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ABSTRACT
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Ryan Paul Snyder

Advisor: Dr. John R. Barta
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Eimeria species are the cause of intestinal disease coccidiosis and impose a burden to
commercial broiler production. The two most widely used coccidiosis prevention strategies
include in-feed medication or live-vaccination. Commercial broiler flocks (n=95) in Ontario were
sampled to determine oocyst cycling patterns to measure the success of medicated or vaccinated
prevention programs at controlling disease. Vaccinated flocks (n=42) had more consistent oocyst
shedding patterns with earlier and lower maximal counts than medicated flocks (n=53). Samples
collected in the summer months peaked earlier in broiler production than winter months regardless
of prevention program. Vaccinated flocks were on an antibiotic free program and at least some
flocks suffered from bacterial necrotic enteritis, thereby reducing production efficiencies. One
facility was identified with apparent anticoccidial-resistant Eimeria. This facility was seeded with
sensitive Eimeria strains by vaccinating two consecutive flocks. Based on two Anticoccidial
Sensitivity tests performed on isolates from before and after the seeding, the drug sensitivity profile
improved. Oocyst cycling in flocks after seeding had shown improvement. However, neither the
robustness nor longevity of this improvement could be assured because of the legislative
requirements for Canadian broiler producer to remove litter at the end of flocks, thereby decreasing

