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1. Introduction

The significance of Eimeria infections in chicken production cannot be understated.
The infections are strikingly ubiquitous, with the strong likelihood that every commercial
flock of chickens encounters one or more infections caused by these parasites. Some
flocks, no doubt, experience only mild effects such as slower growth and compromised
efficiency, while others undergo severe disease symptoms characterized by performance
losses, hemorrhage, and elevated mortality. Parasite development within the intestine
often leads to complications brought about by the presence of other pathogens, and in turn,
complicated disease symptoms and animal welfare issues are often initiated by coccidial
infections [1]. From a financial perspective, estimates show that annual global losses in the
range of USD 14 billion routinely occur [2]. Moreover, global events such as the COVID-19
pandemic and the war in Ukraine have likely exacerbated these losses by more than 20% [3].
In order to meet the world’s growing demand for high-quality protein, the years ahead
will likely see expansive growth in both broiler and egg production. Commensurate with
this growth will be the ever-present economic burden of Eimeria infections.

Since the 1940s, commercial chicken producers have relied on chemotherapy as the
primary means of managing coccidial infections. Early on, chemically synthesized coccid-
iostats were commonly used to limit mortality, as broiler producers of the 1960s focused
on the control of the hemorrhagic coccidia E. tenella and E. necatrix. During the 1970s and
1980s, several polyether ionophores were introduced, providing broad, effective control of
Eimeria spp., allowing the industry to benefit from better intestinal health and, along with
it, improved growth and feed efficiency. However, beginning in the mid-1990s, research on
new anticoccidials waned, and since that point in time, only one anticoccidial product has
been developed for coccidiosis in broiler chickens [4].

In the past two decades, the availability and use of anticoccidial products has also been
affected by regional public demand for animals reared in the absence of chemotherapeutic
agents [1,5]. In the EU, for example, several anticoccidial products have been banned,
and the No Antibiotics Ever (NAE) movement in the United States prohibits the use of
ionophore anticoccidials in broilers reared for that market segment [1,6]. Together, lack of
research and consumer pressure on existing anticoccidial agents has forced the use of older,
less resilient anticoccidials in today’s production systems, thereby requiring additional
support in order for optimal growth and efficiency to be achieved [6].

In order to break the cycle of continuous drug usage, live coccidiosis vaccines are
often applied. Successful vaccine usage relies upon specialized management considerations
(vaccine storage and application, litter and house management, etc.) that foster oocyst
survival and allow for the re-exposure of birds to these infective forms. When these details
are effectively addressed, vaccination has the potential to become a reasonable alternative to
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chemotherapy. Because vaccines contain drug-sensitive coccidia, modification of the drug
sensitivity profiles of coccidia from vaccinated houses is known to occur. This approach
is often used to improve the performance of many anticoccidial drugs once the return to
chemotherapy occurs.

Of course, live vaccines have well-recognized effects on intestinal integrity, and pro-
ducers often express concerns about negative performance results during vaccine usage [7].
The “bio-shuttle program”, utilizing both vaccine application and short-term anticoccidial
use (during approximately 10 days of peak coccidiosis challenge), limits the negative ef-
fects of vaccinal Eimeria replication during critical growth periods [8], thereby allowing
vaccination to be more cost-competitive with standard chemotherapeutic approaches.

Although interest in a non-living vaccine remains very high, progress toward this
objective has been difficult. Several laboratories have carried out pen and field trials with a
variety of Eimeria antigens or genes for various antigens. A number of different application
techniques has also been evaluated [4]. To date, however, none of these approaches has
exceeded live vaccination in terms of efficacy, bird performance, ease of application, and/or
cost effectiveness. It therefore appears that vaccination with live parasites will remain the
most practical means of immunological protection for the foreseeable future.

Given this scenario, it should be clear that many poultry veterinarians express concern
about the current and future status of coccidial infection [9]. These specialists recognize the
need for technological advances for improved Eimeria control, a fact which underscores
the need for a better understanding of these parasites and the infections that they produce.
The enclosed Special Issue is devoted to current research on coccidiosis in chickens, with
the hope that it will address some of the needs and information gaps described above.

The papers presented herein deal with several different aspects of Eimeria infections.
The topics range from studies on the nutritional effects of Eimeria infections in broilers and
layers to new methods of Eimeria control that diminish intestinal inflammation. Novel
methods of oocyst speciation using artificial intelligence are also presented, along with
reports of the new Eimeria species identified in Romania. The effects of coccidial infection
on the intestinal microflora, a new and significant area of research, are also addressed
in three separate contributions. Additionally, studies on the identification and testing of
newly characterized antigens for inclusion in future vaccines are also included.

2. An Overview of Published Articles

Traditionally, the broiler chicken has been the standard focus of investigations dealing
with Eimeria infections and host nutrition. In fact, nutritional studies in broilers have
become one of the more commonly addressed topics in recent years. Varying greatly
from this usual approach, the review of Sharma and Kim (Contribution 1) evaluated the
effects of coccidial infections in laying fowl, and, in particular, outlined the significance of
Eimeria infections in the developing pullet, in the laying hen, as well as the effects on egg
production. In addition to describing the disease in the pullet/layer and noting the standard
methods of control, the comprehensive nature of this work references basic nutritional
research gleaned from studies in several avian species, but also presents new results
found in production hens. The work clearly emphasizes the Eimeria-related effects that
influence hen physiology and egg production and offers recommendations for nutritional
strategies that could potentially limit these effects. This is an exceptionally cogent review
that provides insights into layer health and egg production that have been lacking in the
published literature.

Given the growing significance of live oocyst vaccination in broiler production, the
work of Myers and Rochell (Contribution 2) examined the effects of fully pathogenic Eimeria
vaccination on energy utilization when compared to birds receiving anticoccidial medi-
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cation. When compared to medicated treatments in a 43-day trial, vaccination impaired
nutrient and energy digestibility, body weight, and carcass yield when measured at days
18 and 31. In addition, the effects of vaccination on feed conversion were dependent upon
energy level in starter feeds, and these effects were evident both at 18 days and in all
subsequent feeding periods. The greatest negative effects were recorded for treatments
receiving the highest energy levels in starter feed. Consequently, the authors explain that
compensating for impaired energy utilization during vaccination by increasing dietary
energy content in starter feed is ineffective. Clearly, additional research is required in order
to understand the mechanisms of Eimeria-induced lipid malabsorption that extend beyond
the limitations of energy availability.

The global emphasis on the reduction in antibiotic usage in poultry has led to the
investigation and application of several new classes of compounds that influence the
development of Eimeria and the adverse effects that these infections produce. The studies of
Fellici et al. (Contribution 3) applied novel in vitro techniques to determine whether certain
essential oils (thyme, oregano, and garlic) affect host cell penetration by E. tenella sporozoites
and the subsequent development of E. tenella schizonts. Their work demonstrated that these
oils decrease sporozoite invasion in vitro, thereby limiting the development of E. tenella
schizonts. In some cases, both the size and number of schizonts, factors that are strongly
associated with the pathogenicity of E. tenella, were significantly reduced. It was suggested
that these in vitro techniques could be applied to the identification and development of
new anticoccidial entities.

Sadoris et al. (Contribution 4) evaluated combinations of yucca (Yucca schidigera) and
quillaja (Quillaja saponaria) in Eimeria-challenged broilers to determine their effects on intesti-
nal permeability and immune responsiveness. While oocyst production and lesion scores
were significantly reduced by oral administration of this combination, the saponin formula
also maintained the integrity of the intestinal epithelium. Eimeria-induced cytokines (IFN-y,
IL-17, and IL-10) were reduced in the infected treatment group receiving saponins when
compared to infected controls, and these levels did not differ from those recorded for
the non-infected control group. This observation helps to explain the reported effects of
saponins on the limitations of inflammation during and following coccidial infections.

Villar-Patino et al. (Contribution 5) studied the effects of extracts of Alliaceae (Allium)
during coccidial infection by demonstrating improvements in feed conversion and changes
in the microbial composition of the gut during feeding.

To better understand the effects of Eimeria infections on the intestinal microflora,
Wang et al. (Contribution 6) repeatedly infected broiler chicks with low doses of E. mitis,
producing birds that were immunologically protected from E. mitis challenge. Following
this procedure, birds were monitored for changes in intestinal health and the composition of
the intestinal microflora. The results indicated that multiple exposures to E. mitis increased
the numbers of opportunistic bacterial pathogens in the intestine; a generalized decrease
in non-pathogenic bacteria also occurred. Both findings were associated with increased
levels of dysbacteriosis. Thus, in addition to previously reported impairments of growth
performance, E. mitis infections, even when produced by repeated low-dose exposures,
cause meaningful changes in the intestinal microbiota. The work illustrates the importance
of E. mitis, a common coccidial parasite of broilers that is often unrecognized during routine
Eimeria surveillance.

Miska et al. (Contribution 7) studied the effects of E. maxima infections on both luminal
and mucosal bacterial populations of the intestine over a 14-day period following parasite
exposure. The results demonstrated that E. maxima affected both alpha and beta diversity
in intestinal bacteria, and that these effects commonly occurred at the height of infection.
By day 14 post-infection, differences between the infected and control populations were



Animals 2025, 15, 424

minimal. While E. maxima infection increased the levels of Lactobacillus, butyrate-producing
bacteria, thought to be beneficial in mucosal repair, were more commonly associated
with non-infected broilers. The study also showed that luminal and mucosal bacterial
populations differed markedly, thus requiring separate analyses of these two populations so
that a more complete picture of the ecology of the intestinal microbiota could be presented.

Studies have shown that proteins isolated from the rhoptries of E. tenella display
characteristics of protective antigens. The work of Li et al. (Contribution 8) investigated E.
tenella ROP27 (EtROP27) as a potential component of a subunit coccidiosis vaccine. This
rhoptry protein is known to be expressed at all stages of E. tenella development. The protein
was produced in a procaryotic expression system, and after purification, it was tested in
broilers challenged with E. tenella. Administration of EtROP27 was found to increase Ig-Y
titers in serum; improvements in body weight gain and reductions in oocyst production,
lesion scores, and bloody feces were also observed. While in vivo testing of this protein
was limited in scope, these findings illustrate the potential of EtROP27 as a component of a
future vaccine.

In most diagnostic situations, speciation of the coccidia involved is required. Tradition-
ally, this has been accomplished through oocyst identification and lesion scoring, but there
are inherent shortcomings and time commitments associated with these methodologies [10].
Kellogg et al. (Contribution 9) developed an artificial intelligence-based technique for the
accurate identification of Eimeria oocysts in fecal samples. The method also has the capa-
bility of differentiating sporulated from non-sporulated oocysts of the species examined.
The technique relies upon automated image analysis of samples that are then compared to
examples of oocysts that have been previously identified as representative of the species.
The reported results suggest that this image analysis technique is approximately equivalent
to standard methods in terms of the accuracy of identification, but can markedly reduce
analysis time compared to manual procedures. Further development of the methodology is
in progress so that the minor species and those with smaller oocysts can be more accurately
identified. Once completed, these additions will enhance reliability and make the technique
an important tool for diagnosticians and researchers in the field.

Using PCR techniques, Coroian et al. (Contribution 10) examined the coccidial species
parasitizing free-range chickens in Romania. Eimeria acervulina and E. tenella were the
most commonly identified species, with E. praecox, E. brunetti, and E. mitis also recognized
in several flocks. Surprisingly, E. maxima was not identified. Of importance was the
recognition of OTUy and OTUz (E. nagambie and E. zaria, newly recognized species from
the chicken) in a number of Romanian flocks. While E. zaria has previously been identified
in Europe, this work is the first to report OTUy (E. nagambie) in a European country. In
addition, common helminth infections were also reported, with Ascaridia, Heterakis, and
Capillaria frequently recognized.

3. Concluding Comments

As noted above, it is hoped that the papers published in this Special Issue address
some of the challenges presented by Eimeria infections and potentially fill some of gaps in
our knowledge of these important parasites. It is also hoped that this volume will stimulate
other researchers to focus their attention on the growing significance of coccidial infections
in chickens and direct their efforts toward a better understanding of and potential solutions
for this malady. In either case, readers are encouraged to examine these 10 contributions,
since each has a place in the modern literature devoted to Eimeria in chickens.

Conflicts of Interest: The author declares no conflict of interest.
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Simple Summary: Coccidiosis is one of the most prevalent diseases in poultry production, inflicting
substantial economic losses exceeding USD 15 billion to the poultry industry. Coccidiosis is most
common in young broilers but is not limited to them, and pullets and egg-laying hens are equally
susceptible. Unfortunately, unlike broilers, low emphasis has been given to laying hens. This review
aims to summarize the effect of coccidiosis in laying hens while exploring potential nutritional
interventions to fight coccidiosis.

Abstract: Avian coccidiosis, despite advancements in management, nutrition, genetics, and immunol-
ogy, still remains the most impactful disease, imposing substantial economic losses to the poultry
industry. Coccidiosis may strike any avian species, and it may be mild to severe, depending on the
pathogenicity of Eimeria spp. and the number of oocysts ingested by the bird. Unlike broilers, low
emphasis has been given to laying hens. Coccidiosis in laying hens damages the gastrointestinal tract
and causes physiological changes, including oxidative stress, immunosuppression, and inflammatory
changes, leading to reduced feed intake and a drastic drop in egg production. Several countries
around the world have large numbers of hens raised in cage-free/free-range facilities, and coccidiosis
has already become one of the many problems that producers have to face in the future. However,
limited research has been conducted on egg-laying hens, and our understanding of the physiological
changes following coccidiosis in hens relies heavily on studies conducted on broilers. The aim of
this review is to summarize the effect of coccidiosis in laying hens to an extent and correlate it with
the physiological changes that occur in broilers following coccidiosis. Additionally, this review tries
to explore the nutritional strategies successfully used in broilers to mitigate the negative effects
of coccidiosis in improving the gut health and performance of broilers and if they can be used in
laying hens.

Keywords: coccidiosis; laying hens; gut health; oxidative stress; nutritional strategies; immune
response; egg production

1. Introduction

Avian coccidiosis, caused by various species of the protozoan Eimeria, poses a sig-
nificant threat to the poultry industry. Despite advancements in management, nutrition,
genetics, chemotherapy, and immunology, it remains the most prevalent disease in the
poultry industry, imposing substantial economic losses of more than USD 15 billion [1].
The economic loss due to coccidiosis is not only due to clinical outbreaks resulting in
low production and high mortality but also subclinical coccidiosis without visible clinical
signs; even subclinical coccidiosis contributes to economic losses through reduced nutri-
ent absorption and utilization, thereby compromising optimal performance and the feed
conversion ratio (FCR). Reduced nutrient absorption during subclinical coccidiosis may
result from intestinal enterocyte and morphometric damages, compromised gastrointestinal
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integrity, decreased ileal digestibility, and increased susceptibility to secondary diseases
like necrotic enteritis [2-7].

Coccidiosis is common in young broilers or laying hen pullets ranging from 3 to
18 weeks of age but not limited to this age group. Newly hatched chicks have high maternal
antibodies but have little protection against coccidiosis [8]. Chickens usually become infected
when maternal antibodies deplete and the oocyst counts in litter peak at 3-6 weeks of age;
however, immunity develops shortly after mild infections [2,5,8]. Older flocks without
acquired immunity against Eimeria spp. might get the disease [2,8]. In addition, there is no
cross-immunity among Eimeria species; thus, more than one outbreak is possible in the
same flock with different species involved in each episode [2,8]. Generally, anticoccidial
drugs are used in laying hens’ pullets and are withdrawn before they start laying eggs.
Therefore, the acquired immunity against Eimeria during the pullet phase might not be
enough to prevent infection throughout the production period [8-10]. Coccidiosis may
strike any avian species, and it may be mild to severe, depending on the pathogenicity of
the Eimeria spp. and the number of oocysts ingested by the bird [2,5].

Unlike broilers, limited attention has been given to laying hens regarding coccidiosis.
One of the leading causes of laying hen mortality was reported as coccidiosis in cage-free
systems [11-13]. A study conducted in Sweden observed 19% coccidiosis in laying hens
raised on a litter-based cage-free system [14]. Laying hens recovered from coccidiosis
but did not have optimal egg production and had a high FCR. Fossum et al. (2009) [12]
observed higher incidences of coccidiosis in laying hens raised in cage-free systems (aviaries
and free-range) compared with conventional cages in Sweden from 2001 to 2004, after
the ban on conventional cages. Although there are several variations among cage-free
systems (aviaries, free-range, or barn), the litter-based floor is typical in all housing systems
that allow fecal-oral transmission of the oocyst, leading to disease outbreaks, unlike
conventional cages. Therefore, preventing coccidiosis in these systems might become one
of the many challenges for egg producers while transitioning from traditional cages to
cage-free systems.

As the egg industry worldwide is steadily observing an increase in cage-free facilities,
the broad topic of “gut health” associated with “coccidiosis” will have one of the most
significant economic impacts on laying hen health and performance. Many countries in
Europe have already transitioned to cage-free systems, whereas the United States is slowly
transitioning to cage-free systems, and by 2023, more than 35% of laying hens in the U.S.
were raised in cage-free environments, and this is still increasing (UEP, 2023). The evolution
of these new production systems (aviaries; free-range) with large numbers of hens on the
floor/range will influence the occurrence of coccidiosis. Laying hens raised in a litter-
based aviary or free-range systems may provide a perfect environment for transmitting
coccidiosis, and they have a higher chance of getting the disease than those raised in
traditional cage systems. However, laying hens raised in conventional cages are also
susceptible to coccidiosis, which contrasts with the traditional view that raising laying hens
in conventional cages is unlikely to result in coccidiosis infection [10,15]. Hens raised in a
cage system can still ingest enough oocysts from manure belts or edges of cages to induce
clinical coccidiosis; however, the incidences are less [10,15]. Yet, there remains a dearth of
knowledge regarding the effects of coccidiosis on laying hen performance, gastrointestinal
health, oxidative stress, immune response, and skeletal health. However, broilers and
laying hens have been intensively selected for many generations for different purposes
(rapid growth and meat production vs. egg production), which might have changed their
gastrointestinal physiology, immune response, and skeletal development. In this review,
we aim to correlate findings from the broiler studies to best explain what might happen in
laying hens infected with coccidiosis, particularly concerning gastrointestinal physiology,
immune response, and potential mitigation strategies.
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2. Avian Coccidiosis

Avian coccidiosis is caused by multiple species of the genus Eimeria belonging to the
subkingdom protozoa and phylum Apicomplexa [5]. Eimeria is an intracellular parasite that
infiltrates intestinal enterocytes at different locations, depending on the species. Only seven
have been recognized to infect chickens among the hundreds of Eimeria species including
the following: E. acervulina, E. brunetti, E. maxima, E. necatrix, E. mitis, E. praecox, and
E. tenella [2,5]. Among these Eimeria species known to infect chickens, E. brunetti, E. maxima,
E. necatrix, and E. tenella are considered highly pathogenic, whereas E. acervulina, E. mitis,
and E. praecox exhibit low pathogenicity (Table 1) [2,5]. In the past, there were sporadic
reports of outbreaks of E. hagani and E. mivati in chickens. However, their existence was
doubted, and they are now recognized as nomina dubia [16].

Table 1. List of Eimeria species important in laying hens with their predilection sites, characteristic
lesions, pathogenicity, and immunogenicity.

Predilection Site in the

Species Pathogenicity Intestine Characteristic Lesions Immunogenicity
. Mid-intestine (Meckel’s Mucoid exudate and no
E. mitis Low R . . " . Moderate
o ______________diveticulumtocecaljunction) distinctlesions ________ " ____.
E. praecox Low Anterior intestine (duodenum) I\/.Iu§o1d ex1.1date and no Moderate
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, distinctlesions .
_E-acervuling 1 Low tomoderate _ Anterior intestine (duodenum) _Whitish round lesions __ ___ Moderate
E. maxima Moderate to high Mld—.mtestme (part of jejunum Petech@e hemorrhage and High
oo T _ondileum) blood-tinged exudate 7 ______.
E. brunetti Moderate to high Pf)ster}or intestine (M'eckel.s Blood clot and ' High
diverticulum to cecal junction)  coagulated necrosis
S . .. Mid-intestine (part of jjunum  Petechiae hemorrhageand = .
e et andileww) blood-filled exudate "™
- Hemorrhagic lumen and
E. tenella High Ceca blood dlot Low

Avian coccidiosis is a common and widespread disease of chickens around the world
and is transmitted by the fecal-oral route. Outbreaks of coccidiosis are reported wherever
chickens are raised [2,5]. Eimeria oocysts can remain viable for a long period of time, and
the disease can become endemic to the areas where environmental and managemental con-
ditions favor year-round survival and multiplication [2,5]. The incidences of coccidiosis are
usually higher in litter-based intensive systems, which favor the survival and accumulation
of oocysts [4].

Eimeria’s life cycle is short and has high reproductive potential with self-limiting
infection [2,5]. The life cycle of the Eimeria consists of an exogenous phase involving
the sporulation of the oocyst in the environment and an endogenous phase involving
asexual reproduction (schizogony) followed by sexual reproduction (gametogony) within
the avian intestine. Infection initiates with the ingestion of sporulated oocysts from the
environment [2,5,17]. Each sporulated oocyst contains four sporocysts, each containing
two sporozoites. Upon ingestion, mechanical and biochemical forces break down the
oocyst, releasing the sporozoites in the digestive tract [2,5]. Subsequently, sporozoites
migrate to specific sites depending on the species involved and invade the intestine’s
epithelial enterocytes. Within enterocytes, sporozoites transform into trophozoites and
begin multiple asexual multiplications, forming schizonts, known as schizogony. Mature
schizonts release merozoites, which again invade epithelial enterocytes, repeat the asexual
cycle, and complete the second schizogonous cycle. Depending on the species, they might
complete another schizogonous cycle before forming male (microgametocytes) and female
(macrogametocytes) gametocytes [2,5]. Mature gametocytes release microgametes that
fertilize mature macrogametocytes, resulting in the formation of oocysts. Upon maturation,
oocysts rupture epithelial cells, which are excreted in feces and, under favorable conditions,
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sporulate within 48-72 h, becoming infective [2,5]. With each successive cycle, the number
of sporulated oocysts increases exponentially in the environment, which retains their
infectivity for extended periods [18]. The development of Eimeria in a host results in the
destruction of the host’s intestinal tissues, leading to clinical manifestation observed in a
disease outbreak.

3. Host-Pathogen Interaction and Immune Responses against Coccidiosis

Eimeria species are highly host-specific and, once infected, can produce protective
immunity against that particular species [19-21]. Notably, no cross-immunity is observed
among Eimeria species. Generally, a large number of Eimeria oocysts are required to
induce complete protective immunity, except for E. maxima, which is considered more
immunogenic than other species [22]. The asexual life cycle of Eimeria is more immunogenic
than the sexual life cycle. However, for the development of complete immunity and
protection, both sexual and asexual phases of the life cycle are equally essential, especially
for adaptive immunity [23,24].

Gut-associated lymphoid tissue (GALT) is an integral component of mucosal-associated
lymphoid tissues and plays a vital role in the immune response as a first line of defense, pre-
venting the progression of diseases and destroying infectious agents at an early stage [18,22].
GALT is a multilayered tissue with antigen-presenting cells, immunoregulatory cells, and
effector cell types different from their systemic counterpart [19]. In poultry, during coc-
cidiosis, GALT serves as antigen recognition and presentation, followed by the release
of intestinal antibodies and activation of the cell-mediated immune response [18,19,25].
Various lymphoid tissues (Peyer’s patches, bursa of Fabricius, and cecal tonsils) have
evolved in the GALT to produce verities of immune cells (epithelial, lymphoid, antigen-
presenting, and natural killer cells) to protect against invading pathogens [18,19,22]. Peyer’s
patches serve as antigen recognition and immune response activation, along with facil-
itating gastrointestinal IgA secretion [19,22,25]. Following this, activated B and T cells
migrate to lamina propria, which serves as the effector site for immune responses, initi-
ating antigen-specific/non-specific responses involving antibody production, leukocyte
accumulation, and locally produced cytokines [19,25]. The activation of antigen-presenting
cells, such as macrophages and dendritic cells, by coccidia upregulates the production of
pro-inflammatory cytokines and chemokines from innate immune cells, which are essential
for the development of the adaptive immune response. T lymphocytes play a crucial role in
the response to coccidia infection, with various T cell subpopulations capable of recognizing
multiple antigens and modulating humoral and cell-mediated immunity [18,19,25].

Cell-mediated immune responses are an important effector mechanism that includes
antigen-specific and non-specific activation of various cell populations, including T lympho-
cytes, CD4+ helper T cells and CD8+ cytotoxic T cells, natural killer cells, and macrophages.
T cell activation is associated with major histocompatibility complex (MHC), with cyto-
toxic T cells recognizing antigens presented in the context of MHC-I and helper T cells
recognizing antigens associated with MHC-II molecules. Antigen-presenting and dendritic
cells help activate naive CD4+ T cells into different subsets such as Th1, Th2, Treg, and
Th17 [19,26,27]. Activated helper T cells are involved in the humoral immune response, cy-
totoxic activity activation, macrophages, and natural killer cells [21]. Following coccidiosis,
cytotoxic T cells, along with macrophages and natural killer cells, identify coccidia-infected
host cells and modulate mononuclear cells to produce interferon-y, activating proinflamma-
tory pathways to inhibit the development of intracellular Eimeria within host cells [18,19,28].
Cytokines produced by CD4+ Thl cells (IL-2, IL-12, IFN-y, and TNF-«) aid in clearing
the infection by promoting the activation of macrophages and other immune cells capable
of eliminating intracellular coccidia [26,27]. The importance of cytotoxic T cells during
coccidiosis has been demonstrated previously, as evidenced by the presence of intesti-
nal intraepithelial lymphocytes expressing more than 75% CD8+ T cells, the presence of
CD8+ cells in GALT within 24 h of infection, and the presence and activation of mono and
polynuclear cells [19,22,29,30].
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4. Coccidiosis and Its Effects on Pullets and Laying Hens
4.1. Gut Health and Oxidative Stress

The negative effect of coccidiosis on the parameters associated with gastrointestinal
health, such as increased intestinal lesion scores, gastrointestinal permeability, a breach
in tight junction integrity, damage to intestinal morphology, inflammation, and oxidative
stress, are related to Eimeria multiplication and release in the gut lumen [2,5-7,31]. Con-
tinuous intestinal epithelial cell turnover occurs throughout the lifetime of the chickens.
However, coccidiosis infection increases epithelial cell turnover by two times compared
with noninfected birds [32]. It has been reported that the highest turnover of epithelial cells
was observed between 5 and 7 days post-Eimeria inoculation due to the release of large
numbers of first- and second-generation merozoites into the lumen. As a result, the mRNA
and protein expression of a cell proliferative marker, the proliferating cell nuclear antigen,
in the duodenum epithelium was upregulated, thus increasing crypt depth and resulting
in a lower villus height to crypt depth ratio [33]. The difference between Eimeria-infected
and non-infected birds in terms of villus height might range from 10 to 40% and is also de-
pendent on the Eimeria species and level of infection [7,34—40]. This epithelial cell turnover
during Eimeria infection might be a host defense mechanism to limit the multiplication of
the Eimeria by the expulsion of infected cells [41]. Moreover, the tight junction proteins
maintaining the tight junction integrity of the small intestine are composed of claudin,
occludin, junctional adhesion molecules, and zonula occludens families [42]. These tight
junction proteins were reported to be upregulated in Eimeria-infected birds along with
increased permeability by more than 100%, supporting the observation of a rapid turnover
rate in the intestinal epithelium during Eimeria infection [6,7,37,38,43]. Similar results were
observed in pullets and laying hens of different age groups and at various stages of egg
production [34-36].

During coccidiosis, the equilibrium between reactive oxygen species (ROS) and the
host’s ability to neutralize ROS is disrupted, leading to oxidative stress. These ROS have
a high affinity for the phospholipid bilayer of the cell, initiating lipid peroxidation and
cytotoxic changes, which in turn damages the intestine, altering the gastrointestinal in-
tegrity and causing abnormal changes in the intestinal morphology [44,45]. Under normal
circumstances, the production of ROS and its effects on cellular mechanisms are con-
trolled by the host defense mechanism consisting of enzymes such as glutathione (GSH),
glutathione peroxidases (GPx), and catalase [44]. During Eimeria infection, although ox-
idative defense mechanisms are active, the production of ROS exceeds the production of
enzymes suppressing ROS, aggravating the situation. Previous studies have reported that
Eimeria infection increased the markers associated with oxidative stress, such as reduced
concentration of total antioxidant capacity (TAC) from 15 to 40% [31,46] and reduced
GPx and GSH activity [31,47]. Furthermore, Eimeria infection also increased the markers
of radical-induced damage, such as superoxide dismutase (SOD) and malondialdehyde
(MDA) [34-36,44,48,49].

4.2. Growth Performance

The effect of coccidiosis on the growth performance of birds depends on the Eimeria
species and the severity of the infection. Previous studies have reported that broilers
challenged with 10° oocysts of Eimeria acervulina reduced their body weight gain (BWG) by
10.3%, whereas 10° oocysts per bird decreased BWG by 26.7% [50]. Likewise, similar results
were observed with E. maxima and E. tenella [50]. On average, coccidiosis reduced the body
weight (BW) of the chickens by 10%, irrespective of the species involved in the infection [51].
E. maxima-induced coccidiosis was observed to have the most severe negative impact on the
BW of broilers, ranging from 23% to 37% [6,51], followed by E. tenella, ranging from 15% to
27% [52,53], and E. acervulina, from 16% to 19% [54,55]. However, Choi et al. (2021) [56] did
not observe any reduction in the BW of broilers when they were inoculated with sporulated
oocysts of E. tenella ranging from 6250 to 50,000 [56]. In cases of mixed Eimeria (E. maxima,
E. tenella, and E. acervulina) infections, the reduction in BW can range from 13% to 50%
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with an increase in Eimeria dosage from 6250 to 50,000 E. maxima, 6250 to 50,000 E. tenella,
and 31,250 to 250,000 E. acervulina [7,37,46]. However, mixed Eimeria infection has been
associated with higher mortality rates, reaching up to 47%, and reductions in BW ranging
from 9% to 28% in laying hen pullets aged two weeks, 8% to 15% in pullets aged 15 weeks,
and 9% to 11% in hens aged 25 weeks during the early phase of infection [34-36]. Most
studies have reported reductions in BW during the early phase of infection (1-8 days post-
Eimeria inoculation) but not during the recovery phase (8-14 days post-Eimeria inoculation).
During the early phase of infection, the reduction in feed intake and damage to the intestinal
linings are more pronounced compared with those in the recovery phase, where feed intake
and intestinal damage recover [7,35]. Additionally, during the early phase, nutritional
redistribution occurs towards the immune response to subside the infection [7,35,36]. This
reduction in feed intake and nutritional redistribution are associated with reduced growth
or body weight loss in pullets and laying hens.

4.3. Production Performance

Coccidiosis rarely occurs in laying hens because of previous infection and the resulting
immunity [10]. However, pullets reared in cages/on floors with coccidiostat drugs might not
have enough exposure to coccidia to stimulate immunity. Outbreaks can occur after moving to
layer facilities, either conventional cages or alternative housing systems [5,8,10]. Coccidiosis in
laying hens has been reported during the early egg production period, around 23-24 weeks
of age, and is characterized by high morbidity and mortality with a dramatic reduction in
egg production [4,10,57-59]. Temporary cessation of egg production has been observed in
laying hens infected with E. maxima, E. acervulina, and E. tenella. Hegde and Reid (1969) [57]
reported that total egg production dropped to less than 20% when susceptible laying hens
were independently challenged with different Eimeria species (E. acervulina, E. maxima, E.
brunetti, E. necatrix, or E. tenella), with a significant drop observed two weeks post-challenge.
It took 4-6 weeks to recover from infection, which varied among species. The mortality was
more significant with E. necatrix and E. maxima following infection; however, the number
of culled birds was not different from the control unchallenged group. Single-comb white
leghorns infected with E. mitis experienced significant reductions in egg production and
eggshell quality, undergoing complete molting before resuming egg production [58]. Hens
recovered from coccidiosis may not reach their full egg-laying potential [60]. An outbreak
of E. necatrix in a breeder hen facility resulted in significant mortality among breeder hens
and roosters, as well as a 4.3% reduction in egg production following the recovery period
compared with hens of the same age [59]. Recent studies in our lab have observed that
coccidiosis at the pre-lay stage of growth delayed the onset of maturity and egg production
by two weeks, and infection at peak egg production drastically dropped egg production
and temporarily ceased egg production in some hens [34,36]. Reduced egg production during
a coccidiosis outbreak might be because of the malabsorption of nutrients, including amino
acids, carbohydrates, and minerals, which are essential during the laying period [6-8,61]. The
possible mechanism of how coccidiosis affects the performance of laying hens is shown
in Figure 1. Reduced feed intake and damage to intestinal linings following coccidiosis
are evident. This damage caused by Eimeria to the intestinal tract affects the digestion
and absorption of the nutrients required for egg formation [36]. Furthermore, it has been
observed that plasma amino acids are lowered, and amino acid imbalance occurs during
coccidiosis [55]. The limited availability of nutrients and amino acids in laying hens might
reduce the synthesis of albumin, an important component of an egg, thus reducing egg
production. Increased oxidative stress during coccidiosis might damage the developing
oocytes and granulosa cells, leading to follicular atresia, production, and deposition of
yolk precursors in selected ovaries, or occurrence of apoptosis in the oviducts and ovarian
follicles [36,62,63]. These disruptions to normal physiological and reproductive functions
might contribute to a decline in egg production. Additionally, the redistribution of energy
during coccidiosis for tissue repair, inflammation, and maintaining oxidative status might
also be responsible for the decline in egg production [36]. These studies showed that laying
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hens are susceptible to coccidiosis during the laying phase, with a dramatic reduction in
egg production posing substantial challenges to the egg industry. The economic loss to the
industry is mostly from reduced egg production, reduced feed intake, and an increased
FCR due to malabsorption of nutrients and mortality.
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Figure 1. Potential mechanism of action showing how coccidiosis affects egg production in laying hens.

5. Prevention and Control of Coccidiosis
5.1. Biosecurity and Management

Biosecurity is an important tool in poultry production to prevent disease outbreaks on
farms. Once a coccidiosis outbreak occurs on a farm and the house becomes contaminated
with oocysts, it is virtually impossible to completely decontaminate the environment [2,5].
Strict biosecurity measures should be implemented between farms and chicken houses to
minimize the risk of cross-contamination and outbreaks. In litter-based intensive housing
systems, Eimeria oocysts accumulate in large amounts and can remain viable for longer
periods of time [2]. In those systems, management strategies should focus on maintaining
the optimum level of moisture in the litter so that it can maintain the viable number of
sporulated oocysts sufficient to generate protective immunity but not high enough to
induce clinical disease. Furthermore, when employing vaccination as a preventive measure,
it is also critical to maintain optimum litter moisture, as oocyst recycling is important in
inducing a protective immune response against specific Eimeria species [64,65]. Additionally,
immunosuppression from stressors such as heat, cold, or high stocking density in chicken
houses might increase susceptibility to the disease; therefore, it is critical to maintain
optimum environments in the houses [66].

5.2. Chemotherapy

Traditionally, chemotherapeutic (anticoccidial) drugs have been used in the poultry
industry for years all around the world to control coccidiosis outbreaks in farms; however,
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the emergence of drug resistance among the zoonotic pathogens and concerns raised by the
World Health Organization and consumers led to a ban of antibiotics use in food-producing
animals including poultry as growth promoters and disease prevention [67,68]. In poultry,
coccidiostat (inhibits the replication of Eimeria) or coccidiocidal (kills and destroys the
Eimeria) drugs are used, which can be either synthetic or ionophores [64,68]. Synthetic
anticoccidial drugs (chemicals) are produced by chemical synthesis from other chemical
compounds that have diverse modes of action in controlling Eimeria, from inhibiting mi-
tochondrial respiration and disrupting energy production (clopidol or decoquinate) to
competitive inhibition of thiamine uptake (amprolium) or inhibiting folic acid pathways
(sulphonamides). Some of the synthesized chemicals approved to be used in the poultry
industry are diclazuril, halofuginone, clopidol, robenidine, decoquinate, nequinate, ampro-
lium, and zoalene [68,69]. These chemicals act on the intracellular stage of Eimeria after they
invade the host intestine and interfere with one or more stages of the life cycle [69]. How-
ever, while using these chemicals, it is important to consider that they are more susceptible
to the development of resistance [68]. Additionally, these chemicals vary in their mode of
action, efficacy, dose range, and susceptibility to resistance; it is important to rotate between
them at certain intervals to minimize the development of resistance [68]. On the other hand,
ionophores are fermented products from bacteria such as Streptomyces spp. and Actino-
madura spp. [64,68]. Tonophores facilitate the transportation of ions across cell membranes,
increasing the concentration of intracellular ions and disrupting the normal ion balance
across cell membranes [70]. The common ionophores used in the poultry industry are
monensin, narasin, salinomycin, maduramicin, semduramicin, and lasalocid. Even though
these ionophores are not of human importance, the ban on antibiotics in animal production
may include these, which have been the backbone of coccidiosis prevention programs for
many years, forcing the poultry industry to look for alternatives [68]. Although the poultry
industry has used shuttle or rotational programs to minimize resistance to these drugs in
the past, most field strains of Eimeria have shown varying levels of resistance to more than
one drug [64,71].

5.3. Vaccination

Vaccination against Eimeria species has become one of the most widely used methods
in controlling coccidiosis outbreaks in the United States. The discovery of the self-limiting
infection of Eimeria species and the development of resistance to reinfection by the same
Eimeria species by Beach and Corl. (1925) [72] paved the way for the development and use of
a live vaccine to control coccidiosis in the USA by 1952. In addition to self-limiting infection,
Eimeria species are less susceptible to younger chicks, and the generation of acquired
immunity against Eimeria species with limited to no pathogenesis made vaccination an
efficient strategy to control coccidiosis in commercial poultry production [73]. The objective
of immunization is to expose the birds to Eimeria species to elicit protective immunity
against them, which is adequate to prevent future infections [9,15,65,66,74]. However,
the major disadvantage of vaccination is the absence of cross-immunity among different
Eimeria species; thus, it is more labor-intensive to prepare and has a high cost because
of including multiple species in the vaccine [75]. When vaccinating meat birds against
coccidiosis, the emphasis is placed on E. acervulina, E. maxima, and E. tenella. In contrast,
for egg-laying hens, the focus shifts to E. tenella, E. acervulina, E. maxima, E. brunetti, E.
necatrix, and E. praecox, primarily because of variations in the life spans of the respective
hosts (Table 2) [15]. To ensure birds build strong immunity against Eimeria species, they
must undergo oocyst recycling through three to four successive re-infections so that they
have complete immunity against Eimeria by 3—4 weeks of age when most coccidiosis
outbreaks occur [17,65,75,76]. In the United States, two types of live vaccines are available
based on the pathogenicity of the parasites, including (i) nonattenuated and (ii) attenuated
live oocyst vaccines [65,75]. Nonattenuated vaccines contain laboratory or field strains of
Eimeria oocysts that have their virulence preserved to elicit protective immunity. With a
nonattenuated live oocyst vaccine, immunity against Eimeria is produced by completing the
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life cycle and boosted by recycling oocysts from the litter for reinfections [9,17,65,73,75-77].
However, the significant disadvantages of nonattenuated vaccines are their short shelf life,
high cost of production due to the inclusion of all Eimeria species, occasional outbreaks
of coccidiosis on farms, halted growth, and a possible lack of compensation for growth
after recovery [9,15,65,75,77]. On the other hand, live attenuated oocyst vaccines are
selected via passage through embryonated hen eggs or by selection for precociousness
and have demonstrated reduced pathogenicity while maintaining the ability to induce
protective immunity [15,65,75,78]. This selection for precocious has decreased pathogenicity
while still having the capacity to stimulate the immune response against selective Eimeria
species [65,73-75,77]. Recombinant or subunit vaccines are composed of immunogenic
antigens capable of producing protective immunity against Eimeria. However, identifying
the antigens that elicit protective immunity and limited to no cross-immunity among
Eimeria species are limiting factors for the development of recombinant vaccines [65,74,77].
Thus, for complete protection against the prevalent Eimeria species, it is essential to identify
antigens against several isolates of the same species and for multiple species to ensure
complete protection [65,77].

Table 2. Commercial vaccines available in the U.S. for use in laying hens; adapted from Price (2014) [15]
and Cervantes (2023) [68].

Trade Name Eimeria Spec1?s Present in Vaccine Type R?u‘te Of. Age Of. Blr.d s at Manufacturer
Vaccine Administration Vaccination
E. acervulina, E. brunetti, E. Hatchery spray, .
Coccivac-D2 maxima, E. mivati, E. necatrix, =~ Nonattenuated ocular, drinking Single (140:16 atlto Merck
and E. tenella water, feed spray
E. acervulina, E. brunetti, E. Drinkine water
Immucox C maxima, E. necatrix, E. tenella, ~ Nonattenuated oralg ol 4 Single dose 1 to 4 d Ceva
and E. praecox &
E. acervulina, E. brunetti, E. L .
Paracox maxima, E. mitis, E. necatrix, E. Attenuated Drinking water, Single dose at 1 to Merck
feed spray 9d
praecox, and E. tenella
E. acervulina, E. brunetti, E.
Immunocox5 maxima, E. necatrix, and E. Nonattenuated Gel Single dose 1 to 4 d Ceva

tenella

6. Nutritional Intervention for Coccidiosis
6.1. Role of Vitamins
6.1.1. Vitamin D

Vitamin D is a fat-soluble vitamin, and the active metabolites of vitamin D play an
intrinsic role in calcium and phosphorus homeostasis and bone mineralization [79-82].
More recently, the immunomodulatory roles of vitamin D in improving the host defense
against invading pathogens have been described [83-86]. The absorption of vitamin D is
fat-dependent and undergoes hydroxylation into 25-hydroxyvitamin D3 [25(OH)Ds] in the
liver [86,87]. Subsequently, 25(0OH)Dj is converted into its active form, 1,25-dihydroxy vita-
min D [1,25(OH), D3], in the kidney by the enzyme 25-hydroxyvitamin D-1a-hydroxylase.
The hydroxylation of 25(OH)Dj3 to 1,25(0OH);Dj is not limited only to the kidney but also
occurs in the bone, breast, and thigh muscles, small intestine, and immune cells [88].

The inclusion of 25(OH)Ds at varying levels in either layer pullets or turkey poults
challenged with Eimeria reduced BW loss and fecal oocyst shedding, increased macrophage
nitric oxide (NO) production, stimulated the activity of innate immune cells, and modulated
adaptive immunity (CD4+, CD8+ and CD4+CD25+ T cells) and inflammatory cytokines
(IL-1pB and IL-10), as well as maintained tight junction [85,86,89]. Furthermore, supplemen-
tation of either vitamin D or 25(OH)Dj3 or in combination has been shown to improve the
FCR and BWG in broilers vaccinated against Eimeria spp. at high doses; however, no beneficial
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effects were observed in reducing intestinal lesions and improving morphometry [90-92].
In broilers challenged with either E. maxima or mixed Eimeria spp. and fed reduced cal-
cium/phosphorus diets, supplementation of 25(OH)Dj at the rate of either 3000 IU/kg or
4000 IU /kg has been shown to improve bone mineralization [83,84,93]. Furthermore, in
laying hens challenged with lipopolysaccharides, 25(OH)D3 supplementation improved
egg production by improving follicular development and oocyte maturation by increasing
the expression of VDR in oocytes, maintaining the plasma estradiol /progesterone and
luteinizing hormone levels [94-97]. Moreover, the lipopolysaccharide challenge increased
the immune response (CD4+CD25+ T cells, proinflammatory cytokines, and plasma IgM
levels) and oxidative stress (SOD, TAC, and GPx) in laying hens, which were normalized
by the addition of 25(OH)Dj3 [97,98]. Previous studies have reported that inflammation and
oxidative stress associated with coccidiosis are responsible for at least a 10% reduction in
bone volume, bone mineral content and density, and osteoclastic activity [46,48,99]. These
results suggest that vitamin D and its metabolites can potentially reduce the negative
impacts of coccidiosis related to growth performance, egg production, oxidative stress, and
bone mineralization.

6.1.2. Vitamin E

Similar to vitamin D, vitamin E is a fat-soluble vitamin with a potent antioxidant
capacity to protect cells and tissues from lipoperoxidation damage induced by reactive
oxygen species [100-102]. Vitamin E from diets gets absorbed and incorporated into cell
membranes to protect unsaturated fatty acids inside and outside the cells from reactive
oxygen species. Furthermore, vitamin E prevents the excessive generation of reactive
oxygen species from respiratory processes [103,104]. In addition, vitamin E is also involved
in reducing inflammation, production of cytokine (TNF-« and IL-8) protecting cells of
immune responses (lymphocytes, macrophages, and plasma cells), and enhancing the
proliferation and functions of immune cells [100,105].

