-immunization tests. Prepatent period was measured to be
same in both strains (103-108 hours). Observed intestinal macroscopic
lesions were typical for E.adenoeides and were without noticeable

differences between the two strains. Pathogenicity was measured as a body
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weigh gain depression after challenge infection. There were no significant
differences in pathogenic effect measured this way. Both strains were
similarly pathogenic thus their virulence can be considered equal. Cross-
immunization tests consisted of immunization of turkeys with one strain and
then challenge infection with other strain. Immunization and challenge
strains were reversed in second cross-immunization experiment. Oocyst
output was then measured during patent period after challenge infection and
compared with control (non-immunized and challenged) group. Both cross-
immunization tests showed significant decrease of oocyst output after
heterologous challenge and indicate that these two strains should be
considered as single species. Combined data from molecular analysis and
biological tests provide strong support for hypothesis that these two strains

represent single species.

We have also analyzed two commercial turkey coccidiosis vaccines that
exist on market using 18S and ITS-1 sequencing. DNA was isolated directly
from mixture of oocysts contained in vaccines and subjected to PCR
amplification, cloning and sequencing of these two genes. We have sequenced
96 clones of each 18S and ITS-1 from Coccivac-T (Schering-Plough, USA) and
48 clones from Immucox-T (Vetech, Canada) and we were looking for
sequences homologous to sequences from our strains of E. adenoeides. Using
this approach we have found that each vaccine contains different strain of
E. adenoeides and that these strains correspond to our strains KR and KCH.
Vaccine Coccivac-T contains strain homologous to our E. adenoeides KR and
vaccine Immucox-T contains strain homologous to our E. adenoeides KCH.
These two vaccines were never analysed thoroughly and it was not known
that such difference exist, however, our cross-immunization tests show that
both strains can protect turkeys against E. adenoeides challenge and that it is
not necessary to include both strains in vaccine. Oocyst morphology of
smaller strain (KCH-like) present in Immucox-T was also confirmed by
microscopy. Morphology of E. adenoeides oocysts present in Coccivac-T could

not be evaluated as this vaccine contains mixture of four species.
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In conclusion, our results showed that species diagnostics according to
oocyst morphology is unreliable in turkey coccidia and should be carried out
only with combination with other parameters or should be abandoned
entirely. New qPCR diagnostic methods are being developed by our research

group in order to bring new tools for this purpose.
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5. Results summary

We have achieved the following results:

1.

2.

3.

We have developed quantitative real-time PCR assays for all seven
chicken Eimeria species using single-copy non-polymorphic targets.
These assays can be used both in research as well as in veterinary

practice for specific pathogen detection and precise quantification.

We have resolved the doubtful taxonomical status of E. mivati using
molecular analysis of 18S rRNA. This species has been questioned for
more than 30 years and we brought the molecular evidence that
clarifies its status. We confirmed that it is the same species as E. mitis
and we have discovered for the first time in Eimeria that two types of
18S co-exist within genome. Moreover, we showed that these two
rRNA types differ significantly in secondary structure and might play

different roles in parasite life cycle.

We have resolved the status of the two strains of E. adenoeides that
differ in oocyst morphology to the extent never observed before in
coccidiosis. The smaller strain resembled species E. meleagrimitis but
molecular evidence and further cross-immunity tests showed that

these are the two strains of the same species.
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The development and validation of real-time quantitative PCR (qPCR) assays specific to all
seven Eimeria species that cause coccidiosis in the chicken is described. The presented work
utilizes previously published assays for Eimeria maxima, E. necatrix and E. tenella and adds
assays for E. acervulina, E. brunetti, E. mitis and E. praecox. These assays target unique single
copy sequences derived from sequence characterized amplified region (SCAR) markers.

g;};:ggds: All seven qPCR markers were sequenced from multiple strains and confirmed to be non-
Coccidiosis polymorphic and identical to the original SCAR sequence. Sequences conserved within each
Chicken species were chosen with the aim of developing genuinely universal markers, providing
Real-time quantitative PCR global coverage. An exact match for the primers and TagMan® probe during PCR cycling
Diagnostics enables precise relative quantification of multiple species in a mixture regardless of the

strains present. All markers utilized in these qPCR assays are absolutely species-specific and
support reproducible quantification across a wide linear range, unaffected by the presence
of non-target species or other contaminating DNA. The sensitivity of these assays indicates
that DNA equivalent to a single sporulated oocyst can be consistently detected. These assays
will be a valuable tool from both industry and research perspectives. Comparison of our
panel of qPCR assays with results derived by microscopy, the traditional Gold Standard,
using poultry farm field samples support their efficacy.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The Eimeria species are apicomplexan parasites that
cause the disease coccidiosis, most notably in chickens.
Coccidiosis has a massive economic impact on the poul-
try production industry and is one of the most common
diseases faced by poultry (Shirley et al., 2005). Eimerian
infection can cause severe damage to the host intestine,
resulting in impaired feed intake and increased mortality.
The life cycle of these parasites is complex and ends with
the formation of oocysts excreted in feces. Oocysts are read-
ily accessible for both classical morphological diagnostics

* Corresponding author. Tel.: +420 261395233.
E-mail address: vrba@bri.cz (V. Vrba).

0304-4017/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
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and serve as a source of DNA for molecular analysis. Tradi-
tionally, seven Eimeria species are recognized to infect the
chicken, exhibiting variable levels of pathogenicity. Species
can be distinguished by oocyst morphology, pre-patent
period, site of infection or minimum sporulation time, but
all of these methods are labour intensive, time consuming
and can be very difficult and unreliable with a mixed sam-
ple, prompting the development of DNA-based molecular
methods.

Classical non-quantitative PCR methods for molecular
diagnosis of the seven Eimeria species that infect chick-
ens have been developed using targets including internal
transcribed spacer or ITS-1 sequences (Schnitzler et al.,
1999; Haug et al., 2007) or sequence characterized ampli-
fied regions - SCARs (Fernandez et al., 2003a). However,
these methods lack the ability to quantify the level of
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infection and methods utilizing internal transcribed spacer
sequences suffer in terms of breadth of strain coverage per
species since they represent a polymorphic region (Lew et
al., 2003). Polymorphism within the target region can affect
sensitivity or at worst increase the risk of false negativity
(Morgan et al., 2009).

This work builds upon four previously published real-
time quantitative PCR (qPCR) assays developed for Eimeria
that infect the chicken (Blake et al., 2008), utilizing SCAR
targets which have been confirmed to be non-polymorphic
by sequencing multiple strains of each species and are
present as a single-copy per genome. An alternative real-
time qPCR method for the detection and quantification of
the seven chicken Eimeria species exists, using the riboso-
mal ITS-2 DNA sequence as the target (Morgan et al., 2009).
Importantly, although ITS regions are present in multiple
copies per genome and many share the same sequence,
there is some degree of variability both within a genome
as well as between strains and species (Cantacessi et al.,
2008). Also, the number of copies per genome is unknown,
probably varies between species and maybe strain, which
in combination with sequence heterogeneity results in an
unpredictable number of matching targets for each specific
strain and species. This has been highlighted by the inabil-
ity of such an assay to detect the Eimeria praecox strain
present in the Paracox® vaccine. Despite the advantage
of higher sensitivity when using a multi-copy target, the
non-polymorphic single-copy target can be better suited
for specific detection and precise quantification of multiple
species in a mixture.

We present qPCR assays for detection and quantification
of the seven Eimeria species that infect the chicken, repre-
senting an improved coverage of globally diverse strains
together with high specificity and sensitivity. The success-
ful application of these assays to field samples collected
from poultry farms provides preliminary practical valida-
tion.

2. Materials and methods
2.1. Parasites

Several strains and field isolates of each Eimeria species
were used in order to assess polymorphism for each
candidate marker (Table 1). The majority of the strains
and field isolates listed were passaged in our labora-
tory. Livacox® (BIOPHARM, Czech Republic) and Paracox®
(Intervet, United Kingdom) vaccines were used as sources
of four or seven species, respectively. The vaccinal strains
from Livacox® were also available separately. Oocysts were
harvested as described previously (Long et al., 1976) and
stored in 2.5% potassium dichromate or 1% chloramine at
4°C.

2.2. Genomic DNA preparation

Purified oocysts were washed in PBS, disrupted in a
Mini-BeadBeater-16 (BioSpec, USA) using 0.5mm glass
beads and DNA was extracted from the lysate using the
DNeasy Blood and Tissue Kit (Qiagen, Germany) accord-
ing to the manufacturer’s instructions. Chicken genomic
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DNA was prepared from muscle cells using the same
kit.

2.3. Design of candidate markers

Quantitative real-time PCR targets were designed using
the SCARdb database of species-specific SCARs (Fernandez
et al., 2004). The markers were designed in non-repetitive
regions of each SCAR identified using Tandem repeats
finder version 4.00 as a screen (Benson, 1999). Putative
marker secondary structure was investigated using the
mfold DNA folding predictor (Zuker, 2003). The length of
each PCR target was chosen to be between 100 and 150 bp.
Primers and probes were designed using Primer3 soft-
ware (Rozen and Skaletsky, 2000). TagMan® hybridization
probes were labeled with 6-carboxyfluorescein (6-FAM™)
at the 5' end and with Black Hole Quencher (BHQ-1™) at
the 3’ end. The primers and probes were synthesized by
Sigma-Aldrich (Germany). Primers were initially designed
for all of the proposed new markers (Table 2). Fluorescent
probes were synthesized only for the final best-performing
non-polymorphic markers. Primers and probes targeting
four Eimeria species described previously (Blake et al.,
2008) were ordered as published with the exception that
the TAMRA™ quencher was replaced with BHQ-1™,

2.4. PCR amplification of candidate markers

Each marker was first tested for species-specificity
against the panel of Eimeria species and host (chicken)
genomic DNA using SYBR® Green real-time PCR and
agarose gel electrophoresis. The final non-polymorphic
markers were also tested for species-specificity against the
turkey coccidia E. adenoeides, E. meleagrimitis, E. dispersa
and E. gallopavonis. Reactions were performed using qPCR
2x SYBR® Master Mix (Top-Bio, Czech Republic), 500 nM
forward and reverse primers and 3 pl template DNA in
a 20l volume and run using a Stratagene Mx3005P®
real-time PCR cycler. The thermal cycling program con-
sisted of initial denaturation at 95°C for 1 min followed
by 35 cycles of denaturation at 95°C for 15s and com-
bined annealing and extension at 60 °C for 30 s. Dissociation
curves were generated from measurement of fluorescence
between 55°C and 95°C in the smallest possible incre-
ments. Threshold cycle and dissociation curve data were
analyzed to assess species-specificity in addition to agarose
gel electrophoresis. Each candidate marker, including the
four previously published markers, were then amplified
from every available strain or isolate of each respective
species. All of the PCR products were blunted, phoshory-
lated and cloned into EcoRV digested dephoshorylated
pBluescript vector (Stratagene, USA) using home-made
(Inoue et al., 1990) chemically competent DH5a™ cells
(Invitrogen, USA). Minipreps were done with the QIAprep
Spin Miniprep Kit (Qiagen, Germany) and the purified plas-
mids were sequenced (Macrogen, Korea).