the carryover of drug-sensitive Eimeria population. The identification of the multiple Eimeria
species typically found in a sample becomes essential because of their unique pathological
characteristics and commercial impacts. Molecular assays were developed and tested provide
relative species abundance. High throughput amplicon sequencing using Next Generation
Sequencing and target quantification using Droplet Digital PCR both proved to be reliable
diagnostic assays when targeting the cytochrome c oxidase subunit III gene within the
mitochondrial genome. Finally, the ingestion rate of topically applied coccidiosis vaccines directly
impacts the initiation of oocyst cycling required for broiler flocks to become protected from
Eimeria challenge. Microspheres and fluorescein were used as tracers to measure the volume of
material ingested by chicks following vaccination with either coarse-spray or gel-droplet
applications. Together, this work explores the current strategies to prevent coccidiosis, methods to
improve the effectiveness of these strategies, and applies new technologies to the diagnostics of
Eimeria species infections.
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CHAPTER 1:
Literature Review
Introduction
Due to the expansion of the human population, there is increasing demand to produce
nutritious food (Smith and Gregory, 2013). With increased production, there are governmental and
consumer pressures to ensure that livestock farming implement production practices that reduce
or eliminate environmental impacts to ensure sustainability (Ilea, 2009). As a source of animal
protein, chickens have the least impact on the environment compared to other animal protein
sources such as pork and beef (Fiala, 2008). The volume of chicken meat produced per annum has
increased 11.5-fold during the period from 1960 to 2010, thanks to advances in genetics, nutrition
and management (Gilbert et al., 2015). Even with these advances, the poultry industry still faces
challenges in production and efficiency and has room for improvement in sustainability.
One of the most prevalent disease issues recognized by the poultry industry since the early
20th century is coccidiosis; this intestinal disease is caused by protozoan parasites of the genus
Eimeria (Tyzzer, 1929). Coccidiosis exhibits itself as a diarrheal disease due to the destruction of
a host’s enterocytes (Cox et al., 2010), which directly impacts chicken growth, mortality, and feed
efficiency. It is estimated that Eimeria species cause a burden of US$ 3 billion in lost value
annually to the global broiler industry due to loss of production (e.g. poorer feed conversion) and
the costs associated with prevention strategies/technologies used to mitigate their effects
(Williams, 1999; Dalloul and Lillehoj, 2006). However, this value was determined using metrics
from almost 25 years ago. Blake et al. (2020) used the same model as Williams (1999) with
updated parameters including the increase in poultry production, and the increased market of
antibiotic free production which includes the use of the coccidiosis vaccine; consequently, Blake
et al. (2020) determined the global coccidiosis burden in 2016 was £10.4 billion (i.e. USD
$14 billion).The present review will discuss the disease and its agents, current disease prevention
strategies, and Eimeria species monitoring techniques. The development of anticoccidial
resistance, and how drug-sensitivity can be restored to commercial broiler facilities will also be
explored. Finally, diagnostic approaches for monitoring Eimeria species infections in broilers will
be reviewed and discussed.
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Coccidiosis in Broilers
Eimeria species are unicellular parasites belonging to the phylum Apicomplexa, and are
monoxenous parasites requiring one specific host species to complete their life cycle (Vrba and
Pakandl, 2015). All Eimeria species infecting poultry share the same stages of life cycle, although
they differ in the location of infection and the duration of these stages including merogony (asexual
replication), gametogony (sexual replication), and sporogony (Tyzzer, 1929; Chapman et al.,
2013). A period of exogenous (environmental) development is required for the egg-like structure,
known as an oocyst (a zygote enclosed in a protective oocyst wall), to become infective for the
next potential host in a process known as sporulation (Blake and Tomley, 2014). Oocysts are
extremely resilient to harsh environmental conditions, as well as mechanical and chemical damage
(Reid, 1990; Mai et al., 2009). Once in the poultry host, the oocyst wall will open due to the
grinding action of the gizzard whereupon sporozoites are released from the sporocysts by digestive
enzymes to release the first stage of parasite, known as sporozoites (Tyzzer, 1929). The sporozoites
then penetrate and invade the cells of the intestinal mucosa (Vetterling and Doran, 1966).
Following asexual replication, the host cell bursts at the conclusion of intracellular parasite
replication (Joyner and Long, 1974a). After a predetermined number of asexual replicative cycles,
the next stage is the development of male and female gametes that mate to produce an unsporulated
oocysts that are excreted in the feces of infected chickens (Tyzzer, 1929). The asexual and sexual
replication of the Eimeria species inside the host villi cause these cells to burst (Conway and
McKenzie, 2007). Disease occurs when an abundance of Eimeria species simultaneously damage
the epithelium. Due to the self-limiting features of the life-cycle, Eimeria species infections range
in severity depending on the number of oocysts ingested (Price, 2012). In mild infections, chickens
can be infected by a small number of Eimeria species without any health impact nor signs of
disease (Williams, 2002). Subclinical infections, referred to as coccidiasis, reduces nutrient and
water absorption resulting in a growth deficiency without overt signs of disease (Johnson and Reid,
1970; Williams, 1999). When infections are severe, haemorrhaging from the damaged lumen can
result in further growth deficiency and mortality (Johnson and Reid, 1970; Williams, 1999;
Conway and McKenzie, 2007). To further complicate the disease, there are several Eimeria species
capable of infecting chickens that vary in how they affect the host’s digestive tract and therefore
the impact on health and performance (Johnson and Reid, 1970; Williams, 1999). Each species
has unique characteristic lesions, ranging from 0 (i.e. healthy) to 4 (i.e. most severe infection) that
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aid in the species identification and evaluation of the severity of infection (Johnson and Reid,
1970).
The severity of disease is directly related to the species of Eimeria and the number of oocysts
ingested by a susceptible host (Reid, 1990; Price, 2012). Each species has a defined number of
cycles of asexual replication (usually two to four) before sexual replication followed by oocyst
production (Chapman et al., 2013). Once a host stops ingesting infective oocysts, the host is free
of the parasite approximately one week following the initial infection because of the defined
durations of the life cycles of these coccidia (Reid, 1990; Price, 2012). Continuous ingestion is
difficult to stop in modern broiler facilities due to high stocking density (Blake and Tomley, 2014),
constant exposure to fecal matter (Cressman et al., 2010), and the natural foraging behaviour of
chickens to peck the ground (Williams, 1998). Constant exposure to infective oocysts leads to
repeated, chronic infections if cycling is not arrested, resulting in an exacerbated cost of the disease
(Vetterling and Doran, 1966).
Modern commercial broiler barns provide optimal environmental conditions and host factors
to promote Eimeria species cycling. Brooding temperatures to support chicken growth range from
~30°C on the day of placement (Aviagen, 2018), while optimal oocyst sporulation of occurs
between 24-28°C of the Eimeria species that infect chickens (Edgar, 1955). Humidity is an often
overlooked environmental factor by poultry producers, yet is often within the optimal range for
oocyst sporulation (Price et al., 2014). Oocyst sporulation is an aerobic process that requires
oxygen (Graat et al., 1994) abundant in properly ventilated broiler barns. As ground foraging
omnivores, the feeding behaviour of chickens ensures that fecal-oral transmission is facilitated
when chickens are floor-reared (Williams, 1998). Cage-reared chickens, like laying hens, do not
have access to their feces which reduces transmission of pathogens (Chapman and Cherry, 1997);
these chickens would have been vaccinated and had developed immunity (Price et al., 2016). The
high density of chickens in a broiler barn further accelerates the spread and replication of Eimeria
species (Williams, 2005). Commercial broiler production uses relatively high stocking densities
compared to other livestock production, ranging from 30-46 kg/m2 (2.75-4.22 kg/ft2), resulting in
more than 1 chicken per square-foot of floor space (Dawkins et al., 2004). Maternal immunization
and immunoglobin Y antibody (IgY) for protection against Eimeria species has been demonstrated
(Sharman et al., 2010; Ahmad et al., 2016), however, T-cell mediated immunity is more important
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for Eimeria species infections (Lillehoj, 1998). Thus, all day-of-age chicks being placed into a
broiler house are essentially immunologically naïve to coccidia (Chapman et al., 2013).
Consequently, host density, their feeding behaviours, their immune status (with respect to Eimeria
species), coupled with the accumulation of infectious oocysts in the litter and the
parasite-favourable environment, may all combine to produce coccidial infections.
The broiler industry has largely adopted an “all in, all out” production strategy (Chapman
and Jeffers, 2014). This means that a flock of chicks are placed, raised, and removed for market
before the next flock placement. Each round of production is followed by a brief period during
which the barn is empty to be prepared for the next flock. This means there is no carry-over of
animals between one placement of chickens and the next. In the Canadian broiler industry, the
period between flocks represents a chance to remove litter, clean and disinfect the barn (Chicken
Farmers of Canada, 2018a). However, there may not be consistency across production systems on
exact cleanout and disinfection protocols that would affect the carry-over of Eimeria species from
one flock to the next. In the American broiler industry, producers reuse the litter for multiple
consecutive flocks; the used litter may be treated between flocks, and a relatively small amount of
fresh shavings applied (Coufal et al., 2006). Regardless of clean out procedures, a broiler
production facility has reservoirs that can retain Eimeria species oocysts including the litter,
mechanical and biological vectors in a broiler house (Reyna et al., 1982). Invertebrates such as
darkling beetles, flies, and non-biological vectors such as dust are all direct carriers of oocysts.
Reyna et al. (1982) noted that 100% of the oocyst population in the litter had lost its ability to
infect chickens after 15 days. Ammonia, which has been shown to negatively impact oocyst
survival and sporulation (Chroustova and Pinka, 1987), is produced from the accumulation of
chicken fecal matter in a facility (Williams, 2005). Ammonium hydroxide has been used as a
disinfectant (Peek and Landman, 2011), although human health and safety is a concern with its
use. Eradication of Eimeria species is virtually impossible (Williams, 1998), due to both the innate
environmental-resistance of oocysts to commercially available disinfectants, and the potential for
oocysts to escape sanitation measures (e.g. dust on the ceiling; Reyna et al. 1982). Therefore,
coccidiosis prevention strategies have not focused on biosecurity and eradication of Eimeria
species from broiler facilities in order to stop the ingestion of oocysts; disease is prevented after
the inevitable ingestion of oocysts has occurred by targeting the Eimeria species when they are
more susceptible inside the host (Peek and Landman, 2011).
4