A previous study by Colnago et al. (1984) [106] observed that supplementation of
100 IU/ kg vitamin E (DL-«-tocopheryl acetate) in a broiler diet and subsequent challenge by
E. tenella or E. maxima reduced mortality, improved weight gain and the FCR, and re-
duced lesion scores. Similar results were observed when broiler chicks were challenged
twice at 10 and 38 days of age and supplemented with both vitamin A (8 g/kg) and E
(300 mg/kg) [107]. However, Allen and Fetterer (2002) [101] conducted two consecutive
studies with increasing levels of vitamin E (13-200 IU/kg) in broilers challenged with
E. maxima and did not observe significant differences in performance except for a slight
reduction in lesion score. In broilers fed vitamin E at either 40 or 80 IU/kg alone or
in combination with arginine and challenged with mixed Eimeria spp., heterophil and
monocyte oxidative bursts (ROS production) and NO production decreased at seven
days post-inoculation. They also observed lower lesions in challenged birds fed vita-
min E, and birds fed a high level of vitamin E (80 IU/kg) in combination with arginine
had higher levels of humoral antibodies IgG, IgM, and IGA [108]. Increased humoral
and cell-mediated immune response with lower inflammatory mediators were observed
in laying hens challenged with Salmonella enteritidis and fed diets supplemented with
30 IU/kg vitamin E [109]. Furthermore, da Silva et al. (2011) [110] observed that the
inclusion of vitamin E at the rate of 65 mg/kg of diet increased the cell-mediated immune
response of chickens vaccinated against coccidiosis and New Castle disease as measured
by the cutaneous basophil hypersensitivity test. The antioxidant status (TAC, MDA, GPx
activity, or SOD) and plasma lipid peroxidation of the broilers were improved following
the Eimeria challenge in broilers, but the effects were not enough to improve performance
compared with non-challenged broilers [111,112]. Furthermore, vitamin E has been shown
to enhance the phagocytic activity of macrophages in chickens against pathogens [100].

In the case of egg layers, vitamin E inclusion has increased egg production by enhanc-
ing follicular development by increasing the concentration of reproductive hormones such
as follicle-stimulating hormone, luteinizing hormone, estrogens, and progesterone [102].
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These results from previous studies showed that vitamin E can be used in laying hens to
improve their performance and boost the immune response; however, further studies are
needed to confirm the effective dose.

6.1.3. Other Vitamins

Vitamin A is a fat-soluble nutrient constituting a broad range of retinoid compounds
and plays a crucial role in various physiological processes, including vision, growth, cell
growth and differentiation, reproduction, immunity, skeletal development, and antioxidant
properties [113-115]. The association between vitamin A deficiency and the increased inci-
dence and severity of coccidiosis was noted as early as 1945 [116]. Dietary supplementation of
vitamin A above the 1960 NRC recommendation (8000 IU/Ib) has been shown to enhance
broiler performance and the recovery of chicks infected with E. tenella, acervulina, or necartix
and results in an improved performance after recovery [117,118]. Furthermore, Dalloul et al.
(2002) [113] reported that vitamin A deficiency compromised the intestinal defense mecha-
nism against E. acervulina infection, as evidenced by a reduced population of intraepithelial
lymphocytes (CD4+ and CD8+ T cells) through alterations in concanavalin A-induced spleen
lymphocyte proliferation. Moreover, vitamin A supplementation (12,000 IU/kg) enhanced
intestinal morphometry and tight junction integrity in broiler chickens co-infected with
Clostridium and Eimeria [119].

Unlike vitamins A, D, and E, vitamin C is a water-soluble vitamin with a strong
antioxidant capacity and acts as a cofactor for collagen biosynthesis, thus maintaining
epithelial barrier function and stimulating wound healing [120]. Moreover, it enhances
innate immunity by increasing the phagocytic activity of mononuclear cells and adaptive
immune responses by differentiation and proliferation of B- and T-cells [121]. Supple-
menting vitamin C (110-220 ppm) improved weight gain, increased feed intake, reduced
mortality, and lowered the corticosterone level and heterophil: lymphocyte ratio in the
blood [122,123]. Additionally, concurrent supplementation of vitamin C and protease
improved mucin and NO production [124], and vitamin C and arginine or vitamin C and
vitamin E in different experiments improved oxidative status but were not able to improve
performance in Eimeria-infected broilers [112]. The effect of supplementing different vi-
tamins on minimizing the effect of coccidiosis is summarized in Table 3. A hypothesis
for using vitamins during coccidiosis could posit that both fat-soluble and water-soluble
vitamins may be readily absorbed by the body, potentially exerting beneficial effects on
modulating immune responses despite reduced feed intake and nutrient utilization. While
there is a notable gap in the available literature concerning the utilization of vitamins to
support laying hens during disease conditions, the positive outcomes observed in broilers
suggest that similar benefits might extend to laying hens as well. However, further studies
are necessary to confirm the optimal dosage for this beneficial effect in laying hens.
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6.2. Role of Functional Amino Acids
6.2.1. Arginine

Arginine, an essential functional amino acid, is vital in protein synthesis and accretion
in chickens. Additionally, it contributes to secondary functions such as immune modulation,
wound healing, and antioxidant activity [126-129]. In response to inflammation, arginine
is metabolized to nitric oxide (NO) by nitric oxide synthase, which serves as an immune
modulator, antioxidant defense, and cytotoxic mediator for non-specific host defenses [126-128].
Additionally, metabolites derived from arginine, such as proline, hydroxyproline, and
polyamines, have been demonstrated to promote cell proliferation (Figure 2). Furthermore,
ornithine and proline are primary amino acids found within collagen that are essential for
wound healing and skeletal growth [126-128,130,131].

NH o
NH,
Citrulline L-Arginine
m

2se

o nde Y
Nitric oxide “gwic ™ Ornithine

l

Hypothalamic-pituitary- Proline

gonadal axis :
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Decarboxylase

Agmatine
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spermidine
Cell growth, proliferation,
(FSH, ER, LH, IGF-1) l and repair
Cell growth, proliferation
and repair
Egg production Antioxidant properties

Figure 2. Effect of L-arginine and its metabolites on gut health and reproductive functions in laying
hens. FSH: follicular-stimulating hormone; ER: estrogen; LH: luteinizing hormone; IGF: insulin-like
growth factor 1.

The secondary functions of arginine during coccidiosis have been extensively investi-
gated in recent years and have shown beneficial effects in chickens. An early study by Allen
and Fetterer (2000) [132] reported that E. acervulina infection reduced the plasma concentra-
tion of arginine, whereas its metabolite NO was significantly increased. The hypothesis
for using arginine above the requirement could be that additional arginine might aid in
balancing amino acids in plasma and provide a surplus for secondary functions. However,
supplementation of arginine (500 mg/kg) did not reverse the negative effect associated
with E. acervulina, maxima, or tenella infection except for a reduction in oocyst shedding
of E. tenella [133]. Increasing dietary arginine concentration above the NRC requirement
improved gut health by increasing villus height and goblet cell count and increasing mTOR
pathways for healing [134,135]. The intestinal integrity of infected birds was improved
when supplementing arginine, ranging from 1.24 to 1.48%, as observed by the upregulation
of tight junction protein, permeability, and intestinal morphology [136,137]. Furthermore,
arginine supplementation also reduced the expression of TLR-4 and IL-1f in broilers
along with modulating the humoral immune response (secretory IgG and IgA) in broilers
challenged with 20x Coccivac-B vaccine [134]. In addition, Yazdanabadi et al. (2020a;
b) [138,139] reported that arginine supplemented 25-50% over the requirement increased
the improved BWG, NO, and proinflammatory concentration along with gut morphometry.
Furthermore, supplementation of arginine above the requirements has been found to im-
prove the oxidative status of chickens following Eimeria challenge by GPx activity, reducing
MDA and maintaining the levels of GSH and TAC [136,137,140].

In the case of laying hens, there is a lack of evidence for arginine supplementation and
Eimeria challenge; however, in lipopolysaccharide-induced immune suppression, arginine
supplementation above the requirements reduced the expression of inflammatory cytokines
such as IL-1§3, IL-10, TLR4, and NF-«B [141]. Furthermore, NO, a metabolite of arginine,
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plays a significant role in the hypothalamus-ovarian axis and plays a vital role in laying
hen performance as well [142-144]. Based on previous studies in broilers and laying
hens, supplementation of L-arginine above the requirements can be used in laying hens
challenged with Eimeria to alleviate the symptoms associated with it.

6.2.2. Methionine

Methionine is considered the first limiting amino acid in corn- and soy-based diets
for laying hens and broilers and the first amino acid to be incorporated into the polypep-
tide chain during translation [126,145]. Aside from protein synthesis, methionine has
antioxidant functions, acting as a precursor of cysteine, which is essential for GSH syn-
thesis [128,146]. Both GSH and cysteine protect the cells against ROS [146]. Because of its
role in balancing oxidative status through GSH and cysteine, its efficacy has been tested
in broilers exposed to coccidiosis. A study by Pourali et al. (2014) [147] reported that
supplementing 150% of total sulfur amino acids improved BWG, oocyst shedding, and
hepatic malondialdehyde concentration; however, no effect was observed in GPx in broilers
challenged with mixed Eimeria species. A study by Lai et al. (2018, 2023) [148,149] reported
that supplementing extra methionine above the requirement in vaccinated birds did not
have any beneficial effect on the performance, immune response, or oxidative status of Par-
tridge shank broilers. However, reducing the level of methionine in the diets during Eimeria
infection significantly affects the performance, oxidative status, and immune responses
in challenged broilers [31,47,150,151], and supplementing 0.75% methionine in low-crude
protein diets increased the detrimental effect of Eimeria infection on broiler health and
performance [6]. In laying hens under heat stress, similar results were observed as those
for Eimeria-challenged broilers, where reducing the methionine level reduced the produc-
tion performance and bone mineralization and increased the oxidative stress of laying
hens [152]. The role of TSAA is evident in maintaining performance, immune response,
and oxidative status during Eimeria infection; however, it is still unclear if supplementing
methionine above the requirement has a beneficial effect on laying hens under coccidiosis.

6.2.3. Other Amino Acids

Glutamine, a conditionally essential amino acid, is the primary fuel for immune and
intestinal epithelial cells and a precursor for GSH synthesis [153]. Supplementation of
glutamine (0.5% or 1%) in coccidia-challenged broilers has been shown to reduce the expres-
sion of inflammatory cytokines IL-10 and IFN-y, whereas it improves intestinal integrity
and morphometry [154]. Furthermore, supplementing 0.75% glutamine in low-crude pro-
tein diets improved BWG during the recovery phase and maintained the expression of
Claudin-1 compared to that of a normal protein diet in Eimeria-infected broilers [6].

Threonine is another essential amino acid and is essential for mucin and antibody
(IgA, IgM) production in the gastrointestinal tract [155]. The intestinal mucus layer acts
as the first line of defense against invading pathogens [155]. Therefore, factors increas-
ing mucin production or intestinal secretions, as observed in coccidiosis, might increase
threonine requirements during infection [156]. Supplementing 124% of threonine to its
requirement in broilers challenged with mixed Eimeria species improved performance to
the level of non-challenged birds, intestinal morphometry, oocyst shedding, and humoral
immune response as measured by higher antibody production [157]. In contrast, threonine
deficiency worsened the effects of coccidiosis in broilers challenged with coccidiosis by
impairing intestinal morphometry and integrity, inflammatory responses, and lymphocyte
population [158]. The effect of supplementing functional amino acids on the performance
and intestinal health of chickens under coccidiosis infection is summarized in Table 4.
Although these functional amino acids have shown beneficial effects in broilers under
coccidiosis and in laying hens under normal conditions, their beneficial effect in laying
hens under diseased conditions has not been fully explored. These amino acids have shown
potential in mitigating the negative effect of coccidiosis in broilers and might have the same
functions in laying hens, which need to be explored.
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7. Role of Phytogenic Feed Additives

Phytogenic feed additives (PFAs) are plant-derived natural bioactive compounds
or products that, when fed to animals, have a beneficial effect on performance and
health [161]. Phytogenic feed additives have a wide range of bioactive compounds with
antimicrobial, antioxidant, or anti-inflammatory properties and are used in traditional
human medicines [161,162]. Phytochemicals are generally recognized as safe in the United
States, indicating their safety for consumption. This designation strengthens the poten-
tial utilization of phytochemicals in poultry production for coccidiosis control. In the
poultry industry, PFAs are gaining considerable attention mainly because of improve-
ments in the performance of birds by improving gastrointestinal health alongside antiox-
idative and immunomodulatory effects [161]. The efficacy of various phytogenic feed
additives, including Artemisia annua, curcumin, oregano, thyme, and their essential oils,
has been investigated in broiler chickens infected with coccidiosis, demonstrating some
beneficial effects.

Dietary inclusion of curcumin powder (100200 mg/kg) has been shown to reduce the
lesion score and improve the oxidative status of broilers challenged with mixed Eimeria
spp- [43]. Furthermore, essential oils of oregano have been shown to improve BWG and
the FCR, reduce intestinal lesions and oxidative stress, and improve the gut morphology
in broilers infected with coccidiosis [163,164]. The beneficial effects of these PFAs include
supporting the host by immunomodulatory effects and providing protection against free radi-
cals by scavenging reactive oxygen species and interfering directly with parasitic metabolism,
reducing oocyst shedding and cecal short-chain fatty acid production [45,163,165]. Further-
more, Felici et al. (2023) [166] reported that bioactive compounds from a PFA can inhibit
the intracellular replication of Eimeria and reduce schizont numbers.

Artemisinin, a bioactive flavonoid found in Artemisia annua leaves (AA), has been
shown to inhibit the growth of several stages of Plasmodium spp. [167,168]. The use of AA
and its extract artemisinin has been shown to demonstrate anticoccidial effects against E.
tenella [169-173] when infected alone. The use of either dried AA leaves or artemisinin
has been shown to improve lesion scores, reduce oocyst shedding and sporulation, and
modulate the humoral and immune response in chickens [169,174-178]. The mechanism
of action of artemisinin is promoting apoptosis of infected host cells, thus neutralizing para-
sites [172]. Furthermore, artemisinin from AA is able to alter the cell wall formation of the
oocysts, leading to the death of developing oocysts and a reduced sporulation rate [170]. The
use of phytogenic feed additives in laying hens infected with coccidiosis has not been studied.
However, results from laying hen studies reported that PFA inclusion in diets improved
the performance, immune response, and antioxidant status of laying hens [179-183]. Since
coccidiosis mainly affects the performance of birds with immune suppression and increased
oxidative stress, PFAs can be helpful in laying hens infected with coccidiosis, as in broilers.

8. Role of Prebiotics, Probiotics, and Symbiotics
8.1. Probiotics

Probiotics are selective nonpathogenic microorganisms that, when administered in
adequate amounts, offer a beneficial advantage to the host and improve gut functions by
altering the gut microflora and reducing pathogenic bacteria colonization in the gastroin-
testinal tract [184-187]. By selectively eliminating pathogenic microorganisms from the GI
tract through competitive exclusion, probiotics promote the growth of beneficial bacteria.
Additionally, their metabolites, including short-chain organic fatty acids and hydrogen
peroxide, exhibit antimicrobial properties, effectively inhibiting the growth of pathogenic
bacteria [188,189]. Probiotic microorganisms help develop immune components in the
GI tract and innate or adaptive immune responses and modulate the phosphorylation
of cytoskeletal and tight junction proteins, improving the intestinal barrier [188,190,191].
Some of the commonly used probiotics in the poultry industry include Bacillus, Lactobacillus,
Enterococcus, Bifidobacterium, and Lactococcus, and yeasts such as Aspergillus, Candida, and
Saccharomyces [188,192].
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The inclusion of Bacillus spp. in diets has been shown to improve the performance,
tight junction integrity of the intestine, and immune response as well as positively influ-
enced the cecal microbiome of broilers challenged with coccidiosis [193-196]. Similar results
were observed in birds fed lactobacillus-based probiotics, including reduced mortality and
oocyst shedding, upregulation of intestinal integrity, increased intestinal intraepithelial
lymphocytes expressing CD4+ and CD8+ cells, and antibody titers in broilers challenged
with coccidiosis [197-199]. In the case of laying hens, the dietary inclusion of probiotics
(Saccharomyces, Pediococcus, Lactobacillus, or Bacillus), either alone or in combination, has
improved the performance, oxidative status, immune responses, intestinal morphome-
try, and microbial composition of ceca positively in a non-challenge model [197,200,201].
The effectiveness of probiotics (Bacillus amyloliquefaciens, Bacillus licheniformis, and Bacillus
pumilus) against Salmonella Enteritidis in laying hens and observed a significant reduction
in salmonella colonization in ceca of mature laying hens [202,203].

8.2. Prebiotics

Prebiotics are non-digestible or selectively fermentable feed ingredients that, when
incorporated into diets, are utilized by the host intestinal microbiota, selectively promoting
the growth or activity of specific bacterial populations, positively influencing the micro-
biome, and improving the gut health of the host [18,204,205]. While selecting prebiotics,
it is essential to consider (i) digestibility (non-digestible by host enzymes), (ii) absorption
(should not be absorbed directly by host cells), (iii) selective fermentation by intestinal
microbiota, (iv) selective promotion of the growth of beneficial bacterial population, and
(v) stimulation of the immune response of the host [188,204-206]. Some of the prebiotics
commonly used in the poultry industry are oligosaccharides (mannan-, galacto-, and
xylo-oligosaccharides), 3-glucan, and fructans [188,206-208].

The efficacy of prebiotics in improving the gut health of poultry has been investigated
using both challenged and unchallenged models [209-213]. In experimentally infected
broilers with coccidiosis, the administration of chitosan oligosaccharide (1 g/kg) improved
various parameters, including BWG, FCR, oocyst shedding, intestinal tight junctions, and mor-
phometry and reduced intestinal inflammation [214]. Similarly, broilers fed mannooligosac-
charides (0.8 g/kg), xylooligosaccharides (0.5 g/kg), galactoglucomannan oligosaccharide
(4%), or yeast cell wall polysaccharides (0.5 g/kg) exhibited improved performance, intestinal
tight junction integrity and nutrient digestibility and mitigation of hostile cecal microbial
populations and fermentation induced by Eimeria infection [209-211,215].

Feeding prebiotics such as dry whey powder (6 g/kg), mannan oligosaccharides
(0.25-2 kg /kg), or fructooligosaccharides (0.25-1 g/kg) to laying hens has shown positive
effects on their intestinal microbial populations. Specifically, it promotes beneficial bac-
teria like Lactobacillus spp. and Olensella spp. while reducing the abundance of harmful
bacteria such as Clostridium perfringens, Escherichia coli, and Salmonella enteritidis [216-218].
Additionally, oligosaccharide supplementation has been linked to improved performance,
digestibility, and upregulation of toll-like receptor-4, interferon-y, and antibody production
in laying hens [217,218].

8.3. Synbiotics

Synbiotics refer to the combined application of both prebiotics and probiotics, which
exhibit synergistic effects on the host by enhancing gut health, the immune response, and
microbial balance [219]. The rationale behind synbiotic uses lies in the premise that pre-
biotics facilitate the survival and colonization of probiotics in the host’s gastrointestinal
tract, thereby positively influencing the health of the host [188,219]. In broiler chickens,
both in ovo and in vivo studies have demonstrated the beneficial effects of synbiotics on
performance, gut health, and the immune response, irrespective of whether the birds were
challenged with coccidiosis or necrotic enteritis [220-225]. Similarly, in laying hens, sup-
plementation with synbiotics containing both prebiotics and probiotics has been shown to
enhance production performance, decrease levels of inflammatory cytokines, and increase
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populations of beneficial bacteria in the intestinal tract [226,227]. The efficacy of probiotics,
prebiotics, and synbiotics in chickens infected with coccidiosis is summarized in Table 5.
The effect of probiotics, prebiotics, and synbiotics in laying hens has been investigated in
both normal and diseased (Salmonellosis) conditions and has shown positive impacts on
the performance and wellness of hens. Although they have shown beneficial effects in
broilers under coccidiosis, their effect in laying hens infected with Eimeria spp. hens has
not been tested yet.
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8.4. Postbiotics

In recent years, it has been established that the beneficial effects of probiotics are not
only limited to when the microorganisms are alive but also after their death, leading to
the development of new antibiotic alternatives, named postbiotics [234,235]. Postbiotics
are non-viable bacterial cells or cell walls or metabolites derived from probiotics that have
biological activity and offer physiological benefits to the host [235]. Different bioactive
metabolites from probiotics with biological activity may include a range of compounds
such as short-chain fatty acids, peptides, enzymes, polysaccharides, vitamins, cell surface
proteins, and organic acids [235]. Recent studies conducted in chickens have shown that
postbiotics confer beneficial effects on the host by positively modulating the intestinal
microbiome, immune responses, and oxidative status [233,236-238]. In laying hen pul-
lets challenged with Salmonella spp., dietary inclusion of postbiotics from Saccharomyces
cerevisiae (1-1.5 kg/MT) or oral inoculation of Lactobacillus spp. postbiotics reduced the in-
testinal colonization of Salmonella [239,240]. Furthermore, Lactobacillus-derived postbiotics
have been shown to enhance the performance, oxidative status, and intestinal morphology
of broilers under heat stress [236,241]. Additionally, in broilers with experimentally induced
necrotic enteritis, postbiotics from Enterococcus spp. Pediococcus spp., Lactobacillus spp., En-
terococcus spp., and Lactiplantibacillus spp. were able to improve performance, lesion scores,
and oxidative status and reduce proinflammatory responses [237,238,242]. Moreover, the
inclusion of maltol (a metabolite of Bacillus subtilis) in a broiler diet infected with E. maxima
was able to reduce intestinal damage and inflammatory response [233]. Although the use of
postbiotics in broilers and laying hens infected with Eimeria spp. has not been extensively
explored, previous studies have demonstrated their efficacy in reducing the symptoms
associated with coccidiosis in other stress conditions.

9. Conclusions

To conclude, this review summarizes the effect of coccidiosis on laying hen health
and performance and its potential to cause a significant economic loss to the egg industry.
Since the ban on antibiotics as growth promoters in animal production, there has been an
increase in the incidences of economically important diseases in poultry, such as coccidiosis
and necrotic enteritis. Several antibiotic alternatives (vitamins, functional amino acids,
phytogenic feed additives, prebiotics, probiotics, synbiotics, and postbiotics) have been
tested in broilers with positive effects on minimizing the effect of coccidiosis, but their
beneficial effects have not been explored in laying hens. These nutritional strategies have
been shown to have the potential to mitigate the negative effects of coccidiosis in laying
hens as well. However, before applying these nutritional strategies either to boost immunity
after vaccination or to mitigate the negative effects of coccidiosis, they need to be tested in
laying hens. Additionally, while implementing these nutritional strategies to mitigate the
adverse effects of coccidiosis, it is important to consider that these strategies are not capable
of curing coccidiosis completely, and poultry producers must evaluate the severity of the
conditions. Future studies should focus on evaluating nutritional strategies either alone
or in combination, focusing on performance, gut health, and immune responses against
coccidiosis in laying hens.
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Simple Summary: Simple Summary: Coccidiosis vaccination is a widely used and effective tool for
protecting poultry against clinical coccidiosis outbreaks. However, live Eimeria vaccines induce mild,
transient epithelial damage and inflammation as immunity develops during oocyst cycling. This
process can impair nutrient utilization, particularly for dietary lipids. Therefore, this experiment
studied the influence of dietary energy level (standard, moderate, or high), adjusted by varying
soybean oil inclusion, during the starter phase (0 to 18 d post-hatch) on nutrient and energy digestibil-
ity and subsequent performance and carcass characteristics of broilers either vaccinated against
coccidiosis on day of hatch or not vaccinated and provided an in-feed anticoccidial drug. Vaccination
impaired nutrient and energy digestibility, weight gain up to 31 d, feed conversion, and carcass yield
of broilers compared with those fed an in-feed anticoccidial. However, the impacts of vaccination
on feed conversion ratio were dependent upon starter diet energy/lipid concentration, even during
feeding phases after the starter period, with greater impacts observed at higher energy /lipid levels.
Thus, compensating for impaired lipid and energy utilization by coccidiosis-vaccinated broilers
through increasing dietary lipid content is an ineffective, and perhaps detrimental, strategy for
vaccinated broilers.

Abstract: An experiment was conducted to evaluate the live performance, processing characteristics,
and apparent ileal digestibility (AID) of nutrients and energy (IDE) in broilers under two coccid-
iosis control programs (CCP) and fed three starter diet energy levels. Treatments were a factorial
arrangement of CCP [in-feed diclazuril (ACD) or vaccinated after hatch (VAC)] and three starter diet
energy levels [3008 (standard), 3058 (moderate), and 3108 (high) kcal/kg apparent ME,,] achieved
with different soybean oil concentrations. Birds were reared in floor pens (12 per pen) and received
experimental starter diets from 0 to 18 d and common grower and finisher diets to 43 d. Atd 11, VAC
birds had higher (p < 0.05) excreta oocyst counts and lower (p < 0.05) plasma carotenoids, nutrient
AID, and IDE than ACD birds. From 0 to 18 and 0 to 31 d, VAC decreased (p < 0.05) body weight
gain and increased (energy x CCP, p < 0.05) feed conversion ratio of birds fed the moderate and
high-energy diets but not for those fed the standard energy diet. From 0 to 43 d, VAC only increased
the feed conversion ratio of birds fed the moderate-energy starter diet (energy x CCP, p < 0.05).
Carcass yields were lower (p < 0.05) for VAC birds than for ACD birds, and interactive effects (p < 0.05)
were observed for wing yield. In summary, increasing dietary lipid concentration to account for
Eimeria-induced reductions in lipid digestibility during the starter period of coccidiosis-vaccinated
broilers may exacerbate, rather than ameliorate, these impacts on bird performance.

Keywords: coccidiosis; broiler; nutrition; energy; lipid; digestibility

1. Introduction

Consumer demand for poultry products originating from birds reared without an-
tibiotics has increased the use of vaccines to replace ionophore anticoccidial drugs for the
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control of coccidiosis. As such, vaccines are increasingly used in rotational or “bioshuttle”
programs with chemical anticoccidial drugs, which are often permitted in these systems
but are susceptible to resistance. Although live oocyst vaccination is effective in promoting
immunity and protection against clinical coccidiosis, it can induce a mild transient form
of coccidiosis, referred to as “coccidiasis”, that usually occurs between 14 and 28 d post-
hatch impairs broiler performance [1]. Impaired feed efficiency during vaccine cycling is
presumably due in part to nutrient malabsorption associated with intestinal damage and
inflammation attributed to the sub-clinical, vaccine-induced infection [1-3].

Previous work conducted in our laboratory longitudinally characterized nutrient
digestibility in floor-reared broilers given a coccidiosis vaccine on the day of hatch and
showed that nutrient digestibility was impaired the most at 12 d post-hatch, with the
greatest duration and magnitude of this impact occurring for lipid digestibility [4]. Im-
paired lipid digestibility also reduces the absorption of fat-soluble nutrients, including
vitamins and carotenoids, which may lead to indirect consequences on bone health and
pigmentation [5]. Intestinal damage associated with an Eimeria infection also increases
epithelial cell turnover and induces an inflammatory immune response, both of which
are energetically costly and occur at the expense of broiler performance [6,7]. Indeed, the
energetic costs of impaired digestibility and metabolic changes during a coccidial infection
are consequential [8].

Providing an increased concentration or a more available source of nutrients for which
digestibility is impaired is a potential strategy to support the performance of broilers
during coccidial vaccine cycling. For example, previous research reported that increased
dietary digestible amino acid content improved the performance of broilers challenged
with a coccidiosis vaccine [3,9,10]. Korver et al. [11] reported that increasing dietary
metabolizable energy from 2714 to 3303 kcal/kg by increasing corn oil supplementation
improved the performance of lipopolysaccharide-challenged broilers, whereas increased
tallow supplementation did not, indicating that both dietary lipid type and level may
influence inflammatory responses. However, to our knowledge, responses of coccidiosis-
vaccinated broilers to increased dietary energy resulting from higher lipid inclusion have
not been investigated. Therefore, the objective of this experiment was to test the hypothesis
that live performance and processing characteristics (i.e., deboned parts yield) of coccidiosis-
vaccinated broilers can be improved by increasing dietary soybean oil inclusion during the
starter phase (0 to 18 d) to account for the expected vaccine-induced reductions in energy
digestibility during this period.

2. Materials and Methods
2.1. General Bird Husbandry and Dietary Treatments

A total of 1368 male broiler by-product chicks from a Cobb 500 female line were
obtained from a commercial hatchery on the day of hatch. Upon arrival, one-half (684)
of the chicks was orally gavaged with the manufacturer’s recommended dose of a live
oocyst vaccine (Coccivac®—352; Merck Animal Health, Intervet Inc., Millsboro, DE, USA)
(VAC), whereas the other half was not vaccinated and received in-feed diclazuril (Clinacox,
Huvepharma, Peachtree City, GA, USA), a chemical anticoccidial drug (ACD), throughout
the entire experiment. The vaccine was delivered by oral gavage (0.25 mL/bird) using a
stainless-steel gavage needle to provide uniform administration. All chicks were group-
weighed and distributed to 114 floor pens on unused pine shavings. Throughout the
trial, litter was sprayed daily with water to increase litter moisture and promote oocyst
sporulation. Each floor pen (0.91 x 1.22 m) was equipped with a hanging feeder and a
nipple drinker line and contained 12 birds (0.09 m? per bird). Birds were provided access to
feed and water ad libitum throughout the 43 d experiment, and the lighting schedule and
temperature targets were adjusted according to published management guidelines [12].

From 0 to 18 d of age, ACD and VAC birds were provided one of three isonitrogenous
experimental starter diets that contained 2.10, 2.67, or 3.24% soybean oil (ME value of
soybean oil used in dietary formulation was 8800 kcal/kg) included at the expense of cellu-
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lose, with calculated AME,, contents of 3008 (standard), 3058, (moderate) and 3108 (high)
keal/kg, respectively (Table 1). Throughout the remainder of the trial, ACD and VAC birds
were fed common grower (18 to 31 d) and finisher (31 to 43 d) diets. Corn, soybean meal,
and distiller’s dried grains with solubles were used as the primary ingredients, and all diets
in Table 1 were formulated to meet or exceed published nutrient recommendations [13].

Table 1. Composition of diets fed to broilers from 0 to 43 d post-hatch 1.

Ingredient, % as-Fed

Experimental (0-18 d) Common Grower  Common Finisher

Standard Moderate High (18-31d) (3143 d)
Corn 53.94 53.94 53.94 58.46 60.45
Soybean meal (45%) 34.81 34.81 34.81 30.12 27.84
DDGS 4.00 4.00 4.00 6.00 6.00
Soybean oil 2.10 2.67 3.24 2.29 2.97
Limestone 1.09 1.09 1.09 1.09 1.03
Dicalcium phosphate 1.03 1.03 1.03 0.83 0.63
Salt 0.34 0.34 0.34 0.33 0.31
DL-methionine 0.31 0.31 0.31 0.25 0.21
L-lysine HCI 0.23 0.23 0.23 0.18 0.10
L-threonine 0.09 0.09 0.09 0.06 0.08
Trace mineral premix 2 0.10 0.10 0.10 0.10 0.10
Vitamin premix 3 0.10 0.10 0.10 0.10 0.10
Se premix * (0.06%) 0.02 0.02 0.02 0.02 0.02
Choline chloride (60%) 0.10 0.10 0.10 0.05 0.05
Santoquin 0.02 0.02 0.02 0.02 0.02
Phytase ° 0.01 0.01 0.01 0.01 0.01
Xylanase © 0.03 0.03 0.03 0.03 0.03
Titanium dioxide 0.50 0.50 0.50 - -
Inert filler 7 1.19 0.62 0.05 0.05 0.05
Calculated composition, % unless noted otherwise
AME,, kcal/kg 3008 3058 3108 3108 3175
cp 22.00 22.00 22.00 20.00 19.00
Digestible lysine 1.18 1.18 1.18 1.05 0.95
Digestible TSAA 0.89 0.89 0.89 0.80 0.74
Digestible threonine 0.77 0.77 0.77 0.69 0.65
Calcium 0.90 0.90 0.90 0.84 0.76
Available p 0.45 0.45 0.45 0.42 0.38
Analyzed composition, % unless noted otherwise
Gross energy, kcal/kg 4027 4082 4062 4038 4097
cp 23.15 23.65 22.95 21.55 20.55
Ether extract 5.00 5.41 6.00 4.71 5.35

1 DDGS—distiller’s dried grains with solubles; AME,—nitrogen-corrected apparent metabolizable energy. > Sup-
plied the following per kg of diet: manganese, 100 mg; zinc, 100 mg; copper, 10.0 mg; iodine, 1.0 mg; iron, 50 mg;
magnesium, 27 mg. 3 Supplied the following per kg of diet: vitamin A, 30,863 IU; vitamin D3, 22,045 ICU; vitamin
E, 220 IU; vitamin B12, 0.05 mg; menadione, 6.0 mg; riboflavin, 26 mg; d-pantothenic acid, 40 mg; thiamine, 6.2 mg;
niacin, 154 mg; pyridoxine, 11 mg; folic acid, 3.5 mg; biotin, 0.33 mg. * Supplied 0.12 mg of selenium per kg of
diet. ® Optiphos® (Huvepharma Inc., Peachtree City, GA, USA) provided 250 FTU/kg of diet. ® Hostazym® X 250
(Huvepharma Inc., Peachtree City, GA, USA) provided 250 FTU/kg of diet. 7 Solka-Floc (Cellulose International
Fiber Corporation, North Tonawanda, NY, USA) was used as the inert filler to provide space for Clinacox®
(Huvepharma Inc., Peachtree City, GA, USA) and the addition of soybean oil.

2.2. Determination of Growth Performance, Plasma Carotenoids, and Excreta Oocyst Shedding

Birds and feeders were weighed at 0, 11, 18, 32, and 43 d post-hatch for calculation
of body weight gain (BWG), feed intake (FI), and feed conversion ratio (FCR) to assess
growth performance. All dead and culled birds were weighed individually, and FCR
calculations were adjusted to include the weight gain of dead birds. From 0 to 11 d post-
hatch, performance parameters were represented by 19 replicate pens for each treatment.

At 11 d post-hatch, after all pens had been weighed, all birds in 7 replicate pens were
euthanized for the collection of blood and ileal digesta, whereas the remaining 12 replicate

42



Animals 2024, 14, 1524

pens were used for performance measurements throughout the remainder of the trial.
All birds from each treatment’s seven replicate sampling pens were euthanized by CO,
inhalation. Blood was collected from two randomly selected birds per pen via cardiac
puncture and placed into tubes containing EDTA. After collection, tubes were placed on ice
and subsequently centrifuged for 15 min at 1300 x g and 4 °C to separate plasma. Plasma
from birds within a pen were pooled, aliquoted, and stored at —80 °C until further analysis.
All blood processing and carotenoid analysis procedures were conducted under yellow
light and were determined by spectrophotometry as previously described by Allen [14].
Duplicate aliquots of 0.1 mL of plasma from each bird were diluted in 0.9 mL of denatured
ethanol, centrifuged at 3000 rpm for 10 min to sediment protein, and 200 uL of supernatant
from each sample was transferred into duplicate wells of a microtiter plate. Absorbance
at 530 nm was subtracted from absorbance at 474 nm. The difference in these values was
multiplied by 81 as the extinction coefficient of lutein to calculate lutein equivalents.

Oocyst shedding, as indicated by the number of oocysts per gram of pooled excreta
samples collected from each pen, was determined before bird placement and at 11 d post-
vaccination to confirm vaccine cycling. Samples of unused litter shavings were taken before
placement, whereas fresh excreta samples at 11 d were collected from each pen using
wax paper placed on the litter 12 h prior to collection. Each sample consisted of multiple
droppings pooled within pen. All samples were placed in airtight conical tubes and kept
refrigerated until processing. Samples were soaked in water overnight and homogenized
by vigorous stirring. Following homogenization, 1 mL of sample was further diluted with
9 mL of saturated salt solution and pipetted into the chamber of a McMaster counting slide.
Duplicate counts were made for each sample using the following equation:

Oocysts per gram of excreta = (Oocyst count x dilution x volume)/(volume of counting chamber x weight of sample)

where the dilution was 10, and the volume of the counting chamber was 0.15 mL.

2.3. Determination of Apparent lleal Digestibility and Ileal Digestible Energy

Digesta contents of the distal half of the ileum from all birds in the 7 replicate pens
used for sampling were collected by gently flushing with deionized water. Digesta samples
within each pen were pooled and frozen (—20 °C) until analysis. Frozen digesta samples
were lyophilized and finely ground using an electric coffee grinder. Diet and digesta
samples were analyzed for dry matter, gross energy, nitrogen, and ether extract content.
Gross energy was determined with a bomb calorimeter (Parr 6200 bomb calorimeter, Parr
Instruments Co., Moline, IL, USA). Nitrogen was determined using the combustion method
(Fisions NA-2000, CE Elantech, Lakewood, NJ, USA) standardized with EDTA (method
990.03, AOAC International [15]) and ether extract was determined according to AOAC [15]
method 920.39. Titanium dioxide was included in the feed at 0.5% as an indigestible marker,
and diet and digesta TiO, concentrations were determined in duplicate following the
procedures of Short et al. [16]. Apparent ileal digestibility (AID) of dry matter, gross energy,
ether extract, and nitrogen were calculated using the following equation:

AID, % = {[(X/TiO2)diet — (X/TiO2)digesta]/ (X/ TiO2)diet} x 100,

where (X/TiO,) = ratio of nutrient concentration (%) to TiO, (%) in the diet or ileal digesta.
Energy digestibility (%) values obtained from the above equation were multiplied by the
gross energy content of the feed to calculate apparent ileal digestible energy (IDE) in units
of kecal/kg.

2.4. Processing Characteristics

At 43 d post-hatch, all birds from eight replicate pens were selected for processing on
d 44 after 12 h of feed withdrawal. Birds were transported in coops to the University of
Arkansas Pilot Processing Plant. Individual live bird weights were recorded immediately
before live-hanging. Birds were humanely euthanized, processed, and eviscerated. Hot
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carcass and abdominal fat pad weights were collected, and carcasses were chilled for at
least 2 h before deboning. All carcasses from each pen were deboned for collection of parts
weights and yields, with yield calculated as a percentage of pre-slaughter live body weight.
Processing outcomes included weights and yields of the following: hot and chilled carcass,
hot abdominal fat pad, pectoralis major (breast), pectoralis minor (tenders), leg quarters
(thigh and drum), and wings.

2.5. Statistical Analysis

Treatments were comprised of a factorial arrangement of coccidiosis control program
(CCP; ACD or VAC) x 3 starter dietary energy levels in a completely randomized block
design. The pen was considered the experiment unit for all measurements, and pen location
was a random blocking factor. Oocyst count data were arcsin square root transformed to
achieve normality prior to statistical analysis. Data within each time point were subjected
to a two-way ANOVA using the MIXED procedure of SAS 9.4 to assess the main effects of
dietary energy level, vaccination status, and their interaction. Statistically different main
effect means were separated using a Tukey’s multiple comparison test. When interactions
were present, single degree of freedom orthogonal contrasts were used to compare ACD
and VAC birds within a dietary energy level, with differences based on this comparison
denoted with an asterisk. Statistical significance was considered at p < 0.05 in all cases.

3. Results
3.1. Oocyst Shedding and Plasma Carotenoids

No oocysts were detected in the shavings before bird placement. At 11 d post-hatch,
VAC birds had higher (p < 0.05) excreta oocyst output and lower (p < 0.05) plasma carotenoid
concentrations than ACD birds, with no main or interactive effects (p > 0.05) of energy level
(Table 2).

Table 2. Effects of coccidiosis vaccination and starter diet energy concentrations on oocyst per gram
of excreta sample (OPG) and plasma carotenoid concentration (ug/mL) at 11 d post-hatch 2.

Moderate High p-Values 3
Item SEM ;
ACD VAC ACD VAC ACD VAC Energy CCP  Interaction
0.016 0.086 0.026 0.091 0.021 0.090
4
OPG (268) (8113) (1416) (9826) (567) (14,746) 0.0074 0:543 <0.001 0-908
Plasma 1.96 117 1.69 1.05 1.86 1.05 0.191 0557 0.001 0.876
carotenoids

! Values are LSMeans of 18 or 19 replicate pens for OPG and 7 replicate pens for plasma carotenoids. > Abbrevia-
tions: ACD—birds unvaccinated and given an in-feed anticoccidial drug; VAC—vaccinated, birds were given a
commercial dose of vaccine on the day of hatch. CCP—coccidiosis control program. Standard = 3008 kcal/kg;
moderate = 3058 kcal/kg; high = 3108 kcal/kg of nitrogen-corrected apparent metabolizable energy. 3 Overall
ANOVA p-values for the effects of energy, vaccination, and their interaction. # Statistical analysis was performed
on arcsin square root transformed data for OPG. Raw means are presented in parentheses.

3.2. Growth Performance and Apparent Ileal Digestibility of Nutrients and Ileal Digestible Energy
at 11 d Post-Hatch

Growth performance from 0 to 11 d post-hatch and nutrient and energy digestibility
data are presented in Table 3. At 11 d, VAC birds had lower (p < 0.05) BWG and higher
(p < 0.05) FCR than ACD birds, with no differences (p > 0.05) in FI. Main effects of CCP
(p < 0.05) and energy level (p < 0.05) were observed for AID of nutrients and IDE at 11 d
post-hatch. Vaccinated birds had a lower (p < 0.05) AID of dry matter, nitrogen, ether extract,
and energy and IDE compared with ACD birds. The AID of nitrogen was influenced by
energy level (p < 0.05) and was highest for the high-energy diet (81%), intermediate for
the moderate-energy diet (80%), and lowest for the standard energy diet (78%). Energy
level also influenced the AID of ether extract (p < 0.05) and was highest for the standard
energy diet (91%), intermediate for the moderate-energy diet (88%), and lowest for the
high-energy diet (86%). Furthermore, energy level also influenced IDE (p < 0.05) and was

44



Animals 2024, 14, 1524

highest for the high-energy diet (3426 kcal/kg), intermediate for the moderate-energy diet
(3384 kcal/kg), and lowest for the standard energy diet (3279 kcal/kg). Dietary energy
level did not influence (p > 0.05) AID of dry matter or energy.

Table 3. Effects of coccidiosis vaccination and starter diet energy concentrations on broiler growth
performance and apparent ileal digestibility of nutrients and energy in broilers at 11 d post-hatch 2.

Standard Moderate High p-Values 3
Item SEM L -
ACD VAC ACD VAC ACD  VAC Energy Ccp  |nteraction

Performance from 0 to 11 d post-hatch

E;%i:‘ée‘ght sam, 0288 0281 0295 0277 0283 0276 0004 0277  0.002 0316
Feed intake, kg/bird 0349 0340 0353 0339 0334 0341 0005 0127 0.8 0.061
FCR 1219 1232 1200 1247 1189 1244 0014 0817  0.001 0.270
Apparent ileal digestibility at 11 d post-hatch

Dry matter, % 69.1 634 70.4 64.7 714 65.8 110 0077 0.001 0.999
Nitrogen, % 80.3 76.2 82.0 772 834 79.1 088 0003 0001 0.767
Ether extract, % 9.3 89.2 90.6 84.7 90.9 813 186 0024 0001 0.142
Energy, % 72.3 66.6 73.5 67.5 748 68.4 114 0116 0.001 0.955
IDE 5, keal/kg 3432 3125 3530 3239 3581 3271 54 0014  0.001 0.980

! Values are LSMeans of 19 replicate pens for broiler performance and 6 or 7 replicate pens for nutrient digestibil-
ity. 2 Abbreviations: ACD—birds unvaccinated and given an in-feed anticoccidial drug; VAC—vaccinated,
birds were given a commercial dose of vaccine on the day of hatch. CCP—coccidiosis control program.
Standard = 3008 kcal/kg; moderate = 3058 kcal/kg; high = 3108 kcal/kg of nitrogen-corrected apparent me-
tabolizable energy. 3 Overall ANOVA p-values for the effects of energy, vaccination, and their interaction. 4 In the
case of an interaction, an asterisk (*) denotes statistical significance (p < 0.05) due to CCP within a dietary energy
level based on a single degree of freedom orthogonal contrasts. 5 IDE—ileal digestible energy.

3.3. Growth Performance to 43 d Post-Hatch and Processing Characteristics

At 18 d post-hatch, VAC birds had lower (p < 0.05) BWG and FI than ACD birds,
with no main or interactive effects of energy level (Table 4). An energy level by CCP
interaction was observed for FCR, where FCR was increased (p < 0.05) by VAC in birds
fed the moderate and high-energy diets but was not influenced by VAC (p > 0.05) in birds
fed the standard energy diet. After 18 d post-hatch, birds were fed a common grower diet
until 31 d post-hatch and a common finisher diet was fed from 31 to 43 d post-hatch. At
31 d post-hatch, BWG (p < 0.05) was lower for VAC birds than for ACD birds, with no
dietary effects. There were no treatment effects on FI (p > 0.05), but similar to the starter
period, an energy level by CCP interaction was observed for FCR (p < 0.05) whereby VAC
increased FCR in birds fed the moderate and high-energy diets, but not those (p > 0.05)
fed the standard energy diet. At 43 d post-hatch, neither CCP nor energy level impacted
broiler BWG or FI (p > 0.05). However, an energy level by CCP interaction for FCR persisted
whereby FCR was increased (p < 0.05) by VAC in birds fed the moderate-energy diet but
was not influenced by VAC (p > 0.05) in birds fed the standard or high-energy diets.