2.5. Real-time quantitative PCR

Quantitative real-time PCR reactions were performed
in a Stratagene Mx3005P® real-time qPCR cycler in a
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Eimeria strains and isolates used for the assessment of candidate marker polymorphism and species-specificity. Strains marked with * were not used
directly in our work but were used during the derivation and confirmation of the appropriate SCAR marker (Fernandez et al., 2003b, 2004).

Host Species Strain or field isolate Geographical origin

Chicken E. acervulina E. acervulina CH-p-74/89 (Livacox®) Czech Republic
E. acervulina R-92 Czech Republic
E. acervulina Weybridge United Kingdom
E. acervulina HP (Paracox®) United Kingdom
E. acervulina field isolate 1 Czech Republic
E. acervulina field isolate 2 Czech Republic
E. acervulina field isolate 3 Czech Republic
E. acervulina field isolate 4 Czech Republic
E. acervulina field isolate 5 Czech Republic
E. acervulina field isolate 6 Angola
E. acervulina BO* Brazil
E. acervulina PEFA* Brazil
E. acervulina I* Brazil
E. acervulina SC* Brazil
E. acervulina SP* Brazil
E. acervulina MG* Brazil

Chicken E. brunetti E. brunetti Weybridge United Kingdom
E. brunetti C Brazil
E. brunetti HP (Paracox®) United Kingdom
E. brunetti field isolate 1 Croatia

Chicken E. maxima E. maxima JMN (Livacox®) Czech Republic
E. maxima G-94 Czech Republic
E. maxima Weybridge United Kingdom
E. maxima CP or MFP (Paracox®) United Kingdom
E. maxima field isolate 1 Angola
E. maxima Houghton United Kingdom

Chicken E. mitis E. mitis HP (Paracox®) United Kingdom
E. mitis field isolate 1 Czech Republic
E. mitis field isolate 2 Czech Republic
E. mitis field isolate 3 Angola

Chicken E. necatrix E. necatrix NHUK (Livacox®) Czech Republic
E. necatrix CV Czech Republic
E. necatrix field isolate 1 Czech Republic
E. necatrix HP (Paracox®) United Kingdom
E. necatrix Swe K-236* Sweden
E. necatrix C* Brazil

Chicken E. praecox E. praecox Weybridge United Kingdom
E. praecox HP (Paracox®) United Kingdom
E. praecox field isolate 1 Czech Republic
E. praecox field isolate 2 Angola

Chicken E. tenella E. tenella CH-E-A (Livacox®) Czech Republic
E. tenella M-98 Czech Republic
E. tenella Houghton United Kingdom
E. tenella HP (Paracox®) United Kingdom
E. tenella field isolate 1 Czech Republic
E. tenella MC* Brazil
E. tenella TA* United Kingdom
E. tenella Beltsville* USA
E. tenella LH2* United Kingdom
E. tenella Weybridge United Kingdom
E. tenella Wisconsin USA

Turkey E. adenoeides E. adenoeides KR Czech Republic

Turkey E. dispersa E. dispersa KR Czech Republic

Turkey E. gallopavonis E. gallopavonis (Coccivac®-T) Canada

Turkey E. meleagrimitis E. meleagrimitis KCH Czech Republic

20 I volume using qPCR 2x Blue Master Mix (Top-Bio,
Czech Republic), 500nM forward and reverse primers,
250nM probe, 50 nM ROX™ passive reference dye (Invit-
rogen, USA) and 3 ul template DNA. Cycling conditions
were 95°C for 1min followed by 40 cycles at 95°C for
15s and 60°C for 30s. Fluorescence data were collected
at the end of each cycle. Each sample was run in trip-
licate. No-template negative controls were included. The
resulting data were processed using MxPro™ software
(Stratagene, USA). Threshold cycles (Ct) were calcu-
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lated from baseline-corrected normalized fluorescence
(dRn) data. The threshold fluorescence level was set to
an arbitrary value (0.02) for all seven assays so that
amplification curves were in log-linear phase at that
level.

2.6. DNA standards

Standard curves were constructed using both plas-
mid and genomic DNA dilutions. Plasmids containing
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Genomic DNA sequences tested for intra-specific polymorphism.

Species Marker ID Size (bp) SCARdbD or gene ID Reference marker Polymorphic variants
sequence (Accession no.) found (Accession no.)

E. acervulina ACE1 124 Ac-R01-1731 AY571542 FN985063, FN985064
ACE2? 150 Ac-A04-462 AY571521 nd?
ACE3 103 Ac-AD18-953 AY571534 none

E. brunetti BRU1® 152 Br-A03-1060 AY571547 nd®
BRU2 112 Br-E04-961 AY571553 FN985077, FN985078
BRU3 101 Br-K04-601 AY571557 FN985071, FN985072
BRU4 150 Br-A09-1184 AY571550 FN985074, FN985075
BRUS5¢ 127 Br-AD16-637 AY571551 nd®
BRUG? 112 Br-J18-626 AY571556 nd?
BRU7 118 Br-J18-626 AY571556 none

E. maxima MAX1 138 EmMIC1 M99058 none

E. mitis MIT1 107 Mt-E03-538 AY571511 FN985080, FN985081
MIT2 117 Mt-A03-460 AY571503 FN985083
MIT3 115 Mt-A09-716 AY571506 none

E. necatrix NEC1 134 Nc-AD10-702 AY571565 none

E. praecox PRA1 117 Pr-A09-1108 AY571603 none
PRA2 155 Pr-AD16-901 AY571607 FN985087

E. tenella TEN1 100 Tn-E03-1161 AY571629 none

nd =not done.

2 Not sequenced following non-specific amplification generating multiple bands.

b Not sequenced because the PCR product was longer than expected.

¢ Not sequenced since the PCR yielded a weak product, possibly indicating a suboptimal primer pair.

cloned single copies of one qPCR target were linearized
by digestion with BamHI (Fermentas, Lithuania) and
diluted into 10-fold series containing 108-10' copies
per 3 l. The concentration of genomic DNA extracted
from each species was measured using a generic Eimeria
species real-time PCR assay targeting the 5S riboso-
mal DNA (Blake et al., 2006) and diluted into 10-fold
series representing 106-10' genomes per 3wl tem-
plate. A mixed genomic template serial dilution series
was also created containing 10°-10' genomes of each

species per 3 ul. PCR efficiency was expressed as
]O(—l/slope).

2.7. Sequence characterization

Each candidate real-time quantitative PCR marker
sequence generated from every strain and isolate tested
was compared by alignment to the relevant reference
sequence using the BLAST (bl2seq) algorithm (Altschul
et al.,, 1990). Reference marker sequences were obtained
using the original SCAR marker sequence. All polymorphic
variants identified here have been submitted to GenBank
(Table 2). Candidate sequence analyses were supplemented
by bioinformatic comparison using tBLASTx with the
NCBI non-redundant nucleotide collection (Altschul et al.,
1997).

2.8. Application to field samples

Samples of feces plus bedding were collected from 13
poultry farms in Angola, Poland and the Czech Repub-
lic. Each sample was made by pooling samples collected
at multiple randomly selected sites within the test poul-
try house. The average weight of each pooled sample was
350¢g. The total oocyst content of each sample was deter-
mined microscopically as described previously (Long et al.,
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1976). The number and identity of Eimeria species present
was assessed based upon oocyst morphology. Oocysts were
isolated by sucrose flotation as described previously (Long
et al., 1976) and sporulated in 2.5% potassium dichro-
mate. DNA was extracted post-sporulation as described
above using the Qiagen DNeasy Blood and Tissue Kit (Qia-
gen, Germany). Quantitative real-time PCR assays for all
seven Eimeria species, plus the universal genus-specific (5S
rDNA) assay, were runin triplicate for each sample. Average
Ct's measured at the same arbitrary fluorescence thresh-
old level for each species were extracted using MxPro™
software. Three aliquots of the mixed template dilution
series were included in each qPCR plate to provide positive
control, enable comparison between plates and support
quantification by comparison with previous calibration
based upon standard curves derived from triplicate dilu-
tion series (as described above). Thus, regression equations
established using mixed genomic templates were used for
conversion of Ct cycles into number of target copies. The
data were entered into Microsoft Excel and the number of
copies in each qPCR reaction for each species was calcu-
lated using the formula N =Efficiency(o~C) where N is the
number of copies, Cy is zero-copies intercept cycle and C; is
the measured mean threshold cycle. Efficiency in this for-
mula is expressed as a number between 1 and 2 (usually
around 1.94) and zero-copies intercept cycle is the point
at which the standard curve crossed the vertical axis at
the zero-copies point (usually 35-40). These two param-
eters were established from the relevant standard curve
for each species and were used in all subsequent qPCR
runs. Assays which did not reach threshold cycle and indi-
cated absence of target species were assigned zero copies.
The relative abundance was then calculated as the number
of copies of the target species divided by the sum num-
ber of copies of all seven species and represented as a
percentage.
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3. Results
3.1. Species-specificity of the gPCR markers

All of the proposed quantitative PCR markers tested here
were derived from species-specific SCAR markers. Abso-
lute species-specificity was confirmed since each primer
pair tested was able to amplify the expected product from
all available strains of the relevant Eimeria species but
no other species or the host. This was further confirmed
by an early threshold cycle (Ct) and single-peak dissoci-
ation curve using the SYBR® Green qPCR assay. Agarose
gel electrophoresis confirmed the correct amplicon size of
each product and the absence of products from non-target
species.

3.2. Polymorphism of the qPCR markers

Every candidate marker, including the four previously
published markers (Blake et al., 2008), was amplified in
duplicate from all available strains and isolates, cloned and
sequenced to assess intra-specific polymorphism (Table 2).
We found the published marker targeting E. acervulina to
be polymorphic, including both deletions and substitutions
in the probe area. Despite this polymorphism we were still
able to detect E. acervulina genomic DNA using these pub-
lished primers and probe in all tested strains. But, in order
to prevent possible underestimation during quantification
and avoid the risk of assay failure with other, potentially
more polymorphic as yet unknown strains, we decided
to design additional candidate markers for E. acervulina.
The remaining three published markers which target E.
maxima, E. necatrix and E. tenella were found to be non-
polymorphic (Table 2). Candidate markers were tested for
E. acervulina, E. brunetti, E. mitis and E. praecox in a step-
wise manner until we found a non-polymorphic marker

Table 3
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for each species. The highest level of polymorphism (and
thus the highest number of candidate markers) was found
working with E. brunetti. The final non-polymorphic mark-
ersidentified for these four species were developed as qPCR
markers and combined with the three previously published
non-polymorphic markers to form a new panel of chicken
Eimeria species qPCR assays (Table 3).

3.3. Assay sensitivity

All seven species-specific qPCR markers were tested in
dilution series experiments using both genomic and plas-
mid DNA. Standard curves revealed that each assay was
highly reproducible using single-species or mixed-species
genomic DNA (Table 4). Coefficients of regression exceeded
0.99 in all assays over at least six orders of magnitude for
genomic DNA or over at least eight orders of magnitude
for plasmid DNA. Assay precision measured as the aver-
age standard deviation of the mean triplicate Ct values
was < 0.19 (i.e. able to distinguish between 2-fold dilu-
tions in 99.2% cases). PCR efficiency was found to exceed
1.93 and was directly comparable between all seven assays.
Standard curves also confirmed that all seven assays were
sensitive enough to detect 10 copies of the target genome.
All seven markers appear to be single-copy per haploid
genome based upon the comparison of standard curves
constructed from normalized genomic DNA template and
plasmid DNA.

