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Abstract

The objective of this study was to identify Eimeria spp. in alternative poultry production systems (APPS) in the
State of Sdo Paulo, Brazil. Fecal samples (168) and DNA extracted from fecal samples obtained in APPS located
in different Municipalities in the State of Sdo Paulo (93) were examined by microscopy or genera-specific PCR
(ITS-1 locus). Samples positive for Eimeria spp. were examined using Eimeria lata, Eimeria nagambie, and Eimeria
zaria species-specific PCR protocols (ITS-2 locus) and another E. lata-specific PCR (candidate IMP1 genomic /ocus)
followed by molecular cloning (E. lata and E. zaria ITS-2 amplicons) and genetic sequencing. All positive DNA samples
were also submitted to genera-specific nested PCR (18S rRNA gene) followed by next-generation sequencing to
identify Eimeria spp. Eimeria nagambie, E. zaria, and Eimeria sp. were identified by ITS2-targeted species-specific
PCRs and genetic sequencing. Next-generation sequencing identified, in order of prevalence: E. nagambie; Eimeria
acervulina; Eimeria mivati; Eimeria praecox; Eimeria brunetti; Eimeria mitis; Eimeria sp.; Eimeria maxima; E. zaria, and
Eimeria necatrix/tenella. Our results confirmed, for the first time in Brazil, the identification of E. nagambie, E. zaria,
and Eimeria spp. ITS-2 and 18S rRNA gene sequences not yet described in Brazil.

Keywords: Coccidiosis, poultry, molecular diagnosis, next generation sequencing.

Resumo

O objetivo deste trabalho foi identificar Eimeria spp. em galinhas domésticas criadas em sistemas de criagao
alternativos (SCA). Foram utilizadas 93 amostras de DNA e 168 amostras de fezes de galinhas provenientes de
SCA, localizados em 17 municipios do estado de Sdo Paulo. As amostras foram examinadas por microscopia ou
PCR género-especifica (locus ITS-1); aquelas positivas foram examinadas por PCRs espécie-especificas para Eimeria
lata, Eimeria nagambie e Eimeria zaria (locus ITS-2), seguidas de clonagem (E. lata e E. zaria) e sequenciamento
genético, e por outro protocolo de PCR especifico para E. lata (locus IMP1). Adicionalmente, as mesmas amostras
foram submetidas a nested PCR género-especifica (gene 18S rRNA), seguida de sequenciamento de nova
geracdo para identificacdo de Eimeria spp. Eimeria nagambie, E. zaria e Eimeria sp. foram identificadas pela PCR
espécie-especifica e sequenciamento genético. O sequenciamento de nova geracdo identificou, em ordem de
prevaléncia: E. nagambie, Eimeria acervulina, Eimeria mivati, Eimeria praecox, Eimeria brunetti, Eimeria mitis, Eimeria
sp., Eimeria maxima, E. zaria e Eimeria necatrix/tenella. Os resultados observados confirmaram, pela primeira vez
no Brasil, a identificagdo de E. nagambie, E. zaria e de sequéncias de Eimeria spp. ainda ndo descritas no Brasil,
referentes aos genes ITS-2 e 18S rRNA.

Palavras-chave: Coccidiose, aves, diagndstico molecular, sequenciamento de nova geracao.
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Introduction

Coccidiosis is one of the most economically relevant diseases for the poultry industry (Williams, 1999;
Blake et al., 2020). Seven species of Eimeria infect the domestic chicken: Eimeria acervulina, Eimeria brunetti,
Eimeria mitis, Eimeria maxima, Eimeria necatrix, Eimeria praecox, and Eimeria tenella (Vrba et al., 2011).

Several studies have detected the occurrence of genetic variants in Eimeria populations in different countries
(Morris et al., 2007; Cantacessi et al., 2008; Fornace et al., 2013; Jatau et al., 2016). Three genetic variants,
which Cantacessi et al. (2008) called operational taxonomic units (OTUs) X, y, and z were proposed as novel
species of domestic chickens: Eimeria lata, Eimeria nagambie, and Eimeria zaria, respectively (Blake et al., 2021).
The nomenclature proposed by Blake et al. (2021) is adopted throughout this manuscript, especially when studying
cryptic species (Allgayer et al., 2021).