At 44 d post-hatch, hot and chilled carcass and wing yields were lower (p < 0.05)
for VAC birds than for ACD birds, with no effects of dietary energy (Table 5). A diet by
CCP interaction for wing weight was observed, whereby VAC reduced (p < 0.05) the wing
weight in birds fed the moderate and high-energy diets but not those (p > 0.05) fed the
standard energy diet. No other processing measurement was influenced by energy level or
CCP (p > 0.05).
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Table 4. Effects of coccidiosis vaccination and starter (0 to 18 d) diet energy concentrations on broiler

growth performance 2.
Standard Moderate High p-Values 3
Item SEM -
ACD VAC ACD VAC ACD VAC Energy Ccp |nteraction
0 to 18 d post-hatch
Body weight gain, kg/bird ~ 0.700 0.681 0.711 0.659 0.703 0.667 0.009 0.740 0.001 0.206
Feed intake, kg/bird 0.899 0.879 0.899 0.859 0.881 0.881 0.012 0.671 0.044 0.233
FCR 1.290 1.316 1.279 1.328*  1.264 1.340 * 0.008 0.981 0.001 0.006
0 to 31 d post-hatch
Body weight gain, kg/bird ~ 2.096 2.094 2.115 2.046 2.112 2.049 0.021 0.703 0.007 0.178
Feed intake, kg/bird 2972 2.956 2.963 2919 2.975 2.965 0.029 0.579 0.330 0.814
FCR 1.445 1.443 1.415 1.479*  1.416 1.459 * 0.009 0.507 0.001 0.001
0 to 43 d post-hatch
Body weight gain, kg/bird ~ 3.419 3.439 3.424 3.384 3.429 3.392 0.028 0.628 0.377 0.447
Feed intake, kg/bird 5.392 5.406 5.363 5.350 5.409 5.395 0.434 0.505 0.892 0.936
FCR 1.603 1.595 1.579 1.627* 1584 1.602 0.008 0.381 0.001 0.002
! Values are LSMeans of 12 replicate pens. 2> Abbreviations: ACD—birds unvaccinated and given an in-feed
anticoccidial drug; VAC—vaccinated, birds were given a commercial dose of vaccine on the day of hatch.
CCP—coccidiosis control program. Standard = 3008 kcal/kg; moderate = 3058 kcal/kg; high = 3108 kcal/kg of
nitrogen-corrected apparent metabolizable energy. 3 Overall ANOVA p-values for the effects of energy, vaccination,
and their interaction. * In the case of an interaction, an asterisk (*) denotes statistical significance (p < 0.05) due to
CCP within a dietary energy level based on single degree of freedom orthogonal contrasts.
Table 5. Effects of coccidiosis vaccination and starter diet energy concentrations on broilers processed
at 44 d post-hatch 12
Standard Moderate High p-Values 3
Item SEM -
ACD VAC ACD VAC ACD VAC Energy ~ Cccp  |nteraction
Hot Carcass
Weight, kg 2.541 2.530 2.533 2.506 2.557 2.520 0.029 0.777 0.301 0.900
Yield, % 75.12 74.73 75.26 75.05 75.40 74.87 0.175 0.351 0.012 0.672
Fat Pad
Weight, kg 0.034 0.032 0.034 0.035 0.037 0.034 0.002 0.203 0.404 0.360
Yield, % 1.00 0.95 0.99 1.05 1.08 1.02 0.043 0.160 0.533 0.210
Chilled Carcass
Weight, kg 2.575 2.565 2.569 2.538 2.592 2.555 0.029 0.766 0.284 0.895
Yield, % 76.13 75.75 76.34 76.01 76.43 75.94 0.176 0.312 0.008 0.894
Breast
Weight, kg 0.683 0.680 0.684 0.673 0.688 0.680 0.010 0.757 0.202 0.965
Yield, % 20.46 20.04 20.31 20.12 20.23 20.15 0.150 0.925 0.063 0.510
Tender
Weight, kg 0.132 0.134 0.130 0.130 0.133 0.132 0.002 0.196 0.937 0.624
Yield, % 3.91 391 3.86 3.89 3.90 3.92 0.030 0.455 0.495 0.848
Leg Quarters
Weight, kg 0.785 0.788 0.779 0.781 0.789 0.792 0.010 0.517 0.740 0.999
Yield, % 23.14 23.26 23.15 23.41 23.30 23.54 0.133 0.248 0.053 0.829
Wings
Weight, kg 0.269 0.270 0.273 0.263 * 0.277 0.265 * 0.002 0.489 0.001 0.023
Yield, % 7.96 797 8.12 7.89 8.08 7.89 0.617 0.797 0.008 0.094

! Values are LSMeans of eight replicate pens. > Abbreviations: ACD—birds unvaccinated and given an in-
feed anticoccidial drug; VAC—vaccinated, birds were given a commercial dose of vaccine on the day of hatch.
CCP—coccidiosis control program. Standard = 3008 kcal/kg; moderate = 3058 kcal/kg; high = 3108 kcal /kg of
nitrogen-corrected apparent metabolizable energy. > Overall ANOVA p-values for the effects of energy, vaccination,
and their interaction. * In the case of an interaction, an asterisk (*) denotes statistical significance (p < 0.05) due to
CCP within a dietary energy level based on single degree of freedom orthogonal contrasts.

46



Animals 2024, 14, 1524

4. Discussion

Coccidiosis vaccination with live Eimeria induces immunity in chickens after several
rounds of oocyst cycling [17]. In the current experiment, increased excreta oocyst output
confirmed vaccinal oocyst cycling and indicated a successful model for comparing the
responses of birds to dietary energy under two coccidiosis control programs. Plasma
carotenoids, a sensitive indicator of coccidial-induced intestinal damage in birds [18],
reflected malabsorption in VAC birds compared with those given an ACD. Coccidiosis
vaccination on the day of hatch also reduced BWG and impaired FCR of broilers at 11 d
post-hatch, with no effects on FI. This impaired FCR was likely due in part to nutrient
malabsorption, as vaccination decreased IDE by 303 kcal/kg and AID of dry matter, nitro-
gen, and ether extract by 5.7, 4.5, and 6.2 percentage units, respectively, when compared
with ACD birds at 11 d post-hatch. This vaccine-induced decrease in nutrient digestibility,
particularly for lipids (ether extract), was expected based on previous reports [19].

The magnitude of reductions in IDE associated with coccidiosis vaccination in previ-
ous experiments in our lab [4,20] informed the dietary energy concentrations evaluated
in the current study. As the energy density of starter diets increased with soybean oil
supplementation, the AID of nitrogen and IDE also increased. Likewise, previous research
has shown that supplemental lipids can reduce the digesta passage rate through the intesti-
nal tract, allowing more time for the digestion and absorption of all nutrients present in
the diet, including protein and starch [21,22]. The reduction in AID of ether extract that
occurred as soybean oil inclusion increased, regardless of vaccination status, may reflect a
limited ability of broilers at this age to efficiently digest or absorb lipids beyond a certain
threshold [23]. Furthermore, despite being fat-soluble components, plasma carotenoids
were not influenced by soybean oil content, indicating that the amount of added lipid in
the standard energy diet was likely not limiting carotenoid absorption for birds in either
coccidiosis control program.

The reduction in BWG for VAC birds observed at 18 and 31 d diminished by 43 d
post-hatch. Previous literature has also reported broilers administered an Eimeria vaccine at
day of hatch had a 3 to 4% reduction in BWG at 17 and 21 d post-hatch, with no differences
in BWG observed at 28 d post-hatch when compared with non-vaccinated broilers [4,24,25].
Therefore, as intended, coccidiosis vaccination provided early Eimeria exposure, which
allowed birds to compensate for the minor reduction in weight before the end of the grow-
out period. Similar to the final live weights, vaccination did not impact hot or chilled
carcass weights or yields at 44 d post-hatch in the current experiment. The reduction in
wing weight for VAC birds fed moderate and high-energy diets may be due to differences
in the protein and amino acid composition of the wing compared with other processing
parts, which were not impacted by energy level or vaccination status [9]. Starter diet energy
levels did not influence any processing characteristics. Similarly, Birk et al. [26] reported no
differences in processing yields at 50 d of age when broilers were fed pre-starter diets that
contained increased energy densities achieved by increased lipid inclusions at 1.3, 6, or 8%
of the diet.

Despite the lack of difference in final BW and processing yields, increasing the dietary
energy density by soybean oil supplementation in the starter period negatively impacted
the FCR of VAC birds, not only during the starter period but throughout the grower and
finisher periods, which was contrary to our hypothesis. Vaccinated birds fed the moderate
and high-energy diets during the starter period had impaired FCR at 18 and 31 d post-
hatch, and while no differences in FCR were observed between ACD and VAC birds fed
the high-energy diet at 43 d post-hatch, the FCR of VAC birds fed the moderate-energy
diet remained impaired. A lack of interaction between starter energy level and CCP on
11 d nutrient digestibility indicates that causes other than altered digestibility were likely
responsible for the persistent energy level by vaccine interaction for FCR.

The unexpected, relatively greater impact of coccidiosis vaccination on FCR of birds
fed the moderate and high-energy levels than for those fed the standard energy diet may
have resulted from a proportionately greater need by vaccinated birds for glucose than for
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lipids as a fuel source. Benson et al. [27] reported that BWG and FCR of lipopolysaccharide-
injected birds responded positively when dietary energy was increased from 2800 to
3200 kcal ME/kg using cornstarch, whereas the same increase in energy achieved with
corn oil exacerbated the growth depression caused by lipopolysaccharide injection. Other
experiments using lipopolysaccharide as an inflammatory agent have demonstrated in-
creased demand for glucose by peripheral tissues and enhanced rates of gluconeogenesis
from various precursors [28].

Enteric pathogenic infection likely also increases the demand for glucose per se as a
fuel source for enterocytes. Indeed, the demand for glutamine, a glucogenic amino acid,
increases during coccidiosis vaccination, potentially for its role as an energy source for
immune cells and enterocytes [29]. Additionally, serum lipid levels have been reported to
increase following infection or inflammatory response, perhaps due to increased lipolysis
and decreased lipoprotein lipase activity, which alters the uptake and utilization of fatty
acids during an inflammatory response [30-32]. In humans, the consumption of high-
fat diets has been shown to increase intestinal permeability via a reduction in mucin
production and downregulation of tight junction proteins [33,34]. Therefore, the intestinal
damage and inflammation associated with the sub-clinical, vaccine-induced infection
in the current experiment may have been exacerbated when birds were fed increased
amounts of soybean oil. As such, an increase in energy density by carbohydrate or amino
acid supplementation, and not lipid, may be a more effective strategy for supporting the
performance of coccidiosis-vaccinated broilers.

5. Conclusions

In conclusion, coccidiosis vaccination did not compromise final BWG, FI, or most
processed parts weights of 43 d old broilers, and a lack of response in these measurements
to dietary energy during the starter period (0 to 18 d) indicates that this was not limiting
dietary component for these outcomes. However, contrary to our original hypothesis,
feeding increased energy density diets through greater soybean oil inclusion during the
starter period caused detrimental effects on the feed efficiency of vaccinated broilers that
persisted beyond the period of vaccine cycling. As such, further research is warranted
to understand the mechanisms of Eimeria-induced lipid malabsorption and its impacts
on broiler gastrointestinal health beyond reduced energy availability and lipid-soluble
vitamin absorption.
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Simple Summary: Anticoccidial agents, crucial for controlling parasitic infections in poultry, should
ideally interfere with multiple stages of the parasite’s lifecycle. This study aimed to evaluate the
influence of anticoccidial drugs, natural essential oils, and their pure bioactive compounds on the first
round of schizogony of Eimeria tenella in vitro. The results revealed that both essential oils and con-
ventional anticoccidial compounds were equally adept at preventing schizont formation. However,
the pure bioactive compounds displayed only a slightly reduced level of development, indicating
a potential decrease in pathogenicity. This investigation sheds light on the capacity of natural sub-
stances to disrupt the intracellular development of the E. tenella parasite, providing valuable insights
into their mechanisms of action and their potential for safer alternatives in anticoccidial development.

Abstract: Coccidiosis poses a significant challenge in poultry production and is typically managed
with ionophores and chemical anticoccidials. However, the emergence of drug resistance and
limitations on their use have encouraged the exploration of alternative solutions, including botanical
compounds and improvements in in vitro screening methods. Prior research focused only on the
impact of these alternatives on Eimeria invasion, with intracellular development in cell cultures
receiving limited attention. This study assessed the impact of thyme (Thymus vulgaris), oregano
(Origanum vulgare), and garlic (Allium sativum) essential oils, as well as their bioactive compounds, on
the initial phase of schizogony in Madin-Darby bovine kidney cells, comparing their effectiveness to
two commercially used anticoccidial drugs. Using image analysis and quantitative PCR, the study
confirmed the efficacy of commercial anticoccidials in reducing invasion and schizont formation,
and it found that essential oils were equally effective. Notably, thymol and carvacrol exhibited mild
inhibition of intracellular replication of the parasite but significantly reduced schizont numbers,
implying a potential reduction in pathogenicity. In conclusion, this research highlights the promise
of essential oils and their bioactive components as viable alternatives to traditional anticoccidial
drugs for mitigating coccidiosis in poultry, particularly by disrupting the intracellular development
of the parasites.

Keywords: avian coccidiosis; Eimeria tenella; in vitro; schizogony; botanicals; anticoccidials

1. Introduction

Avian coccidiosis is one of the most concerning parasitic diseases as it poses a signifi-
cant threat to the health of birds and the poultry industry, which is estimated to be up to
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USD 13 billion per year [1]. Eimeria spp. are recognized as the causative agent of the disease,
and they are protozoan parasites that replicate inside the host’s enterocytes, causing inflam-
mation, ulceration, and bleeding. This results in poor nutrient absorption and growth. High
mortality rates are also common in severe cases, while, in sub-clinical cases, an infection
with Eimeria spp. can predispose to secondary opportunistic pathogen infections, such as
Clostridium perfringens, Campylobacter jejuni, and Salmonella infections [2-4].

The treatment and prevention of coccidiosis relies on the use of ionophores and
chemical anticoccidials; however, spreading of resistance due to their extensive use has
raised concerns in the poultry industry [5]. Significant research efforts have been directed
towards exploring alternatives to anticoccidials. Particularly, attention has been focused on
botanical compounds and natural remedies, which allegedly exhibit the ability to disrupt
multiple stages of parasite development, offering promising avenues for combating this
parasitic disease [6].

Among the various compounds that have been tested, essential oils (EOs) derived
from Lamiaceae and Amaryllidaceae (i.e., Oregano and Allium spp.) have shown positive
outcomes in alleviating the clinical signs of coccidiosis in vivo and in reducing oocyst
shedding after infection. In addition, in some cases, an improvement in the Eimeria-induced
lesions has been assessed [7-9]. The positive effects of these substances are believed to
be due to the bioactive molecules they contain. Thymol and carvacrol are two of the
main monoterpene phenols of Lamiaceae plants, like thyme and oregano. They have well-
documented antibacterial and immunomodulatory proprieties, which make them good
candidates to treat enteric infections [10,11]. Also, recent studies have claimed them as anti-
protozoal agents against Lehismania spp. and Cryptosporidium parvum [12,13]. Allium spp.
contain a wide pool of biologically active organosulfur compounds, including allin, ajoene,
allicin, diallyl sulphide, and S-allylcysteine, showcasing antibacterial, anti-inflammatory,
antiseptic, antiparasitic, and immunomodulatory properties [14,15].

However, due to their high variability, these botanical mixtures are far from being
adequately characterized, especially on their anticoccidial proprieties and modes of action.
To do so, an improvement of the available screening methodologies for novel anticoccidial
candidates is needed.

The challenges associated with obtaining reliable and standardized in vitro models
have led to a predominant reliance on in vivo research methods for studying these alter-
natives to ionophores and chemical anticoccidials. However, conducting research in vivo
presents certain limitations, including the intricate and variable nature of these models
and ethical concerns associated with animal experimentation, as well as the high cost and
restricted availability of necessary resources [16].

Among the various species causing chicken coccidiosis, E. tenella holds particular
significance due to its high pathogenicity. For this reason, it has been the most studied
avian Eimeria species. Consequently, it serves as a valuable model for studying and
conducting research on these parasites in vitro [16]. In addition, unlike other species, E.
tenella is able to undergo the first round of schizogony in immortalized mammalian cell
lines, like Madin—-Darby bovine kidney (MDBK) cells [17]. This property has been used
in previous studies to establish a robust in vitro assay for evaluating the first round of
schizogony [18]. Moreover, researchers utilized a transgenic fluorescent strain of E. tenella,
which expresses yellow fluorescent protein (YFP), to visually examine the developmental
timeline and the impact of certain anticoccidial drugs [18].

In the present study, this methodology has been used to examine the anticoccidial
proprieties of three essential oils derived from thyme (Thymus vulgaris), oregano (Oregano
vulgaris), and garlic (Allium sativum), and their main bioactive compounds (‘nature-identical
compounds’, NIC), on the development of E. fenella. Also, the effects of these natural
compounds have been compared to two common anticoccidial drugs (AC): salinomycin, an
ionophore drug that alters the membrane gradient, and robenidine, a guanidine derivative
whose main action is the inhibition of maturation of 1st generation schizonts [19].
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2. Material and Methods
2.1. Parasites and Birds

The strain E. tenella dYFP, derived from the Wisconsin strain [20], was propagated in
3-week-old White Leghorn chickens reared under specific pathogen-free conditions [21].
Oocyst harvest, excystation, and sporozoite purification were conducted following the
methods described in a previous study [22]. Freshly purified sporozoites (0.1 x 10° per
replicate) were used to infect a cell monolayer in a 96-well plate format.

2.2. Cell Culture

Madin-Darby bovine kidney cells (MDBK-NBL-1, ECACC-Sigma-Aldrich, Salisbury,
UK) were maintained in cell culture flasks in Advanced DMEM (Cat. #11520436—Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 5% fetal bovine serum (Cat.
#11573397—Thermo Fisher Scientific, Waltham, MA, USA), 1x penicillin/streptomycin
solution (Cat. #11548876—Thermo Fisher Scientific, Waltham, MA, USA), and 1 x Glutamax
(Cat. #11574466—Thermo Fisher Scientific, Waltham, MA, USA). Four hours prior to
invasion, the cells were seeded in 96-well plates (Cat. #10687551—Thermo Fisher Scientific,
Waltham, MA, USA) at a concentration of 0.05 x 10 cells/well.

2.3. Chemicals and Reagents

Salinomyecin from Streptomyces albus (Cat. # S4526, Sigma-Aldrich, St. Louis, MO,
USA) and robenidine hydrochloride (Cat. # 33979, Sigma-Aldrich, St. Louis, MO, USA)
were resuspended, respectively, with ethanol and dimethyl-sulfoxide (Cat. #D2650, Sigma-
Aldrich, St. Louis, MO, USA) and used at a final concentration of 1 and 5 ppm, respectively.

All EOs in this study were analyzed at the same concentration (40 ppm), and the
NIC were tested at 20 ppm. The choice of a single concentration was based on a previous
study [23].

Oregano essential oil (OEO) was provided by Galen-N (Galen-N Ltd., Sofia, Bulgaria).
Garlic oil (GAR) was purchased from Lluch Essence (Lluch Essence S.L.U, Barcelona, Spain)
and thyme essential oil (TEO) from Grupo Indukern (Grupo Indukern, Madrid, Spain). All
the stock solutions were prepared in ethanol and added to cells, with a final concentration
of 40 ppm in supplemented Advanced DMEM. In all cases, the final concentration of
ethanol was less than 0.5% (v/v).

Carvacrol (CAR—Cat. #W224511, analytical grade 99%, Sigma-Aldrich, St. Louis, MO,
USA), diallyl-disulfide (DDS—Cat. #sSMB00378, analytical grade > 98%, Sigma-Aldrich,
St. Louis, MO, USA), and thymol (THY—Cat. #T0501, analytical grade > 98.5%, Sigma-
Aldrich, St. Louis, MO, USA) were all diluted in ethanol to prepare stock solutions and
used at a final concentration of 20 ppm in supplemented Advanced DMEM.

2.4. Development Assay

After purification, the sporozoites were added to the cells in the absence or presence
of the described treatments. The cells were incubated at 41 °C with 5% CO,. After 4 h of
incubation, the non-invading sporozoites were removed from the wells, and the medium
with the treatments was replenished. After 48 h, the cells were provided with fresh medium
along with the respective treatments.

After 24, 48, 72, and 96 h post-infection (hpi), the cells were either fixed in 4%
paraformaldehyde or harvested with RTL buffer (Qiagen, Hilden, Germany), as described
by the manufacturer’s protocol, for subsequent nucleic acid extraction. Each experiment
was repeated at least twice.

2.5. Isolation of Nucleic Acids

Genomic DNA (gDNA) was isolated from the samples stored in RTL buffer. The
AllPrep DNA/RNA 96 Kit (Cat. #80311—Qiagen, Hilden, Germany) was used for the
isolation process, following the manufacturer’s instructions. A vacuum manifold designed
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for processing 96-well plates (Cat. #9014579—Qiagen, Hilden, Germany) was employed for
this purpose.

2.6. Real Time Quantitative PCR (gPCR)

To perform qPCR, the CFX96 Touch R Real-Time PCR Detection System (C1000—Bio-Rad,
Hercules, CA, USA) was used. The procedures were carried out according to previously
described methods, utilizing the DNA-binding dye SsoFastTM EvaGreen Supermix (Cat.
#172-5203—Bio-Rad, Hercules, CA, USA) [24].

For parasite quantification, the number of haploid genomes (equivalent to single
sporozoites) per well (four wells per sample as technical replicates) was determined. This
quantification was achieved using gDNA-specific primers targeting E. tenella 56 TDNA
(Fw_5S: TCATCACCCAAAGGGATT, Rv_5S: TTCATACTGCGTCTAATGCAC) [20]. A
standard curve of sporozoite gDNA, extracted using the same methods, was generated [25].
This standard curve encompassed gDNA equivalent to 10”7 genomes, followed by serial
dilution until 10> genomes.

The inhibition of invasion at 24 hpi was calculated with the following equation devel-
oped by Thabet et al. [26]:

% of inhibition — 100 x <1 number of E. tenella gene copies in treated sample )

" number of E. tenella gene copies in non — treated control

To compare the replication rates after treatments, excluding the effects of invasion,
slopes of the replication lines were calculated between 24 and 72 hpi. The slopes were
calculated with the formula below, as previously described by Arias-Maroto et al. [25]:

y (72 hpi) —y (24 hpi)
48 (time lag)

m (slope) =

2.7. Image Analysis

The paraformaldehyde-fixed samples were observed using a fluorescence microscope
(Nikon Eclipse Ti2—Nikon, Tokyo, Japan) at 20, using Plan fluor Nikon lenses at a wave-
length of 490 nm. Six random fields were captured and analyzed with a semi-automated
procedure relying on a custom script designed on Image]J. Each picture was converted into
an 8-bit image before applying threshold masks separately and converting the picture into
a binary image. On the binary images, two possible values (black or white) were given
to each pixel, according to the intensity of the fluorescence. The final particle analysis
involved identifying the edges of the black and white structures; this allowed the recording
of particle numbers and sizes, both on average and individually. These data were collected
and processed for statistical analysis. To assess general parasite growth, the average area,
including any sort of stage (sporozoites and schizonts), was calculated for every field. Also,
for specific cases where a certain level of growth was observed, the schizont area was
calculated separately, assuming as schizonts the particles with an area higher than 50 pm?,
The rate of schizont growth was calculated as the slope of the regression line between 24
and 72 hpi, as indicated by the formula reported in the previous section.

2.8. Statistical Analysis

GraphPad Prism 9.4.1 was utilized for statistical analysis. For the qPCR data, the
number of genomes was normalized based on the mean value of the challenged control
at 24 hpi of each independent experiment. For all data, the descriptive analysis was
conducted, and normality was assessed with the Shapiro-Wilk test (p > 0.05). Normally
distributed data were analyzed using either a one-way ANOVA (for schizont size) or a two-
way ANOVA (for repeated measurements). Non-normally distributed data were analyzed
using the Kruskal-Wallis test (for schizont number) or mixed-effects analysis (for repeated
measurements). To define significant differences among treatments, post hoc multiple
comparison analyses were performed: the mean of each treatment was compared with
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the mean of every other treatment using Tukey’s test for normally distributed data and
mixed-effects analysis, while Dunn’s test was adopted for non-normally distributed data.
Differences were considered significant when the p value was <0.05 and were denoted
as letters.

3. Results
3.1. Characterization of E. tenella Intracellular Growth in MDBK Cells

Infected MDBK cells were examined using a fluorescence microscope to evaluate the
morphological characteristics of the different developmental stages obtained in culture

on a 96-h time course. Figure 1 shows representative images of the development at each
time point.

Figure 1. Intracellular development time course (20x objective). Images (A-C) indicate the intracel-
lular sporozoites at 24 h post infection (hpi) ((A) = merge, (B) = green fluorescence, (C) = brightfield).
Images (D-F) indicate intracellular sporozoites at 48 hpi and early stages of development, indicated
by black arrows in merge pictures and white arrows in green fluorescence pictures ((D) = merge,
(E) = green fluorescence, (F) = brightfield). Images (G-I) indicate intracellular parasite at 72 hpi
and late stages of development, indicated by white arrows ((G) = merge, (H) = green fluorescence,
(I) = brightfield). Images J-L indicate intracellular parasites at 96 hpi. Residual developmental stages
are indicated by white arrows ((J) = merge, (K) = green fluorescence, (L) = brightfield). Size bar
~100 um.
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During the first phases of infection, occurring within 24 hpi, sporozoites that success-
fully invaded the cells were observed. At 48 hpi, it was already possible to observe some
early stages of development, corresponding to early schizonts. Those appeared as round
objects, larger in size compared to intracellular sporozoites. At 72 hpi, larger schizonts
were clearly observed in the infected monolayer. Compared to early schizonts, which
are difficult to distinguish using bright field, late ones appeared more condensed and, in
most cases, were clearly discernable in the monolayer. After 96 h, the number and size of
schizonts dropped visibly due to schizont breakage.

Figure 2 shows the average area increase of intracellular parasites during the time
course, considering sporozoites at 24 hpi and only schizonts at later timepoints. Starting
from an area of around 30.0 pm?, the intracellular sporozoites started their maturation in
schizonts. At 48 hpi, the average area was significantly bigger (181.0 um?), but the highest
increase was visible at 72 hpi, as the schizonts” area reached an average of 377.0 pum?2. At
96 hpi, the area was slightly smaller than the previous timepoint (240.5 pm?).
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Figure 2. Average size of E. tenella intracellular stages measured by semi-automated imaging software.
Data are represented as mean + SEM (n = 18). The plotted values are 26.70 & 1.72 at 24 hpi,
181.00 £ 7.94 at 48 hpi, 377.00 £ 17.91 at 72 hpi, and 240.50 £ 13.01 at 96 hpi. Different letters indicate
significant differences among timepoints (p < 0.05).

3.2. Effects of Natural Compounds on Intracellular Growth

The effect of the different tested compounds on the average size of intracellular
E. tenella stages is shown in Figure 3 and Table 1. Concerning AC and all the EO, no
intracellular development was visible; in the cell monolayer only internalized sporozoites,
characterized by an average size of 30 um?, were observed. In the case of NIC, THY
20 ppm allowed a low degree of intracellular development at 48 and 72 hpi, while CAR
and DDS did not cause any significant reduction of the average E. fenella size compared to
the challenged control.
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Figure 3. Average size of intracellular E. tenella after treatment with anticoccidial drugs (A), essential
oils (B), or nature-identical compounds (C). Data are represented as mean with SEM (n = 12), and
the values are listed in Table 1. Different letters indicate significant differences among groups within
the same time point and the same graph (p < 0.05). Thyme essential oil (TEO); oregano essential oil
(OEO); garlic oil (GAR); thymol (THY); carvacrol CAR); diallyl-disulfide (DDS).

Table 1. Average size of intracellular E. fenella after treatment. Data are represented as mean with
SEM (n = 12). Values are represented as graph in Figure 3.

Average Size (um?)

24 hpi 48 hpi 72 hpi 96 hpi
Challenged control 26.70 £1.72 56.65 & 4.70 96.30 £ 9.49 32.8 +4.65
Robenidine 5 ppm 29.49 £1.32 29.90 £ 1.44 18.47 4= 3.38 27.60 £1.14
Salinomycin 1 ppm 23.21 £2.07 17.50 £1.13 14.54 +1.40 15.66 & 2.12
TEO 40 ppm 25.62 + 140 20.46 +1.14 37.01 +13.38 18.76 + 3.81
OEO 40 ppm 21.58 £1.22 24.30 £ 2.41 30.41 £ 5.89 21.08 £ 3.39
GAR 40 ppm 24.54 £ 1.16 26.35 £ 0.60 23.38 +£1.21 25.67 £ 0.97
THY 20 ppm 21.59 £0.92 38.26 +3.39 45.88 +4.71 45.85 +7.33
CAR 20 ppm 25.45 £ 1.04 4531 +5.16 73.44 +9.94 27.71 £1.26
DDS 20 ppm 24.05 £ 1.60 51.02 £ 3.91 84.870 +11.98 27.76 £2.23

Thyme essential oil (TEO); oregano essential oil (OEO); garlic oil (GAR); thymol (THY); carvacrol CAR); diallyl-
disulfide (DDS).

To better understand if the growth velocity was affected by the treatments, the rate of

growth was calculated, considering average area values between 24 and 72 hpi (Table 2). In
the challenged control group, the intracellular parasites grew by 1.21 umz /h. All AC and
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Schizont size (uf m2)

EO managed to stop growth, keeping the growth rate close to 0. Among NIC, only THY
was significantly lower than the challenged control.

Table 2. Rate of growth of intracellular E. tenella after treatment (between 24 and 72 hpi). Data are
reported as mean with SEM (n = 12).

Rate (um?2/h)

Challenged control 1.21 +£0.08 2

Robenidine 5 ppm —0.23 +0.09 4

Salinomycin 1 ppm —0.1740.04 4
TEO 40 ppm —0.04 £ 0.03 «d
OEO 40 ppm 0.07 + 0.06 <4
GAR 40 ppm —0.03 £ 0.03 «d
THY 20 ppm 0.51 4 0.10 ¢
CAR 20 ppm 0.87 4+ 0.24 2P
DDS 20 ppm 0.97 4 0.27 2

abed Significant differences among groups (p < 0.05). Thyme essential oil (TEO); oregano essential oil (OEO);
garlic oil (GAR); thymol (THY); carvacrol CAR); diallyl-disulfide (DDS).

The sizes and numbers of E. tenella schizonts were also assessed after treatment in cases
where a certain degree of intracellular growth was observed. This was done to examine
the impact of these substances specifically on the schizonts at the peak of development,
observed at 72 hpi (Figure 4).

Mean with SEM Mean with SEM
p<0.05 p<0.05
n=12 n=12
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a B 15+
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217 +0.87
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Figure 4. Analysis of schizont size (A) and number (B) at 72 hpi. Data are represented as mean with
SEM (n = 12). Different letters indicate significant differences among groups (p < 0.05). Thymol
(THY); carvacrol CAR); diallyl-disulfide (DDS).

Considering the schizont size at 72 hpi, only THY reduced the parameter compared to
the challenged control. However, a reduction in the number of sporozoites per field was
observable with both THY and CAR, while with DDS, only a non-significant numerical
reduction was visible.

3.3. Effects of Natural Compounds on Parasite Invasion and Replication

Almost all the compounds significantly reduced the internalization of sporozoites
at 24 hpi (Table 3). AC and EO lead to the most significant decrease of invasion, with
values above 50% for both groups. Among NIC, only CAR significantly inhibited invasion
regarding the control, with a level of 43%.
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Table 3. Level of inhibition of invasion 24 hpi. Data are reported as mean with SEM (1 = 8).

Level of Inhibition (%)

Challenged control 0.00 == 9.29 b¢

Robenidine 5 ppm 51.65 +5.44 2

Salinomycin 1 ppm 61.40 +£3.042
TEO 40 ppm 67.76 + 5.88 2
OEO 40 ppm 55.86 + 10.63 @
GAR 40 ppm 4470+ 10.81 2
THY 20 ppm —26.08 £19.74 ¢
CAR 20 ppm 43.05+3.622
DDS 20 ppm 38.96+ 10.47 2

abe Significant differences among groups (p < 0.05). Thyme essential oil (TEO); oregano essential oil (OEO); garlic
oil (GAR); thymol (THY); carvacrol CAR); diallyl-disulfide (DDS).

Figure 5 shows the quantification of E. tenella intracellular genomes as a percentage
in relation to the challenged control at 24 hpi. Parasite replication was evident in the
challenged control, as the number of genomes nearly tripled every 24 h, peaking at 72 hpi.
However, at 96 hpi, the number of intracellular genomes dropped significantly (probably
caused by schizont breakage, with release of merozoites into the washed supernatants).

Table 4. Quantification of intracellular E. tenella DNA by qPCR after treatment. Data are represented
as mean with SEM (n = 8). Values are represented as a graph in Figure 5.

Intracellular E. tenella DNA (%)

24 hpi 48 hpi 72 hpi 96 hpi
Challenged control 100.00 £9.29 291.99 £ 82.71 676.43 +162.14 311.58 £27.35
Robenidine 5 ppm 48.35 £ 5.44 2193 +£4.14 8.06 £ 2.36 12.87 & 4.75
Salinomycin 1 ppm 38.61 £ 3.04 16.28 + 2.62 13.34 £ 3.97 12.80 + 3.81
TEO 40 ppm 32.24 +£5.88 13.73 + 2.88 13.34 +£2.14 14.25 + 3.14
OEO 40 ppm 44.14 +£10.63 8.54 +2.18 8.98 +1.59 9.43 +2.77
GAR 40 ppm 64.15 + 12.88 3212 £3.72 16.99 +3.78 23.31 £7.41
THY 20 ppm 126.08 £19.74  94.65 +30.03  280.62 +£103.94  250.85 & 95.30
CAR 20 ppm 7143 £14.82  121.33 +37.52 166.03 =51.33  203.15 £ 71.00
DDS 20 ppm 61.04 £ 10.47 208.01 £ 65.58 414.91 £ 33.20 310.68 £+ 34.73

Thyme essential oil (TEO); oregano essential oil (OEO); garlic oil (GAR); thymol (THY); carvacrol CAR); diallyl-
disulfide (DDS).

The ACs and the EOs successfully reduced the number of intracellular parasite
genomes starting from the moment of infection (24 hpi). Subsequently, there was no
further detected nuclear replication in any of these groups during the subsequent time
points (Figure 5). Concerning NIC, a partial inhibition of replication was noticed in the
groups THY and CAR. These groups did not exhibit a distinct peak of growth at 72 hpi,
suggesting a certain level of efficacy in inhibiting parasite replication. The DDS group did
not show any significant difference, but their numbers at the peak (72 hpi) were lower than
in the challenged control, potentially influenced by the lower (but not significant) number
of invading sporozoites (Figure 5 and Table 4).

The rate of replication was calculated to investigate the intracellular development
velocity of between 24 and 72 hpi (Table 5). In the challenged control group, the replication
rate was 6.44 genomes/h. Most of the compounds demonstrated a capacity to reduce this
rate. Specifically, AC and EO significantly reduced it, reaching values below 0 (usually
caused by non-developing sporozoites observed to leave host cells over time). Meanwhile,
THY and CAR managed to decrease the rate to almost half of the challenged control, but
not significantly.
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Figure 5. Quantification of intracellular E. tenella DNA by qPCR after treatment with anticoccidial
drugs (A), essential oils (B), or nature-identical compounds (C). Values are expressed as percentage
over the control at 24 hpi. Data are represented as mean with SEM (1 = 8) and the values are listed in
Table 4. Significant differences among groups within the same time point and the same graph are
indicated with different letters (p < 0.05). Thyme essential oil (TEO); oregano essential oil (OEO);
garlic oil (GAR); thymol (THY); carvacrol CAR); diallyl-disulfide (DDS).

Table 5. Rate of E. tenella DNA replication (between 24 and 72 hpi). Data are reported as mean with
SEM (n = 8).

Rate (genomes/h)

Challenged control

6.44 4+ 0.94 2

Robenidine 5 ppm —0.84 £0.14 ¢

Salinomycin 1 ppm —0.53 £0.09 ¢
TEO 40 ppm —0.39 £0.09¢
OEO 40 ppm —0.73+0.23°¢
GAR 40 ppm —0.78 £0.30
THY 20 ppm 3.55 + 2.45 2bc
CAR 20 ppm 2,63+ 1.167¢
DDS 20 ppm 7.37 £0.82°

abe Significant differences among groups (p < 0.05). Thyme essential oil (TEO); oregano essential oil (OEO); garlic

oil (GAR); thymol (THY); carvacrol CAR); diallyl-disulfide (DDS).

4. Discussion

Anticoccidials of any nature should be safe for the host, easy to produce and apply,
and, preferentially, they should interfere with more than one stage of the parasite’s lifecycle,
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with a deep and comprehensive characterization of their mode of action [27]. For this
purpose, in vitro systems that employ invasion and development assays on cell cultures
have been increasingly used, as they allow a closer look at the undergoing processes and
higher throughput testing compared to in vivo systems [27]. Eimeria spp., in particular E.
tenella, are able to invade different cell lines and to complete the first round of schizogony
in MDBK cells. Moreover, transgenic parasites expressing the YFP fluorescent marker have
become a powerful tool for studies on Eimeria, especially to study intracellular development
in cell cultures, as they allow the direct visualization of intracellular stages (i.e., schizonts)
of development [18,27].

Previous research has explored the anticoccidial effects of thyme, oregano, and garlic
essential oils, as well as their main bioactive molecules, both in vivo and in vitro, focus-
ing primarily on the inhibition of sporozoite invasion [23,28]. Considering that parasite
pathogenesis is related to intracellular stages, more extensive evaluation is required to
comprehensively assess the impact of these novel compounds. [27].

4.1. Anticoccidial Drugs

In the present study, the efficacy of salinomycin and robenidine (commercial antic-
occidials) has been confirmed, as both were able to decrease the number of sporozoites
invading the cell monolayer and also to prevent the formation of schizonts. As previously
reported, a pre-treatment with these molecules, before infection, is already enough to cause
sporozoites death, thus stopping any further maturation [18]. In a similar study, the impact
of 1 h of pre-incubation with salinomycin and robenidine on intracellular development
was investigated by qPCR [25]. Pre-treatment with salinomycin 1 ppm lowered the level
of invasion by 31%. Additionally, both robenidine and salinomycin pre-treatment man-
aged to decrease the rate of replication between 24 and 44 hpi [25]. In the present study,
the treatment with anticoccidials occurred along invasion and continued for the whole
time course. This resulted in higher inhibition of invasion at 24 hpi and in no observed
replication, suggesting that the anticoccidial power could be time-dependent.

4.2. Essential Oils

Similar to anticoccidials, thyme, oregano, and garlic essential oils were very effective
in preventing the formation of schizonts. Inhibition of invasion was observed at 24 hpi with
essential oils, suggesting that the action on sporozoites is so detrimental that internalized
sporozoites struggle to undergo further development after meeting these compounds. The
effect of similar essential oils on invasion has been explored previously by Sidiropoulou and
colleagues [9,28]. E. tenella sporozoites were pre-treated for 1 h with different concentrations
of garlic, oregano, and thyme essential oils from Greece. They recorded effective inhibition
of invasion for oregano and garlic essential oils, in particular, at higher concentrations
(100 ppm), whereas thyme had more consistent effects at lower concentrations [9,28]. Also,
a previous study conducted on primary chicken enterocytes showed that 40 ppm of garlic,
oregano, and thyme essential oils effectively reduced invasion at 24 hpi by around 45% [23].
In the first case, differences can be attributed to a different composition of the essential oils.
In the second, where the source of the essential oils was the same as that in the current
study, the levels of inhibition were slightly lower in the chicken enterocytes compared to
MDBK cells. This could be due to differences in the protocols of invasion, but also, since
a better predisposition of E. tenella to chicken enterocytes has been observed, differences
caused by treatments could be dampened [23]. In addition to the cell model used, the effect
of these essential oils on invasion and development was clear in the present study. To
our knowledge, this is the first study to explore the impact of essential oils and bioactive
molecules on Eimeria endogenous development in vitro, extending beyond invasion and
reaffirming their potential as anticoccidial agents.
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4.3. Nature-Identical Compounds

The power of essential oils lies in their diverse composition, which encompasses a
wide range of bioactive molecules like terpenes, phenols, aldehydes, thiol compounds,
and others. Often, these derivatives alone can drive the main effects of the original oil, as
they maintain a more uniform composition than essential oils, which depends on specific
extraction protocols; therefore, they have become a target of study for their therapeutic
effects. In this study, thymol, carvacrol, and diallyl-disulfide, major components of thyme,
oregano, and garlic essential oils, respectively, have been investigated to understand if
these compounds solely drive the observed effects.

Diallyl-disulfide had no significant impact on development, in contrast to the relative
essential oil (garlic), suggesting that the inhibitory effect is likely to be mediated by other
molecules within the mixture. Garlic oil is rich in sulfur species that are able to oxidize
thiols in protein residues, leading to loss of function. Other studies on sporozoite invasion
in vitro evidenced that allicin, found in garlic species too, is a very strong anticoccidial. It
shares the main chemical structure with diallyl-disulfide; however, allicin has a thiosulfinate
group that makes the molecule very unstable and reactive [29]. A poorer anticoccidial
performance of diallyl-disulfide compared to garlic oil was also observed in previous
research on E. tenella invasion [23], concluding that thiosulfinates could be key effectors to
drive the anticoccidial effects.

Thymol and carvacrol slightly reduced the intracellular number of E. tenella genomes;
in particular, carvacrol reduced by 43% the level of invasion at 24 hpi. A similar effect on
inhibition of invasion was observed in a previous study, where a mild level of inhibition
was observed on chicken enterocytes, especially for carvacrol [23]. However, in the present
study, thymol and carvacrol did not completely stop replication. Nevertheless, they proved
to be effective in reducing both the number and size of developed schizonts at 72 hpi,
factors associated with decreased pathogenicity, as seen in attenuated Eimeria strains [30].
Hence, these treatments may not completely halt development, but they can still result
in a decreased severity of infection. When compared to thyme and oregano essential oils,
thymol and carvacrol exhibit a milder impact on development. This suggests that a portion
of sporozoites treated with these compounds managed to survive and develop within cells,
whereas sporozoites treated with the essential oils ultimately succumbed.

Natural alternatives operate through a combination of synergistic effects among
compounds found in complex mixtures, such as essential oils, or rely on the concentrated
nature of single bioactive compounds. In this study, the pure bioactives proved to be less
effective than the complex mixture, underscoring the importance of synergistic interaction
between natural compounds in enhancing anticoccidial effects. Therefore, formulations
combining bioactive compounds might offer a better alternative; however, this will need
to be tested in vitro, and if high efficacy is shown, in vivo models will be necessary for
efficacy validation.

5. Conclusions

In conclusion, this study has shed light on the promising potential of essential oils
and their bioactive compounds as anticoccidial candidates. These findings highlight that
these natural substances not only inhibit sporozoite invasion but also interfere with the
formation of schizonts, a critical phase in the parasite’s lifecycle. Further research on the
mechanisms and applications of these natural compounds is necessary, holding promise
for safer and more comprehensive anticoccidial solutions in the future.
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Simple Summary: The implementation of antibiotic-free (ABF) and no-antibiotics-ever (NAE) poultry
production has prompted interest in identifying viable options to reduce the need for medically
important antibiotics (MIA) in animal feed. The Magni-Phi® Ultra (MPU) nutritional specialty
product is mainly composed of natural plant extracts (Quillaja saponaria and Yucca schidigera), which
are known for their numerous benefits. By evaluating the effects of feeding MPU on the immune
response and intestinal permeability of broilers during coccidia challenge at the peak and recovery
phases of infection, this study found that intestinal integrity was enhanced and growth performance
and immune response were improved when feeding MPU.

Abstract: This study assessed the impact of Magni-Phi Ultra (MPU) inclusion on intestinal integrity
and immunity in broiler chickens challenged with coccidia during peak and recovery phases. A total
of 128 male Ross 708 broiler chicks were randomly allotted to one of four treatment groups (four
chicks/cage). Treatments included an uninfected control (UUC); a coccidial challenge (CC) infected
control (IUC); a CC fed salinomycin at 66 ppm (SAL); and a CC fed Magni-Phi Ultra at 0.11 g/kg of
diet (MPU). At 16 days post-hatch, all birds in the CC groups were orally gavaged with a 3x dose
of a live coccidia vaccine. At 5 dpi, the birds fed MPU and SAL showed decreased plasma FITC-d,
oocyte shedding, and lesion scores and higher BWG compared to the IUC birds (p < 0.05). Jejunum
IL-17, IL-10, and IFN-Y mRNA expression was higher in the IUC compared to the UUC (p < 0.05)
group at 5 dpi. At 12 dpi, the birds fed MPU or SAL had lower plasma FITC-d and jejunum IFN-Y
and IL-10 mRNA expression compared to the IUC birds (p < 0.05). This study indicates that MPU
supports intestinal integrity and mucosal immune responses during the peak and recovery phases of
infection, which may lead to improved health and performance.

Keywords: broiler chickens; coccidia; cytokines; intestinal integrity; immune response

1. Introduction

The implementation of antibiotic-free and no-antibiotic-ever poultry production has
led to an increased prevalence of avian coccidiosis caused by Eimeria spp. infection. Coc-
cidiosis is extremely costly to the poultry industry, with annual global losses estimated to
be greater than USD 14.5 billion [1]. Eimeria spp. infections damage intestinal cells, com-
promise intestinal barrier function, cause inflammation, and induce oxidative stress. This
damage often results in a reduction in nutrient absorption and ultimately worse growth
performance and feed efficiency [2].

To help reduce the need for antibiotics, nutritional strategies such as plant extracts,
essential oils, prebiotics, enzymes, minerals, probiotics, and organic acids have all been
suggested as potential tools to help reduce coccidiosis-associated challenges [3-6]. These
strategies are crucial in helping maintain poultry health and productivity. The phytogenic
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compounds, saponins, and polyphenols from Quillaja saponaria and Yucca schidigera have
been shown to impact growth performance in broilers due to coccidiostat action and
improvements in nutrient digestibility and intestinal permeability in both unchallenged
and Eimeria challenge situations [2,7-12]. In addition, saponins have immunomodulatory
effects [2,13]. Quillaja saponins stimulate mucosal immunity [13] and yucca saponins
reduce pro-inflammatory effects [2] following immune challenges These compounds, due
to their surfactant nature, disrupt protozoan cell membranes, leading to cell death, and offer
antiprotozoal benefits [14]. Moreover, recent findings suggest they also increase ileal villus
height and improve nutrient absorption [8], positively modulate the mRNA abundance
of several tight junction proteins in the intestine [15], and alter the intestinal microflora in
broiler chickens [16], pointing to their multifaceted role in avian health.