3.4. Field sample validation

Field samples collected from poultry farms in Angola,
Poland and the Czech Republic were tested for the pres-
ence of Eimeria species parasites using qPCR diagnostic
protocols (Table 5). All samples were collected and tested
as part of a routine screening program or to diagnose a
suspected subclinical coccidiosis problem. Parallel micro-

The final panel of qPCR primer and probe sequences specific for the seven Eimeria species that infect the chicken. The markers for E. maxima, E. necatrix
and E. tenella remain unchanged from those published previously following additional validation here (Blake et al., 2008).

Species Sequence source (SCARdb ID)

Primer and probe sequences

Amplicon size [bp]

E. acervulina Ac-AD18-953

ACE-F: GCAGTCCGATGAAAGGTATTTG

103

ACE-R: GAAGCGAAATGTTAGGCCATCT
ACE-P: [6-FAM]ACAGTCCCCGCTGATGGTGTAACG[BHQ1]

E. brunetti Br-J18-626

BRU-F: AGCGTGTAATCTGCTTTTGGAA

118

BRU-R: TGGTCGCAGACGTATATTAGGG
BRU-P: [6-FAM]CAACCGCAGCAAGCGAAGTTGA[BHQ1]

E. maxima EmMIC1

MAX-F: TCGTTGCATTCGACAGATTC

138

MAX-R: TAGCGACTGCTCAAGGGTTT
MAX-P: [6-FAM]ATTGTCCAGCCAAGGTTCCCTTCG|BHQ1]

E. mitis Mt-A09-716

MIT-F: CAAGGGGATGCATGGAATATAA

115

MIT-R: CAAGACGAATGGAATCAATCTG
MIT-P: [6-FAM]CCCGCGAGGGTTTCAGTTGATG[BHQ1]

E. necatrix Nc-AD10-702

NEC-F: AACGCCGGTATGCCTCGTCG

134

NEC-R: GTACTGGTGCCAACGGAGA
NEC-P: [6-FAM]CCGTAGCATAGCTCAGGCAGCCAC[BHQ1]

E. praecox Pr-A09-1108

PRA-F: CACATCCAATGCGATATAGGG

117

PRA-R: ACAGAAAAACGCAAAGAGCAA
PRA-P: [6-FAM]AGCAGCAGCTGCCTCTCATTGACC[BHQ1]

E. tenella Tn-E03-1161

TEN-F: TCGTCTTTGGCTGGCTATTC

100

TEN-R: CAGAGAGTCGCCGTCACAGT
TEN-P: [6-FAM]CTGGAAAGCGTCTCCTTCAATGCG[BHQ1]

35
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Table 4
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Parameters of Eimeria species-specific quantitative real-time PCR standard curves.

Species Template Linear range Coefficient of regression PCR efficiency Average standard deviation of the mean
E. acervulina Genomic DNA 105-10" 0.994 1.95 0.14
Plasmid DNA 108-10' 1.000 1.99 0.07
Mixed genomic DNA  10°-10" 0.996 1.94 0.17
E. brunetti Genomic DNA 106-107 0.994 1.94 0.16
Plasmid DNA 108-10! 0.997 2.00 0.12
Mixed genomic DNA ~ 10°-10' 0.995 1.93 0.15
E. maxima Genomic DNA 106-10! 0.992 1.94 0.18
Plasmid DNA 108-10! 1.000 1.98 0.13
Mixed genomic DNA  10°-10' 0.997 1.95 0.16
E. mitis Genomic DNA 10%-10! 0.999 1.96 0.12
Plasmid DNA 108-10" 0.998 2.00 0.08
Mixed genomic DNA  10°-10' 0.998 1.93 0.11
E. necatrix Genomic DNA 106-10! 0.997 193 0.19
Plasmid DNA 108-10! 1.000 1.97 0.15
Mixed genomic DNA ~ 10°-10! 0.996 1.94 0.18
E. praecox Genomic DNA 10%-10! 0.993 1.96 0.14
Plasmid DNA 108-10" 0.997 1.99 0.11
Mixed genomic DNA 105-10! 0.995 1.95 0.15
E. tenella Genomic DNA 10%-10! 0.993 1.95 0.17
Plasmid DNA 108-10" 0.999 1.99 0.10
Mixed genomic DNA  10°-10! 0.992 1.95 0.12
Table 5

Real-time quantitative PCR validation using field samples collected from poultry farms in Angola (AO), Poland (PL) and the Czech Republic (CZ). OPG = oocysts
per gram, cs = caecal swab, nd = not detected. E.ac = E. acervulina, E.br = E. brunetti, E.ma = E. maxima, E.mi = E. mitis, E.ne = E. necatrix, E.pr = E. praecox and E.te = E.

tenella.

Farm OPG Oocysts used for qPCR Relative abundance
E.ac E.br E.ma E.mi E.ne E.pr E.te

Kuito, AO 730 180000 10% nd 21% 4% nd 65% nd
Jinosov, CZ 80000 102000 35% 0,05% 14% 24% 1% 5% 21%
Habry 1, CZ 300 7592 19% nd 2% 21% 37% 12% 8%
Habry 2, CZ 90 2463 18% nd nd 11% 69% 2% nd
Holotin, CZ 1000 1664 5% nd nd 6% 84% 4% nd
Biskupice, CZ 600 23310 48% nd 12% 6% 26% 3% 5%
Cuemba, AO 380 330 67% nd nd 33% nd nd nd
Farm 1, PL 5100 34700 61% nd 8% 5% nd 23% 3%
Zidlochovice, CZ cs 587000 0,2% nd nd 2% 0,2% nd 97%
Farm 2, PL 513 2052 15% 12% 6% 12% 7% 11% 36%
Cernovice, CZ cs 100000 0,01% nd nd 1% 0,1% nd 99%
Libis 2, CZ 4893 44600 88% 2% 1% 7% nd 1% nd
Hornatky, CZ 657 5300 86% nd 7% nd nd nd 7%

scopic validation successfully identified all species that Table 6

were detected by qPCR to represent at least 10% of each
sample. The relatively large size of the E. maxima oocyst
supported microscopic validation (identification and enu-
meration) of all samples identified as positive by qPCR.
Additionally, eight samples underwent comparative micro-
scopic morphological identification where oocysts from
each morphological group were counted in a McMaster
chamber. Morphological groups corresponded to indi-
vidual species with the exception of the E. brunetti/E.
maxima-like and E. necatrix/E. tenella-like groups. The
results corresponded well with the qPCR results (compare
Tables 5 and 6; statistical significance using Pearson’s cor-
relation varied from p<0.05 to p<0.001 by farm, p<0.01
to p<0.001 by morphological group). Additional validation
was undertaken for the sample from Kuito (Angola), where
PCR amplification of the 18S rDNA, followed by cloning
and sequencing of multiple random clones, identified all
species found using qPCR and no other species (data not
shown).
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Microscopic morphological diagnosis of eight selected field samples.
Oocyst counts were distributed into five morphological groups repre-
senting E. acervulina (E.ac), E. brunetti/E.maxima-like (E.br/E.ma), E. mitis
(E.mi), E. necatrix/E. tenella-like (E.ne/E.te) and E. praecox (E.pr). nd = none
detected.

Farm Relative abundance

E.ac E.br/E.-ma E.mi E.ne/E.te E.pr
Kuito, AO 11% 16% 5% nd 68%
Jinosov, CZ 44% 9% 15% 23% 9%
Habry 1, CZ 27% 5% 23% 38% 7%
Habry 2, CZ 14% nd 22% 64% nd
Farm 2, PL 11% 14% 17% 42% 16%
Cernovice, CZ nd nd nd 100% nd
Libis 2, CZ 96% 4% nd nd nd
Hornatky, CZ 79% 7% nd 14% nd

4. Discussion

We have developed a panel of quantitative real-time
PCR assays which targets all seven Eimeria species that
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infect the chicken, combining absolute specificity with pre-
cise sensitivity. Our aim was to identify markers defined
by the complete absence of polymorphism, based upon
sampling as many strains as possible, in an attempt to
develop an assay with global validity. For this purpose mul-
tiple strains were sequenced across at least one locus until
suitable non-polymorphic markers were identified for all
seven species. Moreover, these markers were identical in
sequence to the reference SCAR regions from which they
were derived. These SCARs were originally amplified and
sequenced using multiple geographically distant strains
(Fernandez et al., 2004). The absence of polymorphism
guarantees an exact match of primers and probe during PCR
and thus enables precise relative quantification of multiple
species in a mixture, regardless of the strains present. A
partial primer or probe mismatch could lead to underesti-
mation of the target species while a larger mismatch could
disable detection and quantification entirely. Although it
is recognized that any assay targeting a single region of a
genome may be vulnerable to unexpected genetic diversity,
the benefits associated with a target with a defined genome
copy number and no pre-existing polymorphism outweigh
such a risk. Single nucleotide polymorphisms are unlikely
to have a dramatic effect on these assays. Supplementa-
tion with a genus specific assay, for example targeting
the ribosomal 5S repeat (Blake et al., 2006), can insure
against a parasite population with the unlikely loss or rear-
rangement of the entire target region escaping detection.
The ribosomal 5S genus-specific assay has about 100-fold
higher sensitivity and can help in identifying additional
non-target eimerian parasites in a mixture.
Species-specificity was confirmed using all seven
species of Eimeria that infect the chicken as well as four
turkey Eimeria species and genomic DNA extracted from
the host (the chicken). The use of a simple oocyst purifi-
cation process without a sodium hypochlorite step prior
to DNA purification suggests the absence of cross prim-
ing with likely environmental contaminants more distantly
related to Eimeria (i.e. within the hosts feed and its natu-
ral gut microflora). Comparative BLAST analyses identified
no notable homology with any other publicly available
sequence. Although we confirmed the limit of sensitivity
to be below ten copies of the target sequence, the prac-
tical limit of detection will also depend on other factors
including the efficiency of oocyst recovery from feces, DNA
extraction and the presence of excess contaminants and
PCR inhibitors in a sample. Since one sporulated oocyst
contains eight genome copies these assays are shown to
be able to detect and quantify DNA from the equivalent
of a single oocyst. All seven assays are based on markers
which showed high and comparable PCR efficiency and
precision measured as the average standard deviation of
replicate Ct values from the mean. Although PCR efficiency
can vary depending on sample contaminants or different
reaction conditions, it was important that all PCR efficien-
cies were similar, supporting the precise measurement
of relative abundance of individual species in a mixture.
Importantly, utilization of these assays requires proper
calibration of the specific quantitative real-time PCR instru-
ment and master-mix as well as a positive standard for
comparison between plates. Upon calibration, the slope of
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the regression curve (the efficiency of PCR) should remain
almost unchanged while the zero cross points will be dif-
ferent for each marker. Calibration using a serially diluted
mixed genomic DNA template presenting equal amounts of
each species is recommended. Such a template can be pre-
pared by mixing equal amounts of fully sporulated oocysts
of each species counted using the McMaster method (Long
and Rowell, 1958) or purified genomic DNA. Aliquots of
the template series should then be included in all subse-
quent qPCR tests as a positive standard. It should be noted
that while the fully sporulated oocyst has eight genome
copies, a non-sporulated oocyst contains only two genomes
and intermediate stages caused by bad sporulation in sub-
optimal conditions may contain between two and eight
genomes. When absolute quantification is required sporu-
lation factor should be considered in all calculations as
described elsewhere (Morgan et al., 2009).