Anticoccidial medications
Additives for the treatment or, more commonly, for the prevention of coccidiosis is
accomplished by the inclusion of anticoccidial products in the feed provided to the chickens
(Grumbles et al., 1948; Chapman, 1997). One important point is distinguishing the difference
between prevention and control; “prevention” refers to the preventing the disease of coccidiosis;
and “control” refers to managing the oocyst cycling and infection. Combating coccidiosis using
in-feed anticoccidials is a relatively inexpensive and reliable means of ensuring that any
anticoccidial compound is delivered directly to the chickens and therefore to susceptible Eimeria
species (Ruff, 1999). Flocks experiencing clinical coccidiosis can be treated by administering an
anticoccidial medication, usually amprolium, in the drinking water (Noack et al., 2019);
medicating via the drinking water system is faster and easier method of treating the flock compared
to administering the medication via the feed. Prophylactic prevention of coccidiosis using
sub-therapeutic levels of anticoccidials in the feed is typically used only in broiler production.
Egg-layer chickens and breeding stock rely on vaccination for prevention (Mathis et al., 2017)
because some medications are toxic to these birds, or drug residues are deposited in the egg
(Clarke et al., 2014).
Once in the gut, anticoccidials will have a direct impact on the various parasite’s stages
because they are no longer protected by the oocyst wall (Noack et al., 2019). Anticoccidial
products are either coccidiostats or coccidiocides (Figure 1.1). Coccidiostats work to interrupt or
slow the Eimeria life cycle, although some stages of the parasite can remain viable for a period of
time while inside the host cell (Muthamilselvan et al., 2016). Caution has to be exercised when
employing coccidiostats for prevention as infection can resurge as soon as the medication is no
longer administered (Williams, 2001). In contrast, coccidiocides destroy one or more specific
life-stages of Eimeria species depending on the product’s mode of action (Quiroz-Castañeda and
Dantán-González, 2015). The two main classifications that are used in the commercial broiler
chicken industry are ionophores and chemical (synthetic) compounds (Chapman, 2014; Noack et
al., 2019). There are a variety of mechanisms these drugs have on Eimeria species including
impacts on: the cell membrane, co-factor uptake and synthesis, mitochondrial function, and
plastid-like organelles (see Noack et al., 2019). Surprisingly, the mode of action is not known for
all registered anticoccidial products (Noack et al., 2019), which makes it more difficult to
investigate new compounds and alternatives.
5

Figure 1.1 A summary of anticoccidial drugs, their effects, and mechanisms of action towards certain
Eimeria species that infect chickens. Anticoccidial drugs can be categorized as a coccidiostatic or a
coccidiocidial based on their effect on these Eimeria species; some drug types act as both a coccidiostat
and a coccidiocidial depending on the target Eimeria species. The mechanisms of action are well defined
for
some
drug
types,
and
poorly
understood
for
others.
(From
http://www.uoguelph.ca/omafra_partnership/ktt/en/johnbarta/flowchart-of-anticoccidial-drugs.asp,
with permission from J.R. Barta)