Previous studies both with and without yucca involving an Eimeria challenge have
focused on the peak phase of Eimeria infection due to the high presence of oocysts and
intestinal damage occurring during this period, which eventually leads to increased intesti-
nal permeability [10,11,14,16-18]. However, little is known about the recovery phase (5 to
12 dpi) following an Eimeria challenge, when immune response and tissue repair are key.
This phase also coincides with reduced oocyst shedding and clinical signs. Our study seeks
to expand our understanding of the effects of feeding Magni-Phi Ultra (MPU) on broiler
chickens infected with Eimeria by assessing its effects on growth performance, intestinal
health, and immunity during both the peak and recovery phases following a coccidia
infection. We hypothesized that the impact of coccidia infection would be reduced in
broiler chickens with dietary supplementation of MPU during both the peak and recovery
phases by improving intestinal health.

2. Materials and Methods
2.1. Animal Care

All animals were cared for adhering to both the guidelines outlined in the Phibro Ani-
mal Health Animal Care and Use Policy and the Guide for the Care and Use of Agricultural
Animals in Research and Teaching [19].

2.2. Product

The product tested is a commercially available product, Magni-Phi Ultra (MPU; Phibro
Animal Health Corp., Teaneck, NJ, USA). The product is a blend of triterpenoid saponins
composed of a unique combination of two natural, plant-based products consisting of
Quillaja saponaria and Yucca schidigera formulated in a proprietary ratio, where quillaja
saponins are the major component. The product is formulated to contain 8% total saponins.

2.3. Bird Husbandry, Experimental Design, and Treatments

Ross 708 broiler chicks were purchased from a commercial hatchery (Welp Hatchery,
Bancroft, IA, USA). Upon arrival, a total of 128 male chicks were housed across two colony
brooders (Universal Brooder Box, GQF Manufacturing, Savannah, GA, USA). Throughout
the experiment, the birds were exposed to a lighting schedule of 23L:1D. The first four days,
chicks were offered water and a broiler starter feed ad libitum. Both brooder and chick
room temperatures decreased as the animals aged. All birds were fed a corn-soybean meal
mash basal diet formulated to meet or exceed the National Research Council (1994) nutrient
requirements for broiler chickens (Table 1). The basal diet was devoid of coccidiostats and
antibiotics. On d 6 post-hatch, the birds were individually tagged and weighed. The birds
were then assigned randomly to 1 of 4 treatment groups utilizing a randomized complete
block design. A total of 32 cages were utilized, with 8 cages per treatment and 4 birds
per cage. The four treatments included T1, an uninfected, unchallenged control fed the
basal diet (UUC); T2, a coccidosis challenge (CC) control fed the basal diet (IUC); T3, a CC
fed the basal diet supplemented with salinomycin at 66 ppm (SAL-BioCox Granular 60,
Huvapharma, Peachtree City, GA, USA); and T4, a CC fed the basal diet supplemented
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with Magni-Phi Ultra at 0.11 g/kg of diet (MPU). The birds were fed the experimental diets
for 10 days prior to coccidia challenge.

Table 1. Ingredients and nutrient composition of basal diet, g/kg as-fed basis.

Ingredients g/kg
Corn 523.0
Soybean meal (47% CP) 380.0
Soybean oil 50.0
Calcium carbonate (38% Ca) 15.0
Dicalcium phosphate 15.0
Salt 4.0
Vitamin-mineral premix 1 54
pL-Methionine 3.8
L-Lysine. HCI 2.8
Threonine 1.0
Total 1000.0
Calculated Nutrients and Energy Content

CP, g/kg 220.0
ME, keal/kg 3134.0
Ca, g/kg 9.2
Ca:Tp 1.3

1 Supplied the following per kilogram of diet: vitamin A, 5484 IU; vitamin Ds, 2643 IU; vitamin E, 11 IU;
menadione sodium bisulfite, 4.38 mg; riboflavin, 5.49 mg; p-n-pantothenic acid, 11 mg; niacin, 44.1 mg; choline
chloride, 771 mg; vitamin By, 13.2 ug; biotin, 55.2 ug; thiamine mononitrate, 2.2 mg; folic acid, 990 ug; pyridoxine
hydrochloride, 3.3 mg; I, 1.11 mg; Mn, 66.06 mg; Cu, 4.44 mg; Fe, 44.1 mg; Zn, 44.1 mg; Se, 300 pug.

2.4. Coccidia Infection, Lesion Scoring, and Oocyst Count

The birds in the IUC, SAL, and MPU groups were orally gavaged with a 3x dose of the
live coccidia vaccine (Coccivac® B52, Merck, Madison, NJ, USA), which was prepared from
anti-coccidia sensitive strains from Eimeria maxima, E. acervuline, E. tenella, and E. mivati on d
16 post-hatch (0 dpi). Each vaccine bottle contains 10,000 doses of oocysts in an unspecified
proportion of the included Eimeria species. The recommended dosage of the vaccine is
25 doses per kg of body weight (BW), meaning a 1 kg bird would require 25 doses, per
the manufacturer’s instructions. At 16 days of age, a bird weighing 300 g would typically
receive 7.5 doses of the vaccine. However, in order to induce a coccidia challenge, we
administered 3x the recommended dosage, which was equivalent to 22.5 doses per bird.
A 3x recommended dose was used to achieve a 10-15% reduction in BWG and a 2-fold
increase in serum FITC-d during the peak challenge period. This vaccine dosage is similar
in virulence to a live oocyst challenge model containing a mixture of 50,000 E. acervuline and
10,000 E. tenella oocysts utilized to induce a mild coccidiosis challenge [20]. The coccidia
vaccine was gavaged in 1 mL at the appropriate concentration to the birds in the challenge
groups (IUC, SAL, and MPU). The birds in the UUC group were orally gavaged with 1 mL
of saline. Two birds per cage were randomly selected at 5 dpi and euthanized for scoring of
duodenal lesions induced by coccidia infection. Duodenal lesions were scored by personnel
blinded to treatment and were based on scores ranging from 0 (no gross lesion) to 4 (severe
lesions) [21]. Excreta samples (~100 g) were collected at 5 dpi from each cage and stored
in airtight plastic bags. Samples were homogenized and stored at 4 °C until assessed for
oocyst counts. Oocyte counts were determined by dilution via a microscope utilizing a
McMaster counting chamber [22] and are expressed as oocytes per gram of excreta. A
description of the study sampling schematic is shown in Figure 1.
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d 6 post-hatch

Mixed Eimeria infection

: 5 dpi 5
0 dpi Peak phase Recovery phase 22op
d 16 post-hatch d 21 post-hatch d 27 post-hatch
Body weight *  Body weight *  Body weight
+  Feces collection (5dpi) + Plasma- FITC-D
Lesion scores * Jejunal tissue mRNA-

+ Plasma-FITC-D IFN+, IL-10, IL-17
*  Jejunal tissue mRNA-
IFN-y, IL-10, IL-17

Experimental diet feeding

Figure 1. Schematic of study timeline and sampling. Study day 0 to challenge (d 16 post hatch) is
represented by the blue bar, the peak challenge phase (d 16-d 21) is represented by the red bar, and
the recovery phase (d 21-d 27) is represented by the light blue bar.

2.5. Growth Performance Measurements

The feed intake (FI) and BW of the birds were recorded per cage at 0, 5, and 12 dpi
to evaluate body weight gain (BWG) and the feed conversion ratio (FCR) over the chal-
lenge period.

FCR = Body Weight Gain/Feed Intake

2.6. Gastrointestinal Permeability

Fluorescein isothiocyanate dextran (FITC-d; MW 4 kDa; Sigma-Aldrich Co., St. Louis,
MO, USA) was administrated to evaluate intestinal permeability. Plasma FITC-d concentra-
tion was utilized as a marker of mucosal barrier dysfunction. At5 and 12 dpi, two birds per
cage were randomly selected and orally gavaged with 8.4 mg/kg BW of FITC-d (500 uL
of FITC-d solution). The birds were euthanized by CO, asphyxiation at 2 h following
administration of the FITC-d. Blood (6 mL) was collected into EDTA vacutainer tubes
(BD Company, Franklin Lakes, NJ, USA) and stored on ice. The blood was centrifuged at
2000x g at 4 °C for 10 min to separate plasma. A standard solution was created by diluting
FITC-d with a pool of plasma from 5 unchallenged birds at both time points. FITC-d
levels in both the standard solution and plasma samples were measured by florescence
at an excitation wavelength of 485 nm and an emission wavelength of 530 nm utilizing a
microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).

2.7. Jejunum Collection and Real-Time Polymerase Chain Reaction Analysis

A mid-jejunum sample was collected at 5 and 12 dpi from 2 birds per cage for a
quantitative real-time Polymerase Chain Reaction (PCR) (RT-qPCR) assay to quantify the
relative mRNA abundance of interleukin-17 (IL-17), interleukin-10 (IL-10), and interferon y
(IEN-v). Mid-jejunal samples were flushed with PBS, and a 1 cm section was removed and
immediately submerged in an RNAlater® stabilization solution (Thermo Fisher Scientific
Inc., Waltham, MA, USA). Samples were held at room temperature for 1 h and then stored
at —80 °C pending further analysis. RNA was extracted from the jejunal tissue utilizing
a Tissue Purification Kit (NORGEN BioTek Corp, Thorold, ON, Canada), following the
manufacturer’s recommendations. RNA concentration and purity were measured using a
NanoDrop (ThermoFisher Scientific). The purity and concentrations of RNA samples were
measured using a NanoDrop (ThermoFisher Scientific). The purity for all samples was
between 1.80 and 2.03 for the 260/280 ratio. RNA was analyzed for the mRNA abundance
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of reference genes (GADPH and YWAHZ) and target genes (IFN-v, IL10, and IL17A).
Primers and TagMan probes were obtained from Applied Biosystems (TagMan® Gene
Expression Assays, Waltham, MA, USA). Primers were run in duplex pairs (I-GAPDH and
IL10-YWHAZ) or singlets (IFN-v). The lack of primer cross-hybridization was confirmed
by verifying similar threshold cycle (Ct) values for the reactions in singlet and pairs.

For duplex reactions, primers were labelled with dyes with different fluorescence
emission spectra (VIC or FAM). The RT-qPCR reaction volumes consisted of 5 uL of RNA
(40 ng/uL), 9 (singlet) or 8 (duplex) uL of RNAse/DNase free water (ThermoFisher Scien-
tific), 5 uL of Tagman Fast Virus 1-step Master Mix (cat no. 4444432 Applied Biosystems),
and 1 uL of each primer. Each sample was set up in duplicate with specific primers and
probes for chicken IFN-v (assay ID number Gg03348618_m1), chicken IL10 (assay ID num-
ber Gg03358689_m1), chicken IL17A (assay ID number Gg03365522_m1), and the reference
chick genes GAPDH (assay ID number Gg03346982_m1) and YWHAZ (assay ID number
Gg03356701_m1) (Thermo Fisher Scientific). Samples for RT-qPCR reactions were run in
duplicate using a CFX96 optics unit mounted on a C1000 touch base (BioRad, Hercules,
CA, USA) in the fast-cycling mode. The PCR cycle parameters were an initial denaturing
step at 95 °C for 20 s followed by 40 cycles of 95 °C for 3 s and 60 °C for 30 s. Target gene
Ct-values were normalized to the geometric mean of the Ct-values of the two reference
genes. The 2722CT method was used to calculate relative mRNA abundance, and the
results are reported as fold-change relative to the UUC treatment group [23].

2.8. Statistical Analysis

A data analysis was conducted with the cage as the experimental unit using the
GLIMMIX procedure of SAS 9.4 software (SAS Inst., Inc., Cary, NC, USA) with the random
effect of block (initial BW) and the fixed effect of treatment. Data were tested for normal
distribution in PROC UNIVARIATE using the Shapiro-Wilk test. In order to achieve
normality, oocyst count data were natural log transformed. Differences between treatments
were considered significantly different at p < 0.05.

3. Results
3.1. Growth Performance

Broiler chicks were fed the dietary treatments for 10 days prior to the coccidia chal-
lenge. During this period (d 0-10), there was no difference in growth performance between
treatment groups. Table 2 summarizes the effect of dietary treatments on growth perfor-
mance during the coccidia challenge. In the peak phase (0-5 dpi), the BW, FCR, and BWG
of the birds was significantly reduced (p < 0.05) in the IUC group compared to the UUC
group. However, the birds fed SAL and MPU had similar BW, FCR, and BWG compared to
the birds in UUC group. The birds in the SAL group consumed more (p < 0.05) feed than
the other treatment groups and were heavier (p < 0.05) than the birds in the IUC and MPU
groups. However, the SAL birds had similar BWG and FCRs when compared to the birds
fed MPU. During the recovery phase (6-12 dpi), there were no differences in BWG and the
FCR between treatment groups. However, feed intake was higher (p < 0.05) for the birds in
the IUC group, followed by the other CC birds (SAL, MPU), with the UUC birds having
the lowest feed intake. As for final BW, the birds fed MPU had similar BW when compared
to the other groups, but the birds in the SAL group were heavier than the birds in the UUC
and IUC groups.
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Table 2. Growth performance, lesion scores, and oocyst shedding in broiler chickens fed diets
supplemented with salinomycin (SAL) or Magni-Phi Ultra (MPU) during a coccidia challenge (dpi) 12

Uninfected Coccidia Infection
Item uucC 1ucC SAL MPU SEM p-Value
0-5 dpi (Peak Phase)
Final body weight, g 570 2b 515¢ 598 @ 563 P 10.7 <0.01
Body weight gain, g/bird 2642 208 P 2872 2592 11.8 <0.01
Feed intake, g/bird 301° 291° 3322 310 7.4 0.04
Feed conversion ratio 1.15b 14472 1.17b 1.21b 0.07 0.03
6-12 dpi (Recovery Phase)
Final body weight, g 1025 1009 © 10752 1037 2b 16.0 0.05
Body weight gain, g/bird 454 489 476 468 19.3 0.63
Feed intake, g/bird 612¢ 6722 640 ° 642 9.2 <0.01
Feed conversion ratio 1.37 1.40 1.35 1.38 0.05 0.96

3 Means in the same row lacking a common superscript differ significantly (p < 0.05). ! Data are least squares
means of 8 cages per treatment. 2 Uninfected control (UUC) fed basal diet, coccidia challenge untreated control
(IUC) fed basal diet, SAL (cocci challenge fed basal diet supplemented with salinomycin (66 ppm), and MPU
(cocci challenge fed basal diet supplemented with Magni-Phi Ultra (0.11g/kg of diet)). On d 16 post-hatch (0 dpi),
birds in the TUC, MPU, and SAL groups were orally gavaged with 3x the recommended dose of coccidia vaccine
(Coccivac B52, Merck, Rahway, NJ), while birds in the UUC group were orally gavaged with 1 mL of saline.

3.2. Oocyte Count and Lesion Scores

Oocyte count and lesion scores are presented in Table 3. Dietary SAL and MPU
supplementation significantly reduced (p < 0.05) oocyte shedding and duodenal lesion
scores compared with the IUC group. The UUC birds remained free of coccidiosis infection,
as indicated by the absence of duodenal lesions and oocyst shedding in that group.

Table 3. Lesion scores and oocyst shedding 5 dpi in broiler chickens fed diets supplemented with
salinomycin (SAL) or Magni-Phi Ultra (MPU) during a coccidia challenge 12,

Uninfected Coccidia Infection
Item uucC 1ucC SAL MPU SEM p-Value
Oocyst per gram of excreta (x10%)
5 dpi 0¢ 812 30 28b 6.7 <0.01
Duodenum lesion scores
5 dpi 0¢ 2132 1.13P 1.19° 0.17 <0.01

3¢ Means in the same row lacking a common superscript differ significantly (p < 0.05). ! Data are least squares
means of 8 cages per treatment. 2 Uninfected control (UUC) fed basal diet, coccidia challenge untreated control
(IUC) fed basal diet, SAL (cocci challenge fed basal diet supplemented with salinomycin (66 ppm), and MPU
(cocci challenge fed basal diet supplemented with Magni-Phi Ultra (0.11g/kg of diet)). On d 16 post-hatch (0 dpi),
birds in the ITUC, MPU, and SAL groups were orally gavaged with 3 the recommended dose of coccidia vaccine
(Coccivac B52, Merck, Rahway, NJ, USA), while birds in the UUC group were orally gavaged with 1 mL of saline.

3.3. Jejunal mRNA Expression Analysis

The differences between the treatment groups” host immune responses were assessed
by cytokine mRNA expression in the mid-jejunum of broiler chickens (Table 4). At the
peak phase (5 dpi), the birds in the IUC group had significant upregulation (p < 0.05) of
IFN-x, IL-17, and IL-10 compared to the other three groups, which had similar mRNA
expression for all three measured cytokines. In the recovery phase, IFN-r and IL-10
remained upregulated (p < 0.05) in the IUC group compared to the other three groups.
However, the birds fed SAL and MPU had similar IL-10, IL-17, and IFN-r mRNA expression
when compared to the UUC group.
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Table 4. Relative mRNA expression of cytokines in mid-jejunum tissue of broiler chicks fed diets
supplemented with salinomycin (SAL) or Magni-Phi Ultra (MPU) during a coccidia challenge (dpi) 12

Uninfected Coccidia Infection
Item uucC 1ucC SAL MPU SEM p-Value
5 dpi (Peak phase)
1L-17 1.00° 2,962 1.64° 0.60° 0.02 0.04
IL-10 1.00° 4.722 142° 2.00° 0.11 <0.01
IFN-v 1.00° 3.892 1450 1.56° 0.27 <0.01
12 dpi (Recovery Phase)
IL-17 1.00 0.67 1.00 117 0.02 0.07
1L-10 1.00° 2612 1.64° 1.50° 0.24 0.04
IFN-Y 1.00° 2.19° 1.53° 122" 0.26 0.04
a-bMeans in the same row lacking a common superscript differ significantly (p < 0.05). ! Data are least squares
means of 8 cages per treatment. IL-17 = interleukin-17; IL-10 = interleukin-10; interferon-gamma = IFN-Y.
2 Uninfected control (UUC) fed basal diet, coccidia challenge untreated control (IUC) fed basal diet, SAL (cocci
challenge fed basal diet supplemented with salinomycin (66 ppm), and MPU (cocci challenge fed basal diet
supplemented with Magni-Phi Ultra (0.11g/kg of diet)). On d 16 post-hatch (0 dpi), birds in the ITUC, MPU,
and SAL groups were orally gavaged with 3x the recommended dose of coccidia vaccine (Coccivac B52, Merck,
Rahway, NJ, USA), while birds in the UUC group were orally gavaged with 1 mL of saline.
3.4. Intestinal Permeability
The alterations in intestinal permeability at 5 and 12 dpi are depicted in Table 5. The
higher the concentration of FITC-d recovered in the plasma, the greater the intestinal
permeability. Plasma FITC-d concentration was significantly higher (p < 0.05) in the birds
in the IUC group compared to UUC birds at both 5 and 12 dpi. The birds fed SAL and
MPU had significantly lower (p < 0.05) plasma FITC-d concentration at 5 dpi compared to
the IUC birds. However, at 12 dpi, the birds fed MPU, but not SAL, had similar (p > 0.05)
FITC-d concentrations when compared to the UUC group. As expected, 5 dpi had the most
severe intestinal permeability across all treatment groups.
Table 5. Plasma fluorescein isothiocyanate dextran (FITC-d) concentration (ng/mL) of broiler chicks
fed diets supplemented with salinomycin (SAL) or Magni-Phi Ultra (MPU) during a coccidia challenge
(dpi) 2.
Uninfected Coccidia Infection
Item uucC 1uC SAL MPU SEM p-Value
5 dpi (Peak phase)
FITC-d 46 ¢ 942 70°® 63° 4.79 <0.01
12 dpi (Recovery Phase)
FITC-d 420 592 51 42° 5.59 <0.01

27¢ Means in the same row lacking a common superscript differ significantly (p < 0.05). 1 Data are least squares
means of 8 cages per treatment. 2 Uninfected control (UUC) fed basal diet, coccidia challenge untreated control
(TUC) fed basal diet, SAL (cocci challenge fed basal diet supplemented with salinomycin (66 ppm), and MPU
(cocci challenge fed basal diet supplemented with Magni-Phi Ultra (0.11g/kg of diet)). On d 16 post-hatch (0 dpi),
birds in the ITUC, MPU, and SAL groups were orally gavaged with 3x the recommended dose of coccidia vaccine
(Coccivac B52, Merck, Rahway, NJ, USA), while birds in the UUC group were orally gavaged with 1 mL of saline.

4. Discussion
4.1. Peak Phase

In the peak phase of coccidia infection, detrimental effects were observed on the
broiler chickens” health and performance, emphasizing the importance of exploring alter-
natives to enhance disease response without the use of antibiotics. As reported by previous
studies, coccidia challenge has detrimental effects on intestinal integrity and nutrient ab-
sorption [20,24,25], which leads to altered expressions of immunoregulatory cytokines [26].
The results from this study confirm the negative impact of coccidia challenge in broiler
chickens, even with the relatively lower challenge dosage utilized in this study. In addition,
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it investigated the effects of SAL or MPU on growth performance, intestinal permeability,
and immune responses in coccidia-challenged broiler chickens. During the peak phase of
coccidia infection (5 dpi), both the SAL and MPU treatments protected the broiler chickens
from the negative impacts of the challenge, as evidenced by improved growth performance.
The dietary inclusion of 500 mg/kg of a saponin-based product via an extract from Yucca
schidigera effectively promotes growth in broilers infected with Eimeria [10]. However,
the dietary inclusion of 250 or 500 mg/kg of a Yucca schidigera-based saponin source also
had no impact on performance in broilers infected with Eimeria [2]. The saponin source
and level of the product can vary greatly, and along with the severity of the coccidiosis
challenge, impacts the efficacy. In the current study, the MPU treatment, which contained a
blend of Quillaja saponaria and Yucca schidigera, was included at a much lower dosage of
110 mg/kg compared to other studies [2,10], indicating a higher potency of the Quillaja
Saponaria compared to saponin products only from Yucca schidigera sources. To assess the
severity of coccidia infection and its impact on the intestinal mucosa, we used intestinal
lesion scores as an indicator. In this study, the birds in the IUC group exhibited a high
oocyst count and duodenal lesion scores, which are indicative of an active coccidia infection.
However, dietary supplementation with SAL or MPU decreased excreta oocyst counts and
lesion scores. Both of these responses point to their effectiveness in reducing the replication
or shedding of oocysts and protection against coccidia damage. The inclusion of Quillaja
saponaria at 250 and 300 ppm reduced oocyst production (43% and 37%, respectively) and
lesion scores following Eimeria acervulina and Eimeria tenella infection [14]. Yucca-based
saponins also display coccidiostat actions, as measured by reduced oocyte production and
protection against intestinal damage induced by the Eimeria in broilers [11]. Previous
studies have demonstrated that saponins exhibit anti-protozoal properties through their
interaction with cholesterol in protozoal cell membranes, leading to membrane damage
and eventual cell lysis [27], and this effect has been observed in studies with both quillaja-
and yucca-based saponin sources [10,14].

In the context of immune responses, cytokines play a crucial role in the immune
system of animals [28]. T-cell-mediated immune response is an important factor in avian
coccidiosis control. In this study, we chose to evaluate IFN-y, a key cytokine that medi-
ates the Th1 immune response; IL-17, a cytokine involved in the Th17-related immune
response; and IL-10, a cytokine involved in the Treg-related immune response [29]. The
Th17 immune response is reported to play a role in the early stages (2—4 dpi) of a cocci-
dosis infection, while the Th1 and Treg immune response are involved in the later stages
(6-8 dpi) of a coccidosis infection [29]. The peak phase (5 dpi) was characterized by a
robust immune response in the IUC group relative to UUC, with marked upregulation of
the cytokines IL-17 (3x), IL-10 (4.7 x), and IFN-y (3.9x), which is indicative of an active
inflammatory and regulatory response to the coccidia infection. However, the SAL and
MPU treatments modulated this acute response and maintained the expression of these
cytokines at similar levels as the UUC group. This suggests that feeding these products may
help to dampen the acute inflammatory response, potentially limiting the tissue damage
associated with excessive inflammation. Eimeria infection, which damages the gut lining
and disrupts barrier integrity, results in increased gut permeability and negative impacts on
performance. This leakage, resulting from epithelial damage and tight junction disruption,
can cause nutrient malabsorption and impaired immune responses, leading to secondary
bacterial infections [26]. Our findings of reduced cytokine expression in the birds fed a
saponin-based product during an Eimeria infection varies slightly from [2], who reported
a reduction in IL-18 but no impact on IFN-y or IL-12f in the duodenum at 7 dpi with
birds fed 250 to 500 mg/kg of a Yucca-derived saponin. This indicates that a Yucca-based
saponin has a lower impact on reducing pro-inflammatory cytokines involved in the Thl
immune response compared to saponin products containing Quillaji. Quillaja saponins
have been suggested to act directly on T-helper cells of the mucosal immune system and
induce T-cell and B-cell proliferation [30,31]. Saponin products containing both Quillaja
saponaria and Yucca schidigera appear to have a greater immunomodulatory effect during an
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Eimeria infection compared to products with only Yucca-derived saponins. In the present
study, elevated levels of plasma FITC-d following a mixed Eimeria spp. infection and
duodenal lesion scores are indicative of the presence of intestinal damage. A previous
Eimeria study also reported the highest intestinal permeability at 5 dpi [28]. This was cou-
pled with negative impacts on performance during 0-5 dpi compared to the UUC group.
Correspondingly, the reduced plasma levels of FITC-d in the SAL and MPU groups point to
a protective effect on the intestinal barrier and a reduction in leakiness that is often a result
of inflammation-induced damage. In summary, during the peak phase of coccidia infection,
detrimental effects on the broiler chickens’ health and performance were evident, but the
supplementation of the SAL and MPU treatments demonstrated promising protective
effects. Feeding these products positively impacted growth performance, reduced lesion
scores, modulated the acute immune response, and improved gut permeability, all of which
contribute to mitigating the adverse effects of the coccidia challenge.

4.2. Recovery Phase

The current study continued to evaluate the effects of SAL and MPU treatments on
broiler chickens as they progressed towards recovery from the coccidia challenge. In this
phase, the birds in all feeding groups, including the IUC group, had similar growth and feed
efficiencies, indicating recovery from the initial infection. However, the early protection
provided by SAL and MPU may have allowed for a faster resolution of the inflammatory
response and restoration of gut barrier integrity. By 12 dpi, the IUC group continued to
exhibit higher expression of IL-10 (2.6 x) and IFN-y (2.2 ), but the degree of upregulation
was about half of what was observed in the peak phase, indicating a shift from an acute
response towards a resolving phase of the immune response. In all the CC birds, IL-17, a
cytokine involved in the early immune response, had returned to levels similar to that of
the UUC group. Our findings corroborate previous reports of increased mRNA expression
of intestinal IFN-y due to Eimeria infection in chickens during peak challenge (5-7 d
post-infection), although the timing and magnitude of response vary considerably [32,33].
Resolution of the Th1, Th17, and Treg immune response and return of IFN-y, IL-17, and
IL-10 cytokines to baseline levels was reported by 10 dpi in birds challenged with E. tenella
sporulated oocytes at 18 d of age [29]. Differences in return to baseline of IFN-y and IL-10
in the current study may be due to the use of a mixed Eimera challenge model and the
earlier age (16 d) at the time of challenge. By the recovery phase, IL-10 and IFN-y levels
in the SAL and MPU groups were below that of the IUC group and similar to the UUC
group. This may better enable tissue repair and the recovery of gut function, as shown
by performance improvements in the recovery phase. Yucca and Quillaja saponins and
polyphenols can inhibit inflammation in broilers raised under standard conditions, without
any pathogen challenges, as reported by [16]. Another study also shows that Yucca bark and
whole Yucca plant powder contain resveratrol, which is known for its anti-inflammatory
activity [34,35]. Thus, whole-plant Yucca powder has powerful anti-inflammatory activity,
mediated via inhibition of NFkB activation [27]. Dietary saponins from Yucca schidigera
extracts included at levels as low as 100 mg/kg improve antioxidant capacity in the small
intestine and increased gene expression of superoxide dismutase, glutathione peroxidase,
and catylase [36]. This may help explain why a reduction of inflammation in broilers was
observed during this coccidia challenge, but more research is needed, as limited research
exists evaluating the immune response and antioxidant capacity of birds fed saponin-based
products past the peak challenge phase.

To the best of our knowledge, publications on the effects of saponins on the intestinal
permeability of broiler chickens during both the peak and recovery phases have not been
well addressed in the literature. Our data suggest that MPU treatments are not only
effective in reducing the impact of coccidia infection on gut barrier function during the
peak phase but are also capable of supporting the recovery of gut integrity post-infection,
as measured by plasma FITC-d levels. By 12 dpi, the IUC group continued to have elevated
serum FITC-d levels (1.4 x) compared to the UCC group. However, serum FITC-d levels of
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the MPU group were lower than the IUC group and had returned to levels similar to the
UCC group, indicating recovery of gut barrier function.

Recovery of gut barrier function post-infection is critical, as it minimizes the risk of
secondary complications associated with increased intestinal permeability, such as systemic
inflammation or bacterial translocation. The observed alteration in intestinal permeability
patterns may be linked to the ability of saponins to influence the permeability of intestinal
cells through their interaction with cholesterol in mucosal cell membranes [37].

5. Conclusions

In conclusion, our study shows that the negative impact of a coccidia infection spans
beyond the peak phase into the recovery phase, as evidenced by markers of inflammation
(cytokines) and gut integrity (FITC-d levels) not yet reaching baseline (UUC) levels after
12 dpi. Also, our study provides new insights into the beneficial effects of MPU on intestinal
permeability and immune responses during a coccidia challenge. We demonstrate that SAL
and MPU treatments are effective not just in the acute phase but also in supporting recovery,
highlighting their potential in improving intestinal integrity and growth performance. This
contributes to the growing body of evidence supporting the use of saponins from both
Quillaja saponaria and Yucca schidigera for their immune modulatory and gut health benefits,
offering valuable alternatives to traditional antibiotic use.
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Simple Summary: Coccidiosis is caused by an intracellular parasite that damages the intestinal
integrity, negatively affecting the digestion and absorption of nutrients and consequently worsening
weight gain, feed efficiency, and pigmentation of birds, even causing mortality. Therefore, it has a
negative impact on the economy of the poultry industry. Currently, the disease is mainly treated by
using anticoccidials drugs added to the diet. The drug resistance, as well as the residue of drugs in
the meat, has prompted the development of natural alternatives to combat coccidiosis. The purpose
of this research was to determine whether an Alliaceae encapsulated extract added to the broiler
chickens diet decreased the number of oocysts excreted in feces and the harm caused to the intestinal
mucosa, consequently improving the productive performance of broiler chickens challenged with
Eimeria spp. Under our experimental conditions, both the inclusion of Alliaceae extract, as well as the
use of conventional anticoccidials (nicarbazin/narasin/salinomycin), diminished the detrimental
effect of Eimeria spp. Moreover, the Alliaceae extract favored the abundance of acid butyric bacteria
(Ruminococcus spp. and Intestinimonas spp.) in the cecum, related to intestinal health. Based on
the current findings, the Alliaceae extract could be a natural additive used to lessen the effects of
coccidiosis infections.

Abstract: This study analyzed the effects of an Alliaceae encapsulated extract (AE-e) on daily gain
(ADG), feed intake (ADFI), feed conversion ratio (FCR), oocysts per gram of feces (OPG), intestinal le-
sion (LS), and microbiota composition in broilers challenged with Eimeria spp. A total of 4800 one day
Cobb-500 were allotted into 10 treatment groups with 12 replicates of 40 birds ina 2 x 4 + 2 factorial
arrangement. The first factor was non-challenged (NC) or challenged (C), the second was four levels
of AE-e added in the basal diet, 0 (AE0), 250 (AE250), 500 (AE500), and 750 rng~l<g’1 (AE750), plus two
ionophore controls, non-challenged (NC-Ion) and challenged (C-Ion). No interactions were observed
between factors (NC0, NC250, NC500, NC750, C0, C250, C500, and C750), while C-Ion improved
FCR at 21 d. The challenge affected negatively ADG and FCR and promoted enteropathogens in
cecum. AE750 improved FCR in the finisher and cumulative phases, while C-Ion had fewer total
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OPG than C0 and C250. Likewise, at 21d, C250, C500, and C-Ion had fewer LS than C0, while at 28 d,
C750 showed lower than C-Ion. In the cecum microbiota, C500 had more Ruminococcus, Firmicutes b,
and Intestinimonas than C-Ion. In summary, AE-e showed beneficial results in broilers infected with
Eimeria spp.

Keywords: broiler chickens; coccidiosis; Alliaceae extract; ionophore; microbiota intestinal

1. Introduction

Currently, coccidiosis disease continues to be one of the most serious problems in the
commercial broiler poultry industry, resulting in great economic loss all over the world [1].
Eimeria acervulina, Eimeria maxima, and Eimeria tenella are the main species that cause disease
in broiler chickens, impairing both intestinal function and growth performance [2]. To
date, coccidiosis prevention has been through the addition of synthetic anticoccidials such
as nicarbazin, decoquinate, and zoalene, as well as ionophores [3] such as monensin,
lasalocid, salinomycin, narasin, etc., to either the poultry diet or drinking water, or the
use of vaccines [4]. However, Eimeria spp. has developed drug resistance, causing a
loss of effectiveness in the anticoccidials [5]. In addition, there is a global concern about
drug resistance and the presence of residual drugs in meat [6] that has prompted the
study and development of natural alternatives to prevent or control coccidiosis [7], such
as phytochemicals, which are a suitable alternative due to their favorable effects against
Eimeria spp. [8].

Several works have demonstrated that extracts and the essential oil of Allium cepa
and Allium sativum improved the average daily feed intake (ADFI), average daily gain
(ADG), and feed conversion ratio (FCR), as well as intestinal health and carcass quality in
broiler chickens [9-11]. Likewise, blends of the genus Allium with oregano essential oil and
eugenol [12], as well as organic acids [8,13], have shown benefits in broiler performance
and health. The genus Allium has different sulfur compounds that have been studied
as additives in animal nutrition [14]. These compounds are conformed by sulfur atoms
attached to a cyanate group in cyclic or non-cyclic forms [15]. The most studied are
the sulfoxydes s-methyl-L-cysteine (methionine), s-allil-L-cysteine (alliin), s-propenyl-L-
cysteine (isoalliin), and s-propyl-L-cysteine (propiin). Propyl propane thiosulfinate (PTS)
and propyl propane thiosulfonate (PTSO) are derived from the natural degradation of
propiin [16,17]. Unlike other sulfur compounds from the genus Allium, PTSO is chemically
stable but is insoluble in water. For this reason, it should be provided with a water-soluble
carrier to increase its availability and absorption [18,19]. In addition, PTS and PTSO have
shown to reduce the viability of E. acervulina sporozoites, improving the innate immune
response [20], and inhibit the sporulation of E. tenella [21], and they are able to promote the
growth of beneficial bacteria and decrease intestinal pathobionts [22] in broiler chickens.
Recently, Aguinaga-Casanas, et al. [19] conducted a study in vitro that showed that PTSO
inhibit the capability of E. acervulina sporozoites to penetrate Madin-Darby bovine kidney
cells (MDBK cells), concluding that PTSO is a promising alternative to coccidiosis treatment.
The Allium spp. could be used as an alternative to anticoccidials in broiler production due
to its proven benefits. Nevertheless, it is necessary to carry out more studies to understand
the mechanism by which they exert their favorable effects, as well as determinate the
appropriate inclusion level in the poultry diet and the period of use to enhance broiler
performance [23].

Based on the above information, we hypothesize that an Alliaceae (A. cepa and A.
sativum) encapsulated extract (AE-e) used as a feed additive decreases the oocysts per
gram in feces (OPG), reduces the intestinal lesion score (LS), and improves productive
performance, as well as modulates positively the intestinal microbiota in Eimeria challenged
birds. Therefore, the aim of this study was to examine the effects of increasing levels of AE-e
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on ADG, ADFI, FCR, OPG, LS, and intestinal microbiota composition in broiler chickens
challenged with a mixture of Eimeria spp.

2. Materials and Methods
2.1. Ethical Standard

The present study was approved on 5 October 2020, by the Animal Welfare and
Experimentation Ethics Committee of the National Autonomous University of México
SICUAE-DC-2020/3-6 in compliance with the Mexican Official Norm NOM-062-ZO0O-1999.

2.2. Housing, Animals and Experimental Design

A total of 4800 one-day-old Cobb-500 broiler chickens were housed in 1204 m? pens
separated by wire mesh partitions and new wood shaving litter throughout the period
of study of 49 d. The facility temperature was set as 30 °C during the first week using
thermostatically controlled propane gas heaters, reducing 2.5 °C each week. After the
fourth week, the temperature was controlled through curtains and kept between 18-21 °C.
The first 4 d after reception, the chickens had access to 23 h of light; after that, a natural
photoperiod was maintained throughout the study. The birds were assigned in a completely
randomized experimental design with a 2 x 4 + 2 factorial arrangement. One factor was
the challenge level, formed by a non-challenged group (NC) and a challenged group (C)
with Eimeria spp. The second was 4 levels of AE-e (0, 250, 500, and 750 mg AE-e per each
kg of feed). In addition, two ionophore controls, C-Ion and NC-Ion, were used to contrast
the challenged and non-challenged AE-e treatments, respectively. The experimental unit
was the pen. To prevent cross contamination, the C and NC birds were housed in separate
but identical buildings.

2.3. Alliaceae Encapsulated Extract Supplementation

We used a concentrated liquid commercial Alliaceae extract (Garlicon™; DOMCA
S.A.U., Granada, Spain), which has shown positive effects on bird productivity [20,24,25].
It was encapsulated into a dextrin-lecithin matrix and validated by the presence of PTSO,
which has a concentration of 12 g-kg~!, as determined by gas chromatography-mass
spectrometry (Gas chromatograph model 7890A Agilent Technologies Inc., coupled to a
simple quadrupole mass detector model 5975C Agilent Technologies Inc., Santa Clara, CA,
USA). The retention time of the chromatography peak was indicated for the PTSO according
to the databases of the NIST/EPA /NIH Mass Spectra Library, version 1.7 (Gaithersburg,
MD, USA). The analysis was carried out in the laboratory of the Center for Research in
Applied Sciences and Advanced Technology of the National Polytechnic Institute (IPN,
Querétaro, Mexico).

2.4. Diets and Experimental Groups

A corn-soybean meal basal diet was formulated to meet the nutritional specifications
for the Cobb-500 lineage™ (Table 1). The basal diet was split into five portions to be mixed
with the experimental doses of AE-e or ionophore and then were pelleted at 80 °C for 30 s.
The broiler chickens were on two phases of feeding, a starter phase (1-21 day of age) and a
finisher phase (2249 day of age). The feed was restricted from 15:00 h to 08:00 h to avoid
ascites syndrome, and the water was provided ad libitum.

The birds were assigned to either a NC or C group and feed with the basal diet
containing 4 different levels of AE-e as follows: basal diet without AE-e (AE0); basal diet
with added 250 mg-kg*1 of AE-e (AE250); basal diet with added 500 mg~kg*] of AE-e
(AE500); and basal diet with added 750 mg-kg ™! of AE-e (AE750). Two positive control
treatments, non-challenged ionophore control (NC-Ion) and a challenged ionophore control
(C-Ion), both formed by a basal diet with 50 ppm of nicarbazin and 50 ppm of narasin
added for the starter phase and 60 ppm of salinomycin for the finisher phase, summarizing
a total of 10 treatments (NC0, NC250, NC500, NC750, C0, C250, C500, C750, NC-Ion, C-Ion)
with 12 replicates of 40 birds for each one.
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Table 1. Ingredients (kg-Fl of feed) and calculated chemical composition (% as fed) and metaboliz-
able energy (EM, kcal-kg™!) in the basal diets.

Ingredient Starter (0-21 d) Finisher (22-49 d)
Corn 513.9 552.5
Soybean meal 406.0 360.0
Soybean oil 40.5 51.0
Limestone 14.7 13.6
Calcium orthophosphate 9.1 7.0
Sodium carbonate 49 4.7
Methionine DL 3.6 32
Xanthophylls. 24
Salt 2.0 1.6
L-Lysine HCL 22 1.5
Threonine 1.1 0.8
Vitamin-and mineral trace Premix ! 0.9 0.8
Betaine anhydrous 0.6 04
L-valine 0.2

Biocholine 0.2 0.17
Tryptophan 0.16
Phytase 5000 0.1 0.12
Calculated nutrient levels (%)

Humidity 11.61 11.66
EM (kcal/kg) 3156 3245
Crude protein CP 23.90 21.60
Ether extract 6.21 7.34
Ashes 5.83 5.27
Crude fiber 2.34 247
Total phosphorous 0.59 0.53
Total calcium 1.00 0.90
Sodium 0.23 0.21
Lysine 1.50 1.29
Xanthophylls 0.0008 0.0080

I Content per kilogram: vitamin A (retinol acetate), 12,000 international units (IU); vitamin D3, 5000 IU; vitamin
E (DL-a-tocopherol acetate), 50 IU; vitamin K, 3 mg; thiamine, 3 mg; riboflavin, 9 mg; pantothenic acid, 15 mg;
pyridoxine, 4 mg; biotin, 0.2 mg; folic acid, 2 mg; vitamin B12, 0.02 mg; manganese, 100 mg; zinc 100 mg; iron,
40 mg; copper, 15 mg; iodine, 1 mg; selenium, and 0.35 mg.

2.5. Productive Performance

Each pen was monitored for body weight (BW), weight gain (WG), and feed intake
(FI) at 0, 21, and 49 d of age. On the same day as the event took place, we recorded the
age and weight of dead birds to determine (a) ADG: [(mean final BW of live birds in the
pen) — (mean initial BW of all birds in that pen)]/days of testing. (b) ADFI: (total feed
consumed in a pen)/(birds alive x days on test in the pen + days dead birds on test in that
pen). (c) FCR: (total feed consumption in a pen)/(WG of birds alive + WG of dead birds in
the same pen) [26].

2.6. Eimeria Challenge

At 12 d of age, the broiler chickens from the challenged group (C) were inoculated
directly into the crop with 0.5 mL of a mixture of sporulated oocysts of E. acervulina 1 x 105,
E. maxima 2 x 10*, and E. tenella 2 x 10* using sterile plastic syringes, while the birds from
the non-challenged group (NC) received a sham 0.5 mL of distilled water.

The Eimeria mixture was obtained from a non-governmental laboratory of parasitology,
Morelos, México, and it was assessed by counting the oocysts sporulated from the different
species of Eimeria at the National Autonomous University of México (UNAM) and by PCR
Sanger sequencing at the Faculty of Chemistry, Querétaro University, México (UAQ).
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2.7. Eimeria Oocysts Count

On d 9, 16, and 23 post-inoculation (p.i.), approximately 10 g of fresh fecal material
was collected from each pen and mixed thoroughly in a plastic bag and kept at 4 °C until
the total count of oocysts. Five grams of each sample was homogenized in a saturated NaCl
solution (400 g-L. 1) and filtered through a 300-mesh sieve. The filtrate was centrifuged at
800 g for 2 min and an aliquot of the supernatant was poured into a Mc Master Chamber
and counted at 10x magnification on a compound microscope following the technique
described by Long, et al. [27]. The morphological characteristics of the sporulated oocysts
were used to identify E. acervulina, E. maxima, and E. tenella; the number of oocysts was
expressed as OPG. The total OPG is the sum of OPG for all three species.

2.8. Intestinal Lesion Score (LS)

The LS in the duodenum, jejunum, and cecum were evaluated at 9- and 16-day p.i.,
twenty-four birds from each treatment were randomly selected and humanely killed by
cervical dislocation [28,29]. The gastrointestinal tract was removed and opened; the scores
for macroscopic lesions for E. acervulina, E. maxima, and E. tenella were determined according
to the scale of Johnson and Reid [30]. A score of “0” represented no visual lesions, “1” was
minimal lesions, “2” was moderate lesions, “3” was severe lesions, and “4” was extremely
severe lesions.

2.9. Anticoccidial Index (ACI)

The relative ratio weight gain (rBWG), survival rate (SR), total mean lesion score
(TMLS), and OPG value are necessary to calculate the anticoccidial index (ACI) and are
recognizes as good indicators of the efficacy of the anticoccidial compounds. The ACI was
calculated for each group according to the following equation proposed by Merk, et al. [31]:

ACI = (tBWG + SR) x 100 — (TMLS x 10 + OPG value)

The variables were calculated as follows:

e  rBWG: BWG rate of the challenged unmedicated control or drug treated group/BWG
rate of unchallenged unmedicated control group x 100.

BWG rate: (Final BW — initial BW)/initial BW x 100.

SR: Number of final birds alive/ number of total initial birds x 100.

TMLS: Sum of the LS caused by all the Eimeria spp.

OPG value: OPG in unchallenged unmedicated control or challenged drug-treated
group/OPG in infected /unmedicated control group x 100 [32].

2.10. Intestinal Microbiota Samples

At21d ofage (9dp.i.), 6 chickens from 5 treatments, NC0, C0, NC500, C500, and C-Ion,
were randomly selected and sacrificed by the manual cervical dislocation method [29,33].
The gastrointestinal tract was dissected, the ileum and cecum contents were scraped
carefully and collected in cryogenic vials, snap frozen in liquid nitrogen, and stored at
—80 °C until the microbiota composition analysis [34,35].