The occurrence of E. lata, E. nagambie, and E. zaria has been reported in alternative and industrial poultry farming
systems in several countries (Jatau et al., 2016; Fornace et al., 2013; Hinsu et al. 2018; Godwin & Morgan, 2015;
Morgan & Godwin, 2017). However, there is a lack of information about the pathogenesis and epidemiology of these
new species. This is of great concern when it comes to their prevalence and epidemiological relevance, including
the effectiveness of current control measures against coccidiosis, particularly of vaccination against eimeriosis
(Venkatas & Adeleke, 2019), since current vaccines against eimeriosis do not contain these three species, which
can infect chickens previously vaccinated (Godwin & Morgan, 2015; Blake et al., 2021).

Eimeria lata, E. nagambie, and E. zaria infect from the middle part of the duodenum to the distal part of the
ileum (Cantacessi et al., 2008; Blake et al., 2021) and adversely affect production parameters in broilers and laying
hens (Fornace et al., 2013). Moreover, mortality in broiler chickens has been attributed to E. lata and E. nagambie
(Morris et al., 2007). Depending on the number of inoculated oocysts, the reduction in weight gain can reach 28.8%
and 31.1% in E. lata and E. nagambie infections, respectively (Blake et al., 2021).

Considering the relevance of coccidiosis for the health of poultry and for Brazil's economy, data on the prevalence
of Eimeria spp. in commercial poultry production systems (CPPS) are outdated and scanty in alternative poultry
production systems (APPS). Information has been reported about the microscopic or molecular identification of
E. acervulina, E. brunetti, E. maxima, E. mitis/mivati, E. necatrix, E. praecox, and E. tenella in CPPS in Brazil (Terra et al.,
2001; Santos et al; 2003; Meireles et al., 2004; Luchese et al., 2007; Carvalho et al., 2011; Moraes et al., 2015).
However, although E. acervulina, E. brunetti, E. maxima, E. mitis/E. mivati, E. necatrix, E. praecox, and E. tenella have been
identified based on morphological and morphometric data (Luchese et al., 2007; Noronha et al., 2020; Silva et al.,
2022), no studies so far have focused on the molecular identification of Eimeria spp. in APPS in Brazil. Therefore,
the objective of this study was to investigate the occurrence of infection by Eimeria spp. and potential new OTUs
in APPS in the State of Sao Paulo, Brazil.

Material and Methods

Fecal and DNA samples

Fecal and DNA samples originated from asymptomatic chickens raised in APPS in the State of Sdo Paulo
(Figure 1). APPS consisted of extensive and semi-intensive broiler and layer production systems located in rural
areas, each containing six to 250 chickens of several ages and breeds. Chickens have never been vaccinated against
coccidiosis and were not medicated in the weeks prior to sample collection. Atotal of 261 samples were evaluated:
93 samples consisted of genomic DNA samples stored at -20°C for approximately four years, which were used in
a previous study related to Cryptosporidium spp. (Santana et al., 2018). These samples were extracted from the
feces of domestic chickens that were collected by convenience sampling from APPS located in 12 municipalities.
The remaining 168 samples consisted of feces collected by convenience sampling from APPS located in seven
municipalities, in 2021. Each fecal and DNA sample originated from one pool of recently eliminated feces, from up
to 10 chickens per APPS, which were picked up with a disposable wooden spatula and preserved in 2.5% potassium
dichromate at 4°C.

Screening for Eimeria spp. by genus-specific PCR and microscopy

Screening for Eimeria spp. in DNA samples extracted in 2018 was performed using a genus-specific PCR targeting
the internal transcribed spacer (ITS)-1 locus (Lew et al., 2003) (Table 1) and Jumpstart™ Taq ReadyMix (Sigma Aldrich),
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in a SimpliAmp® thermal cycler (Thermo Fisher Scientific). The screening was performed in the following conditions:
initial DNA denaturation at 94°C for 2 minutes, followed by 35 cycles, each consisting of denaturation at 94°C for
30 seconds, annealing at 55°C for 30 seconds, and extension at 72°C for 1 minute, with a final extension cycle at 72°C
for 7 minutes. Genomic DNA extracted from Eimeria oocysts from the vaccine Bio-Coccivet R (Vaxxinova Biovet Brazil)
was used as a positive control. Ultrapure water was used as a negative control.