The adoption of highly conserved single copy sequences
as qPCR targets provided high specificity and precision
compared to polymorphic multi-copy targets such as ITS-2,
used in other recent work (Morgan et al., 2009), albeit with
some loss of sensitivity. Since the repeated ITS-2 regions
are known to be highly variable between many Eimeria
strains (Cantacessi et al., 2008), and since the precise num-
ber of copies in each genome is unknown, the specificity
and precision of any associated qPCR assay is likely to be
impaired. For example, the E. praecox ITS-2 targeted qPCR
assay failed to quantify the E. praecox strain included in
the Paracox® vaccine (Morgan et al., 2009). Nevertheless,
the large number of ITS-2 copies per parasite can provide
a very high level of sensitivity where sequence homology
allows, reducing the impact of possible sample loss dur-
ing collection and processing and facilitating quantification
from very small samples. Our decision to select highly con-
served single copy targets improved specificity and species
coverage at the cost of some sensitivity. Nonetheless, the
sensitivity of the assays described here was still more than
adequate for diagnostic use.

The uptake of qPCR assays to enumerate eimerian par-
asites in the field will depend to a large extent on cost,
the requirement for technical input and robustness in dif-
ferent laboratories. The comparable PCR efficiencies of the
assays described here suggest that they could be multi-
plexed and by using four different fluorescent dyes they
would fit into two tubes. However, the relatively higher
cost of probes with dyes other than FAM™ compared to
the rather lower costs of extra master-mix and associated
consumables indicate no requirement for multiplexing at
this time. Optimizing and validating assays based upon
a series of multicolor probes is also likely to require a
higher level of technical input from the user. The availabil-
ity of relatively cheap separate assays provides a diagnostic
‘toolkit’ from which a client can select only those assays
that they require. For example, only two of the 13 field
samples tested here required the full panel of seven Eime-
ria species-specific QPCR assays (Table 5). The results of
these first field trials correlated well with traditional micro-
scopic diagnosis in all examples except where minority
sub-populations were detected by qPCR. The detection
of these sub-populations by qPCR could possibly indicate
false-positive results, although the sensitivity of the qPCR
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assays and the difficulty of oocyst speciation by microscopy
make it much more likely that these parasites were missed
by routine microscopy, a feature common to many qPCR
assays targeting apicomplexan parasites (Khairnar et al.,
2009). Output from these samples has informed the choice
of anticoccidial control strategy on several farms, iden-
tifying a requirement to adjust their anticoccidial drug
program or vaccinate in some examples.

The use of three previously published Eimeria species-
specific assays in this study provides further validation for
each, identifying no target sequence polymorphism from
an expanded sample set and demonstrating their utility in
a different laboratory with different equipment. Similarly,
duplication of the four new assays using serially diluted
genomic DNA in a separate laboratory with a 7500 FAST
Real-Time PCR System and the associated TagMan® Fast
Universal PCR Master Mix (Applied Biosystems, data not
shown) support the broad stability and robustness of these
assays.

A key advantage of the qPCR method is that it can be
done quickly and resulting decisions can be made imme-
diately, while traditional diagnostic methods could last for
weeks and can be labor-intensive. The choice of template
material used for qPCR can have a significant impact not
only on the duration of the process but also on the data
generated. In this study we employed a pre-DNA extrac-
tion purification step based upon oocyst flotation in sugar
solution in parallel with traditional microscopy. Oocyst
purification can improve assay sensitivity, enhancing
detection of minority parasite sub-populations, although
there is a risk of uneven oocyst purification. As an alter-
native the use of a procedure supporting the extraction of
total DNA from unpurified fecal material can remove the
requirement for oocyst purification (i.e. QIAamp DNA stool
kit), reducing the potential for bias and further streamlin-
ing the protocol at a slight cost to sensitivity.

The real-time quantitative PCR assays described here
for all seven Eimeria species that infect the chicken pro-
vide a valuable modern tool as a successor to traditional
diagnostic methods. They are both fast and reliable and
can be applied in coccidiosis research, live vaccine man-
ufacture or veterinary practice. They can be incorporated
into quality control processes in the laboratory and dur-
ing manufacture of live vaccines as a method to check both
inocula purity and the final formulation of mixed species.
The efficiency of any anticoccidial strategy can now be
tested by measuring the relative abundance of each studied
species. Importantly, there is no obligate requirement to
purify a defined stage of the eimerian life cycle. Any eime-
rian developmental stage can be used for DNA extraction
and quantification, for example in post-mortem diagnos-
tics in the field. As the demand for more efficient global
food production increases and qPCR becomes cheaper and
more available in the field it is likely that assays such as the
ones described here will become increasingly valuable.
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Although the validity of the coccidian species, Eimeria mivati, has been questioned by many
researchers for a long time there has not been any molecular analysis that would help
resolve this issue. Here we report on the discovery of the two types of small ribosomal

Acgepted.20 June 2011 subunit (18S) gene within the Eimeria mitis genome that correspond to the known 18S
sequences of E. mitis and E. mivati, and this is in conflict with the existence of E. mivati
Keywords: N 3 . . . . .
Fimeria as an independent species. We have carried out five single oocyst isolations to obtain five
Coccidiosis single-oocyst-derived strains of E. mitis and these were analyzed by the sequencing of 18S

and mitochondrial cytochrome c oxidase subunit I genes. The two types of 18S gene were
found to be present in each strain in roughly equal ratios. This indicates that if the strains
carrying only one or the other 18S type exist, they will likely cross-breed and still represent
asingle species. However, the more probable explanation is that all strains of E. mitis contain
two types of 18S gene and that the occasional detection of only one or the other type by
sequencing might be caused by insufficient sampling. This is also the first report of the two
types of 18S gene in Eimeria, which has already been described in some other apicomplexan
species, most notably Plasmodium. We also found that these two types of ribosomal RNA
differ significantly in their secondary structure. The biological significance of the two 18S
gene variants in E. mitis is not known, however, we hypothesize that these variants might
be used in different stages of the parasite’s life-cycle as it is in other apicomplexan species
investigated so far.

Ribosomal RNA

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Eimeria is a genus of apicomplexan parasites that
includes various species responsible for coccidiosis, one of
the most challenging diseases in the chicken farming indus-
try. Significant effort and money is spent every year on
the prevention and treatment of chicken coccidiosis. The
disease is prevented either by administering in-feed antic-
occidials or by applying vaccines. Owing to the increase in
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resistance of field strains of Eimeria and due to the pres-
sure from the public health authorities and consumers, to
reduce the amount of drug residuals in the food, vacci-
nation is becoming the preferred option. Apart from one
sub-unit vaccine that utilises maternal immunity (Sharman
et al., 2010), all the other coccidiosis vaccines currently on
the market contain live parasites which are either virulent
or attenuated. The important feature shared among coc-
cidia is that the host immunity acquired after infection is
strictly species-specific. This affects the formulation of live
vaccines as they must contain each Eimeria species that is
being targeted. Also, the vaccine production cost signifi-
cantly increases with every species that is added to the
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vaccine. It is evident that it is necessary to identify all the
eimerian species that infect the chicken host, in order to
fight coccidiosis effectively.

There are seven species of Eimeria infecting the
chicken host that are well-known and have been studied
thoroughly, namely: Eimeria acervulina, Eimeria brunetti,
Eimeria maxima, Eimeria mitis, Eimeria necatrix, Eimeria
praecox and Eimeria tenella. These species are universally
accepted and there are no doubts about their validity.
However, there are two species that are also described in
the literature but their existence is questioned by many
researchers (Shirley et al., 1983; McDonald and Ballingall,
1983), namely: Eimeria mivati and Eimeria hagani. These
two species are also overlooked in papers which deal with
species discrimination techniques (Fernandez et al., 2003;
Morgan et al., 2009; Vrba et al., 2010).

E. mivati was first described by Edgar and Seibold (1964)
as a pathogenic coccidium having oocyst morphology sim-
ilar to E. mitis. Later it was suggested to refer to this
species as E. acervulina var. mivati because the inoculum
being studied was contaminated with E. acervulina (Long,
1973; Shirley, 1979). Studies on resistance transfer con-
firmed that E. mivati is not an E. acervulina variant (Ryley
and Hardman, 1978). The subsequent cross-immunization
study revealed that E. mivati is the same species as E. mitis
(Shirley et al., 1983) while another study concluded that
according to the ultrastructure of schizonts these are two
distinct species (Fitz-Coy et al., 1989).

Molecular characterization could help to resolve this
issue but the original isolate of E. mivati is no longer
available. However, the small subunit ribosomal RNA (18S
rRNA) gene of E. mivati was sequenced (Barta et al., 1997)
and is available for comparison. Here, we report that dur-
ing molecular characterization of our strains of E. mitis by
sequencing the 18S rRNA gene we have identified two types
of this gene to be present within the genome, and that these
types correspond to the known sequences of E. mitis and E.
mivati. This suggests that there is only one species char-
acterized by the presence of these two types of 18S gene.
This is also the first report of the discovery of two types of
the18S rRNA gene in Eimeria.

2. Materials and methods
2.1. Parasites

The parasite in question originates from a litter and fae-
ces sample collected during routine screening at a chicken
farm in the Czech Republic. The farm was not using any
anticoccidials but instead applied the live attenuated vac-
cine LIVACOX® Q (Biopharm, Czech Republic). Oocysts
were isolated by using the modified salt flotation method
(Long et al., 1976) and were stored in 2.5% potassium
dichromate at 4 °C. The contents of Eimeria species present
in the oocysts sample were analyzed by quantitative real-
time PCR (Vrba et al., 2010).

2.2. Single oocyst isolations

The isolate containing five different species, including
E. mitis, was passaged on chickens immunized with four
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other species in order to obtain an isolate enriched in E.
mitis. Five chickens were immunized at the one-day of age
with LIVACOX® Q that contains E. acervulina, E. maxima,
E. necatrix and E. tenella. The chickens were infected with
the mixed isolate two months later and the faeces were
collected at days 5-7 after infection. Inoculum enriched
in E. mitis was subjected to five single oocyst isolations
to obtain five pure strains. Single oocyst isolations were
completed with a micromanipulator (Narishige, Japan) that
was mounted to an inverted microscope (Nikon, Japan)
using glass microcapillaries filled with silicone oil. Sin-
gle oocysts were selected, aspirated into a micropipette,
moved between droplets of PBS and then embedded into
agar cubes that were subsequently used for inoculating the
chickens. Chickens were kept in a coccidia-free environ-
ment and monitored for the presence of oocysts in their
faeces before inoculating with single oocysts. Another three
passages of each single-oocyst-derived strain were com-
pleted to obtain a sufficient amount of oocysts. Final oocyst
suspensions were subjected to quantitative real-time PCR
analysis to confirm their species-purity (Vrba et al., 2010).