2.11. DNA Extraction, 16s rRNA Gene Amplification, and Library Preparation for Sequencing

The bacterial DNA from the ileal and cecal contents was extracted using the Zymo-
BIOMICS™ DNA Miniprep kit (D4300 Zymo Research, Irvine, CA, USA), according to the
manufacturer recommendations, it was quantified by fluorometry using Qubit chemistry
(Invitrogen, Waltham, MA, USA), while its integrity was assessed by spectrometry (Nan-
oDrop, Thermo Fisher Scientific, Whaltam, MA, USA). The libraries were made following
the two-step polymerase chain reaction (PCR) protocol suggested by Illumina (Illumina
Part# 15044223 Rev.B, San Diego, CA, USA) to sequence a single segment comprising the
16S rRNA V3-V4 region [36]. The libraries were quantified by fluorometry, pooled at 4nM
with 10% PhiX sequencing control, and sequenced using the Illumina MiSeq platform
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to obtain 300 paired-end reads following the manufacturer ‘s instructions (Illumina, San
Diego, CA, USA).

2.12. Bioinformatic Analysis

The paired-end raw reads were analyzed with Cutadapt v1.15 to eliminate any traces
of 165-rRNA amplification primers or Illumina adapter sequences and then scanned with
Trimmomatic v36 [37] to filter out the lower quality reads. The forward and reverse reads
of each pair were then overlapped into single fragments using FLASH v1.2.11 software,
employing an expected fragment length of 409 + 20 bp and an expected read length of
279 bp and were further filtered with DADA2 (included in the QIIME2 v2020.8 suite) [38];
to eliminate reads where 2 or more sequencing errors were expected, groups of reads were
produced by experimental errors (noise removal) and chimeric fragments.

To assign a taxonomic classification to the pre-processed sequences, we used the naive
Bayes classifier [39], as implemented in the QIIME2 suite [38]. The classifier was trained
with the annotations of the SILVA 138 ribosomal reference database [40] using the sequences
grouped to a similarity of 99%.

The Shannon and Simpson indexes, as well as the total OTU counts, were obtained
for each sample to study the intestinal microbial a-diversity. 3-diversity was assessed by
measuring the Bray—Curtis dissimilarity of each pair of samples, followed by nonmetric
multi-dimensional scaling (NMDS) to observe the clustering of the different sample groups.
The o and B-diversity profiles were visualized through box-plots and NMDS scaling
plots [41]. To obtain the relative abundance of the OTUs, the number of reads per OTU
was normalized by library size. Only the abundance changes in genus with a significance
p < 0.05 were represented in a heatmap.

2.13. Statistical Analyses

The statistical analyses were performed using the JMP statistical software v 17.0.0
(SAS Institute Inc., Cary, NC, USA) and R version 4.0.2. The data normality and variance
homogeneity among groups were tested using the Shapiro-Wilk and Levene s tests, re-
spectively. The variables with non-normal distributions were analyzed by nonparametric
statistics. The significance level was set at p < 0.05, and a trend was set between p > 0.05
and <0.10.

For the analysis of productive performance, the initial BW was included as a covariate.
The ADFI, ADG, and FCR were analyzed by 2-way ANOVA. The ACI was analyzed by one-
way ANOVA. Post hoc Tukey tests were performed. The experimental design considered
two controls with ionophores to contrast the treatments. Contrast A was NC-Ion vs. NC0,
NC250, NC500, and NC750; contrast B was C-Ion vs. C0, C250, C500, and C750; and
contrast C was NC-Ion vs. C-Ton. Additionally, the AE-e factor was analyzed to determine
if the effects of different doses of AE-e had a linear trend. Furthermore, AE-e treatments
included an analysis of the polynomial orthogonal contrast trend in the variable ACI.

Since there were no detected oocyst or coccidia lesions in nonchallenged birds, the
OPG and LS were analyzed only in the challenged birds using the Kruskal-Wallis test
and, as post hoc, the Steel-Dwass test, the medians, and quantiles q25 and q75 were
reported. Correlations were carried out between ADG, FCR, OPG, and LS using Spearman
Rho analysis.

The a-diversity changes among groups were assessed with the Kruskal-Wallis test,
while the B-diversity was assessed by the NMDS and PerMANOVA tests to identify
significant differences in the clustering position of the groups. To obtain the diversity
measures and the corresponding statistical tests, we used the R phyloseq v1.38 package [41].
We used the DESeq2 package to estimate the differential abundance of specific clades
between group sample pairs, using the Wald test and adjusting the p-values through the
Benjamini-Hochberg multiple sampling correction.
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3. Results
3.1. Productive Performance

The following tables provide comprehensive data on the interactions between the
Eimeria challenge and AE-e supplementation (Table 2) and subsequently present indepen-
dently the effects of the Eimeria challenge (Table 3) and the effects of AE-e supplementation
(Table 4) on ADG, ADFI, and FCR. No significant differences (p > 0.05) were found in
the interaction of factors on ADG, ADFI, and FCR in starter and finisher phases or in
the cumulative period of study (Table 2). As well as the orthogonal contrast (contrast A),
NC-Ion vs. NC0, NC250, NC500, and NC750 did not show differences in ADFI, ADG, and
FCR (p > 0.05) in both growing phases. On the other hand, the comparison of contrast B,
C-Ion vs. C0, C250, C500 and C750, did not show differences in ADFI and ADG throughout
the study period (p > 0.05). However, at 21 d, C-Ion showed lower FCR, 1.30 vs. 1.39,
respectively, (p < 0.01) and a trend (p = 0.07) to improve ADG. There was no effect on FCR
in the finisher or cumulative period (p > 0.05). Finally, in contrast C, NC-Ion vs. C-Ion,
there was a trend in the starter phase in which the challenged group (C-Ion) had lower
ADG (p = 0.06) and higher FCR (p = 0.07) than NC-Ion.

Table 2. Initial body weight (BW), average daily gain (ADG), average daily feed intake (ADFI), and
feed conversion ratio (FCR) of broilers chickens fed a corn-soybean diet supplemented with different
doses of Alliaceae encapsulated extract (AE-e) 1 or anticoccidial drugs (Ion) 2 under challenge with
Eimeria spp. °.

Contrasts *

Non-Challenged (NC) Challenged (C) A B C

NCo NC250 NC500 NC750 Co C250 C500 C750 SEM pval. NC-Ion C-Ion pval. pval. p val.
BWOd 423 419 417 419 421 423 422 420 0.21 0.30 42.0 422 0.71 0.69 0.53
Starter phase (1-21 d)
ADG (g) 482 47.0 474 475 413 417 435 39.9 1.09 0.33 46.5 43.7 0.41 0.07 0.06
ADFI (g) 58.4 58.1 58.1 58.2 587 599 587 57.2 0.81 0.36 58.1 57.3 0.90 0.15 0.47
FCR 121 124 1.22 1.21 141 143 134 141 0.03 0.47 1.23 1.30 0.75 0.01 0.07
Finisher phase (22-49 d)
ADG (g) 79.5 815 84.0 824 782 806 822 827 1.99 0.96 84.1 82.6 0.29 0.42 0.58
ADFI (g) 156.6 159.1 158.6 149.6 157.0 1562 1519 151.7 3.95 0.70 150.9 153.1 0.20 0.87 0.67
FCR 2.16 2.06 212 2.01 223 208 197 1.93 0.08 0.47 1.99 2.00 0.21 0.58 0.92
Cumulative study (1-49 d)
ADG (g) 66.1 66.7 68.3 67.4 624 639 656 64.4 1.10 0.97 68.0 66.0 0.46 0.11 0.17
ADFI (g) 114.5 115.8 1155 110.5 1148 1150 1120 111.2 2.32 0.80 1111 1121 0.20 0.70 0.76
FCR 1.77 1.75 1.75 1.70 1.91 1.84 1.74 1.76 0.03 0.22 1.69 1.74 0.17 0.19 0.29

1 NCo, Non-challenged + basal diet; NC250, Non-challenged + basal diet + 250 mg-kg’1 AE-e; NC500, Non-
challenged + basal diet + 500 mg-kg~! AE-e; NC750, Non-challenged + basal diet + 750 mg-kg~! AE-e;
C0, Challenged + basal diet; C250, Challenged + basal diet + 250 mg-kg~! AE-e; C500, Challenged + basal
diet + 500 mg~l<g’1 AE-e; C750, Challenged + basal diet + 750 mg~kg’1 AE-¢; 2 NC-Ion, Non-challenged + basal
diet + 50 ppm nicarbazin-50 ppm narasin 1-21 d/ salinomycin 60 ppm 2249 d. C-Ion, Challenged + basal diet +
50 ppm nicarbazin-50 ppm narasin 1-21 d/ salinomycin 60 ppm 22-49 d. 3 Challenge with E. acervulina 1 x 10°,
E. maxima 2 x 10*, and E. tenella 2 x 10%,# Contrast A: NC-Ton vs. NC0, NC250, NC500, and NC750; Contrast B:
C-Ion vs. C0, C250, C500, and C750; Contrast C: NC-Ion vs. C-Ton.

At the starter phase, the challenge affected the productive performance. Broiler
chickens from the challenged group (C) had a reduction of 12.4% in ADG compared to
those from the non-challenged (NC) group (p < 0.0001); moreover, the FCR was also
deteriorated by 12.8%, 1.40 vs. 1.22 (p < 0.0001), respectively. Despite not finding changes in
the finisher phase (p > 0.05), the negative effect observed in the starter phase continued in
the cumulative period, ADG (p < 0.001) and FCR (p = 0.01) in broiler chickens from C group
compared to NC group. However, the ADFI was not affected by the challenge (p > 0.05;
Table 3).
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Table 3. Effects of the challenge with Eimeria spp. ! on average daily gain (ADG), average daily feed
intake (ADFI), and feed conversion ratio (FCR) of broiler chickens fed a corn-soybean diet.

Challenge Factor
NC C SEM p Value
Body weight (0 d) 42.00 42.10 0.11 0.23
Starter phase
ADG (g) 47.502 41.60° 0.54 <0.001
ADFI (g) 58.20 58.60 0.40 0.44
FCR 1229 1.40° 0.01 <0.001
Finisher phase
ADG (g) 81.80 80.90 0.99 0.53
ADFI (g) 156.00 154.20 1.97 0.52
FCR 2.09 2.05 0.04 0.51
Cumulative study
ADG (g) 67.102 64.10P 0.55 <0.001
ADFI (g) 114.10 113.20 117 0.61
FCR 1742 1.81° 0.02 0.01

ab Means within rows not sharing a common superscript differ at the P value reported. INC Non-challenged; C,
challenged with E. acervulina 1 x 10°, E. maxima 2 x 10*, and E. tenella 2 x 10*.

Table 4. Initial body weight (BW), average daily gain (ADG), average daily feed intake (ADFI), and
feed conversion ratio (FCR) of broiler chickens fed a corn-soybean diet supplemented with different
doses of Alliaceae encapsulated extract (AE-e) 1

AE-e Factor Linear Trend 2
AEO AE250 AE500 AE750 SEM  p Value p Value R2
BWOd 42.20 42.10 42.00 42.00 0.15 0.65
Starter phase
ADG (g) 44.80 44.40 45.54 43.70 0.77 0.41 0.61 0.002
ADFI (g) 58.60 59.00 58.40 57.70 0.57 0.45 0.38 0.008
FCR 1.31 1.34 1.28 1.31 0.02 0.23 0.82 0.005
Finisher phase
ADG (g) 78.90 81.00 83.10 82.60 1.40 0.15 0.05 0.04
ADFI (g) 156.70 157.70 155.30  150.70  2.78 0.31 0.16 0.02
FCR 220 207°®  205%  197P  0.05 0.03 0.006 0.08
Cumulative study
ADG (g) 64.20 65.30 67.00 65.90 0.78 0.10 0.14 0.02
ADFI (g) 114.70 115.40 113.80 110.80  1.64 0.23 0.13 0.02
FCR 1.842 1792 1753 173 0.03 0.01 0.004 0.08

b Means within rows not sharing a common superscript differ at p value reported. ! AE0, basal diet; AE250, basal
diet + 250 mg-kg ! AE-e; AE500, basal diet + 500 mg-kg ! AE-e; AE750, basal diet + 750 mg-kg ' AE-e; 2 Linear
trend AEO, AE250, AE500, and AE750.

Table 4 shows that during the starter phase, the inclusion of AE-e did not influence
performance (p > 0.05). Nevertheless, in the finisher phase, the FCR was better in AE750,
1.97 compared to AEO, 2.20 (p = 0.03). Moreover, in the cumulative period, AE750 continued
to show better FCR, 1.73 regarding 1.84 from AEQ (p = 0.01); however, the AE250 and AE500
inclusion did not show a difference in FCR (p > 0.05). In addition, no significant differences
in ADG and ADFI were observed between treatments during the study (p > 0.05); however,
AE500 displayed a trend to improve ADG in the cumulative study (p = 0.10). On the other
hand, a positive linear trend was observed in ADG (p = 0.05) and FCR (p = 0.006) in the
finisher phase, as well as FCR in the cumulative period (p = 0.004).

3.2. Oocysts Shedding

Table 5 describes the effect of feed supplementation with AE-e or ionophores on the
OPG of Eimeria-challenged broiler chickens (C0, C250, C500, C750, and C-Ion), because
of the absence of OPG in non-challenged treatments, NC0, NC250, NC500, NC750, and
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NC-Ion were omitted from analysis. The differences between treatments were observed at
9d p.i., corresponding to 21 d of age. The higher OPG values of E. acervulina and E. tenella
were observed in C0, 7.75 and 22.26-fold changes, respectively, regarding C-Ion (p < 0.05).

Table 5. Medians and ranges (Q25-Q75) of oocysts per gram of feces (OPG) in broiler chickens
supplemented with different doses of Alliaceae encapsulated extract (AE-e) ! or anticoccidial drugs
(Ton) 2, under challenge with Eimeria spp. 3.

Challenge Treatments

OPG Age (d) Cco C250 C500 C750 C-Ion H*(Ji?)  p Value
Total ”n 95,575 2 109,725 48,900 2 35,350 2 17,975° 14m <0.01
OPG (35,712-186,537)  (28,150-125350)  (35,887-66,337)  (24,462-107225)  (4862-56,237) : :
s 3505 1575 700 1150 9225 276 0t
(112-6787) 387-17,612) (0-12,262) (0-3000) (812-17,275) : :
0 0 0 0 0
3% (0-0) (0-187) (0-37) (0-0) (0-225) 5.50 0.24
Eacerouling n 78,700 2 62,850 2P 32,900 20 31,700 2P 10,150 © 1216 0.02
(30537-142,175)  (12,925-86512)  (24300-46575)  (18550-83,950)  (1562-49,687) : :
s 2625 1025 375 400 7950 20 06
(50-5350) (50-15,350) (0-9000) (0-1200) (200-16,400) : :
0 0 0 0 0
% 0-0) 0-0) (0-0) 0-0) (0-100) 10.36 0.35
E. " 3750 850 3905 1550 3500 oy 060
maxima (387-16,550) (25-11,312) (62-14,450) (162-6037) (1437-7462) : :
0 25 0 0 100
28 (0-137) (0-187) (0-175) (0-250) (0-725) 311 0.53
0 0 0 0 0
% (0-0) (0-187) (0-0) (0-0) (0-37) 279 0.60
21,150 2 15,450 2b 3875 ab 2575 ab 950 ©
E-tenella 21 (3550-35,862) (0-54,025) (287-17,425) (637-10,700) (62-5675) 1033 0.04
700 325 25 100 425
28 (25-1462) (212-1225) (0-8712) (0-2400) (25-1950) 051 0.97
0 0 0 0 0
» (0-0) (0-0) 0-0) (0-0) 0-0) 280 059

ab Medians within rows not sharing a common superscript differ at P value reported. 1 Co, Challenged + basal
diet; C250, Challenged + basal diet + 250 mg-kg’1 AE-e; C500, Challenged + basal diet + 500 mg»kg’1 AE-e;
C750, Challenged + basal diet + 750 mg-kg~! AE-e; 2 C-lon, Challenged + basal diet + 50 ppm nicarbazin-50 ppm
narasin 1-21 d/ salinomycin 60 ppm 22-49 d. 3 Challenged with E. acervulina 1 x 105, E. maxima 2 x 10* and E.
tenella 2 x 10*. 4 H, test statistic of Kruskal-Wallis.

While C250, C500, and C750 had a similar OPG shedding in both species compared to
C-Ion and CO (p > 0.05), in addition, E. maxima did not show differences between treatments
(p > 0.05). Moreover, the total OPG values were significantly higher (+5-fold) in C0 and
C250 than C-Ion (p < 0.01), whereas C500 and C750 had a similar OPG shedding compared
to C-Ion, CO, and C250 (p > 0.05). The decrease in OPG excretion from 21 to 28 d of age was
more evident in the groups C250 (—69.66-fold), C500 (—69.85-fold), and C750 (—30.73-fold)
than C-Ion (—1.94-fold) and CO (—27.11-fold). At 28 and 35 day of age, E. acervulina, E.
maxima, and E. tenella OPG differences between treatments were not detected (p > 0.05).

3.3. Intestinal Lesion Score

Due to the absence of injuries in the NC groups, NC0, NC250, NC500, NC750, and
NC-Ion, we only show the analysis of the challenged groups, C0, C250, C500, C750, and
C-Ion. The LS of duodenum, jejunum, and cecum, as well as TMLS, are described in Table 6.
At 21 days of age (9 d p.i.), the LS observed in the duodenum reveled that the birds given
the CO diet showed a more severe LS of 1.5, which was significantly (p < 0.0001) higher
than the 0.5, 1, and 0 scores from birds given the C250, C500, and C-Ion diets, respectively.
Remarkably, the LS observed in broilers from the C250 diet were similar to those observed
in the broilers on the C-Ion diet. In addition, no significant differences (p > 0.05) were
detected among the C250, C500, and C750 diets. However, in the jejunum, significant
differences were identified (p = 0.03) between the CO and C750 vs. the C250 and C-Ion
diets; despite the LS medians being equal in the groups, the range q25-q75 was higher in
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C0 and C750, (0-1), than in C250 and C-Ion, (0-0). In addition, in this intestinal section,
the C500 diet had similar effects to the others on LS (p > 0.05). In the cecum, the LS in the
broilers given the C-Ion diet were lower than those observed in birds fed the C0, C250, and
C750 diets (p < 0.001) but not compared to C500 (p > 0.05). Furthermore, on day 21, the
total mean lesion score (TMLS) was significantly higher (p < 0.001) in birds from diet CO
compared to C250, C500, and C-Ion. Moreover, the chicken on the C-Ion diet had lower
TMLS compared to other treatments at 21 d of age (p < 0.0001). On the other hand, on day
28, the LS caused by E. acervuline, E. maxima, and E. tenella were not different between all
treatments (p > 0.05). However, C-Ion showed higher TMLS compared to the C750 diet
(p = 0.02), while the C0, C250, and C500 diets did not show significant differences (p > 0.05).

Table 6. Medians and ranges (Q25-Q75) in intestinal lesion scores (LS) in broiler chickens supple-
mented with different doses of Alliaceae encapsulated extract (AE-e) ! or anticoccidial drugs (Ton) 2,
under challenge with Eimeria spp.3.

Challenge Treatments

LS Age (d) Co C250 C500 C750 C-Ion H%(i?)  p Value
Duodenum 21 1.5¢(1-2) 0.5 2P (0-1) 1°(0-1) 1be(1-1) 02 (0-0) 49.7 <0.0001
28 0(0-1) 0 (0-0) 0 (0-0) 0 (0-0) 0(0-0.7) 9.2 0.06
Jejunum 21 0" (0-1) 03 (0-0) 03P (0-0.7) 0 (0-1) 02 (0-0) 10.7 0.03
28 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 9.7 0.09
Cecum 21 1°(1-2) 1 bc (0-3) 1 abe (0-1) 1 b (0-2) 02 (0-0) 314 <0.0001
28 0.5 (0-2) 0.5 (0-2) 1(0-1) 0(0-0.7) 1.5 (0-2) 9.2 0.06
TMLS 4 21 3°(2-4.7) 2b(1-3) 2b(1-3) 2be(1.2-3.7) 02 (0-0.7) 54.0 <0.0001
28 12k (1-27) 12k (0-2) 12b (0-2) 02 (0-1.7) 2b(1-2) 12.0 0.02
abe Medians within rows not sharing a common superscript differ at p value reported. 1o, Challenged + basal
diet; C250, Challenged + basal diet + 250 mg-kg’1 AE-e; C500, Challenged + basal diet + 500 mg»kg’1 AE-e;
C750, Challenged + basal diet + 750 mg-kg ' AE-e; 2 C-lon, Challenged + basal diet + 50 ppm nicarbazin-50 ppm
narasin 1-21 d/salinomycin 60 ppm 22-49 d. 3 Challenged with E. acervulina 1 x 10°, E. maxima 2 x 10* and E.
tenella 2 x 10*%;* TMLS Total mean lesion score. ® H, test statistic of Kruskal-Wallis.
3.4. Anticoccidial Index (ACI)
Table 7 describes the ACI of the different treatments, NC0 had superior ACI compared
to C0, €250, C500, and C750 (p < 0.0001). C-Ion performed better than C0 and C250
(p <0.0001). The groups C500 and C750 had similar results compared to C-Ion, C0O, and
C250 (p > 0.05). There were linear (p < 0.04) and quadratic (p < 0.03) positive trends in ACI
when comparing the responses to C0, C250, C500 and C750.
Table 7. Calculated anticoccidial index (ACI) in 21 d broiler chickens supplemented with different
doses of Alliaceae encapsulated extract (AE-e) ! or anticoccidial drugs (Ion) 2, under challenge with
Eimeria spp. 3, as well as orthogonal polynomial contrast comparison of AE-e 4.
Treatments Linear Trend Quadratic Trend
Means ° NCo Co C250 C500 C750 C-Ion SEM p Value p Value R? p Value R?
rBWG % 100 85.8 86.1 90.0 82.7 91.4
SR % 95.0 91.4 92.1 91.0 93.8 94.8
TMLS x 10 0 342 21.7 19.2 25.8 25
OPG value % 0 100 79.1 54.3 59.3 28.0
ACI 1952 431°¢  775°¢  107.6°  913bc 15572 2199  <0.0001 0.03 0.09 0.04 0.13

ab¢ Means within rows not sharing a common superscript differ at p value reported. ! NCO, Non-challenged + basal
diet; C0, Challenged + basal diet; C250, Challenged + basal diet + 250 mg-kg~' AE-e; C500, Challenged + basal
diet + 500 mg~kg’1 AE-e; C750, Challenged + basal diet + 750 mgkg’1 AE-e; 2 C-Ion, Challenged + basal
diet + 50 ppm nicarbazin-50 ppm narasin 1-21 d. 3 Challenged with E. acervulina 1 x 105, E. maxima 2 x 10*, and
E. tenella 2 x 10%;4 Polynomic trends, treatments C0, C250, C500, and C750. 5 'PBWG, relative ratio growth gain;
SR, survival rate; TMLS, total mean lesion score; OPG value, oocyst per gram of feces value.

Spearman correlations (rho) were calculated between OPG, TMLS, ADG, and FCR;
the coefficient showed that the presence of OPG at 21 d of age had a positive correlation
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(a) Family cecum; (p <0.01)

of 0.80 and 0.71 with TMLS at 21 and 28 d of age, respectively (p < 0.0001). In addition,
this OPG had also a positive correlation of 0.73 (p < 0.0001) with the FCR at 21 d. On the
other hand, there was a negative correlation (—0.54) with ADG at 21 d of age and —0.29
at49 d of age (p < 0.01). At 28 d of age, OPG and TMLS showed a positive correlation of
0.42 (p < 0.001). The TMLS at 21 and 28 d were positively correlated (0.67). TMLS at 21d
showed a positive correlation of 0.72 with the FCR in the starter phase (p < 0.001), as well
as a positive correlation of 0.22 with the cumulative period (p < 0.05), while showing a
negative correlation (—0.51) with the ADG at the same age (p < 0.001) and of —0.18 with
ADG at 49 d (p < 0.05). Therefore, TMLS at 28 d was negatively correlated (—0.18) with
ADG at 49 d of age (p < 0.05).

3.5. Analysis of Bacterial Composition, 16s RNA

To evaluate the effects of 5 treatments, NC0, NC500, C0, C500, and C-Ion, on the
intestinal microbiota composition in broiler chickens, we studied the ileum and cecum
microbial community using 16S rRNA sequencing. We obtained a total of 2,683,053 high-
quality sequences of the V3-V4 region of the 16S rRNA gene; a total of 10,710 operational
taxonomic units (OTUs) at the 99% sequence similarity level were identified in all samples.

3.6. Alpha- and Beta-Diversity

We detected no differences in the a-diversity indexes (Shannon and Simpson) or in the
OTU count of different treatment pairs in the ileum and cecum (p > 0.05). In addition, the
B-diversity assessed by NMDS from Bray—Curtis distance matrices and a permutational
analysis of variance in the ileum section showed no differences in the microbiome between
the treatments (p > 0.05). On the other hand, in the cecum, there were significant differences
in the clustering position in the groups at the taxonomic levels of family, Figure 1a (p < 0.01),
and genus, Figure 1b (p = 0.01). The results showed that NC0O and NC500 were different
from CO and C500, while C-Ion showed no differences against any treatment, except in the
taxonomic category family, which was different from NCO, Figure 1.
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Figure 1. B-diversity comparison between treatments !. NMDS of Bray-Curtis distances in (a)
Family cecum and (b) Genus cecum. 2"° The treatments not sharing superscript are different (p
< 0.05). NCO, Non-challenged + basal diet; NC500, Non-challenged + basal diet + 500 mg-kg ™!
AE-e; CO, Challenged + basal diet; C500, Challenged + basal diet + 500 mg-kg’1 AE-e; C-Ion,
Challenged + basal diet + 50 ppm nicarbazin-50 ppm narasin. Challenged with E. acervulina 1 x 10°,
E. maxima 2 x 10, and E. tenella 2 x 10%.
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3.7. Relative Intestinal Microbiota Abundance

Figure 2 depicts the analysis of the relative abundance of different bacterial clades
in the cecum at the phylum and genus level for each group of samples. In the cecum
microbiota, Firmicutes was the dominant phylum (Figure 2a), with a relative abundance
ranging from 57.8% (CO treatment) to 79.4% (NCO treatment). At the genus level (Figure 2b),
Bacteroides was the taxon with the highest relative abundance (9.7-22.1%), highlighting
their presence in the groups challenged, C0, C500, and C-Ion.
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Figure 2. Relative abundance in the intestinal microbiota in broiler chickens at 21 d in (a) Phy-
lum cecum, (b) Genus cecum. Treatments: NC0, Non-challenged + basal diet; NC500, Non-
challenged + basal diet + 500 mgkg’1 AE-e; C0, Challenged + basal diet; C500, Challenged + basal
diet + 500 mg-kg ! AE-e; C-Ion, Challenged + basal diet+50 ppm nicarbazin-50 ppm narasin. Chal-
lenged with E. acervulina 1 x 105, E. maxima 2 x 10%, and E. tenella 2 x 10*. The relative abundances
were obtained after normalizing the reads per clade counts by sequencing the library size and
obtaining the average for each clade across treatments. The 12 most abundant clades are shown.

To further explore the effect of the treatments on the cecum bacterial communities, we
searched for bacterial genus abundance changes among pairs of treatments, CO vs. NCO;
C500 vs. NC500; C-Ion vs. C0; NC500 vs. NCO0; C500 vs. C0; and C500 vs. C-Ion (Figure 3).
The results are presented in a heat map from a hierarchical clustering analysis based only on
significant changes (p < 0.05). The results from this study showed that the pair comparisons
C0 vs. NC0 and C500 vs. NC500 had more bacterial change-in-abundance differences than
the other comparisons studied: C-Ion vs. C0; NC500 vs. NCO0; C500 vs. C0; and C500
vs. C-Ion. There was a significantly higher abundance (p < 0.05) of genus Ruminococcus 2
in birds from C500 compared to NC500, CO, and C-Ion (+23.36 log2-fc, +8.0 log2-fc, and
+23.08 log2-fc, respectively). Moreover, the abundance change in Intestininonas in the C500
group was +1.78 log2-fc higher than the C-Ion group. However, Escherichia-Shigella, another
predominant bacterium in broiler chicken intestines, was also found to be abundant (+4.2
log2fc) in CO with respect to the NCO (p < 0.05). Other bacteria, such as Tyzzerella, Eggerthella,
Clostridium innocuum g., Ruminococcaceae UCG-009, u. Clostridia b., and Ruminococcus 1.,
show a higher abundance under the Eimeria challenge conditions. On the other hand, NCO
has higher numbers (p < 0.05) of Bacillus, Hydrogenoanaerobacterium, and Ruminococus 1 than
its challenged counterparts.
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Figure 3. Heat map of the bacterial genus from the cecum of broiler chickens at 21d (9d p.i.). The
color block in the heatmap indicates the normalized abundance log?2 fold change (log2-fc) of each pair
of groups at the bacterial genus: C0 vs. NCO; C500 vs. NC500; C-Ion vs. C0; NC500 vs. NCO; C500 vs.
C0; and C500 vs. C-lon. The positive and negative changes are indicated by the intensity of the green
and red color, respectively. Significant changes (with an adjusted p < 0.05) are marked with a symbol
A. The non-available (NA) label indicates that the corresponding comparison was not performed as
there were no counts for most of the samples of the group pair. A hierarchical clustering tree based
on the log2-fc signals of the clades is shown to the left of the heatmap. The abbreviations u. b. and g.
in the genus names stand for “unknown”, “bacterium”, and “genus”, respectively.

4. Discussion

In our study, the Eimeria challenge caused a negative impact on growth performance pa-
rameters, being more evident at 9 d p.i. (21 days of age). The decrease in the ADG in infected
birds, as well as the increases in the FCR, has been reported in other works [8,26,42,43]. In
our study, the inclusion of AE750 improved the FCR of broilers in the finisher phase, and in
the cumulative study regarding AEO, these results are in agreement with Peinado, et al. [44],
who also include two levels of PTSO in the broiler chicken diet and did not find any effect
on ADFI, whereas ADG improved using 45 mg per PTSO kg~! of the diet. Moreover, the
FCR was enhanced with both doses tested, 45 and 90 mg per PTSO kg ! of diet. Similar
results were obtained by Kim, et al. [20], who reported that broilers challenged with E.
acervuline and fed with 10 ppm of PTSO (67%) and PTS (33%) showed a better growth than
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the birds that were not supplemented (p < 0.05). Furthermore, Kairalla, et al. [11] reported
that some feed additives, particularly garlic (A. sativuni), have shown to improve FCR,
as was also previously demonstrated by Aarti and Khusro [45]. This result is important
since Eimeria infection destroys epithelial cells and affects intestinal villi, causing poor
nutrient digestion and severe damage to the host intestinal mucosa, resulting in clinical
or subclinical symptoms [46]. In this regard, in a previous study, we demonstrated that
organosulfur compounds from garlic, particularly PTSO in 250 g-t~! of feed, improved the
amino acid and energy digestibility in broiler chickens fed with a soybean meal-yellow
corn diet [47].

ADG or FCR are not the only good indicators for measuring the effectiveness of
anticoccidial drug, but LS and OPG are also considered complementary indicators [48] to
the performance. In our study, the higher OPG excretion detected was 9 d p.i., then OPG
gradually decreased over time; at 16 d p.i., it is barely noticeable and almost disappears at
23 d p.i. This trend after infection was reported by You [49]. In addition to the treatment
effect, the reduction in OPG may be due in part to self-limitation of parasitosis and the
immune response developed by the host [50]. We found that OPG shedding was decreased
in the challenged birds supplemented with anticoccidial treatment (C-Ion), while 500 and
750 mg-kg ! of AE-e tended to reduce OPG shedding. A similar effect was observed on the
OPG of broiler chickens challenged with Eimeria and supplemented with garlic extracts (A.
sativum) [51,52], their active derivative compounds [20], or a premix of garlic and oregano
essential oils [53]. The ACI results were better for C-Ion than for CO and C250. A positive
linear and quadratic trend in ACI suggests that generally, birds challenged with Eimeria
spp. would perform better when 500 or 750 mg-kg ! of AE-e is included in their diet.

The correlation analysis in our study indicates that the reduction in the LS was sup-
ported by the decreasing OPG. Similar results were found by Elkhtam, et al. [51], where
OPG, the clinical symptoms of the disease, and the LS decreased with the addition of garlic
extract (A. sativum) to the diet of the broiler chickens challenged with Eimeria spp. The
LS could explain the negative effect on ADG and FCR at 21 and 28 d of age, which was
previously noticed by Reid and Johnson [54], who contrasted the LS of birds infected with E.
acervulina with their weight reached, finding that at higher LS, a lower ADG was obtained,
mostly by one week after the challenge; however, LS are not always correlated in coccidia
infections, as reported by Ringenier, et al. [55], who did not find a relationship between LS
and FCR in broilers at 28 d of age, concluding that broiler chickens are able to cope with a
certain level of gut damage before it influences the overall performance. Other researchers
such as Conway, et al. [56] concluded that the correlation between OPG, LS, ADG, and FCR
depends on the type of Eimeria and the use or not of anticoccidials.

On the other hand, it has been reported that diet composition [57,58] and phyto-
chemicals modulate intestinal microbiota [44,53]. It is well known that a healthy and
functional intestinal microbiome is related to a positive productive performance of the
chickens [59,60]. It was reported that when growing broiler chickens that feed on diets sup-
plemented with Allium derivatives, PTSO or PTS are able to influence intestinal microbiota
composition [22,61], decreasing enteropathogens and increasing the nutrient absorption in
the intestine [22,62-64]. In the current study, neither AE-e nor anticoccidials modified the
- or 3-diversity in the ileum or the x-diversity in the cecum. Similar findings were noted
by Abdelli, et al. [13], who found that dietary supplementation with natural compounds
such as organic acids and essential oils does not always result in changes in diversity in
microbial populations within the gastrointestinal tract. Nevertheless, in the cecum, we
found changes in 3-diversity between clades at the taxonomic levels of family and genus,
where the challenged groups showed a different spatial distribution to those not challenged,
concluding that the infection with Eimeria spp. influences 3-diversity, as reported by other
researchers [33,65,66]. The analysis of the microbiota clearly showed that the groups under
challenge of Eimeria spp., regardless of the presence of anticoccidial drugs or AE-e in the
diet, had a higher number of enteropathogens belonging to the Enterobacteriaceae family
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such as Proteus, Escherichia, and Shigella, as well as other opportunistic pathogens, including
the genera Tyzerella, Eggertella, and Biophila.

In our study, we found that in the cecum, at the genus level, C500 had a higher
abundance of Ruminococcus, Firmicutes b., and Intestinimonas than C-Ion, considering that
Ruminococcus bacteria synthesize digestive enzymes such as cellulases, xylanases, and
cellobioses [67-69], which contributes to the hydrolysis and fermentation of non-structural
carbohydrates, producing butyric acid. It has also been reported that some species of
Ruminococcus produce bacteriocins that contribute to controlling undesirable bacterial
populations, enhancing the growth of Lactobacillus and promoting intestinal health. All
this could explain the improvement in nutrient digestibility and the productive behavior
of birds when Ruminococcus is present in abundance. On the other hand, species of the
Intestinimonas genus are producers of short-chain fatty acids increasing butyric fatty acid
from simple sugars and amino acids such as lysine [70,71]. It connects two important
metabolic characteristics, butyric acid production and amino acid fermentation in the
intestinal tract. Thus, in this study, the beneficial effects of AE-e on the modulation of the
intestinal microbiota were consistent with the results of Vezza, et al. [57], who demonstrated
in a murine model of metabolic syndrome that PTSO supplementation at doses of 0.1, 0.5,
and 1 mg-kg~'-day~! counteracts intestinal dysbiosis.

5. Conclusions

In summary, the dose of 750 mg-kg ! of an Alliaceae encapsulated extract added to the
diet of broiler chickens improved the feed conversion ratio in the finisher phase compared
to broiler chickens fed a diet without additives. Furthermore, during the finisher phase
and cumulative study, its addition to the diet resulted in a positive linear trend in average
daily gain and feed conversion ratio.

The anticoccidial index showed a quadratic trend in which the dose of 500 mg-kg ™! of
the Alliaceae encapsulated extract displayed the best response. Moreover, it promoted the
abundance of some butyrate-producing bacteria such as Infestinimonas and Ruminococcus in
the cecum.

However, the best anticoccidial index, feed conversion ratio, oocyst shedding, and intestinal
lesion score was observed in the group fed with the anticoccidial ionophore program.

Further research is required to explain the mode of action, as well as determine the
optimal dose of the Alliaceae encapsulated extract in the diet of broiler chickens to lessen or
control the detrimental effects of coccidiosis under industrial conditions. It is necessary to
verify whether using an Alliaceae encapsulated extract in dual programs combined with
ionophores or vaccines is feasible.
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Simple Summary: This study is the first to investigate the effects of E. mitis on the ileal microbiota
and fecal metabolites of chickens. Non-targeted metabolic technology and 16S rRNA sequencing
technology were used to study changes in the ileal microbiota and fecal metabolites after repeated
infections with E. mitis. The results indicated that chickens developed solid immunity against a high
dose of E. mitis infection after repeated infections with low-dose E. mitis and that repeated low-dose
infections of E. mitis disrupted the ileal microbiota balance.

Abstract: Coccidiosis, caused by different species of Eimeria parasites, is an economically important
disease in poultry and livestock worldwide. This study aimed to investigate the changes in the ileal
microbiota and fecal metabolites in chickens after repeated infections with low-dose E. mitis. The
chickens developed solid immunity against a high dose of E. mitis infection after repeated infections
with low-dose E. mitis. The composition of the ileal microbiota and the metabonomics of the Eimeria-
immunized group and the control group were detected using 165 rRNA sequencing and liquid
chromatography-mass spectrometry (LC-MS). The relative abundance of Neisseria, Erysipelotrichaceae,
Incertae sedis, Coprobacter, Capnocytophaga, Bifidobacterium, and the Ruminococcus torques group declined
in the Eimeria-immunized chickens, whereas Alloprevotella, Staphylococcus, Haemophilus, and Streptococ-
cus increased. Furthermore, 286 differential metabolites (including N-undecylbenzenesulfonic acid,
1,25-dihydroxyvitamin D3, gluconic acid, isoleucylproline, proline, and 1-kestose) and 19 significantly
altered metabolic pathways (including galactose metabolism, ABC transporters, starch and sucrose
metabolism, the ErbB signaling pathway, and the MAPK signaling pathway) were identified between
the Eimeria-immunized group and the control group. These discoveries will help us learn more about
the composition and dynamics of the gut microbiota as well as the metabolic changes in chickens
infected with Eimeria spp.

Keywords: Coccidia; Eimeria mitis; gut microbiota; fecal metabolites

1. Introduction

Avian coccidiosis is an intestinal disease caused by infection with Eimeria spp. It
causes severe diarrhea, weight loss, poor nutrient absorption, and increased susceptibility
to other pathogens [1]. The global cost of poultry coccidiosis is estimated to exceed USD
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14 billion each year, resulting in economic losses through increased drug costs [2]. Seven
main species of Eimeria (E. acervulina, E. brunetti, E. maxima, E. mitis, E. necatrix, E. praecox,
and E. tenella) are recognized worldwide in poultry and vary by geographic region and
poultry production system [3]. These Eimeria species differ in terms of their invasion of
distinct sites within the intestine, pathogenicity, and type of lesion they produce.

The gut, which contains trillions of microorganisms, plays a key role in digestion, the
absorption of nutrients, and the regulation of physiological processes, including immune
responses and pathogen elimination [4-6]. Coccidiosis infection alters the intestinal mi-
crobiota’s composition and integrity, resulting in elevated susceptibility to diseases that
threaten the overall health and productivity of chickens [7-10]. It was reported that E.
tenella infection altered the composition and diversity of cecal microbiota, significantly
reducing Proteobacteria and Firmicutes (Enterococcus) [11]. In another study, the abundance
of Bacteroides and SMB53, as well as an unclassified genus in the family of Coriobacteriaceae,
was significantly reduced by E. maxima infection [12]. A recently published study showed
that infection with mixed Eimeria spp. caused a greater abundance of Clostridium sordellii,
Clostridium butyricum, unclassified Ruminococcaceae, and unclassified Bacteroides in the ileum
and a higher abundance of Clostridium perfringens and unclassified Enterobacteriaceae in the
cecum [13].

Metabolomics facilitates a comprehensive examination of metabolic alterations in
reaction to external stimuli or disturbances and provides new understandings about disease
pathogenesis and infection responses [14,15]. In an experiment with mice infected with
Trypanosoma crudii, the authors found reductions in glucose import, reductions in fatty acid
and phospholipid synthesis in plasma, and an increase in heart tissue [16]. In previous
reports, a total of 389 significant metabolites were identified in the liver of acutely infected
mice with type II T. gondii by using metabolomics, while 368 metabolites were identified in
the liver of chronically infected mice compared to the control group [17]. It was reported
that after rabbits were infected with E. magna, 13 metabolites were changed and 7 metabolic
pathways were dysregulated [18]. Another similar study demonstrated that after rabbits
were infected with E. intestinalis, 20 metabolites and 2 metabolic pathways were altered,
with lipid metabolism as the major disrupted metabolic pathway [19].

At present, the changes in the gut microbiota and metabolites caused by Eimeria spp.
infection are mainly studied under the condition of severe gut damage caused by high-dose
oocysts. However, until now, no study has been conducted on the gut microbiota and
metabolites of chickens with strong immunity to Eimeria spp. E. mitis is less pathogenic
and parasitizes in the small intestine, and its negative influence is often disregarded in
the poultry industry [20,21]. There has been no study on the effects of E. mitis on the
gut microbiome and metabolites of chickens. In the present study, the chickens were
immunized four times with low-dose E. mitis, resulting in complete immunity against E.
mitis infection. Then, the changes in the gut microbiota and metabolites of chickens were
analyzed by 16S rRNA sequencing technology and non-targeted metabolic technology,
respectively. This study will provide a new insight into the composition and dynamics of
the gut microbiota as well as the metabolic changes in chickens infected with Eimeria spp.

2. Materials and Methods
2.1. Parasites and Experimental Chickens

E. mitis sporulated oocysts were preserved by the Shanghai Veterinary Research
Institute, Chinese Academy of Agricultural Sciences. The oocysts were acquired, purified,
and sporulated following established protocols [22]. One-day-old Sanhuang chickens,
purchased from Shanghai Minyou Breeding Cooperative, were raised in isolators and
maintained at 34-35 °C in a standard animal house without coccidia.

2.2. Infection of Chickens

An Eimeria-immunized group of 12 chickens was set up, along with a healthy control
group of 12 chickens. All chickens freely consumed a non-antibiotic commercial feed.
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The environment temperature was maintained at 25-30 °C. Seven-day-old chickens were
infected using oral gavage with low-dose E. mitis (2 x 10%) sporulated oocysts (Eimeria-
immunized group). The uninfected chickens received an equal volume of PBS (control
group). A total of four infections were performed throughout the course at 7-day intervals.
On the sixth to eighth days after each infection, feces were collected daily from each group
for oocysts per gram of feces (OPGs) using McMaster’s counting technique.

2.3. Evaluation of Immunization Effectiveness

On the seventh day after the final infection, six chickens from the Eimeria-immunized
group and six chickens from the control group were selected and challenged with a high
dose of E. mitis (2 x 10°) sporulated oocysts. Fecal oocyst numbers for each group were
determined on days 6—7 post-challenge. The remaining Eimeria-immunized group (1 = 6)
and the control group (1 = 6) were kept for subsequent analyses of the gut microbiota and
metabolite profiles.

2.4. The 16S rDNA Amplification and Bioinformatic Analysis

The fresh contents of the ileum from the remaining chickens were collected, and the to-
tal DNA was isolated using a Hipure Soil DNA Kit (Magen, Guangzhou, China) following
the manufacturer’s instructions. DNA concentration and integrity were measured using
a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel elec-
trophoresis. For bacterial diversity analysis, 165 rRNA genes were amplified with the uni-
versal primers 343F (5-TACGGRAGGCAGCAG-3') and 798R (5'-AGGGTATCTAATCCT-3')
for the V3-V4 region [23]. After purifying the PCR products with AMPure XP beads, they
underwent another round of PCR. The final amplicon was then quantified using the Qubit
dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). The concentrations were
modified prior to sequencing and subsequently processed using an Illumina NovaSeq
6000 system by OE Biotech Co., Ltd. (Shanghai, China).

Raw sequencing data were in FASTQ format. Paired-end reads were then preprocessed
using Cutadapt software to detect and cut off the adapter. After trimming, paired-end
reads were filtered with low-quality sequences, denoised, and merged, and the chimera
reads were detected and cut off using DADA2 with the default parameters of QIIME2 [24].
At last, the software output the representative reads and the ASV abundance table. The
representative read of each Amplicon Sequence Variant (ASV) was selected using the
QIIME2 package. All representative reads were annotated and blasted against the Silva
database using the g2-feature-classifier with the default parameters.

QIIME2 software was used for alpha and beta diversity analysis. The unweighted
UniFrac distance matrix performed by the R package was used for an unweighted UniFrac
principal coordinate analysis (PCoA) to estimate the beta diversity [25]. To test for sig-
nificance in UniFrac distances, the nonparametric permutational analysis of variance
(PERMANOVA) test was used. The Wilcoxon statistical test was conducted using the R
package to assess significant differences between the Eimeria-immunized and the control
group. The research utilized the linear discriminant analysis effect size (LEfSe) method to
analyze significant biomarker taxa [26].

2.5. LC-MS Sample Preparation and Bioinformatic Analysis

Fresh feces from the remaining chickens were collected and snap-frozen in liquid
nitrogen. Frozen samples were thawed slowly at room temperature. The extraction and
analysis of samples were performed according to previously described methods [27]. The
obtained supernatants were filtered using 0.22 pm microfilters and analyzed by LC-MS
(OE Biotech Company, Shanghai, China). The samples were subjected to analysis using the
Agilent 7890B gas chromatography system and the Agilent 5977B MSD system, according
to the established parameters as previously outlined [28].