Municipalities
" | Amparo

"] Aragatuba

M Buritama

M Cedral

B Femandopolis

[l Monte Alegre do Sul
O Nhandeara

M Panorama

M Piacatu

Il Presidente Prudente
B Valentim Gentil
Siao Paulo State 7 Votuporanga

Figure 1. Location of Municipalities of the State of Sao Paulo, Brazil, where chicken feces samples were collected from alternative

poultry production systems.

Table 1. Molecular protocols used to detect and identify Eimeria spp. in alternative poultry production systems.

Protocol Primer Primer sequence Ampl(i;:;r size SpeEcii’:se;igTU Target gene Reference
PCR EF1 AAGTTGCGTAAATAGAGCCCTC 317-585 Eimeria spp. ITS-1 Lew et al.
ER1 AGACATCCATTGCTGAAAG (2009
PCR/cloning/sequencing ~ OTUXfor GTGGTGTCGTCTGCGCGT 134 E. lata ITS-2 Fornace et al.
OTUXrev ACCACCGTATCTCTTTCGTGA 2o
PCR/cloning/sequencing  OTUZfor TATAGTTTCTTTTGCGCGTTGC 154 E. zaria
OTUZrev CATATCTCTTTCATGAACGAAAGG
PCR/sequencing OTUYfor CAAGAAGTACACTACCACAGCATG 347 E. nagambie
OTUYrev ACTGATTTCAGGTCTAAAACGAAT
PCR OTU-Xf2 GGGTAGAGCCAGGGGTAGAG 1,018 E. lata IMP1 genomic locus Blake et al.
OTU-Xr2 CGTAGTCCCAAGTGCCAACT @020
Nested PCR/NGS 18S-F-out CGGGTAACGGGGAATTAGGG 538 Eimeria spp. 18S rRNA Hauck et al.
18S-R-out TACGAATGCCCCCAACTGTC 2019
18S-F-in*  TCGTCGGCAGCGTCAGATGTGTATAAG 260

AGACAGATTGGAGGGCAAGTCTGGTG

18S-R-in*  GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGTGCTGCAGTATTCAGGGCRA

*Sequences of the Illumina adapters are underlined.
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Fecal samples collected in 2021 were screened for oocysts of Eimeria spp. by microscopy using a simple salt
flotation technique. Oocysts from positive samples were purified by centrifugal flotation in a sucrose solution. DNA
samples were extracted from the pellet from the purification protocol using a GenElute™ Stool DNA Isolation Kit
(Sigma Aldrich) and were stored at -20°C.

Screening for E. lata, E. nagambie, and E. zaria by species-specific PCR

All the samples positive by genus-specific PCR or by microscopy were subjected to species-specific PCR protocols
(Table 1) targeting the ITS-2 locus of E. lata (134 pb), E. nagambie (347 bp), and E. zaria (154 bp) (Fornace et al., 2013).
Each reaction consisted of a total volume of 25 pl containing 12.5 pl of JumpStart Tag ReadyMix (Sigma Aldrich), 2.5 pl
of target DNA, 200 nM of each primer, and ultrapure water, under the following conditions: initial DNA denaturation
at 94° C for 2 min, followed by 39 cycles, each cycle consisting of denaturation at 94°C for 30 s, annealing at 60°C
for 30 s, extension at 72°C for 30 s, and final extension at 72°C for 7 min. Positive controls for E. lata, E. nagambie,
and E. zaria PCRs consisted of DNA samples that were previously diagnosed as positive by species-specific PCRs
(Fornace et al., 2013). Ultrapure water was used as a negative control.

Additionally, samples positive by PCR specific for E. lata (Fornace et al., 2013) were further examined using
another PCR protocol specific for E. lata (1018 bp) with the primers OTU-Xf2 and OTU-Xr2 (Blake et al., 2021)
(Table 1), under the following conditions: initial DNA denaturation at 94°C for 2 min, followed by 40 cycles, each
cycle consisting of denaturation at 94°C for 30 s, annealing at 58°C for 30s, extension at 72°C for 60 s, and a final
extension cycle at 72°C for 7 min. Plasmids containing the synthetic PCR targeted DNA sequence (candidate IMP1
genomic locus) (GenScript) of E. lata and ultrapure water were used as positive and negative controls, respectively.