2.3. Biological characterization

Each single-oocyst-derived strain of E. mitis was mea-
sured under the microscope to determine the average
oocyst dimensions. One hundred oocysts from each strain
were measured, the longest and the shortest perpendicu-
lar dimensions were recorded, a histogram was generated
in Microsoft Excel and the average dimensions were deter-
mined.

2.4. PCR amplification, cloning and sequencing of 18S
and COI genes

Oocysts for isolation of DNA were washed in PBS,
disrupted in a Mini-BeadBeater-16 (BioSpec, USA) using
0.5 mm glass beads, and the DNA was extracted from the
lysate using the DNeasy Blood and Tissue Kit (Qiagen,
Germany) according to the manufacturer’s instructions.
Small subunit ribosomal DNA was amplified using primers
ERIB1 and ERIB10 (Bartaetal., 1997), and the mitochondrial
cytochrome c oxidase subunit I gene (COI) was amplified
using primers KM204 and KM205 (Schwarz et al., 2009).
PCR reactions were carried out using high-fidelity Phu-
sion Hot Start DNA polymerase (Finnzymes, Finland). These
reactions contained 200 M dNTP each, 500 nM forward
and reverse primers, 1l of template DNA and 0.02 U/l
of Phusion enzyme in Phusion HF buffer. The thermal
cycling program consisted of an initial denaturation at
98°C for 1min, followed by 25 cycles of denaturation
at 98°C for 15s, annealing at 69°C for 20s and exten-
sion at 72°C for 1 min. PCR products were blunted and
cloned into EcoRV digested dephoshorylated pBluescript
vector (Stratagene, USA) using home-made (Inoue et al.,
1990) chemically competent DH5a™ cells (Invitrogen,
USA). Minipreps were prepared with the QIAprep Spin
Miniprep Kit (Qiagen, Germany) and the purified plasmids
were sequenced (Macrogen, Korea). Six bacterial colonies
carrying the cloned 18S gene and two colonies with the COI
gene were picked for each E. mitis strain and subjected to
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sequencing. In total, 30 random clones of 18S and 10 clones
of COI gene were analyzed from five single-oocyst derived
strains of E. mitis.

2.5. Sequence analysis

The sequences of 18S and COI genes were trimmed to
the regions between primers using BioEdit software (Hall,
2005). All available 18S sequences of E. mitis and E. mivati
were retrieved from GenBank and used for alignment with
our sequences. Similarly, multiple chicken Eimeria species
COI sequences were selected from GenBank, including all
sequences of E. mivati, for alignment with our COl sequence.
Two COI sequences of Eimeria cf. mivati retrieved from
GenBank were excluded from analysis due to suspected
errors originating from PCR - the sequence FJ236441 is
probably a chimeric molecule containing a part from E.
maxima and the sequence FJ236434 contains frameshift
mutation. Sequences were aligned using Clustal W (Larkin
et al.,, 2007) and phylogenetic relationships were analyzed
in TOPALI software (Milne et al., 2004). Maximum likeli-
hood (ML) inference was carried out using PhyML (Guindon
and Gascuel, 2003) and Bayesian inference (BI) was per-
formed using MrBayes (Ronquist and Huelsenbeck, 2003).
The optimal nucleotide substitution models for phyloge-
netic analyses were chosen using ModelGenerator (Keane
et al., 2006) according to Bayesian Information Criterion
(BIC). The reliability of ML tree topology was evaluated
by bootstrap resampling with 100 replicates. Bayesian
inference was performed using two independent runs for
500,000 generations with the first 30% discarded as burn-
in and sampling every 10 generations. For the COI coding
sequence, the substitution models were selected indepen-
dently for each codon position and used in partitioned BI
implemented in MrBayes and partitioned ML implemented
in RAXML (Stamatakis, 2006). Phylogenetic trees were mid-
point rooted and visualized in FigTree software (Rambaut,
2009). The secondary structures of the two types of small
ribosomal subunit RNA from E. mitis were predicted by
superposition with Toxoplasma gondii (X75453) structure
retrieved from The Comparative RNA Web Site (Cannone
et al.,, 2002). Sequences were structurally aligned with the
aid of Sequence to Structure (S2S) software (Jossinet and
Westhof, 2005) and the extra nucleotides present in E. mitis
and missing in the Toxoplasma model were refolded using
the RNAfold on the Vienna RNA Web Server (Hofacker,
2003). Structures were visualized in PseudoViewer3 (Byun
and Han, 2009). The numbering of helices is based on the
general eukaryotic model of small ribosomal subunit (Neefs
etal, 1993).

3. Results
3.1. Isolation of E. mitis strains

From the original field isolate containing five species,
namely: E. acervulina, E. maxima, E. mitis, E. necatrix and
E. tenella, we have successfully isolated five pure strains
of E. mitis using selective enrichment on immunized birds
and single-oocyst isolations. While the original contents
of E. mitis in the mixed sample was 30%, after the enrich-
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ment using LIVACOX® Q immunized birds, the contents
of E. mitis according to quantitative PCR rose to 98%.
After the single-oocyst isolations and their amplification by
three passages in chickens we have obtained five strains
of E. mitis that were all confirmed 100% species-pure by
quantitative PCR.

3.2. Biological properties of E. mitis isolates

All five strains of E. mitis shared the same range of
oocyst dimensions, that is, 12.0-19.2 pm x 10.8-16.8 pm,
and an average oocyst dimension of 15.0 pm x 13.8 pm.
These dimensions correspond to both the published E. mitis
dimensions (15.6 wm x 14.2 wm) as well as to the E. mivati
dimensions (15.6 pm x 13.4 um).

3.3. Sequencing of 18S and COI genes

We have found two types of 18S gene to be present in
each of the five single-oocyst-derived strains. While the
first type is homologous to the sequence of E. mivati in Gen-
Bank, the second type is homologous to the sequences of
E. mitis. On average, half of the randomly picked colonies
carried the E. mivati type and the other half carried
E. mitis type. The sequencing resulted in a total of six
unique 18S sequences. Three sequences belong to the E.
mivati group and share 99.6-99.7% sequence identity to
each other and 99.4-99.5% sequence identity to the pub-
lished E. mivati 18S sequence (accession no. U76748).
Another three sequences belong to the E. mitis group
and share 99.5-99.7% sequence identity to each other
and 98.9-99.7% sequence identity to the three published
E. mitis 18S sequences (accession nos. U40262, U67118
and FJ236379). Sequences from the E. mivati group share
98.3-98.7% sequence identity with the sequences from E.
mitis group. GenBank contains also six sequences named
Eimeria cf. mivati gathered during broiler farm screenings
(accession nos. FJ236373-F]236378, Schwarz et al., 2009)
and these sequences share 99.5-99.9% identity with our
sequences from the E. mivati group. All our 18S sequences
were deposited into GenBank under accession numbers
FR775302-FR775307. Mitochondrial cytochrome c oxidase
subunit I gene sequences from all five strains were found to
be identical and share 99.8% identity with the GenBank COI
sequence assigned to E. mivati (accession no. EF174185).
There was not any COI sequence of E. mitis in GenBank
at the time of this manuscript preparation. Our sequence
of E. mitis COI gene was submitted to GenBank under the
accession number FR796699.

3.4. Phylogenetic analysis

The phylogenetic trees constructed from all known as
well as newly sequenced 18S sequences of E. mitis and
E. mivati showed grouping of these two sequence types
into separate lineages (Fig. 1). Both maximum likelihood
method and Bayesian inference method resulted in a sim-
ilar tree topology that clustered these two sequence types
into two separate clades with high statistical support (ML
bootstrap support=100%, Bl posterior probability =1.00).
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Fig. 1. Maximum likelihood phylogenetic tree constructed from all available 18S sequences of E. mitis and E. mivati showing two clades corresponding to
the two sequence types. For each sequence, accession number and species name is shown. Values above branches show bootstrap support based on 100

replications. Sequences from this study are highlighted in bold.

Phylogenetic analysis based on COI sequences resulted in a
tree where the sequences from each Eimeria species, except
for E. mitis and E. mivati, were clustered in separate lineages
(Fig. 2). The sequences of E. mitis and E. mivati form a single
lineage in the tree. Both phylogenetic estimation methods
provided the same tree topology. There was a high statis-
tical support for monophyly of the group of COI sequences
from E. mitis and E. mivati (ML bootstrap support=90%, Bl
posterior probability = 1.00).

3.5. Secondary structure of 18S rRNA

Structural alignment of the two types of 18S rRNA found
in E. mitis showed that the major difference between the
mivati-type and the mitis-type is the insertion/deletion of
nine nucleotides in the V7 region corresponding to helix
43 of the eukaryotic small subunit ribosomal RNA model.
This insertion elongates helix 43 in mitis-type RNA by four
nucleotide pairs (Fig. 3).

4. Discussion

The small ribosomal subunit (18S) is a well-known
gene used to infer phylogenetic relations and to distin-
guish between species. It is organized into transcriptional
units with other ribosomal genes and eukaryotes gener-
ally have more copies of this gene arranged in tandem
repeats (about 140 in E. tenella; Shirley and Tomley, Sanger
Institute E. tenella genome project website). Traditionally,
it is assumed that these genes undergo concerted evolu-
tion where the copies are continuously homogenized by
gene conversion and an unequal crossover, and thus remain
virtually identical. However, exceptions to this rule exist
mainly among the apicomplexan species like Plasmodium
(McCutchan et al., 1988), Cryptosporidium (Le Blancq et al.,
1997) and Babesia (Reddy et al., 1991), where the two types
of 18S gene coexist in a single genome. It is hypothesized
that these genes evolve according to a birth-and-death
model of evolution where the new variants are created by
gene duplication and some duplicates are maintained in

100 FJ236440 E. maxima

FJ236451 E. maxima

= 83" 1EU025104 E. maxima
90 FJ236433 E. cf. mivati

100 |—F]236427 E. acervulina
99 EF158855 E. acervulina
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lFR796699 E. mitis
e 24"LgF174185 E. mivati

EU025108 E. necatrix

substitutions/site

100 |EF174187E. tenella
‘EU025109 E. tenella
231g1236381 E. tenella

Fig. 2. Maximum likelihood phylogenetic tree constructed from multiple COI sequences of chicken Eimeria species including all available sequences of
E. mivati and our sequence of E. mitis. Values above branches and values connected with dotted lines show bootstrap support based on 100 replications.

Sequence from this study is highlighted in bold.
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the genome for a long time while the others are deleted
(Rooney, 2004; Nei and Rooney, 2005).