The raw data were transferred to the analysis base file (ABF) format via the Analysis
Base File Converter software. An Orthogonal Partial Least Squares-Discriminant Analysis
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(OPLS-DA) was used to evaluate the different metabolites between the Eimeria-immunized
group and the control group. In order to evaluate the quality of the OPLS-DA and avoid
overfitting, we utilized a 7-fold cross-validation and 200 response permutation testing
(RPT). Variable Importance in the Projection (VIP) obtained from the OPLS-DA model was
utilized to assess the contribution of each metabolite to the classification. A two-tailed
Student’s t-test was employed to assess the significance of metabolite differences between
the Eimeria-immunized group and the control group. The selection of important metabolites
was chosen based on VIP values > 1.0 and p-values < 0.05. Furthermore, we utilized the
KEGG database for a comprehensive analysis of the metabolic pathways associated with
the identified metabolites.

2.6. Statistical Analysis

Data are presented as the mean =+ standard error of the mean (SEM). A Student’s t-test
was performed to determine the significance between the two groups for OPGs; p < 0.05
was considered significant.

3. Results
3.1. Fecal OPG Counts During Immunizations

A higher OPG count was produced on days 6 to 8 after the first infection and relatively
low OPGs on the sixth day after the second infection (Table 1). No oocysts were detected
from the seventh day after the second infection to the eighth day after the fourth infection.

Table 1. Output of oocysts after a total of four infections performed with low doses (2 x 10%) of E.
mitis oocysts at 7-day intervals.

OPGs
Infecti
niection 6 dpi 7 dpi 8 dpi
Ist 166,500 + 19,200 102,000 + 13,800 51,000 + 7200
2nd 1500 + 300 0 0
3rd 0 0 0
4th 0 0 0

OPGs: oocysts per gram feces; dpi: day(s) post-infection.

3.2. Immunization Effectiveness

After four infections, the chickens were challenged with a high dose of E. mitis. The
OPG results are shown in Table 2. Our results demonstrated that the Eimeria-immunized
group had no oocysts discharged 6-7 days after the challenge. However, the control group
had a large number of oocysts discharged. These results indicated that the chickens had
developed immunity against a high dose of E. mitis infection after repeated infections with
low-dose E. mitis.

Table 2. OPG values after a high dose of E. mitis (2 x 10°) sporulated oocysts.

OPG
Group
Day 6 Day 7 Means
A 0 0 ob
B 306,000 £ 38,400 93,000 £ 12,600 199,500 + 25,800 2

OPG: oocysts per gram of feces; A: the Eimeria-immunized group was challenged with a high dose of E. mi-
tis; B: the control group was challenged with a high dose of E. mitis. Different letters indicate a statistically
significant difference.

3.3. E. mitis Changed Ileal Microbiota Diversity

We assessed the alpha diversity using the Chaol and Abundance-based Coverage
Estimator (ACE) indices to measure microbiota richness and the Shannon and Simpson
indices for species diversity. The analysis showed no significant variation in the four
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indices between individuals within the Eimeria-immunized group and the control group
(Figure 1a). The evaluation of beta diversity was conducted using an unweighted UniFrac
distance analysis. The PCoA result showed that there were significant differences (p < 0.05)
between the Eimeria-immunized group and the control group (Figure 1b).
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Figure 1. Diversity analysis of the gut microbiota: (a) analysis of the alpha diversity between
the Eimeria-immunized group and the control group; (b) PCoA analysis based on the unweighted
UniFrac distance.

3.4. E. mitis Altered Ileal Microbiota Composition

In accordance with Figure 2, our analysis displayed the predominant bacterial phyla
and genera based on their relative abundance. The dominant phyla included Firmicutes,
Proteobacteria, and Bacteroidetes. In the control group, the relative abundance of Fir-
micutes, Proteobacteria, and Bacteroidetes was 76.09%, 12.47%, and 9.17%, respectively.
In the Eimeria-immunized group, the relative abundance of Firmicutes, Proteobacteria,
and Bacteroidetes was 77.48%, 14.99%, and 5.71%, respectively. We further compared the
bacterial composition of all experimental treatments at the genus level. In the control
group, the relative abundance of Lactobacillus, Romboutsia, Faecalibacterium, and Bacteroides
was 23.61%, 12.41%, 8.46%, and 8.01%, respectively. In the Eimeria-immunized group, the
relative abundance of Lactobacillus, Romboutsia, Faecalibacterium, and Bacteroides was 55.11%,
2.22%, 5.30%, and 4.84%, respectively.

We detected significant taxonomic variations between the Eimeria-immunized group
and the control group by linear discriminant analysis (LDA) scores above 3.0 (Figure 3).
At the genus level, the control group displayed a significant increase in the abundance
of Neisseria, Erysipelotrichaceae, Incertae sedis, Coprobacter, Capnocytophaga, Butyricimonas,
Bifidobacterium, the Eubacterium xylanophilum group, Helicobacter, the Eubacterium coprostano-
ligenes group, the Ruminococcus torques group, Oscillibacter, Clostridia UCG-014, the Clostridia
vadin BB60 group, Colidextribacter, and UCG-005 compared to the Eimeria-immunized
group. The Eimeria-immunized group displayed a significant increase in the abundance of
Alloprevotella, Streptococcus, Staphylococcus, and Haemophilus compared to the control group.
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Figure 2. The dominant abundant bacterial phyla and genera are shown. Other phyla and genera
were all assigned as “Others”. Gut bacterial composition at the phylum (a) and genus (b) levels in
different experiment groups.
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Figure 3. The linear discriminant analysis (LDA) effect size (LEfSe) analysis. Histogram of the linear

discriminant analysis (LDA) scores.

3.5. E. mitis Perturbed Fecal Metabolites

In order to determine the impact of E. mitis on the chickens’ metabolites, an LC-MS un-
targeted metabolomics analysis was performed. The OPLS-DA score scatter plots showed
that the Eimeria-immunized group and the control group clearly separated into distinct
clusters according to their metabolic differences (Figure 4a). The permutation test was
applied to validate the fit accuracy and predictability of the OPLS-DA model (Figure 4b).
Between the Eimeria-immunized group and the control group, the model’s parameters were
R2Y(cum) = 0.959 and Q2(cum) = 0.244. Generally, R2Y(cum) > 0.5 is considered to be good,
indicating that the OPLS-DA model does not exceed the fitting.
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Figure 4. OPLS-DA score scatter plot of the Eimeria-immunized group vs. the control group (a) and
permutation test of the Eimeria-immunized group and the control group (b).

The difference in screening results shown by the volcano maps (Figure 5) illustrated
286 differential metabolites, 73 of which were upregulated and 213 downregulated in the
Eimeria-immunized group compared to the control group. A heat map was drawn using the
top 50 differential metabolites between the Eimeria-immunized group and the control group
(Figure 6). Metabolites such as trehalose, gluconic acid, 1-kestose, and ginsenoside Rgl
were significantly reduced in the Eimeria-immunized group compared to the control group.
Meanwhile, metabolites such as N-undecylbenzenesulfonic acid, 1,25-dihydroxyvitamin
D3, and isoleucylproline were significantly increased in the Eimeria-immunized group
compared to the control group.
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Figure 5. Volcano map of different metabolites: blue represents the downregulated differential
metabolites, red represents the upregulated differential metabolites, and gray represents metabolites
without differences.

Furthermore, we conducted classification and annotation of the detected differential
metabolites utilizing the KEGG database. We identified 19 significantly altered metabolic
pathways (p < 0.05), including galactose metabolism, ABC transporters, starch and sucrose
metabolism, the ErbB signaling pathway, the MAPK signaling pathway, the GnRH signaling
pathway, and the adipocytokine signaling pathway (Figure 7).
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Figure 6. Cluster analysis of the top 50 differential metabolites: each row in the figure represents a
differential metabolite, and each column represents a sample.
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Figure 7. Differentially altered metabolic pathways, as visualized using bubble plots (p < 0.05); the
bubble size represents the number of metabolites. Coloring from green to red indicates a decrease in
the p-value; the larger the point, the more metabolites are enriched in the pathway.

4. Discussion

In this experiment, chickens were repeatedly infected with a low dose of E. mitis. After
four infections, the chickens were challenged with a high dose of E. mitis. No oocysts
were excreted in their stool, indicating the chickens had immunity to E. mitis infection.
Non-targeted metabolic technology and 165 rRNA sequencing technology were used to
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study changes in the ileal microbiota and fecal metabolites in chickens with immunity to E.
mitis infection.

At the phylum level, we found Firmicutes, Bacteroidetes, and Proteobacteria to be the
most abundant. However, no significant difference was observed between the two groups.
The Firmicutes phylum is prevalent in the intestines of poultry and involved in harvesting
energy from the diet in many animals [29]. Bacteroidetes contribute to host intestinal energy
metabolism through the breakdown of complex polysaccharides to produce propionic and
butyric acids [30]. Proteobacteria encompass a variety of famous opportunistic pathogens,
including Escherichia coli, Salmonella, and Campylobacter, which could have adverse effects
on the health of the host [31]. Contrary to our results, the bacterial communities that
were significantly increased in abundance in E. fenella-infected birds were Firmicutes and
Proteobacteria, while Bacteroidetes was decreased [32]. We considered that this may be
related to the different Eimeria species (E. tenella vs. E. mitis), the location of infection (cecum
vs. ileum), and the infected dose (high vs. low).

At the genus level, the Eimeria-immunized group significantly increased the abundance
of Alloprevotella, Staphylococcus, Haemophilus, and Streptococcus. Among them, Alloprevotella
is a bacterium that produces short-chain fatty acids (SCFAs) and positively correlates
with the anti-inflammatory cytokine IL-10 [33,34]. SCFAs provide energy and carbon for
broilers, while also playing a role in blood flow regulation and the stimulation of intestinal
cell growth [35]. However, Staphylococcus, Haemophilus, and Streptococcus are generally
opportunistic pathogens [36,37]. Song et al. found that broilers challenged with necrotic
enteritis (NE) had a significantly increased relative abundance of Staphylococcus in the
ileum [38]. Chen et al. documented that the abundance of Streptococcus increased over
time after E. tenella infection [7]. After repeated infections with a low dose of E. mitis, the
increase in opportunistic bacterial pathogens led to gut microbiota dysbiosis. This may be
related to the damage of the gut mucosal barrier and the immune response triggered by
pathogen infections in the gut [39].

In contrast, the Eimeria-immunized group significantly decreased the levels of
Erysipelotrichaceae, Coprobacter, Bifidobacterium, and the Ruminococcus torques group.
Erysipelotrichaceae is associated with better feed conversion in broilers [40]. Coprobacter
contributes to the maintenance of intestinal health and propionic acid production [41,42].
Earlier studies indicated that Bifidobacterium possesses multiple physiological functions,
including modulating animals” microflora and immunity enhancement [43]. In broilers,
supplementing with Bifidobacterium-based probiotics increases the goblet cell cup area in
the gut, significantly upregulates the expression of mucin, and increases the production of
mucin glycoprotein [44]. Ruminococcus torques are bacteria that can produce SCFAs and are
considered a dominant player in the degradation of diverse polysaccharides and fibers [45].
We found that infection with a low dose of E. mitis had similar effects on gut microbiota
as the live vaccines currently used [46]. It has been reported that live vaccines of avian
coccidiosis may have a deleterious effect on the early growth of broilers and potentially
increase the susceptibility of broilers to secondary infection, although it can effectively
prevent coccidiosis [47].

The gut microbiota generates multiple metabolites that are essential for regulating the
intricate interactions between the gut microbiota and host physiology [48]. Metabolites
derived from the intestinal tract provide valuable information for discovering potential
biomarkers related to intestinal homeostasis [49]. In the present study, we found that N-
undecylbenzenesulfonic acid and 1,25-dihydroxyvitamin D3 were significantly increased
after chickens had been infected repeatedly with low-dose E. mitis. As far as we know,
N-undecylbenzenesulfonic acid is an antibacterial compound against S. aureus, B. subtilis, E.
coli, and Klebsiella pneumoniae [50]. The 1,25-dihydroxyvitamin D3 plays a major role in regu-
lating immune responses, which helps the maturation of monocytes into macrophages [51].
Rajapakse et al. reported that 1,25(OH)2D3 inhibited T. gondii parasite growth in vivo
by limiting tachyzoite invasion of cells and its proliferation [52]. After rabbits were in-
fected with E. magna, a fecal metabolomics analysis also found a significant increase in

104



Animals 2024, 14, 3515

1,25(0OH)2D3 metabolites [18]. Therefore, the increasing 1,25-dihydroxyvitamin D3 may
help protect against E. mitis infection.

In addition, we noted significant reductions in trehalose, gluconic acid, 1-kestose, and
ginsenoside Rg1 after the chickens had been infected repeatedly with low-dose E. mitis.
Previous research found that trehalose improved growth and boosted immunity by mod-
erating inflammatory cytokines in the chicken intestines [53]. Gluconic acid is generated
via starch fermentation and subsequently converted into butyrate, which serves as a vital
energy source for colonocytes and promotes bacterial proliferation in the host intestine [54].
Previous studies have shown that a wide variety of bacteria are capable of metabolizing
glucose into gluconic acid, including various strains of the AAB genus and other genera,
such as Pseudomonas and Zymomonas [55]. 1-Kestose is a fructo-oligosaccharide, produced
from sucrose by the action of fructosyltransferases in plants, bacteria, yeast, and fungi [56].
One study showed that 1-kestose supplementation promoted beneficial gut microbiota in
rat cecal contents and increased acetate, butyrate, and lactate levels in a dose-dependent
manner [57]. A prior study demonstrated that ginsenoside Rgl enhanced the growth and
intestinal health of broilers by improving inflammatory and oxidative activities [58]. These
altered metabolites further suggest that repeated low-dose E. mitis infections can lead to
ileal microbiota dysbiosis.

5. Conclusions

This study demonstrated that repeated low-dose E. mitis infections can lead to ileal
microbiota dysbiosis. This perturbation was dominated by an increased relative abundance
of the pathobionts Staphylococcus and Haemophilus and an apparent decrease in the levels
of nonpathogenic bacteria, including Bifidobacterium and Coprobacter. The metabolomics
analysis showed that E. mitis infection altered 286 metabolites and 19 metabolic pathways.
These findings enhanced our understanding of gut microbiota and fecal metabolic profiles
of Eimeria spp.-infected chickens.
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Simple Summary: Coccidiosis affects broiler chickens, causing economic losses since infected chick-
ens grow less efficiently than healthy birds. Coccidiosis is caused by a parasite Eimeria that infects
the gastrointestinal tract. In the current study, changes in the bacteria of the jejunum and ileum
following infection with Eimeria maxima were determined. Samples were taken between 0 and 14 days
post-infection. The infection resulted in decreased body weight gain, increased feed conversion ratio,
compromised gut morphology, and decreased plasma carotenoid levels. Microbiota composition was
determined by sequencing a portion of the 16s rDNA gene. The results indicate that infection affected
the diversity within and between bacterial communities, particularly at the height of infection. In
samples from infected birds, species of bacteria that can be opportunistic pathogens were more
abundant than in healthy birds. In uninfected birds, bacteria that produce short-chain fatty acids and
are associated with improved growth were more abundant. Eimeria maxima affects the ecology of the
small intestine by disrupting its integrity and changes the types of bacteria present to those that could
be opportunistic pathogens. Coccidiosis is a complex gastrointestinal disease, and understanding its
effects on the host will help find effective control methods in the future.

Abstract: Coccidiosis in broiler chickens continues to be a major disease of the gastrointestinal
tract, causing economic losses to the poultry industry worldwide. The goal of this study was to
generate a symptomatic Eimeria maxima (1000 oocysts) infection to determine its effect on the luminal
and mucosal microbiota populations (L and M) in the jejunum and ileum (J and IL). Samples were
taken from day 0 to 14 post-infection, and sequencing of 165 rRNA was performed using Illumina
technology. Infected birds had significantly (p < 0.0001) lower body weight gain (BWG), higher feed
conversion ratio (FCR) (p = 0.0015), increased crypt depth, and decreased villus height (p < 0.05). The
significant differences in alpha and beta diversity were observed primarily at height of infection
(D7). Analysis of taxonomy indicated that J-L and M were dominated by Lactobacillus, and in IL-M,
changeover from Candidatus Arthromitus to Lactobacillus as the major taxon was observed, which
occurred quicky in infected animals. LEfSe analysis found that in the J-M of infected chickens,
Lactobacillus was significantly more abundant in infected (IF) chickens. These findings show that
E. maxima infection affects the microbiota of the small intestine in a time-dependent manner, with
different effects on the luminal and mucosal populations.

Keywords: coccidiosis; Eimeria maxima; microbiota; broilers; 165 rRNA sequencing; gut morphology
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1. Introduction

Consumption of broilers has been increasing steadily since the modern chicken indus-
try began selecting birds for rapid weight gain in the 1960s. In 2024, it is estimated that the
per capita consumption of meat derived from broilers will reach 100 pounds in the USA (Per
Capita Consumption of Poultry and Livestock, 1960 to Forecast 2024, in Pounds—National
Chicken Council). Chicken meat is a good source of protein, and its price is lower compared
to other options such as pork and beef (Wholesale and Retail USDA Prices for Chicken, Beef,
and Pork—National Chicken Council), making it an affordable alternative. Though broiler
chicken meat is in demand and its growth is expanding, there are challenges to maintaining
high production while maintaining affordable cost. Modern broilers are predominantly
grown in intensive farming operations where they are exposed to many types of pathogens.
One of the most prevalent diseases is coccidiosis, which is caused by protozoan parasites
belonging to genus Eimeria (Mesa-Pineda et al., 2021) [1]. There are at least seven described
species; however, other cryptic species have been recently described (Blake et al., 2021) [2].
Coccidiosis in broiler chickens results in reduction of growth parameters since Eimeria
infects the intestinal tract and causes diarrhea, inappetence, lethargy, and in some cases
mortality (Mesa-Pineda et al., 2021) [1]. Currently coccidiosis is controlled largely by
vaccines and chemotherapeutic agents, but new chemotherapeutic agents have not been
developed recently (Ahmad et al., 2024) [3].

Eimeria maxima is one of the established species that causes coccidiosis in chickens.
It infects the small intestine (jejunum, ileum, and can appear in the duodenum) (Noack
et al., 2019) [4]. The Eimeria life cycle is initiated when a chicken ingests sporulated oocysts,
which are excysted releasing sporozoites into the intestine. The excysted sporozoites infect
epithelial cells (other cell types can be infected as well) and undergo several stages of
asexual reproduction until they develop sexual stages (micro- and macrogametocytes)
that undergo fertilization followed by meiosis to produce oocysts that are excreted in the
feces. To become infectious, the oocysts must mature by sporulating in the litter. The entire
life cycle is completed in 6-7 days (depending on the species), with clinical symptoms
appearing as early as four days post-infection (PI) (Martins et al., 20222) [5]. Much of the
research concerning Eimeria has been focused on gathering data at the height of infection;
however, changes in the intestine occur prior, beginning with the invasion of sporozoites,
and persist past the average of seven days needed to complete the life cycle (Cloft et al.,
2023; Elsasser et al., 2018; Rothwell et al., 1995) [6-8], but it is unclear when during the
infection the microbiota becomes altered. It has previously been shown that changes to the
microbiota can take place in the lumen and mucosa of the small and large intestine at the
height of infection and remain up to 14 days PI (Campos et al., 2023, 2024) [9,10]. The aim of
the current study was to establish and measure a clinical E. maxima infection and investigate
the changes in bird growth parameters, gut morphology, and microbiota through 165 rRNA
sequencing in the small intestine. Because the primary target of E. maxima infection is the
small intestine, changes in microbiota were measured that are most likely caused directly by
the pathogen. Many studies measuring microbiota populations sample intestinal contents,
even though it has been observed that the populations of bacteria that reside in the lumen
of the gut are distinct from those that adhere to the gut epithelium (mucosal population)
(Borda-Molina et al. 2018; Campos et al., 2022; Proszkowiec-Weglarz, 2022) [11-13]. It
was hypothesized that E. maxima infection would disrupt the microbiota most severely
during the height of infection, and that the changes of the luminal and mucosal microbiota
would differ.

2. Materials and Methods
2.1. Animal Husbandry and Tissue Sampling

All animal care procedures were approved by the Institutional Animal Care and
Use Committee (IACUC, protocol #18-025) of the Beltsville Agricultural Research Center
(BARC). Two hundred and eighty-eight Ross 708 male broiler hatchlings were obtained
from Longnecker’s Hatchery (Elizabethtown, PA, USA) and placed into 1.00 m? open-top

110



Animals 2024, 14, 2976

wire brooder pens (approximately 25 chicks per pen). At 19 days of age, all birds were
moved to 72 cages (Alternative Designs, Siloam Springs, AR, USA) with 4 birds per pen.
A corn-soybean-based diet (approximately 24% crude protein, crumble) and water were
provided to chicks ad libitum for the duration of the study. One-half of the birds (144 birds)
were infected (IF) with 1 x 10% E. maxima oocysts (USDA APU1 isolate) in a volume of
1.0 mL per bird by oral gavage at 21 days of age. The remaining 144 birds were sham-
infected with water (control [C]). A total of 36 pens of C birds and 36 pens of IF birds were
housed in a single room, on opposite sides to prevent cross-transmission.

At six time points (0, 3, 5, 7, 10, and 14 days PI), birds and feed were weighed to
calculate body weight (BW), body weight gain (BWG), feed intake (FI), and feed conversion
ratio (FCR). For this study, the pen was treated as an experimental unit, with 6 replicates
per time point. For the BW, BWG, FI, and FCR, the average value per cage was determined
from all 4 birds/cage. Blood samples were collected via cardiac puncture from one bird
per cage following cervical dislocation into an EDTA tube and centrifuged at 2000 x g at
4 °C to collect plasma for carotenoid measurements using previously described methods
(Allen, 1987) [14]. The concentration of plasma carotenoids was used to evaluate the
level of E. maxima infection. For tissue morphology, a 2-3 cm segment of the jejunum
was dissected, rinsed with sterile PBS, and placed into neutral buffered formalin for later
histological analysis.

For luminal contents and mucosal microbiota sampling, the jejunum and ileum of one
bird per cage (6 replicates per treatment) were dissected, and the jejunal and ileal contents
(J-C and IL-C) and scrapings (J-M and IL-M) were collected. The contents of the jejunum
and ileum were collected by squeezing the digesta by hand into cryovials. The intestine
was then placed in sterile ice cold 1x PBS, opened with scissors longitudinally and rinsed
to remove any contents still adhering to the mucosa. The mucosa was then scraped using a
microscope slide and the tissues were also placed into cryovials. Isolated specimens were
snap frozen in liquid nitrogen and stored at —80 °C until bacterial DNA isolation.

2.2. Identification of Stem Cells and Morphological Measurements

Jejunum segments collected for histological analysis were transferred to 70% ethanol
and kept at 4 °C until they were embedded in paraffin (StageBio, Mount Jackson, VA, USA).
Formalin-fixed, paraffin-embedded jejunum tissues were utilized for in situ hybridization
of olfactomedin 4 (Olfm4; NM_001040463.1) as described in Cloft et al. (2023) [6]. Olfm4 is
an intestinal stem cell marker that defines the functional crypts as opposed to the visible
crypt, providing a more objective measure (Cloft et al., 2023) [6]. Images were captured
with a Nikon Eclipse 80i microscope with a DS-Ril digital camera (Nikon Instruments, Inc.,
Melville, NY, USA) at 40 x magnification. Morphological measurements of crypt depth
(CD) and villus height (VH) were taken with Image J software (version 15.0) from the
National Institutes of Health (Bethesda, MD, USA). Approximately 75 crypts and 30 villi
were measured on 4 birds per treatment timepoint.

2.3. DNA Isolation and 16s rRNA Library Preparation

DNA was extracted from J-C, J-M, IL-C, and IL-M and was evaluated as described pre-
viously (Campos et al., 2022) [12]. The 165 rRNA gene amplicon libraries were generated us-
ing the workflow and chemistry supplied by Illumina (Illumina, Inc., San Diego, CA, USA),
and PCR primers (Forward: 5-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCT-
ACGGGNGGCWGCAG-3' and Reverse: 5-GTCTCGTGGGCTCGGAGATGTGTATAAGA-
GACAGGACTACHV GGGTATCTAATCC-3') targeted the V3-V4 variable region of the 16S
gene (Darwish et al., 2021) [15]. Amplicon PCR was followed by index PCR followed by
amplicon cleaning, as described previously (Campos et al., 2022) [12]. The concentration
and quality of the amplicons were determined using QIAxcel DNA Hi-Resolution cartridge,
proprietary QIAxcel ScreenGel software (version 1.6.0, and QIAxcel Advanced System
(Qiagen, Germantown, MD, USA) per manufacturing instructions. The pooled (96 barcoded
amplicons) DNA library (4 nM) and PhiX control v3 (Illumina, Inc., San Diego, CA, USA)
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(4 nM) were denatured with 0.2 N NaOH (Sigma-Aldrich, Corp., St. Louis, MO, USA) and
diluted to a final concentration of 4 pM. The library was mixed with PhiX control (20% v/v),
and pair-end 2 x 300 bp sequencing was performed using the Illumina MiSeq platform
and a MiSeq Reagent Kit v3 (Illumina, Inc.).

2.4. Bioinformatics and Data Processing

Quantitative Insight Into Microbial Ecology (QIIME) software package 2 (version
2023.2, http:/ /giime2.org accessed on 3 October 2024) (Bolyen et al., 2019) [11] was used to
perform quality control and analysis of the sequence reads as described before (Campos
etal., 2022) [12]. Raw fastq files were demultiplexed using q2-demux and quality filtered
and denoised with DADA?2 via q2-dada2 (Callahan et al., 2016) [16]. Sequences were
trimmed with DADA2 where remaining base positions had a median Phred quality score of
30 or above (see Table 1 for truncation parameters). Representative sequence sets containing
DADA?2 amplicon sequence variants (ASVs) were used for taxonomy classification. MAFFT
(Katoh et al., 2002) [17] was used for multiple sequence alignment, and FastTree2 (Price
etal., 2010) [18] was used to generate phylogenetic trees. Naive Bayesian classifier was used
for taxonomic classification against the SILVA version 138 database (Quast et al., 2012) [19],
which was chosen over the Greengenes 2013 database for its larger size and more up-to-date
taxonomy (Balvocitté et al., 2017; Campos et al., 2022) [12,20]. For this step, RESCRIPt
pre-formatted SILVA 99% reference sequences, and taxonomy files were obtained from the
QIIME 2 Data Resources page (https://docs.qiime2.org/2023.2/data-resources/ accessed
on 3 October 2024), as RESCRIPt reduces inconsistencies by removing duplicate sequences
that are assigned different taxonomies (Robeson et al., 2021) [21]. Data were rarefied
to sequencing depths (Table 1) using alpha rarefaction plots to consider where bacterial
diversity would be maintained for the calculation of alpha and beta diversities. Alpha
diversity indices (observed features (ASVs), Shannon’s diversity index, Pielou’s Evenness
(evenness), and Faith’s Phylogenetic Diversity (richness)) were obtained through QIIME
2 package. Analysis of beta diversity was performed by QIIME2 employing unweighted
(Lozupone et al., 2005) [22] and weighted UniFrac (Lozupone et al., 2007) [23] distance
metrics. The linear discriminant analysis (LDA) effect size (LEfSe) algorithm was used
to identify taxa with significant differential abundance between C and IF birds (Segata
et al., 2011) [24]. Genus-level feature tables were converted to relative abundance and
analyzed at the Huttenhower Lab Galaxy web server (http:/ /huttenhower.sph.harvard.
edu/galaxy accessed on 3 October 2024) using the default parameters (LDA threshold of
2.0). Phylogenetic Investigation of Communities by Reconstruction of Unobserved States
2 (PICRUSt2 version 2.4.2) software was used to predict functional abundances based
on marker gene sequences (Douglas et al., 2020) [25]. The MetaCyc Metabolic Pathways
Database (Caspi et al., 2020) [26] was used to produce functional abundance data, and the
data were analyzed and visualized using STAMP 2.1.3 (Parks et al., 2014) [27] to determine
the biological relevance of features.

Visualizations for alpha diversity comparisons and beta diversity PCoA were pro-
duced in R 4.3.2 (R Core Team, 2023) [28] using the packages QIIME2R 0.99.35 (Bisanz et al.,
2020) [29] to import QIIME 2 PCoA results and tidyverse 2.0.0 (Wickham et al., 2020) [30] for
data wrangling with dplyr (Wickham et al., 2023) [31] and figure production with ggplot2
(Wickham 2016) [32]. To produce taxonomic bar plot visualizations, samples were merged
into groups (infection status x time point) using the R package phyloseq version 1.48.0
(McMurdie and Holmes, 2013) [33], and taxonomic data were processed at the genus level
using microViz version 0.12.5 (Barnett et al., 2021) [34].
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Table 1. Sequencing summary of the datasets generated from microbiota samples (JC, J-M, IL-C,
IL-M) processed through QIIME 2.

J-C J-M IL-C IL-M
Number of samples 60 60 60 60
Raw reads 6,321,969 1,906,686 8,520,563 3,669,527
DADA?2 --p-trunc-len-f 269 235 269 271
DADA2 --p-trunc-len-r 217 205 229 208
Reads after DADA2 5,212,955 1,312,059 6,443,444 2,663,546
Reads after filtering 5,060,831 1,158,586 6,434,195 2,652,074
Egi‘;)per sample 114-256,509 81-255261  13847-257,570  197-503,642
Mean reads per sample 84,347 19,310 107,237 44,201
Total number of ASVs 1001 1273 984 1371
ASV read length (range) 269-465 234-427 269-473 271-466
Mean ASV read length 418 358 420 385
Sequencing depth 27,462 5658 49,158 13,067

2.5. Statistical Analysis

Performance data (BW, BWG, FI, FCR) and plasma carotenoid concentration were
analyzed by 2-factor ANOVA considering time post-infection and infection status as main
factors via JMP v15.0 (SAS Institute Cary, NC, USA). When significant ANOVA results were
observed, Tukey’s honestly significant difference test was conducted for mean separation.

Morphological data were unable to be transformed to meet conditions of normal dis-
tribution due to unequal variances; therefore, data were analyzed using the nonparametric
Welch’s one-way test for the effect of infection status at each timepoint.

Differences between alpha diversity indices were tested using the Kruskal-Wallis test
(QIIME2). The difference in community structure based on groups (infection status x time
point) were statistically tested by non-parametric multivariate ANOVA (PERMANOVA)
with 999 permutations using QIIME2, and distances between samples were visualized with
PCoA. Statistical significance was established at p < 0.05 for all analyses.

3. Results
3.1. Parameters Associated with Infection and Growth

The performance parameters of birds included in this study are shown in Table 2.
These include body weight (BW), body weight gain (BWG), feed intake (FI), and feed
conversion ratio (FCR). Statistical analysis of significant differences within, as well as
between, main effects (infection status and age) were determined by analysis of variance.
The BW of birds increased through time (p < 0.0001), and IF birds weighed less than C birds
(p < 0.0246). The BWG of birds increased through time (p < 0.0001), and IF birds gained
less weight than C birds (p < 0.0001). The FI did not differ significantly between C and IF
birds (p = 0.33) but increased significantly through time (p < 0.0001). There was a significant
interaction between the main effects (p = 0.0487) in FCR.

To further ensure that an E. maxima infection was present, the level of plasma carotenoids
(Allen, 1987) [14] was measured at each of the six time-points and is shown in Figure 1.
There was a significant decrease in plasma carotenoids in IF birds (p < 0.001) beginning at
7 days PI. The carotenoids increased at days 10 and 14 PI but were still significantly lower
than those in C birds.
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Table 2. Growth performance data of infected and uninfected broiler chickens !.

2
Day Post-Infection Infection Status BW (kg) B:ﬁ; FI (kg) FCR
C 1.12 0.23f 1.36 1.49°¢
3P IF 1.17 0.22f 1.37 1.55¢
= C 1.23 0.38¢ 2.40 1.58¢
IF 1.24 0.37¢ 2.30 157¢
7 pI C 1.33 0.614 3.72 1.54¢
IF 1.50 0.45¢ 3.77 2.132b
C 1.51 0.78 ¢ 5.77 1.85abe
107 IF 2.05 0.634 5.51 2274
4P C 1.95 1.192 7.85 1.65be
IF 2.05 1.03P 7.27 1.79 abe
SEM 3 0.12 0.03 0.29 0.11
Main effect day PI
3PI 1.15b 0.23¢ 1.36 ¢ 1.52b
5 PI 1.23b 0374 2354 1.57b
7Pl 1.41° 053¢ 3.75¢ 1.83 b
10 PI 1.782 0.70® 5.64° 2062
14 PI 2.002 1112 7.562 1.72°
SEM 3 0.08 0.02 0.20 0.08
Main effect infection status
C 1.43P 0.642 422 1.62°
IF 1.602 0.54b 4.04 1.862
SEM 3 0.05 0.01 0.13 0.05
Analysis of variance Probabilities *
Day post-infection x infection status 0.18 0.0053 0.82 0.0487
Day post-infection <0.0001 <0.0001 <0.0001 0.0001
Infection status 0.0246 <0.0001 0.33 0.0015

1 Each value represents the least-square means from 6 replicate cages with 4 male chickens/cage. Chickens at 21 d
of age were infected with 1000 Eimeria maxima oocysts (IF) or sham infected with sterile water (C) and evaluated
at 14 d post-infection (PT). 2 Body weight gain is calculated starting at 0 PI. On 0 PI, average body weight = 0.89 kg.
3 SEM = pooled standard error. * Italicized p-values are statistically significant (p < 0.05). *f Means in the same
column with different superscripts are significantly different (p < 0.05) based on Tukey HSD mean separation.

4-

w
1

Carotenoids, pg/mL
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1

*
14 -e ¢
- IF
*P <0.001,IFvs.C
0 | | | | | |
0 3 5 7 10 14
Day PI

Figure 1. Concentration of plasma carotenoids in control (C) and Eimeria maxima (IF)-infected chickens
(day PI, day post-infection; mean = SE).
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3.2. Gut Morphology

The crypt depth of the jejunum of IF birds increased significantly beginning at 7 days
PI and remained significantly elevated through the remainder of the study (p < 0.0051)
compared to C birds (Figure 2A). At days 5 and 7 PI, the villus height of IF birds was
significantly decreased (p = 0.0074) compared to C birds (Figure 2B).

A. Crypt Depth

160 uC OIF
*P<0.05
140 Py * %
120 +
100
E 80
60
40
20
0
0 3 5 4 10 14
1200 B. Villus Height uC OIF
*P<0.05
* %

1000 _{_ + _1_

800 +

E 600
400

200

0 3 5 7 10 14

Days Post Infection

Figure 2. Crypt elongation following infection with Eimeria maxima. Expression of Olfin4 mRNA by
in situ hybridization in the jejunum of broiler chickens that were infected at 21 d of age with either
1000 E. maxima oocysts (IF) or sham infected with sterile water (C) and sampled at 0, 3, 5,7, 10, and
14 d post-infection (PI). All tissues were counterstained with 50% hematoxylin. Images were captured
at 40 x magnification (n = 4). (A) Crypt depth and (B) villus height was measured on jejunal sections
stained for Olfin4 by in situ hybridization. Measures were analyzed by infection status using the
nonparametric Welch’s one-way test. Significances (p < 0.05) are indicated by asterisks (*).

3.3. Sequencing Summary

The summary of the sequences produced during this study is shown in Table 1. The
sequence depth for rarefaction was lower in the mucosa samples (5658 J]-M and 13,067 IL-M)
compared to the luminal contents (J-C 27,462 and IL-C 49,158).

3.4. Alpha and Beta Diversity of the Microbiota of the Small Intestine

There were no significant differences in alpha diversity in either the J-C or IL-M sam-
ples, and the significant differences in J-M are shown in Figure 3. Shannon’s entropy was
significantly lower in the IF samples at days 3 (p = 0.02) and 7 PI (p = 0.04) (Figure 3A),
and Faith’s PD was significantly lower in the IF samples at day 10 PI (p = 0.03). The
significant differences in alpha diversity of IL-C are shown in Figure 4. Shannon’s en-
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tropy and Evenness were significantly lower between C and IF samples and at days 3
(p=0.04) and 7 (p = 0.02) (Figure 4A and 4D, respectively). Observed features (p = 0.04)
and Faith’s PD (p = 0.047) were significantly lower between C and IF samples on day 7 PI
(Figure 4B and 4C, respectively).
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Figure 3. Effect of Eimeria maxima infection at days 0, 3, 5, 7, 10, and 14 post-infection (PI) on the alpha
diversity indices (A) Shannon'’s entropy and (B) Faith’s PD of the mucosal bacterial populations of
the jejunum (J-M). Non-infected birds = C, infected birds = IF. Significant (p < 0.05) differences are
indicated by asterisks (*¥).
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Figure 4. Effect of Eimeria maxima infection at days 0, 3, 5, 7, 10, and 14 post-infection (PI) on the alpha
diversity indices (A) Shannon entropy, (B) observed features, Faith’s PD (C), and Evenness (D) of
the luminal bacterial populations of the ileum (IL-C). Non-infected birds = C, infected birds = IF.
Significant (p < 0.05) differences are indicated by asterisks (*).
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PC2 (9.24%)

Beta diversity measures the amount of variability between bacterial communities
(Figures 5 and 6) and was measured using phylogenetic-based unweighted (UWT) or
weighted Uni-Frac (WT) methods. The UWT Uni-Frac analysis of ]-C was not significant,
but WT Uni-Frac of J-C was significantly different (p = 0.04) on day 7 PI between C
and IF (Figure 5A). Conversely, the WT UniFrac analysis of ]-M was not significant, but
UWT UniFrac of ]-M was significantly different (p = 0.03) on day 10 PI between C and IF
(Figure 5B).
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Figure 5. Effect of Eimeria maxima at days 0, 3, 5, 7, 10, and 14 post-infection (PI) on the beta diversity
of jejunal luminal (A) (J-C) and jejunal mucosa (B) (J-M) bacterial populations using the principal
coordinate analysis (PcoA) based on the weighted (A) and unweighted UniFrac (B) distances between
groups. Non-infected birds = C, infected birds = IF. Significant (p < 0.05) differences are indicated by
asterisks (*).
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Figure 6. Effect of Eimeria maxima at days 0, 3, 5,7, 10, and 14 post-infection (PI) on the beta diversity
of ileal luminal (A,B) (IL-C) and ileal mucosa (C) (IL-M) bacterial populations using the principal
coordinate analysis (PcoA) based on the weighted (A,C) and unweighted UniFrac (B) distances
between groups. Non-infected birds = C, infected birds = IF. Significant (p < 0.05) differences are
indicated by asterisks ().
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The beta diversity in both IL-C and IL-M samples was significantly different on day
7 PI (p = 0.02 and 0.01, respectively) (Figure 6A,B). For IL-M, the UWT Uni-Frac was not
significant, but significant differences were measured using WT Uni-Frac (p = 0.02) between
C and IF at day 7 PI (Figure 6C). In general, the results of beta diversity analysis showed
significant differences between bacterial communities at day 7 PI that corresponded to
height of E. maxima infection.

3.5. Taxonomy

The 11 most abundant taxa (% of the genera present) are shown for J-C and J-M
(Figure 7) and IL-C and IL-M (Figure 8). The taxa present between C and IF in the J (both C
and M) (Figure 7A,B) at corresponding days were very similar, except for IF at D14, where
the abundance of Lactobacillus was lower. In the jejunum (both C and M), the most abundant
genus was Lactobacillus. In all samples with the exception of those from IF birds at day 14, it
made up more than 75% of the genera present. The taxa that were present in J-M but not J-C
were Escherichia-Shigella, Staphylococcus, Streptococcus, and the Lachnospiraceae. On the other
hand, Candidatus Arthromitus, Enterococcus, Bacteria kingdom (which includes unclassified
sequences that could not be classified beyond the kingdom), and Ralstonia were present in
J-M but not J-C. Of the taxa present in IL-C (Figure 8A), Lactobacillus was more abundant in
IF samples at 5, 7, and 10 days PI. Streptococcus and Staphyloccocus were present in IL-C but
not IL-M. On the other hand, unclassified bacteria and Subdoligranulum were found in IL-M
but not IL-C. In the IL-M, the level of Lactobacillus was higher in samples from IF7, C10,
IF10, and C14.
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Figure 7. Effect of Eimeria maxima at days 0, 3, 5, 7, 10, and 14 post-infection (PI) on relative bacterial
abundance (%) at the genus level in the (A) jejunal lumen (J-C) and (B) jejunal mucosa (J-M). Non-
infected birds = C, infected birds = IF.
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Figure 8. Effect of Eimeria maxima at days 0, 3, 5,7, 10, and 14 post-infection (PI) on relative bacterial
abundance (%) at the genus level in the (A) ileal lumen (IL-C) and (B) ileal mucosa (IL-M). Non-
infected birds = C, infected birds = IF.
3.6. Differentially Abundant Taxa
LEfSe analysis was performed to determine differentially abundant taxa in the J-C and
J-M (Figure 9) and in the IL-C and IL-M (Figure 10). In the J-C, bacteria belonging to the
genus unclassified Peptostreptococcaceae and family Aerococcaceae were more abundant in
samples from IF animals, while family Micrococcaceae and genus Oceanobacillus were more
abundant in C samples (Figure 9A). In the J-M, members of the unclassified genus Staphy-
loccocus were more abundant in IF samples, and eight genera (CHKCIO01, Ochrobactrum,
[Ruminococcus] gauvreauii group, uncultured Ruminococcaceae, Eisenbergiella, Pseudomonas,
unclassified Peptostreptococcaceae) and three families (Aerococcaceae, Rhizobiaceae, and
Micrococcaceae) were more abundant in C samples (Figure 9B).
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Figure 9. Effect of Eimeria maxima on differentially abundant bacterial genera as determined by
linear discriminant analysis (LDA) effect size (LEfSe) analysis in jejunal lumen (J-C, (A)) and mucosal
(J-M, (B)) bacterial populations. C—uninfected chickens, IF—infected chickens.
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Figure 10. Effect of Eimeria maxima on differentially abundant bacterial genera as determined by
linear discriminant analysis (LDA) effect size (LEfSe) analysis in ileal lumen (IL-C, (A)) and mucosal
(IL-M, (B)) bacterial populations. C—uninfected chickens, IF—infected chickens.

In the IL-C, members of the unclassified genus Staphyloccocus were more abundant
in IF samples, and 12 different genera (shown in Figure 10A) were more abundant in C
samples. In the IL-M, the genus Lactobacillus and Streptococcus were more abundant in IF
samples, and the genera Helicobacter, [Eubacterium] coprostanoligenes group, unclassified
Lachnospiraceae, Subdilogranulum, [Ruminoccocus] torques group, and Candidatus Arthromitus
were more abundant in C samples (Figure 10B).

3.7. Analysis of Predicted Functional Processes

The metabolic pathways that were predicted to be significantly different between IF
and C samples collected from J-C and J-M are shown in Figure 11A and 11B, respectively.
In C samples from J-C, the glycolysis and Entner-Doudoroff superpathway, photorespira-
tion, and lactose and galactose degradation were predicted to be in significantly greater
abundance (Figure 11A). In IF samples from J-M, the L-arabinose, androtestosterone, L-
rhamnose II, gallate I and III, L-valine I, syringate, methylgallate, and protocatechuate I
degradation pathways, as well as the superpathway of lipopolysaccharide biosynthesis,
were in significantly greater abundance compared to C samples (Figure 11A).

In C samples from J-M, the methyl ketone, mono-trans, poly-cis decaprenyl phosphate,
myecothiol, cob(I)yrinate a,c-diamide II, adenosylcabalamin I and II, and superpathway
of heme from glycine biosynthesis, as well as the superpathway of salicylate degradation,
toluene degradation III, 4-methylcatechol degradation, and methanol oxidation to carbon
dioxide, were in greater abundance compared to IF samples (Figure 11B). Only the pentose
phosphate pathway was predicted to be in significantly greater abundance in IF samples
(Figure 11B).

The metabolic pathways that were predicted to be significantly different between IF
and C samples collected from IL-C and IL-M are shown in Figure 12A and 12B, respectively.
In the IL-C, 21 pathways were predicted to be in greater abundance in C samples, includ-
ing nitrate reduction, L-leucine I, L-arabinose IV, L-tyrosine I, toluene IV, superpathway
of toluene degradation, chlorosalicylate, protocatechuate II, L-tryptophan, and catechol
degradation, as well as photorespiration, ectoine, NAD II, ergothioneine, cob(I)yrinate
a,c-diamide II, adenosylcobalamin I and II, isoprene II and norspermidine biosynthesis,
fatty acid salvage, and the meta cleavage pathway of aromatic compounds, compared to IF
samples (Figure 12A). No metabolic pathways were predicted to be in greater abundance
in IF samples.
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Figure 11. Effect of Eimeria maxima infection on mean proportion (%) of predicted MetaCyc path-
ways (up to top 21 pathways shown) in the jejunal luminal (J-C) (A) and jejunal mucosal (J-M)

(B) populations.
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Figure 12. Cont.
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Figure 12. Effect of Eimeria maxima infection on the mean proportion (%) of predicted MetaCyc
pathways (up to top 21 pathways shown) in the ileal luminal (IL-C) (A) and ileal mucosal (IL-M)
(B) populations.