Ionophores are compounds that inhibit ion pumps, such as for potassium or sodium, from
being moved across cell membranes (Smith, Charles and Galloway, Reginald, 1983), which
eventually leads to an over-abundance of ions in the parasite cell resulting in parasite death (Noack
et al., 2019) . A cell may have dozens of pumps, and not all may be affected by the ionophore
compound which may allow some individual parasites to elude death. This small population of
parasites will go on to complete their life-cycle, and the resulting infection is referred to as
ionophore “leakage” (Stayer et al., 1995). This leakage of parasites can be beneficial by allowing
chickens to develop immunity to the Eimeria species (Williams, 2006). Ionophorus anticoccidial
compounds available for Canadian broiler production include: lasalocid, maduramicin, monensin,
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narasin, salinomycin, and semduramicin (Agunos et al., 2017). Ionophorus anticoccidial products
are produced through biosynthesis, and therefore have some antimicrobial properties (Łowicki and
Huczyński, 2013). Antimicrobial properties may alter the intestinal microbiome and promote gut
health and improve broiler production (Dibner and Richards, 2005); however, the industry is under
pressure to reduce and, eventually, eliminate the use of antimicrobials in livestock production
(Chicken Farmers of Canada, 2018b), and ionophores could be included in this decision.
Given their name, synthetic chemical anticoccidials (referred to as “chemicals”) are
produced via a chemical process (Chapman, 2014). In contrast to ionophores, these compounds
have no antimicrobial activity and typically have a stronger selective pressure on the Eimeria
species (Kimminau and Duong, 2019). Due to their toxic nature, some compounds can influence
the chicken if administered inappropriately (Wiernusz and Teeter, 1995). Chemical anticoccidial
compounds available for Canadian broiler production include: amprolium, clopidol, decoquinate,
diclazuril, nicarbazin, robenidine, and zoalene. Nicarbazin combined with the ionophore narasin
has demonstrated a synergetic affect where the effects of the combination are superior to each drug
alone (Conway and McKenzie, 2007).
Historically, sulfonamides were one of the more important synthetic drugs used (Mathis and
Broussard, 2006). Prophylaxis and prevention of Eimeria infection using low concentrations of
sulfaquinoxaline was a great advancement for the poultry industry when first introduced
(Chapman, 2014), and has been instrumental in the evolution to current intensive rearing practices
that make poultry production both more efficient and profitable. Nicarbazin, introduced in 1955,
is one of the most widely used chemical coccidiostats used with starting chicks currently
(Chapman and Jeffers, 2014). Nicarbazin provides efficient suppression of all Eimeria species due
to its toxic effects. These ‘toxic effects’ raise concerns for long periods of administration or in
older chickens due to drug residue in the chicken’s tissue (Clarke et al., 2014); due to these risks
a nicarbazin withdrawal period is required before chickens can be marketed for human
consumption (Williams, 1999; Clarke et al., 2014). The use of nicarbazin is limited in poultry
production regions where chickens can face high ambient temperature and relative humidity stress
because of its impact on performance and liveability of broiler chickens (Bartov, 1989; Wiernusz
and Teeter, 1995). Consequently, nicarbazin is typically used during cooler weather
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(autumn/winter) when water consumption isn’t vital to the birds for maintaining metabolic
homeostasis (Wiernusz and Teeter, 1995).
Due to their ubiquitous use, anticoccidials have begun to loose effectiveness at controlling
Eimeria species cycling (Chapman, 1998). The first reports of resistance to any anticoccidial was
in 1955 (Cuckler et al., 1955). By 1997, Chapman had determined that at least partial resistance
had developed to all available anticoccidial medications (Chapman, 1997). The most recent
product to be introduced was diclazuril (first registered in Brazil in 1990), and resistance was
reported within 4 years (Kawazoe and Fabio, 1994). Eimeria species tend to develop resistance to
chemicals much quicker than to ionophores, likely because the mode of action of chemical
products have a higher selection pressure against the Eimeria species by completely disrupting
their life cycle, whereas ionophores allow some Eimeria species to survive (i.e. leakage, Mathis et
al., 2014) that may reduce the rate of selective pressure on a population. However, resistance has
also developed against ionophores (Chapman et al., 2010). Cross-resistance appears to be elicited
against all members of a class of anticoccidial drugs (i.e. all ionophores) but no cross-resistance
has been detected between monensin and synthetic chemical anticoccidial mediations (Chapman
et al., 2010).
To slow the rate of anticoccidial resistance, two different types of programs are used by the
industry: rotation or shuttle programs (Chapman, 2001). Rotation programs change the
anticoccidials being used between flocks, typically rotating 3-4 times per year. Shuttle programs
change the anticoccidials administered within a given flock. One drug may be fed for the first few
weeks, followed by a different drug toward the end of the production period (Peek and Landman,
2011). These programs are combined where a seasonal rotation of distinct shuttle programs is
employed. These programs are an effective tool to help lengthen the useful life of these products,
but will not stop anticoccidial resistance development (Lee et al., 2009).
Despite loss of drug effectiveness, broiler producers may be reluctant to adopt different
coccidiosis prevention strategies due to the ease of in-feed anticoccidial addition. However, the
industry has been pressured by consumers, government agencies, and the scientific community to
remove antimicrobials from livestock production (Sharman et al., 2010; Quiroz-Castañeda and
Dantán-González, 2015). This has led to a paucity of novel anticoccidial medications in the
development pipeline of the major animal health companies because of the immense costs of
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research, development and registration when faced with an uncertain market reception. The cost
to develop a new drug is estimated at $50-100 million USD (Williams, 1998); it may be difficult
to recover such high costs by any pharmaceutical company capable of developing it. As a result,
prevention of coccidiosis has begun to move away from anticoccidial medication and alternatives
to these once game-changing products have begun to gain traction (Muthamilselvan et al., 2016).
Vaccination
The general concept of vaccination is to expose a non-virulent dose of a pathogen to a host
so an antigen will elicit an acquired immune response that will provide protection against the
specific pathogen in the face of subsequent virulent challenges. Chickens are capable of
developing protective immunity to all Eimeria species (Williams, 1998). Long et al. (1986)
administered a precise, low dose of Eimeria oocysts (i.e. 2,000 oocysts per chick) to day-old chicks
and demonstrated partial protection had developed by 22 days of age. Protective immunity to an
Eimeria species continually develops through multiple exposures (Williams, 2002); when
chickens given 2,000 and 10,000 oocysts at day 1 and 8, respectively, a stronger immunity was
measured at day 15 and 22 (Long et al., 1986). Full immunological protection against coccidial
challenge usually only develops after 2 to 3 weeks (i.e. 3-4 four cycles), depending on the Eimeria
species.
Depending on exposure (i.e. administration) at the time of vaccination and on-farm cycling,
the development and strength of immunity can be variable among individual chicks in a flock
(Chapman et al., 2002). Herd (i.e. flock) immunity is an important concept in vaccination programs
(Kim et al., 2011); a sufficient proportion of the population must develop immunity for the flock
to be protected against disease. Flock immunity must be achieved before the abundance of Eimeria
species in the environment surpasses the protection offered by partial immunity. Oocyst shedding,
and therefore potential for pathogenic exposure, peaks approximately at 2-4 weeks of age
(Williams, 1998). Therefore, the flock must be protected by this time to overcome the threat of an
outbreak. Immunological protection against one Eimeria species confers no protection against
other Eimeria species (Price et al., 2014). Therefore, a flock must be vaccinated for, and develop
immunity to, all Eimeria species that pose a risk. The Eimeria species included in commercial
vaccine products differs between companies and which chicken production system (e.g. egg-layer,
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breeder, or broiler). Table 1.1 summarizes the coccidiosis vaccines available to the various
production systems, and the Eimeria species included in each product.
Live vaccination against coccidiosis has long been used in the egg-layer and breeder
industries because these production systems have more time to allow the proper cycling of Eimeria
species; any negative consequences associated with the coccidia during the beginning of the flock
can be overcome with time (Williams, 2002). Once immunity has been developed, broiler chickens
are protected for the remainder of their life (Chapman et al., 2002). The difference in broiler
chicken production is the brief lifespan and are considered neonatal animals. Building immunity
to Eimeria species in this short period of time before market is a significant industry challenge.
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Table 1.1. Coccidiosis vaccines available for either broiler or breeder and layer type chickens.
Note: Vaccines listed with more than one Eimeria maxima possess immunologically distinct strains of
E. maxima. Sources: (Peek and Landman, 2011; Price, 2012)
Chicken
Vaccine Name
Eimeria species included
Administration
Type
(Manufacturer)
(*=attenuated)
(* =available in Canada)
Coccivac- B52 *
E. acervulina, E. maxima, E. maxima*,
Coarse-spray
(MSD Animal Health)
E. mivati, E. praecox, and E. tenella

Broilers

Immucox 3*
(Ceva Animal Health)

E. acervulina, E. maxima, and E. tenella

Gel- droplet

HatchPak Cocci III*
(Boeringher-Ingelheim)

E. acervulina*, E. maxima*, and E.
tenella*

Coarse- spray

Hipracox Broilers*
(Laboratories Hipra, S.A.)