There have been doubts about the validity of E. mivati
species for more than 30 years. This species was often
questioned in works utilising classical coccidiosis meth-
ods like oocyst morphology and cross-immunity but there
was no molecular evidence to support this. Our discovery
of the two types of 18S gene within the E. mitis genome is
the first of such molecular evidence that supports conclu-
sions of some previous studies, which stated that E. mivati
and E. mitis are the same species (Shirley et al., 1983).
The two types of 18S gene which correspond to the pub-
lished sequences of E. mivati and E. mitis indicate that if
the strains carrying only one or the other 18S type exist,
they will likely cross-breed and still represent a single
species. However, the more probable explanation is that
all strains of E. mitis contain two types of 18S gene and that
the occasional detection of only one or the other form by
sequencing is caused by insufficient sampling, where only
a single or a few random clones are sequenced. It is also
highly probable that the original author who sequenced
the 18S gene of presumed E. mivati (Barta et al., 1997) only
obtained the E. mivati sequence variant due to the low num-
ber of clones sequenced (probably two) while the species
investigated contained both variants. Also, in the course of
sequencing 18S gene from mixed species isolates (like in
Schwarz et al., 2009) the sequence originally from E. mitis
can be mistakenly assigned to E. mivati. Our mitochondrial
cytochrome c oxidase subunit I gene sequence of E. mitis is
almost identical to the sequence in GenBank assigned to E.
mivati (although this COI gene sequence was not derived
from the original E. mivati strain), which suggests that this
gene comes from the same species. The phylogenetic tree
constructed from multiple COI sequences showed that the
sequences of E. mitis and E. mivati form a single lineage
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distinct from other chicken Eimeria species and this is in
agreement with the hypothesis that these sequences are
derived from the same species. This hypothesis is also sup-
ported by the recently published work concerning Eimeria
DNA barcoding (Ogedengbe et al., 2011), which concludes
that the COI is a reliable marker for species delimitation.
Our finding that both 18S and COI sequences of E. mitis and
E. mivati come from the same species implies that the phy-
logenetic analysis based on COI by Ogedengbe et al. (2011)
clusters each actual eimerian species into a separate mono-
phyletic clade. The real-time quantitative PCR assay (that
is based on the genomic sequence-characterized amplified
region — SCAR-markers) used in this study for species iden-
tification and quantification, recognized these coccidian
species correctly as E. mitis. This indicates that this quanti-
tative PCR assay also covers species thought to be E. mivati.

Although intragenomic polymorphism of the 18S gene
was already described in several apicomplexan species
(most notably Plasmodium) this is the first time it was found
in Eimeria. The sequence divergence between the two gene
variants found in E. mitis is not as high as in Plasmodium but
is higher than in Cryptosporidium and Babesia (Table 1). The
phylogenetic tree reconstruction (Fig. 1) shows that these
two sequence types form separate clades, which suggests
that these genes might not evolve in concert and do not
undergo homogenization. The predicted secondary struc-
ture of the two types of 18S rRNA found in E. mitis showed
that these two types differ in the length of helix 43 in the V7
region, which means that the differences observed in pri-
mary structure have a significantimpact on their secondary
structure. The biological significance of the two 18S gene
types in E. mitis is not known, however, we hypothesize
that these types might be used in different stages of the
parasite’s life-cycle as it is in other apicomplexan species
investigated so far.
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Table 1

Sequence identity shared between the two 18S gene types in various apicomplexan species.
Species 18S types Sequence identity Reference
Plasmodium falciparum AlC 89% McCutchan et al. (1988)
Plasmodium vivax AlC 92% Qari et al. (1994)
Plasmodium cynomolgi A/B 90% Corredor and Enea (1994)
Cryptosporidium parvum A/B 99% Le Blancq et al. (1997)
Babesia bigemina AB/C 99% Reddy et al. (1991)
Eimeria mitis mit/miv 98%

This work presents molecular evidence that contests the
existence of E. mivati as an independent species and it is
in agreement with previous studies that reached the same
conclusion by using traditional methods (Shirley et al.,
1983). On the basis of these findings, the authors would
recommend that the Eimeria taxonomy is revised accord-
ingly.

Acknowledgements

The authors would like to thank Katka Hodacova,
Gabina Tylsova, Alena Kudejova and Ruzena Krizikova for
their technical support. We would also like to thank Dr.
Petr Bedrnik and Etienne Effenberger (BIOPHARM, Czech
Republic) for their critical comments on this paper. This
work was supported by BIOPHARM, Research Institute of
Biopharmacy and Veterinary Drugs, a.s., Czech Republic.

References

Barta, J.R., Martin, D.S., Liberator, P.A., Dashkevicz, M., Anderson, J.W.,
Feighner, S.D., Elbrecht, A., Perkins-Barrow, A., Jenkins, M.C., Danforth,
H.D., Ruff, M.D., Profous-Juchelka, H., 1997. Phylogenetic relationships
among eight Eimeria species infecting domestic fowl inferred using
complete small subunit ribosomal DNA sequences. J. Parasitol. 83,
262-271.

Byun, Y., Han, K., 2009. PseudoViewer3: generating planar drawings
of large-scale RNA structures with pseudoknots. Bioinformatics 25,
1435-1437.

Cannone, J.J., Subramanian, S., Schnare, M.N., Collett, J.R., D'Souza, L.M.,
Du, Y., Feng, B, Lin, N., Madabusi, L.V., Muller, K.M., Pande, N., Shang,
Z., Yu, N,, Gutell, RR., 2002. The Comparative RNA Web (CRW) site:
an online database of comparative sequence and structure informa-
tion for ribosomal, intron, and other RNAs. BMC Bioinformatics 3, 2
[Correction: BMC Bioinformatics 3, 15].

Corredor, V., Enea, V., 1994. The small ribosomal subunit RNA isoforms in
Plasmodium cynomolgi. Genetics 136, 857-865.

Edgar, S.A,, Seibold, C.T., 1964. A new coccidium of chickens, Eimeria mivati
sp. n. (protozoa: eimeriidae) with details of its life history. J. Parasitol.
50, 193-204.

Fernandez, S., Pagotto, A.H., Furtado, M.M., Katsuyama, A.M., Madeira,
AM.B.N,, Gruber, A., 2003. A multiplex PCR assay for the simultaneous
detection and discrimination of the seven Eimeria species that infect
domestic fowl. Parasitology 127, 317-325.

Fitz-Coy, S.H., Edgar, S.A., Mora, E.C., 1989. Ultrastructure of schizonts and
merozoites of Eimeria mitis and E. mivati of the chicken. Avian Dis. 33,
324-332.

Guindon, S., Gascuel, 0., 2003. A simple, fast, and accurate algorithm to
estimate large phylogenies by maximum likelihood. Syst. Biol. 52,
696-704.

Hall, T. 2005. BioEdit Sequence Alignment Editor for Windows
95/98/NT/XP, http://www.mbio.ncsu.edu/bioedit/bioedit.html
(accessed 24.11.10).

Hofacker, L.L, 2003. Vienna RNA secondary structure server. Nucleic Acids
Res. 31, 3429-3431.

Inoue, H., Nojima, H., Okayama, H., 1990. High efficiency transformation
of Escherichia coli with plasmids. Gene 96, 23-28.

Jossinet, F., Westhof, E., 2005. Sequence to Structure (S2S): display,
manipulate and interconnect RNA data from sequence to structure.
Bioinformatics 21, 3320-3321.

45

Keane, T.M., Creevey, C.J., Pentony, M.M., Naughton, T.J., Mclnerney, J.O.,
2006. Assessment of methods for amino acid matrix selection and
their use on empirical data shows that ad hoc assumptions for choice
of matrix are not justified. BMC Evol. Biol. 6, 29.

Larkin, M.A., Blackshields, G., Brown, N.P., Chenna, R., McGettigan, P.A.,
McWilliam, H., Valentin, F., Wallace, .M., Wilm, A., Lopez, R., Thomp-
son, ].D., Gibson, T.J., Higgins, D.G., 2007. Clustal W and Clustal X
version 2.0. Bioinformatics 23, 2947-2948.

Le Blancq, S.M., Khramtsov, N.V., Zamani, F., Upton, S.J., Wu, TW., 1997.
Ribosomal RNA gene organization in Cryptosporidium parvum. Mol.
Biochem. Parasitol. 90, 463-478.

Long, P.L., 1973. Studies on the relationship between Eimeria acervulina
and Eimeria mivati. Parasitology 67, 143-155.

Long, P.L., Millard, B.J., Joyner, L.P., Norton, C.C., 1976. A guide to laboratory
techniques used in the study and diagnosis of avian coccidiosis. Folia
Vet. Lat. 6, 201-217.

McCutchan, T.F,, Cruz, V.F, de la Lal, A.A.,, Gunderson, ].H., Elwood, H.J.,
Sogin, M.L., 1988. Primary sequences of two small subunit ribosomal
RNA genes from Plasmodium falciparum. Mol. Biochem. Parasitol. 28,
63-68.

McDonald, V., Ballingall, S., 1983. Attenuation of Eimeria mivati (=mitis) by
selection for precocious development. Parasitology 86, 371-379.
Milne, I, Wright, F., Rowe, G., Marshall, D.F,, Husmeier, D., McGuire,
G., 2004. TOPALI: software for automatic identification of recombi-
nant sequences within DNA multiple alignments. Bioinformatics 20,

1806-1807.

Morgan, J.AT., Morris, G.M., Wlodek, B.M., Byrnes, R., Jenner, M., Con-
stantinoiu, C.C., Anderson, G.R., Lew-Tabor, A.E., Molloy, ].B., Gasser,
R.B.,Jorgensen, W.K., 2009. Real-time polymerase chain reaction (PCR)
assays for the specific detection and quantification of seven Eimeria
species that cause coccidiosis in chickens. Mol. Cell. Probes 23, 83-89.

Neefs, .M., Van de Peer, Y., De Rijk, P., Chapelle, S., De Wachter, R., 1993.
Compilation of small ribosomal subunit RNA structures. Nucleic Acids
Res. 21, 3025-3049.

Nei, M., Rooney, A.P., 2005. Concerted and birth-and-death evolution of
multigene families. Annu. Rev. Genet. 39, 121-152.

Ogedengbe, ].D., Hanner, R.H., Barta, J.R.,, 2011. DNA barcoding identi-
fies Eimeria species and contributes to the phylogenetics of coccidian
parasites (Eimeriorina, Apicomplexa, Alveolata). Int. J. Parasitol. 41,
843-850.

Qari, S.H., Goldman, L.F., Pieniazek, N.J., Collins, W.E., Lal, A.A., 1994. Blood
and sporozoite stage-specific small subunit ribosomal RNA-encoding
genes of the human malaria parasite Plasmodium vivax. Gene 150,
43-49.

Rambaut, A., 2009. FigTree—Tree Figure Drawing
http://tree.bio.ed.ac.uk/software/figtree/ (accessed 04.04.11).

Reddy, G.R., Chakrabarti, D., Yowell, C.A., Dame,].B., 1991. Sequence micro-
heterogeneity of the three small subunit ribosomal RNA genes of
Babesia bigemina: expression in erythrocyte culture. Nucleic Acids Res.
19, 3641-3645.

Ronquist, F., Huelsenbeck, J.P., 2003. MrBayes 3: Bayesian phylogenetic
inference under mixed models. Bioinformatics 19, 1572-1574.

Rooney, A.P., 2004. Mechanisms underlying the evolution and mainte-
nance of functionally heterogeneous 18S rRNA genes in Apicomplex-
ans. Mol. Biol. Evol. 21, 1704-1711.