Amplicons from PCRs targeting the ITS-2 sequences of E. lata and E. zaria were purified using a QIAquick™
Gel Extraction Kit (Qiagen) and then cloned using a TransformAid™ Bacterial Transformation Kit (Thermo Fisher
Scientific) and a CloneJET™ PCR Cloning Kit (Thermo Fisher Scientific).

PCRamplicons from E. nagambie and plasmids from E. lata and E. zaria specific PCRs were purified using ExoSAP-IT™
PCR Product Cleanup Reagent (Thermo Fisher Scientific) and a GenElute™ HP Five-Minute Plasmid Miniprep Kit
(Sigma-Aldrich), respectively. They were then sequenced in both directions using the ABI Prism™ Dye Terminator 3.1,
on an ABI 3730XL automatic sequencer (Applied Biosystems), at the Sequencing and Functional Genomics Center of
UNESP Campus Jaboticabal, SP, Brazil. Sequences were analyzed using CodonCode Aligner version 9.0.1 (CodonCode
Corporation), BioEdit Sequence Alignment Editor (Hall, 1999), and the Basic Local Alignment Search Tool (BLAST).

Nested PCR and next-generation genetic sequencing to detect and identify Eimeria spp.

Samples positive for Eimeria spp. by microscopy or PCR plus four negative samples were further examined by
genera-specific nested PCR targeting the 18S rRNA gene of Eimeria spp., followed by next-generation sequencing
(NGS) (Hauck et al., 2019) to detect and identify Eimeria spp. and potential new OTUs. Overhang adapters compatible
with Illumina MiSeq index and sequencing adapters were added to the 5’ end of nested PCR primers (Illumina, 2013)
(Table 1).

PCR protocols were performed using Jumpstart™ Tagq ReadyMix (Sigma Aldrich), under the following conditions.
Preparation of 25pL of a solution containing 12.5 pL of Jumpstart™ Tagq ReadyMix (Sigma Aldrich), 400 nM (PCR) or
800 nM (nested PCR) of each primer, and 2.5 pL (PCR) or 1 pL (nested PCR) of target DNA. Samples were subjected
to initial denaturation for 2 min at 94° C followed by 35 cycles of denaturation at 94° C for 30 s, annealing at 60° C
for 30 s, and extension at 72° C for 30 s, followed by a final cycle at 72° C for 7 min, using a SimpliAmp™ thermal
cycler (Thermo Fisher Scientific). Genomic DNA extracted from oocysts from the commercial vaccine Bio-Coccivet R
(Biorad) and ultrapure water were used as positive and negative controls.

Nested PCR amplicons were visualized by agarose gel electrophoresis, purified with a ProNex™ Size-Selective
Purification System (Promega), and quantified using a Qubit™ digital fluorimeter (Thermo Fisher Scientific).

Samples were processed according to the lllumina 16S metagenomic protocol (lllumina, 2013), with 150 bp
paired-end reads, using MiSeq™ Reagent kit v2 (lllumina). Libraries were prepared using 1 pl of the nested PCR
amplicon, regardless of the quantification result. Amplification reactions were performed in a volume of 50 pl
containing 5 pl of Nextera XT™ index primer 1 (N7xx), 5 pl of Nextera XT™ index primer 2 (S5xx), 25 pl of Kapa™
Hot Start High Fidelity Ready Mix (Kapa Biosystems), and 14 pl of ultrapure water. Samples were denatured at
95° C for 3 min, followed by 8 cycles of denaturation at 95° C for 30 s, annealing at 55° C for 30 s, and extension at
72° C for 30 s, with a final extension cycle at 72°C for 5 min.
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Libraries were purified with a ProNex™ Size-Selective Purification System (Promega), quantified using a Qubit™
digital fluorimeter (Thermo Fisher Scientific), and normalized to a final DNA concentration of 8 pM. PhiX control
library was spiked at a concentration of 15%.