E. acervulina*, E. maxima*, E. mitis*, E.
praecox*, and E. tenella*

Coarse- spray

Advent
(Novus International)

E. acervulina, E. maxima, and E. tenella

Coarse- spray

Inovocox
(Zoetis)

E. acervulina, E. maxima, E. maxima,
and E. tenella

In ovo

Bio-Coccivet
(BioVet)

E. acervulina*, E. maxima*, E.
maxima*,E. maxima* E. mitis*, E.
praecox* and E. tenella*
E. acervulina*, E. maxima*, E.
maxima*, E. mitis, and E. tenella*

Coarse- spray

E. acervulina, E. brunetti, E. maxima, E.
mitis, E. necatrix, E. praecox, and E.
tenella
E. acervulina, E. brunetti, E. maxima, E.
necatrix, and E. tenella

Coarse- spray

E. acervulina*, E. brunetti*, E.
maxima*, E. maxima*, E. mitis*, E.
necatrix*, E. praecox*, E. tenella*
E. acervulina*, E. brunetti*, E.
maxima*, E. necatrix*, and E. tenella*

Coarse- spray

E. acervulina, E. brunetti, E. maxima, E.
mitis, E. necatrix, E. praecox, and E.
tenella

Coarse- spray

Paracox-5
(MSD Animal Health)
Coccivac D*
(Merck Animal Health)
Immucox 5*
(Ceva Animal Health)
Breeders/
Layers

Paracox
(MSD Animal Health)
Evalon
(Laboratories Hipra, S.A.)
Bio-Coccivet R
(Biovet)