In the IL-M, eight metabolic pathways were predicated to be in greater abundance
in C samples, namely, chitin derivatives and chlorosalicylate degradation, protein N-
glycosylation, aerobactin, D-mannuronate biosynthesis, superpathway of bacteriochloro-
phyll a biosynthesis, superpathway of demethylmenaquinol-6 biosynthesis II, and pyrimi-
dine deoxyribonucleotides de novo biosynthesis IV (Figure 12B). In the IL-M, 12 metabolic
pathways were predicted to be in greater abundance in IF samples in comparison to C sam-
ples: pyrimidine deoxyribonucleotide phosphorylation, pyrimidine deoxyribonucleotides
de novo biosynthesis I and II, superpathway of guanosine nucleotides de novo biosynthesis
I, superpathways of guanosine nucleotides de novo synthesis I and II, superpathway of
pyrimidine deoxyribonucleotides de novo synthesis, superpathways of purine nucleotides
de novo synthesis I and II, O-antigen building blocks biosynthesis, dTDP-L-rhamnose
biosynthesis I, and inosine-5'-phosphate biosynthesis III (Figure 12B).

4. Discussion

In the current study, a clinical E. maxima infection was produced that affected the
production parameters (BWG and FCR), plasma carotenoid levels, and gut morphology of
the jejunum. The course of the infection was tracked, beginning on the day of infection and
continuing to 14 days PI The biggest effects on the performance parameters were observed
on day 7 PI, which is standard with the previously obtained results of this E. maxima strain
(Hansen et al., 2021; Jenkins et al., 2017) [35,36]. Measuring the levels of carotenoids in the
plasma has been a useful tool in determining the level of Eimeria infection in the species
that invade the small intestine. The levels of carotenoids in the plasma decrease following
infection presumably due to decreased gut integrity where these compounds “leak” from
the plasma via the compromised gut (Conway et al., 1993; Fetterer et al., 2015; Sakkas et al.,
2018) [37-39]. Measuring the villus height and crypt depth is another way of determining
presence of infection, since Eimeria causes a decrease in the height of the villi and an increase
in the depth of the crypts (Fernando and McCraw, 1973) [40]. This was also observed at the
height and recovery phase (10-14 days PI) of this experimental infection.

The major goal of this study was to determine the effects of a clinical E. maxima
infection on the luminal and mucosal populations of the microbiota in the small intestine
(the target infection site of E. maxima) over the two-week period. Most studies concentrate
on measuring infection effects at the height of infection around days 5-7 PI (depending on
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species) and predominantly measure these populations in the gut contents or the excreta
(Choi and Kim, 2022; Zhou et al., 2020) [41-43]. The small intestine is the site of nutrient
absorption, and it also houses a robust population of microbiota that can be affected by
Eimeria infection. Sufficient sequencing depth was obtained for the analysis; however, the
mucosal scrapings generated fewer sequences compared to the luminal contents. This is
not surprising since much less material is obtained during scraping of the mucosa, and this
can also reflect that less bacteria occupy the mucosa since these are the populations that
adhere to the gut epithelium (Borda-Molina et al., 2018) [13].

Significant differences in alpha diversity (within a population) were detected in the
population of the jejunum scrapings and ileum contents. These differences were detected as
early as day 3 PI and as late as day 10 PI. In samples from infected birds, the alpha diversity
was lower compared to controls, and by day 14 PI, the populations were once again similar.
By day 14 PI, the birds are in the recovery phase from coccidiosis, even though oocysts can
still be shed in the feces by day 11 PI (Cha et al., 2018) [44]. It has previously been reported
that coccidiosis can decrease different metrics of alpha diversity and results in a decrease in
low-abundance species in the ceca (Stanley et al., 2014; Wu et al., 2014) [45,46]. However, in
a study where low doses of mixed Eimeria species were used for infection, no significant
changes in alpha diversity were observed (Leung et al., 2019) [47]. In a previous study,
investigating the supplementation of feed with short-chain fatty acid, we used the same
strain of E. maxima (APU1) and dose (1 x 103 oocysts) and found that the alpha diversity of
the ileum contents was the most affected (Proszkowiec-Weglarz et al., 2020) [48], which
was corroborated in the current study.

Beta diversity measures the differences between microbial communities, and in the
current study differences were observed in both the ileum and jejunum, primarily at the
height of infection, when the effect of parasite invasion and development/replication is
the highest. The effects of E. maxima APU] strain infection on beta diversity in the ileum
and ceca (luminal and mucosal populations) was previously reported at days 7 and 10 PI,
and it was found that interactions among the main effects were observed (age, infection,
tributyrin supplementation); however, in the current study, the effect of infection was the
most prominent. Even though the same strain of E. maxima was used in Ross 308 chickens
using the same poultry facilities, differences were present. This highlights the concept
that bacterial populations of the gut are highly dynamic and affected by many factors,
underlining the necessity for independent reproduction of experiments to truly define
these populations.

The taxonomic analysis showed that most of the taxa present in the jejunum (both
L and M) are made up of Lactobacillus. Previously, this was also observed in birds of
the same age and breed but infected with E. acervulina (Campos et al., 2023) [9] and that
Lactobacillus dominated both the lumen of the jejunum as well as the duodenum; however,
in the mucosa, Lactobacillus was not the major component. It is possible that sampling
methodology affected the current results; however, further investigation of the make-up
of the jejunal microbiota is warranted. While the taxa of the IL-L were dominated by
Lactobacillus, in the IL-M, a changeover from majority Candidatus Arthromitus to Lactobacillus
was observed over the course of the study. This changeover was more rapid in IF animals,
and the presence of both these taxa have been associated with the growth performance of
chickens (Markova et al., 2024) [49].

LEfSe analysis was conducted to determine the differential abundance of bacteria
between C and IF samples. Surprisingly, only a total of members of six genera and families
were differentially abundant in IF samples. Lactobacillus, which is a beneficial probiotic
genus, was more differentially abundant in the mucosal population of the IL. We have pre-
viously found that Lactobacillus was more differentially abundant in the ceca (both mucosal
and luminal populations) and ileum (mucosa) of birds infected with E. acervulina, E. tenella,
and necrotic enteritis (infected with E. maxima and Clostridium perfringens) (Campos et al.,
2022; Campos et al., 2024; Latorre et al., 2018; Miska et al., 2023) [10,12,50,51]. An in vitro
infection model (Tierney et al., 2004) [52] showed that indigenous Lactobacillus species
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inhibited the invasion of E. tenella sporozoites, and therefore it is perplexing that species
that may be inhibitory to Eimeria invasion are more abundant in infected birds. Markova
et al. (2024) [49] recently noted that the presence of many genera of lactic-acid-producing
bacteria are often contradictory as to expectation, and in many cases, Lactobacillus is as-
sociated with poor performance. The members Staphylococcus and Streptococcus can be
opportunistic pathogens of the intestinal tract, and these were also more abundant in IF
animals; however, Streptococcus thermophilus has been used in probiotic supplements, and
therefore these bacteria can have different effects on intestinal health depending on the
species present (Mirsalami and Mirsalami, 2023) [53].

Unclassified members of the family Lachnospiraceae and [Ruminococcus] torques group,
another member of Lachnospiraceae, were more abundant in the ileum (C and M) of C
birds. These bacteria are known to be important producers of short-chain fatty acids like
butyrate (Pryde et al., 2002) [54] that are beneficial to chickens in having anti-inflammatory
properties and maintaining the integrity of the gut (Onrust et al., 2015) [55]. It is therefore
not surprising that bacteria involved in short-chain fatty acid production would be more
abundant in non-infected birds.

The family Micrococcaceae was found to be more abundant in the J of control birds.
These bacteria are Gram-positive cocci that are frequently found in milk and cheeses and
could be associated with fermentative processes (Basbas et al., 2022) [56] but are also
associated with epithelial and mucosal tissues in humans (skin, small intestine, respiratory
tract) (Igartua et al., 2017) [57].

Candidatus Arthromitus are spore-forming, Gram-positive bacteria of the phylum Fir-
micutes, also known as segmented filamentous bacteria, and they were found to be more
abundant in the IL (C and M) of control healthy chickens. This taxon has shown a pattern
of decreasing in microbiota of Eimeria-infected chickens across multiple studies, such as
in the cecal mucosa, ileal lumen, and duodenal lumen of E. acervulina-infected chickens
(Campos et al., 2023; Campos et al., 2024) [9,10], the cecal lumen of E. tenella-infected
chickens (Campos et al., 2022) [12], and the ileal digesta of chickens infected with a mixture
of E. maxima and E. brunetti (Feng et al., 2022) [58]. The presence of this genus is often
associated with better performance in chickens (Markova et al., 2024) [49], although it has
also been associated with chickens with “runting and stunting” syndrome (Lages de Silva
at al., 2024) [59]. Its function is unknown at this point. Abundance of bacterial taxa in the
intestine of poultry can be affected by other parameters besides infection, such as age, envi-
ronmental conditions, feed and is therefore highly variable; however, additional studies
should be able to distill the true effect of coccidia infection on the intestinal microbiota.

To connect the relative abundance of bacteria to metabolic processes they may be
involved in, we carried out a predictive analysis. Although the accuracy of these analyses
could be limited since the database is primarily composed of metabolic processes that
occur in mammalian hosts (Sun et al., 2020) [60], the information gathered could be useful
when planning future physiological and biochemical studies on the effect of microbiota
on gut health. There was some but not a lot of overlap between the metabolic processes
and sections of the small intestine (J or IL) and their C or M. It was previously found that
metabolic pathways that could be involved in short-chain fatty acid production in the
duodenum, jejunum, and ceca were reduced in birds infected with E. acervulina (Campos
et al., 2024) [10]. This was not found to be the case in this study in which birds were infected
with E. maxima, which are related but cause somewhat different symptomology. In the
J-C of IF birds, metabolic pathways related to sugar and amino acid degradation were
more abundant, and in the IL-M, the predominant pathways in IF birds were related to
nucleotide biosynthesis. At this point, the significance of these findings is unknown but
should be investigated in future physiological studies on the effects of Eimeria infection on
the intestinal tract.
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5. Conclusions

In conclusion, a symptomatic E. maxima infection was induced that lowered perfor-
mance parameters such as BWG and FCR, as well as the morphology of the small intestine.
The infection resulted in significantly decreased levels of carotenoids in the plasma, indicat-
ing loss of gut integrity. The effect of the infection was followed for 14 days PI, and its effect
on the microbiota in the small intestine (J and IL) was analyzed. The infection affected
alpha and beta diversity, particularly at the height of infection. The analysis of relative
abundance of bacterial taxa suggested that butyrate-producing bacteria may be greater in
C animals. Lactobacillus species were more abundant in IF animals, which is a paradoxical
finding. It was predicted that pathways involved in sugar and amino acid degradation and
nucleotide synthesis were more abundant in the microbiota of IF birds. It was also clear
that the luminal and mucosal populations of bacteria differed, and therefore including a
separate analysis of gut contents and scrapings produces a more complete picture of the
ecology of the gut microbiota.
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Simple Summary: Eimeria tenella is the most pathogenic and common coccidia that causes chicken
coccidiosis. At present, the control of this disease mainly relies on anticoccidial drugs, but the use of
these drugs is greatly limited due to issues such as drug-resistant strains and drug residues. This
study aims to investigate the immunoprotective effect of recombinant EtROP27 virulence protein,
which can provide theoretical support for the development of chicken coccidiosis vaccines. This study
successfully constructed a prokaryotic expression vector of EfROP27 and purified the recombinant
protein, identified the expression pattern of the protein, and tested its immune protection. EfROP27
has been shown to have a certain immunoprotective effect.

Abstract: Eimeria tenella rhoptry protein has the properties of a protective antigen. EtROP27 is a
pathogenic gene that is detected via a transcriptome, but its expression pattern, immunogenicity, and
potency are unknown. Therefore, a gene segment of EfROP27 was amplified and transplanted into the
pET28a prokaryotic vector for the expression of the recombinant protein, and it subsequently purified
for the generation of a polyclonal antibody. Then, RT-PCR and Western blotting were performed to
understand the expression pattern of EfROP27. Subsequently, animal experiments were conducted to
evaluate the immunoprotective effect of the recombinant protein with different immunizing doses
(50, 100, and 150 pg). The results showed that the expression of EfROP27 gradually increased with the
prolongation of infection time, reaching the highest level at 96 h and then decreasing. Additionally,
EtROP27 is a natural antigen of coccidia that can stimulate the body to produce high levels of IgY. As
with recombinant protein vaccines, the results of immune protection evaluation tests showed that
the average weight gain rates of the immune challenge groups were significantly higher than that
of the challenged control group, and their average lesion scores were significantly lower than that
of the challenged control group. Furthermore, the oocyst excretion decreased by 81.25%, 86.21%,
and 80.01%, and the anticoccidial index was 159.45, 171.47, and 166.75, respectively, for these groups.
EtROP27 is a promising antigen gene candidate for the development of a coccidiosis vaccine.

Keywords: Eimeria tenella; recombinant EtROP27 protein; expression changes; immunoprotective

1. Introduction

Chicken coccidiosis is a parasitic protozoonosis caused by one or more of the seven
species of Eimeria that are parasitic within the epithelial cells of the chicken intestinal
tract [1,2]. The economic losses caused by chicken coccidiosis infection worldwide amount
to GBP 10.4 billion annually [3]. China spends hundreds of millions of CNY annually
on medicines to prevent and control coccidiosis, accounting for one-third of the cost of
chicken disease prevention and control, and it is the second largest chicken production
and consumption country in the world [4]. Coccidiosis is characterized by intestinal injury,
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diarrhea, or bloody stools [5]. Eimeria tenella is the most virulent, widely distributed, and
harmful of the seven chicken coccidia species, mainly attacking the cecum [6]. The highest
incidence rate was found in 3~6-week-old chicks. The symptoms of excreting bloody stool
or even blood only appear after 4~5 days of infection. Large numbers of deaths begin one
to two days after the appearance of bloody stools, with a mortality rate of up to 80% in
severe cases [7-9].

Drug control has been the main method for chicken coccidiosis for a long time. How-
ever, many problems such as the emergence of drug-resistant strains, drug residues, and
increased treatment costs during the prevention and treatment process have greatly limited
drug control [3]. Therefore, the key strategy and methods for effective prevention and
control of this disease is to develop a safe, effective, low-toxicity, and environmentally
friendly vaccine against coccidiosis in chickens. Currently, live coccidian oocyst vaccines,
with virulent and precocious strains, are widely used. However, traditional coccidiosis
vaccines have shortcomings that limit their wide application such as high production
costs, cumbersome production processes, environmental pollution caused by the spread of
pathogens to the outside world, and the improper use of wild virus live worm vaccines that
can cause outbreaks of coccidiosis [10]. Recent studies have demonstrated that recombinant
protein vaccines can be used as effective control measures against coccidiosis [11].

Rhoptry proteins (ROPs) are conserved and immunoprotective in nature, and some
members of this protein family are among the main virulence factors of Toxoplasma gondii [12].
Therefore, this protein family is considered as a potential target in the development of
anti-toxoplasmosis vaccines. As one of the key virulence factors of the T. gondii type I
strain, ROP18 participates in multiple mechanisms to escape host immune response. ROP5
controls the activity of ROP18 and affects IFN-y and other effectors dependent on IRG
protein, Irgm3, to regulate the acute toxicity response of T. gondii [13]. Similarly, ROPs play
an important role in the process of E. tenella invading host cells. They exhibit the property
of a protective antigen, and their corresponding antibodies can inhibit the infection of the
host by coccidia [14]. Research has proven that EtROP17 can inhibit host cell apoptosis [15].
In ROPs such as ROP14, ROP30, ROP52, and ROP53, E. tenella was detected in the proteome
at different developmental stages; they have some degree of homology with the ROPs
of T. gondii [15], but their functions are unclear. Zhang Li used RNA-Seq to detect and
compare the transcriptome of the precocious strain and the virulent strain at the mitotic
stage. QPCR was used to verify and screen the pseudopathogenic gene ROP27 of E. tenella,
which is presumed to have a good immunogenicity [16,17]. However, it is not yet known
whether the recombinant protein can effectively prevent the E. tenella disease.

Therefore, this study aims to investigate whether chicken EtROP27 can reduce the
effects of E. tenella infection by expressing the recombinant protein ROP27 and detecting its
immunoprotective effect. Additionally, theses results may influence the development of an
effective coccidiosis vaccine that can be used on a commercial scale.

2. Materials and Methods
2.1. Ethics Statement

All experiments involving animals were carried out in accordance with national
regulations for the protection of animal welfare, and these guidelines were strictly followed.
Additionally, this study was approved by the Animal Experimental Ethical Inspection Form
of Guangxi University, China (Approval Code: Gxu-2023-0197; Approval Date: 16 February
2023). This study did not involve any human research.

2.2. Experimental Animals and Parasite

Firstly, 15-day-old SPF chicken embryos were obtained from Beijing Meri Avigon
Laboratory Animal Technology Co., Ltd. (Beijing, China). Secondly, the E. tenella Shanxi
virulent and precocious strains were used in this experiment, which were donated by the
Veterinary Pathology Laboratory of the College of Veterinary Medicine, Shanxi Agricul-
tural University.
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2.3. Reagents

PrimeSTAR® (Osaka shi, Japan) Max DNA Polymerase, DL2000 DNA Marker, DL5000
DNA Marker, pMD™ (Osaka shi, Japan) 18-T Vector Cloning Kit, E.coli BL21(DE3) Compe-
tent Cells, E.coli DH50c Competent Cells, QuickCut™ (Osaka shi, Japan) EcoR I, QuickCut™
Xho I, T4 DNA Ligase, TritonX-100, Tris, Glycine, SDS, Acrylamide, and SYBR Green gPCR
Kit were purchased from TaKaRa (Osaka shi, Japan); pET-28a (+) DNA was purchased from
Sangon Biotech (Shanghai, China); isopropyl 3-D-thiogalactoside (IPTG), LB broth pow-
der, LB agar powder, Ampicillin, and Kanamycin were purchased from Solarbio (Beijing,
China); 6*His, His-Tag Monoclonal antibody, HRP-conjugated Affinipure Goat Anti-Rabbit
IgG(H+L), HRP-conjugated Affinipure Goat Anti-Mouse IgG(H+L), Fluorescein (FITC)-
conjugated Affinipure Goat Anti-Rabbit IgG(H+L), and ECL detection kit were purchased
from Proteintech (Chicago, IL, USA).

2.4. Plasmid Construction

Specific primers were designed to measure the ROP27 sequence (Cluster-10347.5943)
based on the transcriptome, and they were sent to a company for synthesis. Primer se-
quences were as follows: ROP27 sense primer, 5-GAATTCAGGTAACGAGTCTCTGC-3;
and anti-sense primer, 5'-TTGCCAGAATTGGCTCTACTACG-3'. The PCR product was
purified and cloned into the pMD18-T vector, according to the operation steps of the gel
extraction kit. A single bacterial colony was selected for amplification, culture, and se-
quencing, and the bacterial solution with the most correct sequencing was selected for
plasmid extraction. The plasmid and pET-28a (+) DNA were digested using EcoR I and
Xho I endonucleases, and the digested products were purified. The target fragment was
cloned into the eukaryotic expression vector, and then, a single colony was selected for
amplification, culture, and sequencing. The plasmid with the correct sequencing was
named pET-EtROP27.

2.5. Protein Expression and Purification

The recombinant plasmid pET-EfROP27 was transformed into BL21 (DE3) Competitive
Cells. Subsequently, positive colonies were selected for enrichment. IPTG with a final
concentration of 1 mmol/L was added to induce expression for 8 h when the ODggg
value of the bacterial solution was about 0.5. The heavy suspension liquid was placed
on ice for ultrasonic crushing treatment, and then, the sediment and supernatant were
collected. We followed the method of protein purification as described by Barkhordari F.
Protein purity and concentration were determined using 12% (w/v) sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and the BCA protein determination kit.
The purified protein was stored at —80 °C and used for subsequent experiments.

2.6. Preparation of Anti-E. tenella and Anti-rEtROP27 Positive Serum

In this experiment, 1 x 10* sporulated E. tenella oocysts were intragastrically ad-
ministered to 2-week-old SPF chickens. After 3 days, each chicken was infected with
5000 sporulated oocysts every 3 days for a total of four times. Blood was collected with
cardiac puncture and centrifuged to prepare anti-E. tenella positive serum; this was then
stored at —80 °C for standby.

Three 2-month-old New Zealand white rabbits were immunized with rEfROP27,
which was emulsified with Freund’s adjuvant at a dose of 200 ug per rabbit three times,
once every two weeks. Before each immunization, 30 pL of rabbit blood was taken from
the ear vein, and the serum was isolated to detect the antibody titer. Blood was collected
from the heart and centrifuged to collect serum after the third immunization. The collected
serum was deactivated in a water bath at 56 °C for 30 min and stored at —80 °C for standby.

2.7. Indirect ELISA Determination of Antibody Titer

Rabbit anti-EfROP27 serum is the sample to be tested, and the non-immunized serum
is the negative control. The purified EfROP27 recombinant protein was used as the detection
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antibody. PBST was used to test the serum according to gradient dilutions of 1:500, 1:1000,
1:2000, 1:4000, 1:8000, 1:16,000, and 1:32,000. Serum antibody titer was tested according to
the method reported by Dong-chao Zhang [18].

2.8. Western Blotting Analysis

The protein samples were separated with 12% polyacrylamide gels. After separation,
the target band was transferred to 0.22 um polyvinylidene fluoride membranes using the
Bio-Rad wet transfer system. After blocking with 5% BSA in PBS at 37 °C for 1 h, the
membranes were probed with anti-E. tenella (1:400), anti-rEfROP27(1:500), and anti-HIS
(1:2000), respectively, with an overnight incubation at 4 °C. Subsequently, the membranes
were washed four times with PBS containing tween-20 (PBST) for 10 min each time. Next,
the membranes were incubated with horseradish peroxidase-linked secondary anti-chicken,
anti-rabbit, or anti-mouse IgG antibodies for 1 h at 37 °C. After washing four times with
PBST for 10 min each time, the signal was visualized using an ECL hypersensitivity
detection kit.

2.9. Primary Culture of Chicken Embryo Caecal Epithelial Cells

The 15-day-old SPF chicken embryo was placed in a bioclean bench. The cecum was
isolated and thoroughly washed with the PBS buffer. Then, it was cut into a tissue of
approximately 1 mm? size. After washing, the tissue was resuspended and mixed with
thermolysin (50 mg/L) and digested under shaking at 41 °C for 2 h; the PBS buffer was
used to stop the digestion, and the supernatant was pipetted and centrifuged at 1200 r/min
for 5 min. The PBS and enzyme solution were discarded; the cell pellet was resuspended in
10% fetal bovine serum (FBS) low-glycemic DMEM cell culture medium. The supernatant
was collected after 70 min of adherent culture. After centrifugation at 1200 r/min for 5 min,
it was resuspended and precipitated with DMEM/F12 culture medium containing 2.5%
FBS. The cells were inoculated into a cell culture plate for cultivation. This culture can be
used for subsequent experiments when the cell adhesion rate reaches 85%.

2.10. E. tenella Sporozoite Preparation

An appropriate amount of E. tenella sporulation oocysts was removed and centrifuged
at 2000 r/min for 5 min, and the supernatant was discarded. The sediments were washed
thoroughly with PBS. The oocysts were suspended in 2 mL PBS. This suspension was
grinded with a homogenizer until its shelling rate reached 80%. The solution was cen-
trifuged at 1800 r/min for 5 min. An appropriate amount of sporocyst digestion solution
containing 0.75% trypsin and 10% chicken bile was added to the precipitate and was shaken
for digestion at 41 °C (150 r/min) until 80% of the spores were released. After filtration, the
solution was centrifuged at 3000 r/min for 10 min, and then suspended and precipitated
in the DMEM culture medium. The amount of sporozoites used in this experiment was
1 x 10%.

2.11. RT-PCR Analysis

Total RNA from chicken cecum or primary cecal epithelial cells of chicken embryo
cells infected with E. tenella precocious strains was extracted using TRIzol Reagent. The
cDNA was generated with reverse transcription using PrimeScript reverse transcriptase.
ROP27 mRNA was assessed using quantitative RT-PCR with a TaKaRa SYBR Green reagent.
RT-PCR Kit was used with a CFX96 Touch real-time PCR detection system. The primer
sequences were as follows: ROP27 sense primer, 5'-AGCTACGACACTCCTGTTGC-3'; and
anti-sense primer, 5'-ACTCAAGACGGAGTTGCTGG-3'. The PCR product was purified
with a gel extraction kit and then cloned into the pMD18-T vector. The extracted plasmid
was continuously diluted and used as a standard for quantitative analysis. The initial
copy number of ROP27 gene in each group was calculated using the following formula:
X = —Klog Ct + b, where X is the initial copy number, and K, Ct, and b refer to the slope
rate, the cycle threshold, and a constant, respectively.

132



Animals 2023, 13, 3500

2.12. Animal Experiment

Firstly, 14-day-old chickens were randomly divided into 5 groups, with 10 chickens in
each group. In three experimental groups, legs of the chicken were subcutaneously injected
with recombinant proteins emulsified using Freund’s complete adjuvant (50 pg, 100 pg,
and 150 ug, respectively). After 7 days, the recombinant protein was mixed with Freund’s
incomplete adjuvant in equal volume and fully emulsified for enhanced immunity. The
infection control group (challenged control) and the uninfected control group (unchallenged
control) were injected with PBS and Freund’s complete adjuvant or Freund’s incomplete
adjuvant at the same time. After 7 days, each chicken in the experimental group and the
infection control group received an oral administration of 5 x 10% sporulation oocysts of
E. tenella, whereas PBS was administered to the uninfected control group (Table 1).

Table 1. Grouping of experimental animals and immune challenge procedures.

Groups Immunization Dose Challenge
Unchallenged control PBS + adjuvant / /
Challenged control PBS + adjuvant / E. tenella sporulated oocysts (5 x 10%)
EtROP27 (50 ug) rEfROP27 protein + adjuvant 50 ug E. tenella sporulated oocysts (5 x 10%)
EtROP27 (100 pg) rEtROP27 protein + adjuvant 100 pug E. tenella sporulated oocysts (5 x 10%)
EtROP27 (150 nug) rEtROP27 protein + adjuvant 150 ug E. tenella sporulated oocysts (5 x 10%)

2.13. Concentration of Serum Antibody

The concentration of IgY antibody level in serum were detected using ELISA commercial
kits, which were named as “chick cytokine ELISA Quantitation Kits” (catalog number: CSB-
E11635Ch, for IgY CUSABIO, Wuhan, China), according to manufacturer’s instructions.

2.14. In Vivo Immunoprotective Parameters

In vivo immunoprotective parameters of the rEtROP27 protein include clinical, patho-
logical, and parasitological factors [19]. Clinical factors include weight gain, survival, and
mortality rate, which can be directly obtained and calculated. The pathological factor is the
cecal injury score, which is a continuous number from 0 (none) to 4 (severe), representing
varying degrees of cecal lesions, evaluated by three independent observers, according to
Johnson and Reid [20]. Parasitological factors include oocyst output and ACI. The output
of oocysts mainly detects the content of cecum per gram of oocysts (OPG), calculated using
McMaster counting technique [21]. ACL is a synthetic criterion that can measure the effec-
tiveness of anticoccidial activity. The calculation formula for ACI = (relative weight gain
rate + survival rate) x 100 — Mean lesion score x 10 — OPG value). ACI > 180 indicates
good protection, 160 < ACI < 179 indicates moderate protection, 120 < ACI < 159 indicates
limited protection, and ACI < 120 indicates no protection [22].

2.15. Image and Statistical Analyses

All data were analyzed using SPSS 17.0 statistical software (Chicago, IL, USA) and ex-
pressed as arithmetic mean =+ standard deviation. Histograms were prepared via GraphPad
Prism 5.0 software (San Diego, CA, USA). Each experiment was repeated at least 3 times.
The results are considered statistically significant when the p-value is less than 0.05.

3. Results
3.1. Gene Clone and Plasmid Construction

EtROP27 showed a specific band at 1068 bp after PCR amplification. Gene sequence
and bioinformatics were analyzed, details in Supplementary Data S1 and S2. The PCR
product was then cloned into the pMD-18T vector, and positive colonies were selected
for bacterial liquid PCR and sequencing analysis (Figure 1A,B). The target fragment was
cut out from the T vector and cloned into the pET-28a vector. Then, the positive colonies
were selected with bacterial liquid PCR for double digestion identification and sequencing
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analysis (Figure 1C,D). The prokaryotic expression vector pET-EtROP27 was constructed
successfully.

A M 1 2 3 4 5 B

2000 bp 2000 bp

1000 bp| "R R0 1068 b
750 bp - - v
500 bp
250 bp

100 bp

1000 bp 1068 bp
750 bp

500 bp

250 bp
100 bp

C D
5000 bp 5369 bp
3000 bp)
2000 bp|
1500 bp|
1000 bpENNSSSY 1068 bp
750 by
500 bp

2000 bp

1000 bp
750 bp|
500 bp

1068 BP

250 bp

250 bp|
100 bp|

100 bp

Figure 1. The construction of pET-EfROP27 Expression Vector. (A) EtROP27 gene amplification. 1-4:
annealing temperatures are 52 °C, 54 °C, 56 °C, and 58 °C, respectively. 5: negative control. (B) The
bacterial solution PCR results of pMD-EtROP27. 1-3: monoclonal colony amplified bacterial liquid.
(C) The bacterial solution PCR results of pET-EtROP27. (D) The results of double enzyme digestion
of pET-EfROP27. M: DNA marker.

3.2. Expression and Purification of rEtROP27 Protein

Coomassie brilliant blue staining showed that the highest expression of EtROP27 was
observed after 6 h of IPTG induction (Figure 2A). After purification, the target band appears
at about 48 kDa, and the elution buffer with a concentration of 150 mmol/L imidazole has
the best elution effect (Figure 2B). Western blotting results showed that His tag anti body
and chicken serum infected with coccidia were primary antibodies that could produce
clear and reasonably sized target bands, while healthy chicken serum as primary antibody
did not show any bands (Figure 2C). Chicken naturally infected with coccidia produced
antibodies against EtROP27. The results indicated that EtROP27 was a natural antigen of
E. tenella and could be a potential vaccine protein candidate.
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Figure 2. The expression, purification, and identification of rEtROP27. (A) Coomassie bright blue
staining of rEtROP27 protein. (B) Coomassie brilliant blue staining of purified rEtROP27 protein. 1:
100 mmol/L imidazole. 2: 150 mmol/L imidazole. (C) Western blotting identification results.
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3.3. Determination of rEtROP27 Polyclonal Antibody Titer

The rabbit anti-EtROP27 serum was the sample chosen to be tested; the non-immunized
serum was the negative control. The purified EtROP27 recombinant protein was used as
the detection antibody. After three immunizations with EtROP27 fusion protein, blood and
serum were collected to determine the antibody titer. From Table 2, it can be seen that the
rabbit serum titer reaches 1:2.56 x 10* after three immunizations. This indicates that the
immunogen injection achieves a good immune effect, and the positive serum can be used
for subsequent experiments. Western blotting results showed that rEfROP27 protein could
be detected with EtROP27 polyclonal antibody (Figure 3).

Table 2. Titer determination of EtROP27 polyclonal antibody (ODysp).

Antibody Dilution Ratio Negative
1:100 1:200 1:400  1:800 1:1600  1:3200  1:6400  1:12,800 1:25,600 Serum
* * * 3.442 2.532 2.015 1.503 1.022 0.516 0.36

Note: * indicates that the ODy5y value exceeds 3.5.
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Figure 3. Specific detection of EtROP27 polyclonal antibody.

3.4. Changes in EtROP27 Expression

The expression of EFROP27 mRNA and protein was detected at different time points in
primary chicken embryo cecal epithelial cells or 14-day-old chickens infected with E. tenella.
The result showed that the expression of EtROP27 mRNA in the primary cecal epithelial
cells of chicken embryos infected with E. tenella gradually increased with the prolongation
of infection time, reaching a peak at 96 h, and then decreasing. The protein expression
pattern was also consistent with the one described above (Figure 4A-D). The results showed
that EfROP27 had the highest expression level during the first generation of schizogenesis.
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Figure 4. The expression of EtROP27 in cells and tissues. (A,B) The expression of EfROP27 mRNA
was detected using qRT-PCR. A: chicken embryo cecal epithelial cells. (B) cecal tissue. (C,D) The ex-
pression of EtROP27 protein was detected using Western blotting. (C) chicken embryo cecal epithelial
cells. (D) cecal tissue. All of the data are representative of at least three independent experiments.
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3.5. In Vivo Immunoprotective Effect of rEtROP27 Protein

Four chickens died in the challenged control group, while no deaths were observed in
the other groups. Average and relative body weight gains of chickens that were immunized
with the rEtROP27 protein were significantly higher than in the challenged control groups
(Figure 5A,B). Similarly, chickens vaccinated with the rEfROP27 protein showed a reduction
in the oocyst output compared with the challenged control group (Figure 5C,D), and lower
lesion scores and bloody stool (refer Supplementary Materials) compared with the infection
control group. The ACI value of the low-dose group (50 ng) of the rEfROP27 protein was
more than 155, and that of the medium-dose group (100 pg) and the high-dose group
(150 pug) was more than 160 (Table 3). The results indicated that the optimal immune dose
for protein was 100 pg.
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Figure 5. Effects of recombinant EtROP27 protein against the E. tenella challenge. (A) Body weight
gain. (B) Relative body weight gain. (C) OPG. (D) Oocyst reduction ratio. (E) IgY concentration.
All of the data are representative of at least three independent experiments. The same column
of shoulder markers with the same lowercase letters indicates no significant difference (p > 0.05),
shoulder markers with different lowercase letters indicate significant differences (p < 0.05), shoulder
markers with different uppercase letters indicate extremely significant differences (p < 0.01).
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Table 3. Experimental ACI value for chicken.

Group Relative Body Oocyst Cecum Mean  Anticoccidial
Weight Gain (%) Index Lesion Score Index
Unchallenged control 100 0 0 200.00
Challenged control 60.25 5 2.9 87.25
EtROP27 (50 ug) 80.45 1 2.0 159.45
EtROP27 (100 pg) 89.47 1 17 171.47
EtROP27 (150 pg) 86.75 1 1.9 166.75

The IgY antibody levels of the serum with different doses of EfROP27 in immune
groups were significantly higher than those of the control group at 7 days after the second
immunization (0 day post infection), with the group administered 100 ug of EtROP27
having the highest antibody level (Figure 5E). The serum IgY antibody levels in the EtROP27
immune group with different doses and in the challenged group at 7 day post infection were
significantly higher than those at 0 day post infection (Figure 5E). These results indicated
that EfROP27 was an antigen of E. tenella and could induce a higher level of humoral
immune response for resisting an E. tenella infection.

4. Discussion

Chicken coccidiosis is one of the most important diseases threatening the health and
welfare of poultry [23-25]. There are poultry farming enterprises in various provinces
of China, and the overall infection rate of chicken coccidia in China is over 50%, which
seriously hinders the development of China’s poultry industry [3]. The life cycle of E. tenella
is relatively complex and can be generally divided into two developmental stages: the
exogenous stage (spore-stage reproduction) and the endogenous stage (schizogeny and
gametogenesis). Coccidial infection impairs the nutrient uptake by its host, and the for-
mation and release of merozoites and gametophytes destroy cell structures and functions,
causing hemorrhagic inflammation, emaciation, and death in the cecum during E. tenella
schizogeny and gametogenesis [26]. At present, the control of coccidiosis mainly relies on
anticoccidial drugs, but they have many shortcomings. Therefore, there is an urgent need
to develop a safe and effective vaccine against chicken coccidia to effectively prevent and
control this disease.

E. tenella is a member of the apicomplexan protozoa [27]. The protozoa of the api-
complexan have unique secretory organelles, including rod-shaped bodies, dense particles,
and microlines, which allow invasion mechanisms against host cells [28]. The secretion of
rhoptry neck protein (RON) related to parasite invasion in the early stage is crucial for the
formation and function of mobile connections between parasites and host cell membranes,
such as RON1, RON2, and RONB3 [29]. The release of ROPs from the base of the rod-shaped
body into the PV changes the environment of the PV and enters the host cell [30,31]. They
interact with the host cell through signal transduction, causing a series of downstream
effects and becoming a key determinant of protozoan virulence. After entering the cell,
ROPs can disrupt host cell signaling and defense mechanisms and assist in recruiting host
organelles [32].

EfROP plays an important role in the parasitic invasion of host cells, the modification
of host vacuoles, and the regulation of host cells, and it has been proven to be a key
virulence factor. It also has the properties of a protective antigen, and its corresponding
antibodies can inhibit the infection of the host by coccidia [32]. Studies have confirmed
the expression of EtROP17 in E. tenella merozoites. Western blotting analysis showed that
EtROP17 can be recognized by the chicken immune system and induce antibody responses.
The vaccination of animals with rEtROP17 can significantly reduce cecal lesions [33]. This
indicates that EFROP17 can be used as an effective vaccine candidate for E. fenella. Similarly,
studies have shown that EtROP30 and EfROP35 are natural antigens of coccidia, which
have a good immunogenicity and are potential vaccine protein candidates [34,35].

137



Animals 2023, 13, 3500

EtROP27 is a differential gene detected by the transcriptome, which is presumed
to be a pathogenic gene [16,17]. However, its expression and function are still unclear.
The different expression levels of secreted proteins at different stages of the parasite’s
life cycle are often closely related to their function. A high expression of proteins in the
mitotic stage of invading cells is associated with parasite development and host-parasite
interactions [36]. The extracellular stages (sporozoite and merozoite) of Eimeria are fragile,
but it is crucial for the invasion and development of the parasite [37]. The high expression
of proteins in the sporozoite and/or merozoite stage makes EtROP27 an ideal vaccine
candidate. In this study, we first conducted a bioinformatics analysis on EtROP27. The
analysis results indicate that the protein is a secreted protein with potential antigenic
properties. Subsequently, a prokaryotic expression recombinant plasmid for EtROP27 was
successfully constructed and purified, and polyclonal antibodies against EfROP27 were
successfully obtained. RT-PCR and Western blotting results indicate that EtROP27 protein
is naturally present and expressed at all stages of E. tenella development, with the highest
expression level in the first generation schizonts. Therefore, it may be a good protein
candidate for vaccines.

Subunit vaccines are expected to become an alternative control strategy for avoiding
shortcomings of anticoccidial medication and live vaccines, and the screening of effective
immunoprotective proteins is a key focus of the subunit vaccine research. Animal experi-
ments showed that the rEfROP27 protein could produce increased average body weight
gain, increased IgY titer in serum, decreased oocyst output and bloody stool, and lower
mean lesion scores compared with the infection control. The ACI value of rEtROP27 protein
for a dose of 100 ug or 150 ug reached more than 160. These results indicate that EfROP27
can effectively induce immune protection against E. tenella in chickens. In this study, other
doses, immune methods, immune ages, immune intervals, and other factors that may affect
the final immune protection effect were not considered. Therefore, the immune program
used in this study may not be optimal. A large number of scientific studies are still needed
before the successful clinical application of rEtROP27.

This study provides a basis for determining the key genes that dominate or regulate the
pathogenicity of coccidia, for deciphering drug action targets that control the pathogenicity
of coccidia. This study also provides new ideas and scientific basis for further revealing the
pathogenic mechanism of coccidia against its host.

5. Conclusions

This study successfully constructed the eukaryotic expression vector of E. tenella
ROP27 and purified its recombinant protein. Our findings suggest that ROP27 is a natural
protein of E. tenella and is highly expressed during the first generation of schizogenesis.
The results of animal experiments showed that medium-to-high doses of rEtROP27 could
have a moderate effect against coccidia, indicating that this gene can reduce the effects of
E. tenella infection and providing new ideas for the prevention of E. fenella disease and the
development of vaccines for the disease.
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of Figure 4; Figure S3: The original images of EtROP27 and GAPDH in Figure 5C; Figure S4: The
original images of EtROP27 and GAPDH in Figure 5D; Figure S5: Bloody stool picture; Figure Sé:
Lesion scores picture.
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Simple Summary: Coccidiosis is one of the most common and costly diseases faced by commercial
poultry. To establish effective control measures, it is essential to identify the infective species and the
numbers of oocysts. Standard methods for analysis require highly skilled technicians or veterinarians
to manually identify and enumerate these protozoal parasites. This process is labor intensive, time-
consuming, and susceptible to human error. None of the current methods available report the
infectivity status of these protozoal parasites. Therefore, an automated, reproducible protocol for
counting, speciation, and determination of infectivity of these protozoa using Artificial Intelligence
capable of enumerating, speciating, and determining the infectivity status of the coccidia has the
potential to improve diagnostics and refine control strategies to mitigate the impacts of coccidiosis
on farms.

Abstract: Coccidiosis, caused by the protozoan Eimeria sp., is one of the most common and costly
diseases impacting the poultry industry. To establish effective control measures, it is essential to
identify these protozoa. Typical methods for identifying and determining the severity of the protozoal
infection include intestinal lesion scoring or enumeration of the protozoal oocysts in fecal samples.
Standard analysis methods require highly skilled technicians or veterinarians to manually identify
and manually enumerate these protozoal parasites. This process is labor intensive, time-consuming,
and susceptible to human error. None of the current methods available, including molecular flow
cytometry or even digital image analysis, can determine if an oocyst is sporulated or not. Oocysts are
not infectious until they sporulate. The goal of this study was to design an automated model using
Artificial Intelligence (AI) to expedite the process of enumeration, improve the efficiency and accuracy
of the species identification, and determine the ability of the oocysts to infect. To this end, we trained
and evaluated computer vision models based on the Mask RCNN neural network architecture. A
model was trained to detect and differentiate three species and to determine sporulation for each
(totaling six detection groups). This model achieved a mean relative percentage difference (RPD) of
5.64%, representing a slight overcount compared to manual counts, averaging across all groups. The
mean RPD for each group individually fell within a range from —33.37% to 52.72%. These results
demonstrate that these models were speedy and had high agreement with manual counts, with
minimal processing of field-quality samples. These models also could differentiate the sporulation
status of the oocysts, providing critical diagnostic information for potential field applications.

Keywords: Artificial Intelligence; coccidiosis; computer vision; oocyst

1. Introduction

Coccidiosis, a disease caused by Eimeria sp. parasites, is one of the most common
diseases faced by the poultry industry worldwide [1,2]. Coccidia parasites can cause de-
creased growth rates, diarrhea, or even death. In addition, Eimeria sp. harm gut health and
enable other enteric conditions, including clostridial enteritis. It is estimated that the annual
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economic impact of coccidiosis, including prevention, treatment, and production loss, is
almost USD 2 billion in the United States alone, and over USD 15.5 billion worldwide [3].

The basis for successful control measures against coccidiosis relies on identification of
these protozoal parasites. Typical methods for identifying and determining the severity of
the protozoal infection include intestinal lesion scoring or enumeration of the protozoal
oocysts in fecal samples [4]. While many poultry producers give little consideration to the
species of coccidia, knowledge of the species can be important for developing vaccines
or improving management strategies [5,6]. Standard methods to manually identify and
enumerate these protozoal parasites require highly skilled technicians or veterinarians.
This process is labor intensive, time-consuming, and susceptible to human error.

Automatic and semi-automatic protocols, including molecular tests, cytometry, and
digital image analysis, for the enumeration and identification of coccidia are available [7-10].
Most PCR reactions target the intergenic transcribed spacer region 1 (ITS1) of the ribosomal
RNA (rRNA) gene operon [7], a multi-copy gene, which makes these protocols unsuitable
for estimation of the relative abundance of species in mixed infections of Eimeria sp. Vrba
et al. [11] validated a quantitative PCR (qPCR) protocol to quantify samples with mixed
Eimeria populations. However, to improve the sensitivity, the oocysts need to be sporulated
beforehand, which can generate a delay in the results [12]. On the other hand, while
there is no delay for protocols based on cytometry and digital image analysis, sample
preparation can be cumbersome. Furthermore, if the samples contain debris of similar
size to coccidia parasites, the number of oocysts can be overestimated. While improved
preparation protocols may help to minimize these errors, the accuracy of the machine to
differentiate between oocysts and debris cannot improve over time.

Poultry management and diagnostics is undergoing a significant transition with the
introduction of machine learning or Artificial Intelligence models. These models have
the potential to be an excellent diagnostic tool for coccidia identification, by exploiting
Eimerian oocyst morphology. The human process of scanning for oocysts shapes and
making decisions based on observation of morphological features (size, shape, and internal
and external features) is simultaneous. This process is best modeled using a deep-learning-
based approach, such as the Region-based Convolutional Neural Network-based (RCNN)
model. This project aimed to demonstrate a computer vision model approach that would
enable fast and accurate detection, speciation, and determination of sporulation status
of coccidia oocysts without the need for extensive personnel training or subjectivity of
traditional microscopic methods.

2. Materials and Methods
2.1. Coccidia Preparation

We prepared 30 samples of species-specific oocysts (Eimeria acervulina, E. maxima,
and E. tenella, kindly donated by Dr. Mark Jenkins, USDA), for a total of 90 samples, by
combining 100 uL of a pure isolate of coccidia species oocysts with 1 mL flotation solution
(Feca-Med Sodium Nitrate, Vedco, Inc., St. Joseph, MO, USA). Additionally, we mixed
20 samples of sterile 100 uL of peptone buffer solution (Sigma-Aldrich, St. Louis, MO, USA)
with 1 mL flotation solution.

To mimic field samples, we spiked 0.5 teaspoon (2.5 g approximately) fecal samples
from poultry free of coccidia with 0.05 mL of a commercial coccidia vaccine (i.e., Advent®
by Huvepharma®, Peachtree City, GA, USA; Coccivac®-B52 by Merck & Co, Inc., Rahway,
NJ, USA; Hatchpak® Cocci IIl by Boehringer Ingelheim, Duluth, GA, USA; and Immucox®
5 by Ceva Animal Health, Lenaxa, KS, USA). A minimum of 20 samples for each vaccine
type will be prepared. The feces were then deposited in one side of a 7 0z (207 mL) whirl-
pak filter bag (Nasco, Pleasant Prairie, WI, USA) that contained 22.5 mL Fecasol, to achieve
a 1:10 dilution (feces to salt solution).