Library sequencing was carried out at the Laboratory of Epigenomics of the Faculdade de Medicina Veterinaria,
UNESP Campus Aragatuba in a MiSeq™ sequencer (Illumina). Adapter sequences were trimmed according to
lllumina FASTQ file generation pipelines included in the Illumina Experimental Manager software. Sequences
were analyzed using MetaAmp Version 3.0 - OTU based amplicon analysis (Dong et al., 2017). Further analyses to
detect chimeras were performed in OTUs originating from MetaAmp analyses using the chimera.uchime algorithm
(Edgar et al., 2011) available on the Galaxy platform (The Galaxy Community, 2022).

A given species/OTU was considered to be present in each sample provided that its sequences: 1) corresponded
to more than 1% of the sample sequences; 2) were grouped in the same cluster; and 3) were 97% or more
genetically similar to the reference sequences. Representative sequences from each species/OTU were compared
with sequences from Eimeria spp. using BLAST searches.

Nucleotide sequences generated in this study were submitted to the GenBank database under accession
numbers OR229147-0OR229154 and OR226404-OR226414 (Tables 2 and 3).

Results

Using genus-specific PCR and microscopy, 33.3% (31/93) and 29.2% (49/168) samples positive for Eimeria
spp., respectively, were identified. All the samples positive for Eimeria spp. by genus-specific PCR or microscopy
(80/261; 30.7%) were analyzed by species-specific PCRs (see results in Table 2).

All the samples positive for E. lata (6/80; 7.5%) by the protocol of Fornace et al. (2013) were negative by the
E. lata-specific PCR protocol of Blake et al. (2021). Four distinct sequences that showed greater genetic similarity to
E. lata, E. maxima, or several sequences of Eimeria sp. were identified by genetic sequencing of ITS-2 plasmids from
E. lata-specific PCR. These samples were thus classified as Eimeria sp. Two E. zaria-specific PCR sequences showed
100% genetic similarity with E. zaria sequences published in GenBank. Amplicons from E. nagambie-specific PCR
showed two distinct genetic sequences: one sequence with 98.3% genetic similarity to E. nagambie was classified
as Eimeria sp.; the other sequence had 100% genetic similarity with E. nagambie (Table 2).

Table 3 describes Eimeria species and the number of sequences obtained by the 18S rRNA gene next-generation
sequencing. Although E. mivati 18S rRNA gene is currently considered a different type within E. mitis genome
(Vrbaetal., 2011), the sequences from our study were identified according to the species recorded in the GenBank
database. Eimeria necatrix and E. tenella could not be differentiated by NGS of nested PCR amplicons.

Table 2. Sequences obtained by E. lata, E. nagambie, and E. zaria ITS-2 gene-targeted specific PCR (Fornace et al., 2013), cloning,
and sequencing of fecal samples from domestic chickens raised in alternative poultry production systems.

Species-specific Identification GenBank Genetic similarity to sequences published in the GenBank database
PCR (No. positive/ by c!oning* anfi accession
No.::snintri)‘ll:;i; % ge';:lt;_c ::I?I:T::)' ne "ut':it;es';sug; m Species Accession numbers %
E. lata (6/80; 7.5) Eimeria sp. (1) OR229147 E. lata HE997168 99.3
Eimeria sp. (2) OR229148 E. maxima FJ230377 98.5
Eimeria sp. (1) OR229149 E. lata AM922252 97.8
Eimeria sp. (2) OR229150 Eimeria sp. LN609922 97.8
E. nagambie (15/80; 18.8) E. nagambie (1) OR229151 E. nagambie AM922253 100
Eimeria sp. (1) OR229152 Eimeria sp. AM922253 98.3
E. zaria (17/80; 24) E. zaria (1) OR229153 E. zaria HE997165 100
E. zaria (1) OR229154 E. zaria LT549041 100

*Cloning was performed only in amplicons from E. lata (2) and E. zaria (2).
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Table 3. Identification of Eimeria spp. in fecal samples from chickens raised in alternative poultry production systems by nested
PCR targeting the 18S rRNA gene and next-generation sequencing (Hauck et al., 2019).

imeria species numbers from thisstudy - sequences o G positive T Number of sequences