Coarse- spray

Gel- droplet

Coarse- spray

Vaccine administration is important to ensure immunity begins developing in all chickens in
a flock (Chapman et al., 2005). “Trickle” vaccinating chicks provides multiple, controlled
exposures of the parasites while ensuring minimal pathogenic response on the host (Joyner and
Norton, 1976); trickle vaccination is typically administered via oral gavage of chicks in controlled
experiments and is logistically difficult to accomplish in commercial production. Advancements
in administration and improvements in production/management conditions have greatly enhanced
the efficacy of live vaccines (Chapman et al., 2002). Today, coccidiosis vaccines are typically
administered as either a coarse-spray or a gel-droplet application at the hatchery prior to being
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shipped to the production facility (Albanese et al., 2018). Oocysts are ingested by chicks while
they preen themselves and others in the vaccination tray (Williams, 2002). Ocular inoculation,
when spray comes in direct contact with a chick’s eyes, can also achieve oocyst delivery to the
intestinal tract (Chapman et al., 2002).
The goal is to evenly infect all chickens with a low dose of a mixture of targeted Eimeria
species (Long et al., 1986). Jenkins et al. (2012) demonstrated that administering a vaccine in the
form of gel-beads provides a more consistent delivery method compared to spray application.
Caldwell et al. (2001) described environmental factors during administration such as light
intensity, sound, and temperature can influence preening behaviour and, effectively, vaccine
ingestion. Chicks that do not receive the vaccine at the hatchery may not be unexposed to Eimeria
species until they are exposed to the feces of their vaccinated counterparts that shed oocysts
approximately 5-7 days after vaccination (i.e. at the production facility; Oden et al., 2012). These
immunologically naïve chicks may shed more oocysts than their previously-vaccinated
counterparts, consequently leading to over-cycling of Eimeria species (Price, 2012).
Flock immunity is achieved through vaccinating all, or almost all, of the chickens in a
production facility (Chapman et al., 2002). Some vaccines are injected into every individual chick,
or egg (i.e. in-ovo vaccination, Sokale et al., 2009), and these administrations are successful at
providing a precise dose to every animal (Shirley et al., 2005; McDonald and Shirley, 2009)
because they deliver the vaccine directly to the target location on the chick.
There is more error associated with topical- versus direct-application because the vaccine
material needs to finds its way to the targeted organ for an immune response to develop (Williams,
2002; Ding et al., 2005). Bronchitis vaccines in poultry may be applied through spray application
(Jordan, 2017); these vaccines are meant to reach to upper respiratory tract (Jordan, 2017).
Coccidiosis vaccines need to reach the intestinal tract for the cycling process and immunity to
develop (Kitandu and Juranová, 2006; McDonald and Shirley, 2009); topical applications aim to
deliver the coccidiosis vaccine material to be ingested by the chicks (Jenkins et al., 2012; Tensa
and Jordan, 2019). Coccidiosis vaccines can also reach the intestinal tract if the material reaches
the chick’s eyes (Dalloul and Lillehoj, 2006). Preening becomes an important behaviour for topical
applications to ensure vaccine ingestion (Caldwell et al., 2001b; a; Shirley et al., 2005), however,
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there could be individual variability in this behaviour due to a variety of chick and environmental
factors (Caldwell et al., 2001b) leading to variability of ingestion.
Due to the relatively large size of an Eimeria oocyst and the small number of organisms
included in a vaccine (compared to a virus), maintaining a homogenous material is important for
cocci-vaccination (Tensa and Jordan, 2019). Tensa and Jordan (2015) demonstrated the settling of
oocysts in water mixtures if the material was not agitated regularly, whereas oocysts in gel
mixtures did not require agitation.
Following coccidiosis-vaccination, the production facility must be properly managed to
promote oocyst cycling to allow multiple exposures (reinfection) required for chickens to develop
protective immunity (Chapman and Cherry, 1997). The first exposure is provided at the hatchery
during vaccine application; subsequent rounds of exposure are required on farm for the
development of immunity (Williams, 2002). Theoretically, this could be fulfilled by an additional
artificial vaccine administration, although this is practically difficult and not often employed as
this requires either inoculation via nipple drinkers, or hand-held spray packs to spread oocysts.
More commonly, oocysts shed from chickens following the completion of the initial infection
allow for a natural cycling. This process utilizes the coccidian life cycle by contaminating the
broiler house to expose chicks to their second round of Eimeria. In order to accomplish this,
managing the chick’s environment is critical to ensure oocysts become infective.
Eimeria species oocysts are not infective when initially shed from the host to the
environment. The process of an oocyst becoming infective, referred to as sporulation, requires
oxygen, temperature, and humidity. The oxygen requirement is often fulfilled unless oocysts
become buried in the litter. As mentioned in the Coccidiosis in Broilers section, oocyst sporulation
temperatures often overlap with the normal temperatures recommended with broiler production
(Edgar, 1955; Aviagen, 2018). Price et al. (2014) stressed the importance of keeping the relative
humidity of the production house within acceptable ranges; the researchers found that chickens
did not develop immunity because they never received additional exposure due to low humidity
(i.e. no Eimeria replication). The environment outside the broiler production facility can also
influence the environment inside the facility. For instance, it is more difficult to maintain higher
humidity in the winter months than the summer months, because cold winter air holds very little
moisture.
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Animal density is another important factor when promoting natural reinfection of Eimeria
species (Chapman et al., 2002). As previously noted, the closer the chickens are reared, the greater
the chance of spreading Eimeria. Flocks that receive coccidiosis vaccination must ingest oocysts
that are shed 5 to 7 days after vaccination (Albanese et al., 2018). Partial house brooding is the
practice of holding chicks on one side of the barn for 8-10 days to give the chicks ample exposure
to the Eimeria species in the environment (Gaucher et al., 2015). Density of chicks during brooding
is typically less than 1 square foot (0.08m2) per chick (Chapman and Jeffers, 2014). Brooding can
be accomplished using either a physical barrier, such as a temporary wall; or, using a light/dark
barrier, which encourages chickens to stay in the brooding area by keeping the lights off on the
opposite side of the barn. Management of the brooding period is important for generating solid
immunological protection against Eimeria species when using a live coccidiosis vaccine (Price et
al., 2014).
Vaccines have been shown to reduce growth in the first week of life of broiler chicks, likely
due to the diversion of nutrients to the immune system rather than somatic tissue growth. However,