Each sample, including the negative mixture, was vortexed, centrifuged at 280 G, and
allowed to sit for 10 min. Next, the samples were transferred from the top of each tube to
a cell counter slide chamber (Countess™ Cell Counting Chambe Slide, Thermo Scientific,
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Waltham, MA, USA). We used an automated cell counter (Invitrogen Countess 3, Thermo
Scientific, MA) to acquire images. The JPG photographs of the slides measured 2592 pixels
(2257.63 pum) in width and 1944 pixels (1693.22 um) length. We labeled the oocysts in the
sample images using the LabelMe version 5.0.1 application (https://github.com/wkentaro/
labelme, accessed on 10 August 2022). These manually labelled oocysts were used for
training of the model. For each oocyst, labels indicated the Eimeria species and whether
the oocyst was sporulated or not. Sporulated oocysts were identified by the presence of
sporocysts within. On the other hand, non-sporulated oocysts were characterized by a
single central mass (sporont) occupying most of the oocyst [13]. Manual enumeration,
speciation, and sporulation status of all the samples were done by the same person. Counts
were expressed as a total of units observed in each image, without transformations. Once
labeling was complete, the LabelMe application saved the data as JPG and JSON file pairs,
where each JSON file contained label information for its associated JPG file. These files
formed the basis of the model training dataset.

2.2. Data Augmentation

To expand the training dataset, we performed multiple rotation and crop operations
on all images and associated label data. First, we rotated each image at 45-degree intervals
between 0 and 90 degrees (inclusive). Rotated images were cropped in-place to remove
border artifacts from the rotation process. Next, we took multiple crops of each rotated
image at fixed dimensions (1280 pixels horizontally, 960 pixels vertically). Consecutive
crops used horizontal and vertical increments (425 pixel horizontal increment, 320 pixel
vertical increment). These cropped images comprised the final dataset.

To preserve ground-truth labels for training, the rotation and cropping parameters
used on the images were reused to apply an equivalent transformation to the manual
label data. This process enables a single large image with manual segmentation labels
to be converted into a multi-image dataset made of many smaller training images with
associated segmentation labels. To create the dataset used to train our multi-species models,
we applied this process to an initial dataset of 110 images (Figure 1). This dataset consisted
of 30 unchanged images of each E. acervulina, E. maxima, and E. tenella oocysts, for a total of
90 images. In addition, 20 images with no oocysts (negative) were included in the initial
dataset. Each image was paired with its corresponding labeled file. Then we cropped and
rotated the images, as described above, to expand the number of images to an augmented
dataset of 2928 file pairs in the training dataset. Of this dataset, 732 file pairs were used in
the validation dataset.

Ten_non
Ten_spore
Max_non

o
>
2 M

(o Max_spore

Acer_non

Acer_spore

0 200 400 600 800 1000 1200
Instances

Figure 1. Instance counts for initial multi-species dataset. Oocyst counts for each group in the
dataset used to train the multi-species models, across all images (1 = 110), prior to any augmentation.
Where Ten_non = E. tenella non-sporulated, Ten_spore = E. tenella sporulated, Max_non = E. maxima,
non-sporulated, Max_spore = E. maxima sporulated, Acer_non = E. acervulina non-sporulated, and
Acer_spore = E. acervulina sporulated.
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The dataset created using the process described here was further augmented during
the training process by the Mask-RCNN library used for training.

2.3. Model Training and Performance

To train the model, we used PixelLib version 3.7 (https:/ / github.com/ayoolaolafenwa/
PixelLib accessed on 1 September 2022), a sophisticated open-source software library built
for training Mask-RCNN models to perform instance segmentation. For the instance seg-
mentation process, the software analyzed the group of pixels that made the labelled oocysts,
rather than the individual pixels. As a starting point for training, we used Matterport’s
Mask-RCNN 2.0 model (https:/ /github.com/matterport/Mask_RCNN//releases/tag/v2.0
accessed on 1 September 2022) with MS COCO trained weights. For our implementation,
we used the library’s default Learning Rate of 0.01, and adjusted the Learning Momentum
to 0.95. For the models shown here, we used a batch size of 3 over 250 epochs. In other
words, the system analyzed 3 images (batch size) concurrently before updating the internal
model parameters. When it completes analyzing all the training images in the dataset,
the model repeats the same process 250 times, also known as epochs. For each epoch,
the system used updated model parameters based on the previous epoch. Our increased
Learning Momentum (up from the library’s default value of 0.9) meant that the system
considered the overall history of parameter changes to a greater degree for each subsequent
epoch, making the system accelerate towards its final parameters more quickly. For feature
extraction, we used ResNet101 as a network backbone.

To determine how similar the manually labelled and the model’s automatic counts
were, we used mean relative percent difference (mRPD), according to the formula

n a;—m;

mRPD — —— 2 )

X 100%
where 1 is the number of images in the dataset, 4; is the AI model’s automatic count for the
relevant group for image i, and m; is the ground-truth manual count for the relevant group
for image i.

Note: To allow true-negative cases (where a; = m; = 0) to impact mRPD,

a; — m;
% (ll,' + T’Vl,’)

was defined as 0 for these cases, corresponding to a mRPD of 0%. These cases indicate
situations where the Al model correctly counted 0 instances of a group, and thus did not
disagree with manual counts.

For an intuitive performance visualization, we also plotted ground-truth manual
counts (X axis) against counts automatically generated from the model output (Y axis). Each
point represents the counts for a specific group in each input image. Each chart has a regres-
sion line, with a reference line representing linear correlation (automatic count = manual
count) at y = x. A regression line closer to y = x generally reflects better correlation between
model counts and ground-truth counts for the input set. To measure the linear correlation
of manual and automated oocyst counts, we used the Pearson correlation coefficient. We
created Bland-Altman plots to visualize and quantify the agreement of the results between
manual and Al-based methods. For correlation charts in Figure 2, and for mRPD calcula-
tions, we used the Pandas and Vega-Altair libraries for Python. We used JMP-Pro v.16 to
calculate Pearson correlation coefficients and to create Bland—Altman plots.

144



Animals 2024, 14,212

Figure 2. Comparison between an image of a multi-species sample that was manually labeled
(A) and the automated output (B). Photo (A) is a manually labeled image used to train the model.
For manual labels in (A), red is E. maxima sporulated, blue is E. maxima non-sporulated, yellow is
E. acervulina sporulated), green is E. tenella sporulated. Image (B) shows the output from the multi-
species model with confidence 0.5. Where label max_spore = E. maxima sporulated, max_non = E.
maxima non-sporulated, acer_spore = E. acervulina sporulated, and tene_spore = E. tenella sporulated.
The number adjacent to the label represents the model’s confidence of that classification (from 0 to
1, with 1 representing 100% certainty). The colors in this image are random to help differentiate
individual oocysts, and do not relate to the species or sporulation status.

3. Results

To evaluate the performance of the trained model we used mRPD, which assessed the
relative difference between the counts from the manually labelled images and the model’s
automatic counts (Table 1). Models trained on one species generally exhibited higher
accuracy than models trained on multiple species. In a scale of 0-1, when the confidence
threshold was 0.7, all the models for individual groups were over 90% accurate. In general,
models recognized oocysts and ignored debris in images accurately (Figure 2). While there
were a few false positive instances and misclassifications of oocysts, the model indicated a
lower likelihood that these predictions were accurate by giving them a lower confidence
score (below 0.7).

Unsurprisingly, models produced the most accurate results when detecting only
E. maxima oocysts. The multi-species model, when set to a confidence threshold of 0.5,
correctly identified all the instances marked in our sample ground-truth reference for E.
maxima (Figure 3). In a few instances, in samples that only had E. maxima, there was a
mismatch between manual and automated identification. These mismatches generally
occurred when the oocyst laid on the border of the image or two oocysts overlapped almost
entirely. In the latter case, the automated system did not identify one of the instances. Very
few of the visibly labeled instances were misclassified for sporulation.

On the other hand, when set to a confidence level of 0.5, the same multi-species model
revealed discrepancies when identifying E. acervulina (Figure 4) and E. tenella oocysts. Most
notably, this model over-identified sporulated E. acervulina oocysts, and under-identified
non-sporulated E. tenella instances. Despite these tendencies, reducing the confidence
threshold for the multi-species model from 0.7 to 0.5 resulted in a measurable improvement
in overall RPD metrics. Considering all groups, the multi-species model with a confidence
threshold of 0.5 had mean RPD values that were generally closer to 0, meaning that the
manual and automatic counts are more similar.
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Table 1. Relative Percent Difference (RPD) between the manual and the model’s automatic counts.
This value was used to assess the performance for single- and multi-species models. Each model
was trained on a dataset containing oocyst examples of each group listed for that model. The model
counted as oocysts the units that were above the set confidence threshold. Mean RPD values closer to
0 indicate better consensus between both manual and automatic counts.

Model

Model Type Confidence i:llor;;:tlg:tg:; " Group ! MI:;I;)%
Threshold
Single-Species
E i 0.7 140 Acer_spore 1.26
. acervulina Acer_non _701
E . 0.7 141 Max_spore 4.49
- maxima Max_non 8.17
0.7 129 Ten_spore 4.03
E. tenella Ten_non —6.20
0.7 732 Acer_spore 25.32
Acer_non —47.40
Max_spore -1.18
Max_non —9.21
Multi-Species Ten_spore —10.89
(E. acervulina, E. Ten_non —37.61
maxima, E. tenella) 0.5 732 Acer_spore 52.72
Acer_non —4.40
Max_spore 7.16
Max_non 1.58
Ten_spore 10.13
Ten_non —33.37

1 Acer_spore = E. acervulina sporulated, Acer_non = E. acervulina non-sporulated Max_spore = E. maxima
sporulated, Max_non = E. maxima non-sporulated, Ten_spore = E. tenella sporulated, and Ten_non = E. tenella
non-sporulated.

Figure 3. Comparison of manual labels and automated output for E. maxima. (A) Manually labelled
oocysts, used to train the model. Red represents sporulated oocysts of E. maxima, blue indicates non-
sporulated E. maxima oocysts. (B) Output from the multi-species model with confidence threshold set
to 0.5. Where label max_spore = E. maxima sporulated and max_non = E. maxima non-sporulated. The
number adjacent to the label represents the model’s confidence of that classification (from 0 to 1, with
1 representing 100% certainty). The colors in this image are random to help differentiate individual
oocysts, and do not relate to the species or sporulation status.
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Figure 4. Comparison of manual labels and automated output for E. acervulina. Image (A) shows
manually labeled oocyst, used to train the model. Blue represents E. acervulina sporulated oocysts, red
indicates E. acervulina non-sporulated oocysts. Image (B) shows output from the multi-species model
with confidence threshold set to 0.5. Where label acer_spore = E. acervulina sporulated, acer_non = E.
acervulina non-sporulated oocysts. The number adjacent to the label represents the model’s confidence
of that classification (from 0 to 1, with 1 representing 100% certainty). The colors in this image are
random to help differentiate individual oocysts, and do not relate to the species or sporulation status.
Here, the model manages to correctly identify 3 non-sporulated instances. Most other instances were
misclassified as sporulated, though one non-sporulated instance remains unidentified.

Visualizations in Figure 5 show per-group correlation between manual and automated
counting of oocysts for the most accurate multi-species model. The sporulated E. acervulina
(acer_spore) group dominates the upper region of the chart (Figure 5b). This suggests that
the models over-counted this group. On the other hand, the non-sporulated E. acervulina
(acer_non) and the non-sporulated E. tenella (ten_non) groups dominate the lower region
of this chart (Figure 5c,g), which suggests that the model under-counted these groups.
Furthermore, the undercounts were worse as manual counts increased along the x-axis.
Notably, the correlations between the manual and automated counts, for both the sporulated
and non-sporulated, E. maxima (Figure 5d,e), as well as the sporulated E. tenella (tene_spore)
(Figure 5f), were better and did not show any obvious trend towards under- or over-
counting for these groups.

30

N
[

N
o

Multi-species, sporulated and non (R? = 0.8599)
© E.acervulina sporulated (R?= 0.9413)
@ E. acervulinanon-sporulated (R? = 0.6253)
© E. maxima sporulated (R? = 0.9608)
@ E. maxima non-sporulated (R? = 0.8308)
E. tenella sporulated (R? = 0.9129)
@ E. tenella non-sporulated (R? = 0.1342)

=
o
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o
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(a) Multi-species

Figure 5. Cont.
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Figure 5. Pearson correlation between manual and automatic counts. Charts: Multi-species model
(a) and all individual groups (b-g), at 0.5 confidence. For these charts, the multi-species model
analyzed an input set that contained instances of all 3 Eimeria species, with both sporulated and
non-sporulated instances of each species. The combined chart and most single group charts show
good linear correlation. Chart (a) shows all groups in one chart, with groups separated by color.
The number in parenthesis next to each group in the legend represents the linear regression R? for
sporulated and non-sporulated individual oocyst species. Counts are expressed as a total of units
observed in each image.

The Bland—-Altman plots (Figure 6) show the agreement between manual and auto-
matic counts. The solid line indicates the average difference between both counts. Under
ideal conditions, the average between both counting methods is expected to be =0; dotted
lines are the upper and lower 95% confidence interval for the mean. The closer the data
points are to the mean line or are within the 95% confidence interval for the mean represent
the agreement between the automated and manual (or ground-truth) counts.

Our model showed a high agreement (>95%) between the automated and man-
ual counts of individual species. For E. acerulina oocysts, the agreement was 99.5% (or
729/732 samples within the 95% confidence internal), 99.79% (or 731/732 samples within
the 95% confidence internal) for E. maxima, and 96.18% (or 728/732 samples within the 95%
confidence internal) for E. tenella. For the Eimeria multi-species plot, the agreement was
moderate (50-94%) between automated and manual counts, at 92.32% (or 128 /1667 samples
outside the 95% confidence internal). Furthermore, while each species showed high agree-
ment, regardless of the sporulation status, the model showed poor agreement for the
non-sporulated E. acervulina and E. tenella. This lack of agreement is in accordance with the
lower correlation shown for these two groups.
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Figure 6. Bland—Altman plot comparing oocysts counts done automatically and manually: difference
between both counts (Y axis) plotted against the mean difference between the counts (X axis). Counts
were expressed as a total of units observed in each image, without transformations.

4. Discussion

The purpose of this study was to compare manual and automated analyses, using
a custom Mask-RCNN model, for the enumeration, speciation, and determination of
sporulation status of three species of coccidia that infect chickens. We used digitalized
microscopic images of floatation samples as a validation technique.

Enumeration and speciation of coccidia oocysts are commonly performed in research
and even in some clinical investigations. Enumeration and speciation can be laborious
because they are routinely performed manually. Consequently, this problem represents
a substantial bottleneck for research projects and vaccine evaluations, requiring well-
trained and experienced parasitologists. Validated qPCR protocols to quantify samples
with mixed Eimeria populations are available [11]. However, the practical utility of PCR
assays for routine diagnostics is questionable, because many PCR reactions described in
the literature target the multi-copy ITS1 gene [7], which makes these protocols unsuitable
for the quantification of oocysts in mixed infections. Results for protocols capable of
quantifying samples with mixed Eimeria populations may be delayed because sporulation
is recommended prior to performing the assay [11].

To date, there are a few automated protocols for oocyst enumeration and speciation
using flow cytometry [9] and digital image analysis [10]. However, we found that the
protocols used for sample preparation for these applications are complex, and the oocyst
counts may be overestimated. A recent publication describes a fast and automated method
for the enumeration of Eimeria oocysts [8]. None of the available protocols differentiates
sporulated and non-sporulated oocysts. Information about the sporulation status can
be important for clinicians and vaccine producers, as only sporulated oocysts can cause
infection in poultry [13].

Recent advances in computer technology have enabled software-based automation of
standard laboratory data analysis, including analysis of digital images. Artificial Intelli-
gence represents a promising technology for microscopic parasite examination [14]. The
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Convolutional Neural Network (CNN) is the most commonly used artificial neural network
to examine visual images [15]. Initial versions of our pipeline used OpenCV version 4.6 and
TensorFlow CNN version 2.13 as foundational software packages to construct a complete
working pipeline prototype. These packages were primarily used for image classification,
object detection, and image segmentation tasks. We were able to prepare coccidia data by
first labeling it, then using OpenCV to augment and expand it. Then we developed custom-
trained models using TensorFlow. These models provided enumeration and speciation
information for new input images in a process (inference) that again used OpenCV.

Once we had the prototype, we used the Mask-RCNN pipeline for the image analysis.
Mask-RCNN is a newer CNN algorithm that makes object detection and its classification
more accurate and faster [16]. Our machine learning pipeline for the identification and
enumeration of coccidia parasites constituted three steps: data preparation, training, and
inference. As with any machine learning pipeline, dataset preparation was the key to
successfully achieving a high-accuracy model [17]. When creating such datasets, labeling
images is often time-consuming. In this study, data labeling means to identify the species
of each oocyst and whether it is sporulated or not. For the model to extract the proper in-
formation, accurate labeling is essential. For example, the model must learn to discriminate
debris from oocysts, determine the species of Eimeria, or whether the oocyst is sporulated
or not. Also, we needed to label as many oocysts as possible, including partial ones at the
margin of the slide and overlapping oocysts, to prevent the algorithm from misclassifying
them. Irrelevant features, such as the orientation of the oocysts, can also interfere with data
extraction during training, and affect the results. Data enhancement, including horizontal
flipping, aims to teach the model to learn the invariance of the data [18]. A weakness of
our model was the inability to include images with no oocysts, as PixelLib, our training
library, rejected these images. This difficulty should be further investigated, and solutions
further developed.

Training the application by species was the most time intensive. This required a
thoughtful approach to (1) obtaining examples of manually labeled oocyst and (2) devising
a protocol that would provide adequate data to the learning algorithms without becoming
overly burdensome for humans. In other words, our efforts focused on making each
manually labeled image as useful as possible in building a generalizable vision model that
would perform accurately and reliably on novel samples. For this step, we used 80% of file
pairs from the augmented dataset. The other 20% of the file pairs were used for validation
and fine tuning of the model. We used novel ways of manipulating the labeled images to
improve the accuracy of the computer vision model without needing a large number of
labeled images. The original dataset contained 110 file pairs that, after manipulation, were
expanded to 2928 file pairs.

The Learning Rate and Learning Momentum parameters are important in identifying
over-learning and when to stop training [19]. In our model, a small Learning Rate of
0.01 and a Learning Momentum of 0.95 provided the appropriate combination for the
performance prediction. The batch size determines the training time, memory usage, and
accuracy. There is no single “best” batch size. A small batch size may be slower to train but
consumes less memory and provides more accurate results. For this reason, we selected a
batch size of three images. For the number of epochs, we started with 18 epochs, and we
increased the number until the model no longer improved.

Finally, we tested our model with samples prepared from three commercial coccidia
vaccines that contained the three Eimeria spp. Our approach was consistently able to achieve
good performance for single species samples. The automated oocyst counts showed high
agreement with the counts obtained by the manual method for the individual species
models. On the other hand, for the multi-species model, the automated oocyst counts
showed moderate agreement compared to the manual method. Between all models for each
of the three species, the average deviation from the correct count ranged from an average
underestimate of 0.18% to an average overestimate of 0.39%. The poorest agreement was
in the non-sporulated E. acervulina and E. tenella oocysts. This is not surprising, as these
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oocysts are smaller than those of E. maxima, and it may be difficult to identify the sporocysts
within the oocysts. Further, our training dataset contained fewer instances of these groups
compared to some other groups.

We wanted our model to be capable of differentiating sporulated and non-sporulated
oocysts, because only the first are infective. This sporulation step occurs in the environment.
While sporulated oocysts may survive in the environment for more than a year, non-
sporulated oocysts can only survive a short time in the environment [20]. If environmental
conditions prevent the oocysts from sporulating, it is possible that a vaccinated flock does
not get good coverage and a coccidia outbreak occurs later in life, when losses can be more
severe. An automated model for speciation of Eimeria sp. oocysts, with an accuracy of
96.9%, has been published recently [21]. For this validation model, these researchers used
a publicly available database (http://www.coccidia.icb.usp.br/ accessed on 15 January
2023 [22], which only contains sporulated oocysts. Therefore, while this model may identify
coccidia by species, it cannot differentiate sporulation status of the oocysts, which can be
important for assessing the management conditions, vaccine cycling, or quality of a vaccine.

To differentiate between sporulated and non-sporulated coccidia, we fine-tuned the
parameters of the neural network incorporating the sporulation status as a new group,
thus resulting in six different group-labels (one for each of the three species in one of
two sporulation states). We experimented by creating single-species models that could
differentiate sporulated from non-sporulated oocysts, as well as creating a combined model
capable of both speciating and determining sporulation simultaneously.

The single-species and multi-species models excelled in identifying E. maxima oocysts.
Furthermore, the models were also successful in differentiating sporulated and non-
sporulated oocysts of E. maxima. This is expected as these species are the largest [13]
and easy to resolve visually and by digital computing. On the other hand, the model
was least accurate for E. acervulina, which has the smallest oocysts of the three species
investigated. Notably, most of the false positives had a low confidence value (below 0.7).
A higher confidence threshold might have produced more accurate speciation results by
eliminating these false positive detections. Furthermore, to develop a successful model, it
is most important to have digital images that have high resolution, that is in focus. There-
fore, better imaging solutions that produce higher-resolution images are another potential
avenue for improvement.

Important components of successful analytical methods used in routine diagnosis
and research include performance, time, and resource-efficiency. Our results show that
automated image analysis is promising, and it can drastically reduce the analysis time
compared to manual measurements. The model demonstrated good accuracy, with just a
few digital images presented. Further validation of the Artificial Intelligence model would
enable accurate and rapid analysis of a larger number of samples in a short period of time.
This would decrease the risk of bias by the analyst.

This study was a proof of concept to demonstrate we can classify and enumerate
coccidia using Al. We worked with the three most common coccidia, which are included in
all the commercial vaccines and whose oocyst morphology is relatively easy to separate
visually. In the future, we plan to include other Eimeria spp. in the model. It would
be interesting to develop a model that is capable of discriminating oocysts from Eimeria
protozoa that have similar dimensions and sizes, such as E. tenella vs. E. brunetti, and E.
acervulina vs. E. praecox. Similarly, we would like to develop a model for turkey coccidia,
whose oocysts are difficult to separate visually and biochemically [23].

5. Conclusions

In conclusion, the proposed Al model enables rapid and automated enumeration,
speciation, and identification of sporulation of three species of coccidia oocysts of chickens
from light-microscopic images with overall excellent precision and accuracy for E. maxima
oocysts, as well as sporulated oocysts of E. acervulina and E. tenella. However, the model
was weak identifying non-sporulated E. acervulina and E. tenella. Two factors that might
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have contributed to the poor correlation of the model are the image resolution due to the
small size of the oocyst as well as the low numbers of non-sporulated oocysts in the samples
used for training and inference. Higher-resolution images may be needed to improve the
model. Currently, additional samples are being analyzed to improve the accuracy of the
model. Another shortcoming of our model was the inability to analyze samples with no
oocysts. The cause of rejection of these samples is being investigated and solutions will be
developed. Even with these weaknesses, this method, based on open-source software, has
the potential to significantly reduce the time needed for the enumeration and speciation of
coccidia as well as to help with coccidia research and development of vaccines.

Although still in its infancy, Al image analysis is likely to be a key technology in the
future. In the long term, this technology can lead to the development of other industry
assays, such as more accurate identification of shedding patterns of specific species of
coccidia in mixed infections, and evaluation of vaccines and anticoccidial drugs. This
system could be expanded to identify other parasites and even be used in the diagnosis of
intestinal parasites in other animal species.
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Simple Summary: In the context of backyard poultry raising, a notable concern arises regarding
the susceptibility to parasitic infections. The poultry industry holds a crucial position in ensuring
food safety and nutritional requirements, emerging as the most rapidly advancing agricultural sub-
sector. The aim of our study was to assess the prevalence of gastrointestinal parasites in chickens
raised in the backyard system within the northwestern and central regions of Romania. Fecal
samples were collected and tested using flotation, McMaster, and PCR (polymerase chain reaction)
methods. The overall prevalence of infection with gastrointestinal parasites was 53.1%. Intestinal
parasites demonstrate a pronounced prevalence within the context of backyard poultry flocks, and the
substantial burdens imposed by these parasites can deleteriously influence both avian productivity
and economic considerations.

Abstract: Chickens raised in backyard free-range systems are confronted with a significant threat
of parasitic infections. Among the parasitic agents, protozoa belonging to the genus Eimeria and
helminths, including Ascaridia galli, Capillaria spp., Heterakis gallinarum, and Strongyloides avium, stand
out as the most prevalent. The sampling protocol included sixteen localities in four counties within
the Transylvania region of Romania. Fecal samples were collected from chickens reared in a backyard
system. Fecal samples were screened for oocysts (O) and eggs (E) by flotation method, and their
number per gram of feces (OPG/EPG) was calculated after counting them by McMaster method.
Positive samples for Eimeria spp. were further analyzed by PCR (polymerase chain reaction) method
to identify the Eimeria species. A total of 145 flocks were tested and the overall prevalence of infection
was 53.1%. The most prevalent infections were with A. galli/H. gallinarum (25.5%), and Eimeria spp.
(24.8%), followed by Capillaria spp. and strongyles. The mean OPG/EPG values were as follows:
63,577 for Eimeria spp., 157 for Ascaridia/Heterakis, 362 for Capillaria spp., and 1671 for Strongyle eggs.
Identified Eimeria species were E. acervulina (41.7%), E. tenella (27.8%), E. praecox (16.7%), E. brunetti
(16.7%), OTUy (operational taxonomic unit y) (8.3%), OTUz (operational taxonomic unit z) (8.3%)
and E. mitis (5.6%). Intestinal parasites exhibit a high prevalence among chickens in backyard poultry
flocks, and the presence of significant parasite burdens can adversely affect both productive and
economic aspects. To the best of our knowledge, this is the first comprehensive study that aimed
to analyze the prevalence of gastrointestinal parasites in chickens raised in a backyard free-range
system in Romania, and the first report of OTUy species in Europe.

Keywords: endoparasites; chicken; free-range; Eimeria; Ascaridia; Heterakis; Capillaria; Strongyle

1. Introduction

The rising need for poultry products in human diets has led to significant expansion
in both extensively and intensively managed poultry farming over the past few decades [1].
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Consequently, poultry production is increasingly becoming a noteworthy contributor to
the national economies of many countries [2].

In 2022, the European Union (EU) generated approximately 13 million tons of poultry
meat [3]. According to EUROSTAT, Romania produced a total of 491.22 thousand metric
tons, securing the 6th position among EU member states in terms of poultry meat pro-
duction [4]. Poultry meat constitutes approximately 45 percent of the aggregate animal
protein production in Romania, emerging as the predominant meat category in recent
years. This marks a noteworthy transition from the preceding decade, during which pork
production held the leading position [5]. Furthermore, in accordance with data from the
National Institute of Statistics (INS), the production of eggs totaled 6.005 million units, and
is anticipated to experience an annual growth rate of 7.63% [6,7].

Even though intensive farms currently dominate the primary production of poultry
meat, consumer preferences are gradually moving towards alternative rearing systems,
such as free-range and organic [8]. Despite the diminished impact of parasitic diseases in
industrial farms attributed to modernization and effective bio-security measures, chickens
raised in backyard free-range systems are confronted with a significant threat of parasitic
infections. This is particularly due to factors such as unhygienic management practices,
litter contamination, and abundance of intermediate hosts [9,10]. Given that numerous
farm workers practice extensive chicken raising for personal consumption, they may serve
as passive vectors for various diseases, thereby posing a threat to the farm’s biosecurity [11].

Among the parasitic agents, protozoa belonging to the genus Eimeria and helminths,
including Ascaridia galli, Capillaria spp., Heterakis gallinarum, and Strongyloides avium, stand
out as the most prevalent [12]. Consequences attributed to parasitic infections include di-
minished health, welfare, and production efficacy marked by compromised feed conversion
ratios, lower growth rates or weight loss, diminished egg production and compromised
egg quality, as well as intestinal damage. In severe instances, fatalities may occur [11].
Additionally, an indirect effect is expressed by an increased susceptibility to secondary
infectious diseases and a reduction in the host’s immune response [2].

Eimeria spp. exerts a more pronounced negative impact on the health, welfare and
production. The annual estimated worldwide financial burden of coccidiosis in chickens
surpassed £10 billion. This cost encompasses expenses related to prevention, treatment, and
economic losses [13]. Prophylaxis is achieved through a combination of chemoprophylaxis,
vaccination, and dietary supplementation with various plant extracts. However, it still
poses a significant threat [14-17].

For a long time, seven species have been identified as infecting chickens, inducing
enteritis lesions that result in diarrhea, malabsorption, and hemorrhages [18]. Recently,
three cryptic variants, designated as Operational Taxonomic Units (OTUs) X, Y, and Z,
have been suggested and assigned as new species, namely Eimeria lata, E. nagambie, and E.
zaria [19]. Although initially, the circulation of these species was associated with Australia,
Africa, and South America, but recently their presence has been reported in Europe [18].

However, despite the widespread adoption of the free-range system for chicken rearing
in Romania and the frequent occurrence of parasitic diseases in this species, there has been
no comprehensive study to evaluate their prevalence. Therefore, the current study aims to
assess the prevalence of gastrointestinal parasites in chickens raised in the backyard system
within the northwestern and central regions of Romania.

2. Materials and Methods
2.1. Animals, Samples, and Sample Analysis

A total of 290 fecal samples were collected from 145 chicken backyard farms located
in Northwest and Central Romania. The number of chickens in a flock varied between
households, from 6 to 45, with an average of 20.1 &+ 9.5 chickens/flock. The age distribution
of the chickens spanned from 1 to 3 years, encompassing both males and females, with
the ratio heavily favoring females. The investigation spanned from December 2016 to May
2023. The sampling protocol included 16 localities in 4 counties within the Transylvania
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region of Romania, as follows: Cluj (Mera, Ceanu Mare, Corus, Frata), Harghita (Corund,
Lupeni, Valea lui Pavel, Ocna de Sus), Mures (Sovata, Chibed, Sarateni, Sangeorgiu de
Padure), and Satu Mare (Carei, Urziceni, Foieni, Capleni) (Figure 1). Fecal samples were
collected one time from chickens reared in a backyard agricultural system. Two samples
were collected randomly, by hand, from each household. Each fecal sample consisted of
10 pooled droppings, collected from the floor. Subsequently the samples were stored at
4-8 °C until the testing procedure.

[1 Sampled Counties
® Sampled locations

Figure 1. Sampled counties within the Transylvania region of Romania www.qgis.org (accessed on
29 November 2023).

Fecal samples were screened by the flotation method. The parasitic elements in positive
samples were counted using the McMaster method [20]. Positive samples for Eimeria spp.
identified through the flotation method were further analyzed using the polymerase chain
reaction (PCR) method in order to identify the Eimeria species.

2.2. PCR

First, DNA extraction was performed from fecal samples (1 = 18) or concentrated
oocysts (1 = 28) using the commercial kit Isolate Fecal DNA Kit (Bioline, London, England,
United Kingdom; Cat. No. BIO-52038) [21].

Eimeria species were identified using specific primers for each species (Table 1).

2.3. Statistical Analysis

Statistical analysis of the data was conducted using EpilnfoTM 2000 software (version
7.2.0.1, Atlanta, GA, USA). The frequency, prevalence, and its 95% confidence interval (95%
CI) of detected species were recorded. The differences in prevalence among identified
parasites overall and by the average age of the flock, flock size, and season of sample
collection were evaluated using the chi-squared test, or Pearson’s chi-squared test. Based
on the age of the chickens, the poultry flocks were divided into flocks with 12-23-month-old
chickens and flocks with 24-36-month-old chickens. Depending on the number of chickens
in a household, flocks were divided into flocks with 1-10, 11-20, 21-30, and 31-45 chickens,
respectively. According to the month of sample collection, two seasons were included in
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the statistical analysis: winter for samples collected from December to February, and spring
for samples collected from March to May. A p value of <0.05 was considered statistically
significant.

Table 1. Sequence of specific primers used for identification of Eimeria species in backyard chickens

in Romania by the PCR method [22-25].

Species

Primer Sequence 5’ 3/

Annealing Temperature (°C)

Amplicon Size (bp)

F 5-GGGCTTGGATGATGTTTGCTG-3

E- aceroulina R 5'-GCAATGATGCTTGCACAGTCAGG- 6 %
N F 5-CTGGGGCTGCAGCGACAGGG-3' o 15
' R 5/-ATCGATGGCCCCATCCCGCAT-3/
. F 5-GTGGGACTGTGGTGATGGGG-3' o 05
: R 5-ACCAGCATGCGCTCACAACCC-3'
i F 5-GTTTATTTCCTGTCGTCGTCTCGC-3' o 20
: R 5-GTATGCAAGAGAGAATCGGGATTCC-3'
- F 5-AGTATGGGCGTGAGCATGGAG-3' o 160
' R 5-GATCAGTCTCATCATAATTCTCGCG-3'
E. praccox F5-CATCGGAATGGCTTTTTGAAAGCG-3' 65 215
- praeco R 5-GCATGCGCTAACAACTCCCCTT-3/
- F 5-AATTTAGTCCATCGCAACCCTTG-3' o s
: R 5'-CGAGCGCTCTGCATACGACA-3'
X£2 5-GGGTAGAGCCAGGGGTAGAG-3'
OTUx Xr2 5/-CGTAGTCCCAAGTGCCAACT-3' o8 1018
oTLL Yf1 5-CAAGAAGTACACTACCACAGCATG-3' s e
y Yrl 5-ACTGATTTCAGGTCTAAAACGAAT-3’
/_ ! /
OTL- Zf1 5-TATAGTTTCTTTTGCGCGTTGC-3 o o

Zr1 5'-CATATCTCTTTCATGAACGAAAGG-3/

2.4. Ethical Statement

The investigation was carried out within backyard farms. The animals under consid-
eration were neither manipulated nor subjected to constraints on their mobility or daily
activities. The verbal consent of the flock owners to collect the fecal samples and to publish
the results was obtained.

3. Results

The overall prevalence of infection with intestinal parasites in free-range chickens was
53.1% (77 /145; 95% CI: 45.0-61.0). Ascaridia galli/Heterakis gallinarum (25.5%) and Eimeria
spp. (24.8%) were the most prevalent statistically significant (p = 0.002) infections, followed
by Capillaria spp. (23.5%) and digestive strongyles (8.3%) (Table 2). Single infection was
recorded in 29.7% (43/145; 95% CI 22.8-37.5), while mixed infection was recorded in 22.8%
(33/145; 95% CI 16.7-30.2) of analyzed samples (Table 2). The mean OPG/EPG values,
determined through the McMaster method, were as follows: 63,577 for Eimeria spp., 157 for
Ascaridia / Heterakis, 362 for Capillaria spp., and 1671 for Strongyle eggs.

No statistically significant findings were observed in relation to the age of chickens as
indicated in Table 3. However, noteworthy statistical significance (p = 0.003) was observed
for A. galli/H. gallinarum, a prevalence of 13.1% was recorded in flocks with 11-20 chickens.
Also, significant results were recorded (p = 0.01) for the mixed infections in the same group
of chickens (11.0%), as detailed in Table 4.

Depending on the season in which the samples were collected, namely winter and
spring, statistically significant results were obtained for Capillaria spp., as well as between
the total number of positive samples between the two seasons (Table 5).
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Table 2. The frequency, prevalence, and its 95% CI of identified parasitic species by flotation technique

(n =145).
Species Frequency (n) Prevalence (%) 95% CI p-Value
Eimeria spp. 36 24.8 18.5-32.5
A. galli/H. gallinarum 37 25.5 19.1-33.2
Capillaria spp. 34 235 17.3-31.0 0002
Strongyle egg 12 8.3 4.8-13.9
Single infection 43 29.7 22.8-37.5 0251
Mixed infection 33 22.8 16.7-30.2

Total 77 53.1 45.0-61.0
Legend: 95% CI—95% confidence interval.

Table 3. The frequency (prevalence; 95% CI) of identified parasitic species by flotation technique
according to the age of the chickens.

Species 12-23 Months 24-36 Months p-Value
(n=69) (n=76)

Eimeria spp. 14 (9.7; 5.8-15.6) 22 (15.2; 10.2-21.9) 0.182

A. galli/H. gallinarum 18 (12.4; 8.0-18.8) 19 (13.1; 8.6-19.6) 0.869
Capillaria spp. 17 (11.7; 7.5-18.0) 17 (11.7;7.5-18.0) 1

Strongyle eggs 5(3.5;1.5-7.8) 7 (4.8;2.4-9.6) 0.563

Single infection 16 (11.0; 6.9-17.2) 28 (19.3; 13.7-26.5) 0.07

Mixed infection 16 (11.0; 6.9-17.2) 17 (11.7; 7.5-18.0) 0.861

Total 32 (22.1;16.1-29.5) 45 (31.0; 24.1-39.1) 0.138

Table 4. The frequency (prevalence; 95% CI) of identified parasitic species by flotation technique
according to the size of the chicken flock.

1-10 Chickens 11-20 Chickens 21-30 Chickens 31-45 Chickens

(= 40) (n=58) (n = 30) (n=17) p-Value
Eimeria spp. 6(4.1;1.9-8.7) 10 (6.9; 3.8-12.2) 10 (6.9; 3.8-12.2) 10 (6.9; 3.8-12.2) 0.957
A. galli/H. gallinarum 6(4.1,1.9-8.7) 19 (13.1; 8.6-19.6) 5(3.5;1.5-7.8) 7 (4.8;2.4-9.6) 0.003
Capillaria spp. 7 (4.8;2.4-9.6) 12 (8.3; 4.8-13.9) 10 (6.9; 3.8-12.2) 5(3.5; 1.5-7.8) 0.332
Strongyle egg 2(1.4;0.4-4.9) 5(3.5;1.5-7.8) 4(2.8;1.1-6.9) 1(0.7;0.1-3.8) 0343
Single infection 13 (9.0; 5.3-14.7) 13 (9.0; 5.3-14.7) 9(6.2;3.3-11.4) 9(6.2;3.3-11.4) 0.692
Mixed infection 3(2.1,0.7-5.9) 16 (11.0; 6.9-17.2) 8 (5.5;2.8-10.5) 6(4.1,1.9-8.7) 0.010
Total 16 (11.0; 6.9-17.2) 29 (20.0; 14.3-27.3) 17 (11.7,7.5) 15 (10.3; 6.4-16.4) 0.08

Within polyspecific parasitism15.2% (22/145; 95% CI 10.2-21.9) of the flocks were pos-
itive for two parasites, while 7.6% (11/145; 95% CI 4.3-13.1) for three parasites. Statistically
significant results were recorded within polyspecific parasitism (p = 0.03) (Table 6).

The following Eimeria species were identified by PCR: E. acervulina (41.7%), E. tenella
(27.8%), E. praecox (16.7%), E. brunetti (16.7%), OTUy (8.3%), OTUz (8.3%) and E. mitis
(5.6%). Coinfections involving multiple Eimeria spp. were also documented. Statistically
significant results were recorded (Table 7). Additionally, one flock tested positive for both
OTUz and OTUy species.
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Table 5. The frequency (prevalence; 95% CI) of identified parasitic species by flotation technique
according to the season of the samples collection.

Species (‘2’ 1:n2e61; :1 p:ri;;g) p-Value
Eimeria spp. 16 (11.0; 6.9-17.2) 20 (13.8;9.1-20.4) 0.504
A. galli/H. gallinarum 13 (9.0; 5.3-14.7) 24 (16.6; 11.4-23.5) 0.07
Capillaria spp. 9(6.2;3.3-11.4) 25(17.2;12.0-24.2) 0.006
Strongyle egg 4(2.8,1.1-6.9) 8 (5.5;2.8-10.5) 0.248
Single infection 17 (11.7; 7.5-18.0) 26 (17.9; 12.5-25.0) 0.169
Mixed infection 11 (7.6; 4.3-13.1) 22 (15.2; 10.2-21.9) 0.05
Total 29 (20.0; 14.3-27.3) 48 (33.1;26.0-41.1.) 0.03

Table 6. Single and mixed parasitic infections. Co-occurrence between species within polyspecific

parasitism.
Frequency (n) Prevalence (%) 95% CI p-Value
Single infection
Eimeria spp. 16 11.0 6.9-17.2
Ascaridia/Heterakis 11 7.6 4.3-13.1 0121
Capillaria spp. 10 6.9 3.8-12.2
Strongyle 5 3.5 1.5-7.8
Mixed infection
E+A/H 8 5.5 2.8-10.5
E+C 3 2.1 0.7-5.9
A/H+C 10 6.9 3.8-12.2
A/H+S 2 14 0.4-4.9 0.03
E+A/H+C 5 3.5 1.5-7.8
E+C+S 4 2.8 1.1-6.9
A/H+C+S 1 0.7 0.1-3.8
Legend: E—Eimeria, A/H—Ascaridia/Heterakis, C—Capillaria, S—Strongyle type egg, 95% CI—95% confidence

interval.

Table 7. Eimeria species identified by PCR and their coinfections (1 = 36).

Species Frequency (1) Prevalence (%) 95% CI p-Value

E. acervulina 15 41.7 27.1-57.8
E. tenella 10 27.8 15.9-44.0
E. praecox 6 16.7 7.9-31.9

E. brunetti 6 16.7 7.9-31.9 0.002
OTUy 3 8.3 2.9-21.8
OTUz 3 8.3 2.9-21.8
E. mitis 2 5.6 1.5-18.1
A+P 1 2.8 0.5-14.2
A+T 3 8.3 2.9-21.8
A+B 3 8.3 2.9-21.8

M+P 1 2.8 0.5-14.2 0699
M+T 1 2.8 0.5-14.2
P+T 3 8.3 29-21.8
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Table 7. Cont.

Species Frequency (n) Prevalence (%) 95% CI p-Value
A+P+T 2 5.6 1.5-18.1
A+M+P+T 1 2.8 0.5-14.2 0.818
A+P+T+B 2 5.6 1.5-18.1

Legend: A—E. acervulina, M—E. mitis, P—E. praecox, T—E. tenella, B—E. brunetti, 95% CI—95% confidence interval.
Mixed infections with OTUy and OTUz are not included in the table.

4. Discussion

The poultry industry holds a crucial position in ensuring food safety and nutritional
requirements, emerging as the most rapidly advancing agricultural sub-sector. Anticipated
factors influencing sectoral expansion encompass ongoing urbanization trends, population
increase, and rising income levels. In 2020, the poultry sector exhibited a market value of
$310.7 billion, with projections indicating an ascent to surpass $400 billion by 2025 [26].
Intestinal parasites exhibit a high prevalence among chickens in backyard poultry flocks,
and the presence of significant parasite burdens can adversely affect both productivity and
economic aspects [27]. However, regular deworming is not commonly practiced in free-
range systems, as owners often lack awareness regarding the risks posed by gastrointestinal
parasites [28].

A systematic review on the prevalence of gastrointestinal nematodes in chicken pub-
lished by Shifaw, encompassing nearly 200 studies published over 80 years, revealed that
A. galli, H. gallinarum, and Capillaria spp. were the most commonly identified parasites [2].
This aligns with our findings, where these three species exhibited the highest prevalence.

The pooled prevalence reported by Shifaw for Europe (78.9%) and for the backyard
production system (82.6%) surpasses the prevalence observed in our study. This variance
could be attributed to ecological, environmental, and climatic factors, including seasonal
dynamics, the quantity and accessibility of intermediate hosts, among others. Additionally,
variations in diagnostic and sampling procedures, along with diverse host-related factors,
may significantly impact the recorded prevalence values [2,29]. The complete absence of
cestodes and trematodes species could be elucidated by their more intricate life cycle, in
terms of intermediate hosts and environment conditions [2,30].

Polyspecific parasitism was recorded in 11.4% of the samples, strengthening the hy-
pothesis that parasitic infestations usually co-circulate in chickens [31]. This is of significant
importance, as the association within parasites with gastrointestinal predilection, such
as nematodes and coccidia, may heighten their role in early chick mortality and other
productivity losses among adults [31].

Similar results were documented in a study conducted in Poland, a prevalence of
nearly 35% was recorded for Eimeria spp., with E. acervulina being the most frequently
identified species [28].

Thus far, Eimeria zaria (OTUz) stands as the sole OTU species reported in Europe.
However, we managed to identify two species out of three, namely, OTUy and OTUz.
Further studies are imperative, particularly in the intensive sector where coccidiosis remains
a significant risk, to evaluate the prevalence of the new OTU species. The heightened
risk of the presence of the new species is underscored by the inadequacy of protection
conferred by current anticoccidial vaccines [18]. Moreover, given that mechanical vectors
constitute the most common way of Eimeria oocyst transmission, and considering that
many employees in poultry farms own a backyard flock, preventive biosecurity measures
should be implemented in order to avoid this route of contamination [32].

To the best of our knowledge, this is the first comprehensive study that aimed to
analyze the prevalence of gastrointestinal parasites in chickens raised in a backyard free-
range system in Romania. Moreover, this is the first report of OTUy in Europe.
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5. Conclusions

The widespread distribution of gastrointestinal parasites in chickens raised in the free-
range system is most likely explained by poor management practices, including sanitary
deficiencies and the absence of deworming programs. Moreover, the scavenging activities
of the chickens, a characteristic of this system that enhances contact with excreta, could
contribute to this distribution.

Although the prevalence recorded in Romania is relatively lower compared to other
European countries, we managed to identify the most prevalent gastrointestinal parasite
species.

Considering the upward trend of organic growth systems, there should be an imple-
mentation of increased awareness among owners regarding the prevention and availability
of treatment methods.

Additional research is necessary to obtain an optimal understanding of the epidemio-
logical status of Romania concerning gastrointestinal parasites in chickens.
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