E. nagambie OR226404 100 (LT964973) 41/84 (48.8) 94,160
E. acervulina OR226405 100 (KT184333) 39/84 (46.4) 133,330

E. mivati OR226406 100 (FJ236377) 37/84 (44) 59,724
E. praecox OR226407 100 (KT184352) 36/84 (42.9) 147,810

E. brunetti OR226408 100 (EBU67116) 33/84(39.3) 73,285

E. mitis OR226409 99.6 (FR775303) 32/84(38.1) 32,102
Eimeria sp. OR226410 100 (MN073208) 29/84 (34.5) 53,189

E. maxima OR226411 99.1 (FJ236335) 20/84 (23.8) 57,044

E. maxima OR226412 100 (FJ236357) 15/84 (17.9) 32,951

E. maxima OR226413 99.6 (F]236361) 12/84 (14.3) 9,949

E. zaria OR226414 99.6 (LT964974) 21/84(25) 34,005

E. necatrix/tenella* - 100 (DQ136177) 20/84 (23.8) 42,227

100 (DQ136185)
E. lata - - 0/84 (0%) 0

*Sequencing could not distinguish between E. necatrix and E. tenella. The sequence was not uploaded to the GenBank database.

The following species were identified, in order of prevalence: E. nagambie, E. acervulina, E. mivati, E. praecox,
E. brunetti, E. mitis, unclassified Eimeria sp., E. maxima, E. zaria, and E. necatrix/tenella.

Mono-infections with E. acervulina, E. maxima, E. mitis/mivati, E. nagambie, E. praecox, E. necatrix/tenella, E. zaria,
and unidentified Eimeria sp. were detected in 16/84 (19%) APPS. Mixed infections with Eimeria spp., including
E. necatrix/tenella and unidentified Eimeria sp. were detected as follows: two species (11/84; 13.1%); three species
(10/84 (11.1%); four species (8/84; 9.5%); five species (11/84; 13.1%); six species (11/84; 13.1%); seven species
(4/84; 4.8%); and nine species (1/84; 1.2%).

All the samples were negative for E. lata by NGS. Sequences from unclassified Eimeria sp. identified in 34.5% of
the samples exhibited 100% genetic similarity to Eimeria sp. 2 RHa-2020 (MN073208) described by Clark et al. (2016)
in commercial broiler chickens in the United States (Table 3). Eimeria acervulina, E. brunetti, E. maxima, E. mitis/mivati,
E. necatrix/tenella, and E. praecox were detected in vaccine Bio-Coccivet R.

In addition, NGS revealed a low prevalence of sequences representing Eimeria and Isospora species from other
hosts, most closely related to Eimeria bovis, Eimeria crandalis, Eimeria dispersa, Eimeria ferrisi, Eimeria inocua, Eimeria
mandali, Eimeria mayurai, Eimeria meleagrimitis, Eimeria riyadhae, and Isospora sp. ex Myodes glareolus.

Discussion

The detection of seven species of Eimeria using molecular techniques has been reported in CPPS in Brazil,
namely, E. acervulina, E. brunetti, E. maxima, E. mitis, E. necatrix, E. praecox, and E. tenella (Meireles et al., 2004;
Carvalho et al., 2011; Moraes et al., 2015; Balestrin et al., 2021). However, no studies to date have focused on the
molecular identification of Eimeria species in APPS in Brazil.

Fatoba et al. (2020) identified E. maxima, E. tenella, E. acervuling, E. brunetti, and E. mitis using a species-specific
nested PCR targeting the ITS-1 gene in free-range farms in South Africa. They also reported that all their samples
tested negative by E. lata, E. nagambie, and E. zaria specific protocols. In backyard flocks, 10 Eimeria species were
identified using a capillary electrophoresis assay in Australia (Godwin & Morgan, 2015). The analyses of the ITS-2
gene sequences from our study revealed, for the first time, the presence of unidentified Eimeria sp., E. nagambie, and
E. zaria in domestic chickens in Brazil and the detection of E. nagambie in South America. Eimeria lata, E. nagambie,
and E. zaria have already been identified in several countries, including Australia (Godwin & Morgan, 2015; Morgan
& Godwin, 2017), Nigeria (Jatau et al., 2016; Clark et al., 2016), India (Hinsu et al., 2018), Ghana, Tanzania, Uganda,
and Zambia (Fornace et al., 2013; Clark et al., 2016), and the United States (Hauck et al., 2019; Terra et al., 2021).
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The only study on these three new species in South America described the identification of £. lata and E. zaria in
Venezuela (Clark et al., 2016).