Ryley, J.F., Hardman, L., 1978. Speciation studies with Eimeria acervulina
and Eimeria mivati. ]. Parasitol. 64, 878-881.

Schwarz, RS, Jenkins, M.C., Klopp, S., Miska, K.B., 2009. Genomic anal-
ysis of Eimeria spp. populations in relation to performance levels of
broiler chicken farms in Arkansas and North Carolina. J. Parasitol. 95,
871-880.

Sharman, P.A,, Smith, N.C,, Wallach, M.G., Katrib, M., 2010. Chasing the
golden egg: vaccination against poultry coccidiosis. Parasite Immunol.
32, 590-598.

Shirley, M.W., 1979. A reappraisal of the taxonomic status of Eimeria
mivati Edgar and Seibold, 1964, by enzyme electrophoresis and cross-
immunity tests. Parasitology 78, 221-237.

Tool,



V. Vrba et al. / Veterinary Parasitology xxx (2011 ) xXxX—XXx 7

Shirley, M.W.,, Tomley, FM. 2010. Wellcome Trust Sanger
Institute Eimeria  Tenella Genome Project Website,
http://www.sanger.ac.uk/resources/downloads/protozoa/eimeria-
tenella.html (accessed 17.11.10).

Shirley, M\W.,, Jeffers, T.K., Long, P.L., 1983. Studies to determine the
taxonomic status of Eimeria mitis, Tyzzer 1929 and E. mivati, Edgar
and Seibold, 1964. Parasitology 87, 185-198. Stamatakis, A., 2006.

RAXML-VI-HPC: maximum likelihood-based phylogenetic analyses
with thousands of taxa and mixed models. Bioinformatics 22,
2688-2690.

Vrba, V., Blake, D.P., Poplstein, M., 2010. Quantitative real-time PCR assays
for detection and quantification of all seven Eimeria species that infect
the chicken. Vet. Parasitol. 174, 183-190.

46



[11.



1211

Description of the two strains of turkey coccidia Eimeria
adenoeides with remarkable morphological variability
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SUMMARY

Although oocyst morphology was always considered as a reliable parameter for coccidian species discrimination we describe
strain variation of turkey coccidia, Eimeria adenoeides, which remarkably exceeds the variation observed in any other Eimeria
species. T'wo strains have been isolated —the first strain maintains the typical oocyst morphology attributed to this
species — large and ellipsoidal — while the second strain has small and ovoid oocysts, never described before for this species.
Other biological parameters including pathogenicity were found to be similar. Cross-protection between these 2 strains
in 2 immunization and challenge experiments was confirmed. Sequencing and analysis of 18S and I'T'S1 ribosomal DNA
revealed a close relationship according to 18S and a relatively distant relationship according to I'T'S1. Analysis of 18S and
I'TS1 sequences from commercial turkey coccidiosis vaccines Immucox”-T and Coccivac”-T revealed that each vaccine
contains a different strain of E. adenoeides and that these strains have 18S and I'T'S1 sequences homologous to the sequences
of the strains we have isolated and described. These findings show that diagnostics of turkey coccidia according to oocyst
morphology have to be carried out with caution or abolished entirely. Novel PCR-based molecular tools will be necessary for
fast and reliable species discrimination.

Key words: Eimeria adenoeides, coccidiosis, morphology.

INTRODUCTION T'raditionally, Eimeria species are distinguished by
oocyst morphology, pre-patent period, site of infec-
tion, pathogenic effects or minimum sporulation time
based on the assumption that these parameters are
fixed for each species. Oocyst morphology was always
considered a reliable discriminating parameter to
distinguish between species that differ significantly in
oocyst size or shape.

Here we report strain variation in the oocyst
morphology of E. adenoeides that is outside the
traditional limits of strain variation observed in any

Coccidiosis is a widespread disease caused by several
Eimeria species. This apicomplexan parasite is most
notable in the chicken and turkey farming industry.
Coccidiosis often runs a subclinical course with a
negative effect on the performance of farmed poultry
and clinical outbreaks of the most pathogenic species
can cause significant economic losses. According to
the literature, 7 species that infect the turkey host
(Meleagris gallopavo) are recognized — E. adenoeides,
E. dispersa, E. gallopavonis, E. innocua, E. meleagridis,
E. meleagrimitis and E. subrotunda (for review see
Chapman, 2008). However, there are doubts about
the taxonomic integrity of E. meleagrimitis (Cook
et al. 2010) and due to the inconsistency of data in the
literature and the lack of molecular characterization,
correct species identification can be difficult.

Eimeria adenoeides was first described by Moore
and Brown (1951). It is considered the most patho-
genic turkey coccidia and heavy infections can cause
100% mortality in young turkey poults (Clarkson,
1960). Low doses of oocysts lead to depressed body
weight gains and the increasing doses progressively
influence severity of infection (Hein, 1969). The
pathogenic effect of E. adenoeides is greater than that
of E. meleagrimitis in birds fed with an equivalent  pgasites
number of oocysts (Clarkson, 1958, 1959).

Eimeria species. While the oocysts of the E. ade-
noeides reference strain, KR, are large and ellipsoidal
we have found a strain (KCH) whose oocysts are
small and ovoid. Other biological parameters includ-
ing pathogenicity measured as a body weight gain
depression after infection were similar. We also
confirmed the cross-protection between these 2
strains and compared the sequences of the small
ribosomal subunit (18S), the internal transcribed
spacer 1 (I'T'S1) and the mitochondrial cytochrome ¢
oxidase subunit I gene (COI).

MATERIALS AND METHODS

Fecal samples were collected during coccidiosis

* Corresponding author: Tel: +420261395233. E-mail: outbreaks at small turkey farms in the Czech
vrba@bri.cz Republic where E. adenoeides was suspected

Parasitology (2011), 138, 1211-1216. © Cambridge University Press 2011
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according to macroscopic lesion diagnosis. These
farms were not using in-feed anticoccidials. Oocysts
were isolated using the modified salt flotation method
(Long et al. 1976) and were stored in 2:5% potassium
dichromate at 4°C. Single oocyst isolations were
completed with a micromanipulator (Narishige,
Japan) that was mounted to an inverted microscope
(Nikon, Japan) using glass microcapillaries filled with
silicone oil. Single oocysts were selected, aspirated
into a micropipette, moved between droplets of PBS
and then embedded into agar cubes that were
subsequently used for inoculating the turkeys. The
isolated strains were passaged in British United
Turkeys (BUT) Big 6 turkeys. Commercial vaccines
Immucox®-T (Vetech, Canada) and Coccivac®-T
(Intervet, USA), both of which contain multiple
species of turkey coccidia, served as a source of DNA
for comparison with our strains of E. adenoeides.

Biological characterization

The oocyst size and shape of each isolated strain were
determined by measuring 100 oocysts under the
microscope. The longest and the shortest perpen-
dicular dimensions were recorded, a histogram was
generated in Microsoft Excel and the average dimen-
sions were determined. T'o measure the pre-patent
period, turkeys in 2 groups of 5 birds per group were
infected at 23 days of age with 10000 sporulated
oocysts per bird with either KR or KCH strain, and
feces were collected at 6-h intervals between 0 and
120 h post-infection. Oocysts isolated from feces were
counted using the standard McMaster method (Long
et al. 1976). To examine macroscopic lesions, turkeys
at 30 days of age in 2 groups of 5 birds per group were
infected with 200 000 sporulated oocysts of either KR
or KCH strain and intestinal lesions were inspected 6
days after infection.

Pathogenicity comparison

The pathogenic effect on body weight gain was
studied using 17-day-old turkeys arranged into 8
groups of 5 birds per group, which were infected
with various doses of sporulated oocysts (5, 10 and
20 thousand) of either KR or KCH strain. The
control groups were not infected. Turkeys were
individually weighed at days 0, 3, 6 and 9 after
infection. Relative body weight gains among groups
were compared using the ANOVA and Dunnett’s
multiple-comparison test with NCSS 2001 software.
P<0-05 was considered significant.

Cross-immunization experiment

The first cross-immunization experiment included
immunization with the KCH strain and a challenge
with the KR strain. In this experiment 45-day-old
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turkeys arranged into 2 groups of 5 birds per group
were either immunized with 500 sporulated oocysts
of the KCH strain or not immunized and both groups
were challenged 14 days later with 10000 sporulated
oocysts of the KR strain. Single droppings were
collected from each bird after massage of the cloaca at
days 0, 5 and 6 after the challenge, and the oocysts
were counted using the standard McMaster method.
Oocyst counts were expressed as the number of
oocysts per gramme of feces (OPG). The second
cross-immunization experiment included immuniz-
ation with the KR strain and challenge with the KCH
strain. Here the 14-day-old turkeys were again
arranged into 2 groups of 5 birds per group, and the
birds were either immunized with 1000 sporulated
oocysts of the KR strain or not immunized and both
groups were challenged 14 days later with 10000
sporulated oocysts of the KCH strain. The OPG was
counted using all feces collected between days 4 and
8 after the challenge. The homologous challenge
was tested in a separate experiment where the 10-day-
old turkeys were arranged into 4 groups of 5 birds per
group. Two groups were immunized with 500
sporulated oocysts of each strain (KR and KCH
strains, respectively) and the remaining 2 groups were
not immunized. Each group was challenged 20 days
later with 50000 sporulated oocysts of the corre-
sponding homologous strain. Single droppings used
for OPG calculation were collected from each bird
after massaging of the cloaca 6 days after the
challenge.

Sequencing of 18S, ITS1 and COI

Oocysts for isolation of DNA were washed in PBS,
disrupted in a Mini-BeadBeater-16 (BioSpec, USA)
using 0-5mm glass beads, and the DNA
extracted from the lysate using the DNeasy Blood &
Tissue Kit (Qiagen, Germany) according to the
manufacturer’s instructions. Full-length small sub-
unit ribosomal DNA was amplified using ERIB1 and
ERIB10 primers (Barta et al. 1997) and the I'T'S1
region was amplified using custom degenerate pri-
mers designed according to the comparison of
sequences from multiple Eimeria species using
Clustal W software (Larkin et al. 2007, Table 1).
Mitochondrial cytochrome ¢ oxidase subunit I gene
was amplified using primers KM204 and KM205
(Schwarz et al. 2009). PCR reactions to amplify the
18S rDNA and COI gene were carried out using
high-fidelity Phusion Hot Start DNA polymerase
(Finnzymes, Finland). These reactions contained
200 uM dNTP each, 500 nM forward and reverse
primers, 1xul of template DNA and 0-02 U/ul of
Phusion enzyme in Phusion HF buffer. The thermal
cycling program for 18S consisted of an initial
denaturation at 98 °C for 1 min followed by 25 cycles
of denaturation at 98 °C for 15 s, annealing at 69 °C

was
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Table 1. Sequences of primers used for amplification of 18S, I'T'S1 and COI

Primer name Sequence (5'-3")

Length (bp)

ERIBI1 (forward)
ERIBI10 (reverse)
I'TS1-F (forward)
I'T'S1-R (reverse)
KM204 (forward)
KM205 (reverse)