Mathis (1999) reported that broiler chickens can compensate for this early reduced growth when
raised for 35 to 42 days before market. The majority of pathological responses are due to the
intestinal damage caused during the asexual stages; work has been done to reduce the number of
asexual cycles the Eimeria species go through before sexual differentiation and replication. Jeffers
(1975) created an attenuated vaccine by selecting for E. tenella with a shorter oocyst development
time; consequently, this eliminated one round of asexual replication resulting in a reduction of
pathogenicity (precociousness, Jeffers, 1975). Since then, a variety of precocious vaccines have
been developed (Barbour et al., 2015).
Combined Approaches
Vaccinating broilers for coccidiosis was not a common practice until application methods
began to improve, and flocks had more consistent successful results (Williams, 2002). Despite
these improvements, there is still a risk for accelerated Eimeria species cycling leading to
pathogenesis (Cervantes, 2015). Furthermore, broiler flocks that are administered coccidiosis
vaccines may be reared as antibiotic free (ABF) in which no antimicrobials (in feed or water) are
permitted during production (Chicken Farmers of Canada, 2018b). Such flocks are at risk for
bacterial infections, such as necrotic enteritis caused Clostridium perfringens (Cervantes, 2015).
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With a high infectivity rate and potential to decimate a flock due to high mortality and reduced
productivity, necrotic enteritis is one of the broiler industry’s biggest threats (Moore, 2016).
Eimeria species infections have been demonstrated to predispose broilers to necrotic enteritis
(Williams, 2005), and therefore reducing the risk of over-cycling of Eimeria species is important
for preventing more than just coccidiosis. Preventing the over-cycling of Eimeria species in
vaccinated flocks has been accomplished by administering an anticoccidial drug during the 3-4 th
week of age in what is referred to as a bio-shuttle program (Kimminau and Duong, 2019). This
program allows the first two cycles of infection to occur to promote the development of immunity
but introduces the anticoccidial medication at the time that the flock is at most risk for coccidiosis
and necrotic enteritis.
Two strategies have been adopted for long term success of coccidiosis prevention that utilize
both anticoccidial medications and live-coccidiosis vaccination. The first strategy is referred to as
the bioshuttle program (Kimminau and Duong, 2019), and similar to shuttle programs explained
in the Anticoccidial Medication section, this program refers to using two products within a flock.
In the case of the bio-shuttle program, a live-coccidiosis vaccine is administered to the chicks at
the hatchery like a normal vaccinated flock, and the vaccine is allowed to cycle normally for at
least two weeks. An anticoccidial medication is then included in the feed for 10-14 days starting
around day 18. Typically, a chemical anticoccidial would be used because these products are
allowed in ‘antibiotic-free’ production in North America, whereas ionophores are not (Cervantes,
2015). By allowing the vaccine to cycle 2-3 times, the chickens begin to develop immunity to the
Eimeria species. Before the peak challenge occurs, the anticoccidial is supplemented to lessen the
burden of the Eimeria species infections on the host (Mathis et al., 2014) without interrupting the
development of immunity. By reducing the coccidiosis burden on the chickens, it also reduces the
risks for necrotic enteritis. Since the Eimeria species isolates included in the vaccine are
drug-sensitive (Jeffers, 1976), the anticoccidial will be effective at eliminating these parasites in
the flock. Additionally, there is no concern for the development of anticoccidial drug resistance
because the vaccine is used at the beginning of each flock.
The second strategy that combines the use of both vaccination and medication is an annual
rotation between these individual strategies where only one of these methods is used in a given
flock where typically vaccination is used in the warmer, more moist summer months, and
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medication is used during the cooler, drier winter months (Kimminau and Duong, 2019). Chapman
and Jeffers (2014) visualized this annual rotation using a “wheel” that rotates through coccidiosis
prevention strategies throughout the year (Figure 1.2). Flocks 1 and 2, placed in January and
March, respectively, are provided feed that has an anticoccidial medication added (labelled as
“Chemotherapy”). At the end of flock 2, the litter is cleaned out of the production facility to remove
the wild-type oocysts of Eimeria species that have a reduced sensitivity to anticoccidial
medications. Flocks placed in the summer months are vaccinated for coccidiosis when it is easier
to manage the cycling due to external environmental (i.e. climate) conditions. As mentioned
earlier, the Eimeria species isolates that are included in commercial coccidiosis vaccines were
collected from the field decades ago; therefore, these isolates are sensitive to anticoccidial drugs
because they had not been subjected to selection pressure for drug-resistance (Chapman, 1994).
By using the vaccine, the objective is to introduce these drug-sensitive Eimeria species to the
facility (Jeffers, 1976) in a process herein referred to as “seeding”. The vaccine-derived oocysts
will cycle and increase in number, as usual in a vaccinated flock. These oocysts will either
interbreed, or outcompete with the wild-type oocysts (Williams, 2002), therefore allowing
drug-sensitivity to be re-established. The wild-type oocysts do not begin to naturally cycle until
the second or third week in a typical medicated flock; if the chickens have developed immunity
due to the vaccinal-oocysts, the wild-type Eimeria species population does not have the chance to
grow in the flock, consequently removing the proportion of resistant alleles in the facility’s
environment. Two consecutive flocks receive coccidiosis vaccination to ensure the
vaccinal-oocysts are completely seeded, and the wild-type oocysts have been largely eliminated.
Following the two consecutive vaccinated flocks, the first two flocks that are administered an
anticoccidial medication (see Figure 1.2, Flocks 5 and 6, Chapman and Jeffers, 2014) have
improved drug sensitivity. The benefit of giving the anticoccidials a “rest”, compounded by the
introduction of drug-sensitive isolates allows the facility to have effective control of Eimeria
species cycling. This concept of an annual rotation using both strategies may be a long-term
solution to optimal coccidiosis prevention; anticoccidials can be used for the foreseeable future
without the concern for the Eimeria species to develop anticoccidial-resistance.
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Figure 1.2. Annual rotation of coccidiosis prevention strategies using either “chemotherapy”
(i.e. in-feed anticoccidial medication) or “vaccine” to be used by a broiler production facility. “Clean
out” refers to the removal of the litter in the facility and is completed before the flocks that receive the
vaccine. These flocks that are vaccinated for coccidiosis are housed in the summer when the external
environment is more conducive to optimal oocyst cycling. Source: Chapman, H. D., and T. K. Jeffers.
2014. Vaccination of chickens against coccidiosis ameliorates drug resistance in commercial poultry
production. Int. J. Parasitol. Drugs Drug Resist. 4:214–217.