Eimeria lata-specific PCR protocol (Fornace et al., 2013) resulted in 6/79 (7.6%) positive samples. However,
sequencing of PCR amplicons enabled the identification of genetic sequences most similar to Eimeria sp., E. lato,
and E. maxima (Table 2). Another E. lata-specific PCR protocol (Blake et al., 2021) proved to be negative, which
confirms the absence, or the presence below the PCR detection threshold, of E. /ata.

An ITS-2 sequence amplified by E. nagambie-specific PCR showed 98.3% genetic similarity to £. nagambie (Table 2).
Owing to the short number of base pairs of the PCR amplicon and the intraspecies polymorphism of the ITS-2
gene, the genetic similarity to an E. nagambie sequence does allow this sequence to be classified as belonging to
E. nagambie.

NGS has recently been used to identify Eimeria spp. from domestic chickens, allowing the identification of all
10 species of Eimeria and new Eimeria OTUs (Hinsu et al., 2018; Hauck et al., 2019; Terra et al., 2021). Using NGS,
we identified 18S rRNA sequences from E. nagambie and E. zaria in Brazil, along with the identification of nine
species of Eimeria, including E. necatrix/tenella, and an unidentified Eimeria sp. A surprising result of our study was
the high prevalence of E. nagambie. Eimerio nagambie was also the most common species in backyard flocks in
Australia (Godwin & Morgan, 2015) and the second most prevalent species in backyard flocks in the United States
(Hauck et al., 2019).

Asequence from unclassified Eimeria sp. identified in 34.5% of the samples presented 100% genetic similarity to
the sequence of Eimeria sp. 2 RHa-2020 (MN073208) described by Clark et al. (2016) in commercial broiler chickens
in the United States. Further studies are needed to determine if this sequence is related to new OTUs of Eimeria
or even to novel Eimeria species.

The relative abundances of Eimeria spp. were not calculated owing to potential bias introduced by nested PCR
(Hauck et al., 2019). However, the highest number of sequences obtained by NGS pertains to E. praecox and E.
acervulina (Table 3), which are the species with the highest fecundity (Bumstead & Millard, 1992; Blake et al., 2021).
There are no data about E. nagambie fecundity (Blake et al., 2021). Owing to many variables related to the fecundity
of Eimeria spp. in domestic chickens (Williams, 1973; Williams, 2001; Jenkins et al., 2013; Xu et al., 2022), definitive
inferences cannot be made by comparing the number of NGS sequences with the fecundity data of nine Eimeria
species fecundity data available to date.

Identification of the Eimeria species can be presumed by analyzing the morphology and morphometry of the
oocysts and macroscopic lesions, but a definitive species identification is more specific and sensitive based on
the use of species-specific PCR or by genus-specific PCR followed by genetic sequencing. In this study, NGS and
species-specific PCR protocols for E. lata, E. nagambie, and E. zaria were used for the first time in samples from
Brazilian farms, which explains the lack of information on these species in studies previously published in Brazil.

This is a pioneering study of the identification of E. nagambie, E. zaria, and potential new Eimeria OTUs in Brazil.
The finding of novel Eimeria species in Brazilian chicken farms provides relevant information regarding coccidiosis
control, since E. nagambie and E. zaria, in addition to being pathogenic, evade immune protection conferred by
Eimeria commercial vaccines (Venkatas & Adeleke, 2019; Blake et al., 2021).

Considering the economic relevance of coccidiosis in domestic chicken farms, further research should be
performed on the prevalence of infection by Eimeria spp., particularly E. lata, E. nagambie, E. zaria, and potential
new OTUs in domestic chicken farms, especially in CPPS.

Conclusions

In conclusion, 18S rRNA-targeted NGS identified nine species of Eimeria from domestic chickens raised in APPS,
including E. necatrix/tenella, and unidentified Eimeria sp. Species-specific PCR protocols targeting the ITS-2 locus
followed by sequencing identified, for the first time in Brazil, E. nagambie, E. zaria, and novel sequences most similar
to several Eimeria sp., E. lata, E. maxima, and E. nagambie sequences.
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