ACCTGGTTGATCCTGCCAG
CTTCCGCAGGTTCACCTACGG
GTAAATAGAGCCCYCTAARGGAT
GCGTGAGCCAAGACATYCATTGC
GTTTGGTTCAGGTGTTGGTTG
ATCCAATAACCGCACCAAGAG

Fig. 1. Sporulated oocysts of Eimeria adenoeides KR (A) and E. adenoeides KCH (B).

for 20s and extension at 72°C for 1min. The
program for COI consisted of an initial denaturation
at 98 °C for 1 min followed by 30 cycles of denatura-
tion at 98 °C for 15 s, annealing at 67 °C for 20 s and
extension at 72 °C for 30s. PCR reactions for I'T'S1
were carried out using Taq polymerase premixed in
2 X Blue Master Mix (Top-Bio, Czech Republic)
with 500 nM forward and reverse primers and 1 ul of
template DNA. The thermal cycling program for
I'TS1 consisted of an initial denaturation at 95 °C for
1 min followed by 25 cycles of denaturation at 95 °C
for 15 s, annealing at 55 °C for 30 s and extension at
72°C for 1 min. PCR products were purified using
QIAquick PCR Purification Kit (Qiagen, Germany).
Taq-generated PCR products were blunted and all
ribosomal DNA fragments were phoshorylated
and cloned into EcoRV digested dephoshorylated
pBluescript vector (Stratagene, USA) using home-
made (Inoue et al. 1990) chemically competent
DH5a™ cells (Invitrogen, USA). Minipreps were
prepared with the QIAprep Spin Miniprep Kit
(Qiagen, Germany). Amplified COI genes were
sequenced directly from the PCR products using
the same PCR primers and the ribosomal targets (18S
and I'T'S1) were sequenced from the purified plas-
mids (Macrogen, Korea). Eight independent PCR,
cloning and sequencing reactions were done for the
18S and I'T'S1 of both E. adenoeides strains. Two COI
PCR reactions from each strain were bidirectionally
sequenced. Consensual sequences were manually
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created in BioEdit software (Hall, 2005). Vaccine
Immucox®-T was analysed by the sequencing of 48
clones of each 18S and I'T'S1, and Coccivac®-T was
analysed using 96 clones of each 18S and I'T'S1.

RESULTS

Isolation and biological characterization of
E. adenoeides strains

We have isolated 2 strains of E. adenoeides that differ
significantly in oocyst morphology. The strain which
has the standard oocyst morphology attributed to this
species (large and ellipsoidal) was named E. ade-
noeides KR and the strain with small and oval oocysts
was named E. adenoeides KCH. Size difference was
easily seen under the microscope because the average
oocyst length of the smaller strain is approximately
the width of the larger strain (Fig. 1, Table 2). The
pre-patent period was measured to be the same for
both strains and it corresponds to the published data
about E. adenoeides ('T'able 2). After experimental
infection, both strains of E. adenoeides displayed
typical macroscopic lesions for this species, most
notably caecal caseous plugs. Pathological signs in-
cluded caecal deformation and loss of flexibility,
ulceration of the tubular part of the caeca, liquid or
creamy caecal content with the presence of white
caseous and fibrinous necrotic material. There were
no notable differences in macroscopic lesions between
these two strains.
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Table 2. Biological characteristics of isolated strains of E. adenoeides
(HPI=hours post-infection.)
Oocyst dimensions Index Pre-patent
width X length (um) length/ period
Strain Average Intervals width Oocyst shape (HPI)
E. adenoeides KR 19-4%x27-8 14-1-23-5 1-43 Ellipsoidal 103-108
18-8-34-4
E. adenoeides KCH 16-1x19-4 13-2-19-2 1-20 Broadly oval 103-108
15-6-22-8
120 E. adenoeides KR 120 + E. adenoeides KCH
100 4 -e-Uninfected control 100 4 -*Uninfected control
80 - -5 000 oocysts -5 000 oocysts
= -+10 000 oocysts = 80 4 -+10000 oocysts
£ 60 1 -+20000 oocysts ) -+20 000 oocysts
£ £ 60 -
5 40 - 5
E” 20 _En 40 -+
@ Q
3 0 4 2 20 -
-20 T T ) 0 T T )
0 3 6 9 0 3 6 9
days after infection days after infection
Fig. 2. Pathogenicity measured as a weight gain reduction after infection with various doses of Eimeria adenoeides
sporulated oocysts.
Pathogenicity comparison sequences share only 77% similarity. The 18S

Comparison of the pathogenic effect on body weight
gain after infection did not reveal any significant
difference in pathogenicity between the KR and
KCH strains (Fig. 2). The pathogenic effect on body
weight gain was clearly dose-dependent at least in the
range of 5 to 20 thousand sporulated oocysts used for
infection.

Cross-immunization experiment

Data from the cross-immunization experiment indi-
cate that the KR and KCH strains of E. adenoeides do
induce cross-protection, i.e. immunization of turkey
with the one strain protects against a challenge with
the other strain. When immunized with the KCH
strain, the oocyst output after the challenge with the
KR strain was reduced by 95% and 79% on days 5
and 6 post-challenge, respectively. When immunized
with the KR strain the oocyst output after the
challenge with the KCH strain was reduced by
77% (Fig. 3). In the homologous immunization and
challenge experiment the oocyst output was reduced
by 98% in both strains (Fig. 4).

Sequencing of 18S and ITS1 rDNA and COI gene

The sequences of small ribosomal subunits of the KR
and KCH strains were found to be almost identical
differing in only 2 transversions but the ITSI
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sequences of our E. adenoeides strains share 99-8%
similarity to the sequence in GenBank named
Eimeria adeneodei (Accession no. AF324212, Zhao
and Duszynski 2001, unpublished). We also found the
18S and IT'S1 sequences of our KR strain to be
present in the Coccivac®-T vaccine and the sequences
of KCH strain in the Immucox®-T vaccine. The
sequences of 18S from our strains were identical to
the sequences in these vaccines and the I'TS1
sequences shared more than 99% similarity. The
sequences of 18S and IT'S1 were deposited into
GenBank (Accession nos FR745913 -FR745916).
Comparison of our ITS1 sequences with ITS1
sequences from the published work concerning diag-
nostic PCR (Cook et al. 2010) revealed that while the
sequence of the KR strain corresponds to the pub-
lished E. adenoeides sequence, the sequence of the
KCH strain is absent and there is no sequence in that
paper with a high homology to this sequence. The
mitochondrial COI sequences of our E. adenoeides
strains share 97:7% identity at the DNA level and
100% identity at the amino acid level, meaning that all
nucleotide substitutions are synonymous. COI se-
quences of these two strains were also deposited into

GenBank (Accession nos FR846201 and FR846202).

DISCUSSION

We have isolated and characterized 2 strains of
E. adenoeides that differ remarkably in oocyst size
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Fig. 3. Oocyst output results in experimental groups employing different immunization and challenge strains of Eimeria

adenoeides.

and shape. This is the first description of such a
substantial strain variation of oocyst morphology in
any FEimeria species. The size of the oocysts was
always considered as a fixed and relatively reliable
parameter for distinguishing among Eimeria species
but our findings indicate that this might not be true
for all coccidian species. Although diagnostics
according to oocyst morphology is well established
in chicken coccidia it seems that such diagnostics will
be problematic or even impossible in turkey coccidia.

Although strain variation of oocyst morphology
was already described in E. meleagrimitis (Long et al.
1977) it was not to such an extent as we have observed
in E. adenoeides. While the described variability of
the length of E. meleagrimitis oocysts was 19% we
have encountered a 43% difference in oocyst length
between E. adenoeides strains. Such a difference is
also readily seen under the microscope and it is easy
to mistake the smaller strain of E. adenoeides for
E. meleagrimitis which has oocysts of the same size
and shape.

We have shown that the other biological par-
ameters of the KR and KCH strains are similar and
that their pathogenic effect also does not differ sig-
nificantly, therefore their virulence (strength) can be
considered equal. The cross-protection between the
two strains was shown to be very high (77-95%)
although not as high as in the homologous challenge
experiment (98%), still suggesting, however, that
there is no need to include both strains in a live
turkey coccidiosis vaccine because immunization
with one strain protects against a challenge with
another strain.

Sequencing of the 18S ribosomal DNA revealed
that both strains share almost the same small subunit
sequence, which is also homologous to the sequence
in GenBank incorrectly named E. adeneodei. How-
ever, sequences of I'T'S1 differed substantially, which
might indicate a distant relation of the two strains.
The I'T'S1 sequence divergence between these two
strains is approximately as high as the I'T'S1 sequence
divergence between chicken Eimeria species. There-
fore, when looking only at I'T'S1 these two strains
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Fig. 4. Oocyst output results from the homologous
immunization and challenge experiment.

could be considered as two different species but it is
known that I'T'S1 varies strongly both between
strains as well as between species, and it is not a
reliable marker for inferring phylogenetic relation-
ships of chicken Eimeria (Lew et al. 2003). Moreover,
there can be more variants of an internal transcribed
spacer present within a single genome and these
copies can also differ significantly (Lew et al. 2003;
Cantacessi et al. 2008; Cook et al. 2010). The recently
published diagnostic PCR for turkey coccidia (Cook
et al. 2010) that is based on I'T'S1 sequences includes
only sequence homologous to the KR strain, and the
alignment of the sequences of primers developed for
E. adenoeides to I'TS1 of the KCH strain indicates
that this PCR will probably fail to detect the KCH
strain. Comparison of COI sequences revealed that
these genes are translated to the identical protein
although the DNA sequences differ by multiple
synonymous substitutions. These differences in the
DNA sequence might also indicate a relatively distant
relation of the two strains. Nevertheless, the identity
at amino acid level (100%) is still higher than the
identity shared between the closest chicken coccidia
species (99:3%). The closest COI amino acid
sequences found in chicken coccidia are those of
E. tenella and E. necatrix and these sequences differ at
2 amino acid positions.
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By analysis of the 18S and ITS1 sequences,
which are present in the commercial live virulent
turkey coccidia vaccines Immucox®-T and
Coccivac®-T, we have revealed that each vaccine
contains a different strain of E. adenoeides and that
these strains correspond to our KR and KCH strains.
Coccivac”-T contains a strain of E. adenoeides that is
similar to the KR strain, and Immucox®-T contains a
strain similar to the KCH. Furthermore, we have
confirmed by microscopy that Immucox®-T does not
contain large and ellipsoidal oocysts typical for the
KR strain. Such microscopical evaluation was poss-
ible since Immucox®-T contains only 2 species
(E. adenoeides, E. meleagrimitis), and E. meleagrimitis
has small oocysts as well. Owing to the fact that
Coccivac®-T contains 4 different species that are
similar in oocyst morphology, we could not evaluate
the oocyst morphology of an included E. adenoeides
strain.

Our findings show that diagnostics of turkey
coccidia according to oocyst morphology have to be
carried out with caution and the same should be valid
for other coccidian species that are much less studied.
Currently, the best approach to fast and reliable
diagnostics is to develop a PCR-based molecular
method, which will cover all strains and species, as
was completed for chicken coccidia. However, care
should be taken when using polymorphic targets such
as I'T'S1 or I'TS2.
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