A critical component to the success of seeding a facility with the sensitive isolates is the
carryover of these vaccine-derived oocysts from one flock to the next. Without this carryover, the
drug sensitive Eimeria will not be in high enough abundance to pass the effective drug control
phenotype to subsequent flocks. This carryover of oocysts between flocks is typically easier to
achieve in broiler production in the USA where a build-up of litter accumulates in the facility for
several flocks before being removed (Chapman et al., 2002). On the other hand, broiler producers
in Canada are required to clean out the manure from the facility at the end of every flock (Chicken
Farmers of Canada, 2018a). Consequently, this removal of litter may reduce the carryover of the
vaccinal-oocysts. Although there are other reservoirs in the facility that permit oocyst carryover
between flocks (Reyna et al., 1982), it is unclear what the amount/volume of carryover is required
to achieve an improvement in drug-sensitivity. Alternatively, it is unclear the duration that
improved sensitivity will last, or the magnitude of improvement that can be achieved if insufficient
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carryover occurs. Taken together, it would be valuable to understand the potential for vaccines to
improve drug-sensitivity when following Canadian regulations of litter removal between flocks.
Alternatives Products and Strategies
As the broiler industry reduces and eliminates antimicrobial usage, the search for alternatives
has intensified in recent years (Diarra and Malouin, 2014). Due to the high potential for
profitability, the feed-additive sector has vigorously investigated potential products that promote
gut health and prevent enteric disease. Such products may be used in combination with
vaccination, while others are reported to work on their own to prevent coccidiosis
(Quiroz-Castañeda and Dantán-González, 2015). The future of broiler production may utilize
these products, likely in some combination. These products fall under the field of nutrition and
therefore are outside the scope of this literature review but have an important role in gut health so
will be briefly discussed.
One of the emerging potential prevention strategies is the use of probiotics (Fuller, 1989).
Probiotics are live, non-pathogenic bacteria that are beneficial to the health of the host (Gaggìa et
al., 2010). By feeding the beneficial bacteria to the gut, the probiotics aim to exclude pathogenic
microorganisms from the gut by out-competing the pathogenic microbes (Patterson and
Burkholder, 2003; Nava et al., 2005). Aside from disease prevention, probiotics are also valuable
in aiding the chick with gut integrity and digestive processes (Nava et al., 2005; Gaggìa et al.,
2010). In commercial poultry production, hens are not present at hatch, and therefore the chicks
are not exposed to a mature maternal intestinal microflora as they would in nature. Without
antibiotics, opportunistic bacteria can colonize the neonatal digestive tract, while supplemented
probiotics can help establish a beneficial bacterial profile before this happens (Applegate et al.,
2010). Commercially available probiotic products may contain one or more microbes belonging
to Lactobacillus, Bifidobacterium, Enterococcus, Bacillus, and Pediococcus (Gaggìa et al., 2010).
Probiotics have demonstrated the capacity to reduce the impact of Eimeria infections, with results
comparable to conventional in-feed anticoccidials (Cox et al., 2010; Abdelrahman et al., 2014;
Ritzi et al., 2014). The commercial use of such products appears to be constrained by regulatory
agencies over safety concerns (Applegate et al., 2010).
Other natural products such as fats, antioxidants, essential oils, and herbal extracts have
demonstrated varying levels of efficacy in the control of Eimeria species infections
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(Quiroz-Castaneda and Dantan-Gonzalez, 2015). Aside from having anticoccidial effects, some
natural products may also modulate host immunity, and may function as prebiotics
(Muthamilselvan et al., 2016). A thorough review by Muthamilselvan et al. (2016) summarizes
over 68 compounds for their potential in coccidiosis control, including their suggested modes of
action.
Impacts of Eimeria species on broiler production
The most common method of measuring success in the broiler industry is a comparison of
the cost of production. The cost of production includes all important economic factors that affect
producer returns including, the chicks, feed, water, medications, electricity, and heat used to grow
the chickens. The feed conversion ratio (FCR) is an industry standard measure and a clear indicator
of broiler production efficiency and is expressed as the amount of kilograms (or pounds) of feed
consumed in order to produce a kilogram (or pound) of meat; the broiler industry calculates this
value by the barn’s feed consumption divided by the weight of the chicken (meat) produced. The
entire broiler industry from genetics, nutrition, health, equipment, academics, and consulting
companies are working to reduce (i.e. improve) the FCR, because less feed is required to produce
the same amount of meat, and generally results in reduced production costs. the FCR can easily
fluctuate depending on the broiler house environment, management, nutrition, and health status of
the chickens. Other measurable factors include average daily gain, average daily feed intake,
mortality, or average weight at market (dependent of age). A 35 day-old male broiler chicken can
weigh approximately 2.25 kg, and have an FCR as low as 1.44 (Aviagen, 2019).
Broilers challenged with coccidiosis will experience poorer production parameters metrics
including slower growth rate, and higher FCR and higher mortality. Holdsworth et al. (2004) noted
that the most widely used criteria for investigating the efficacy of anticoccidial drugs in field
studies is the final live weight, feed consumption, feed conversion, production costs, and total
mortality. Williams (1999) calculated that coccidiosis may account for up to 0.5% of the UK
industry mortality. An estimated at 59 billion broilers are reared each year (Noack et al., 2019),
therefore coccidiosis may be the cause of death for up to 295 million broilers per year.
Furthermore, sub-clinical coccidiosis by Eimeria species in commercial settings may account for
a 10 basis point increase in FCR (Williams, 1999). Williams (1999) estimated the economic
impacts of coccidiosis to be $3 billion on the global poultry industry, due to mortality and poorer
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performance. A more recent analysis by Blake et al (2020) estimated the global burden to be GBP
£10.4 billion (USD $14 billion) in 2016 which considers the increased meat and egg production
and increased use of coccidiosis vaccines.
Pooled fecal or litter samples collected from chicken houses can be used to understand the
Eimeria species infecting a flock (Long and Rowell, 1958). As mentioned previously, the
life-cycle of Eimeria species is self-limiting (Tyzzer, 1929); due to this biological restriction, the
number of oocysts ingested by a chicken determines the severity of the disease. Additionally, the
number of oocysts shed by the chicken is determined by the number of oocysts ingested (Williams,
2001), although this relationship may not be linear due to the overcrowding effect (Brackett and
Bliznick, 1952; Williams, 2001), the number of oocysts shed reflects the severity of the infection
in subclinical infections.
Samples collected for oocyst output can consist of either fresh feces or litter (a mixture of
fecal and bedding material). Fecal samples represent the current infection at the time of sampling
because oocysts are only excreted from ongoing infections (Tyzzer, 1929). Litter samples give
results that represent the exposure the flock had before collection because oocysts tend to
accumulate in the litter from the beginning of a flock until sample collection, (Hodgson, 1970;
Stayer et al., 1995). Litter samples are easier to collect than fresh fecal samples (Long et al., 1975;
Chapman and Johnson, 1992; Chapman et al., 2016a). Regardless of the material, the oocysts per
gram (OPG) of the sample is determined to quantify the Eimeria species infection (Hodgson, 1970;
Peek and Landman, 2003; Chapman et al., 2016b; Parent et al., 2018). Oocysts float in a saturated
salt solution (specific gravity 1.2); once oocysts float free of fecal debris, they can be easily
observed microscopically (Vadlejch et al., 2013). A McMaster counting chamber is used to
facilitate counting the oocysts in a known volume (Long and Rowell, 1958). The OPG value is
calculated by using a standard formula that includes the initial weight of sample, volume of
saturated salt solution, and any additional dilutions that were required (Hodgson, 1970). This OPG
count provides a means of estimating the level of sub-clinical infections (Hodgson, 1970). The
presumption is that infections resulting from more oocysts ingested and resultant clinically
apparent infections will produce higher OPG counts. However, OPG may not always reflect the
intensity of coccidial infections due to “crowding” effects chickens are over-exposed to Eimeria
species (Williams, 2001). Chickens that experience clinical coccidiosis will shed fewer oocysts
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compared to those experiencing subclinical or mild infections (Brackett and Bliznick, 1952); the
damage caused by the parasites destroys the host’s enterocytes that are needed by the Eimeria
species to continue their life-cycle (Williams, 2001). Without these villi, the chicken demonstrates
clinical disease, yet the number of oocysts being shed is substantially reduced. In contrast to the
clinical infections, OPG counts are likely useful for assessing immune status when chickens are
exposed to a lower challenge more typically observed in field conditions (Chapman et al., 2005).
The intestinal tract of chickens can be observed for macroscopic lesions (Johnson and Reid,
1970). These lesions that are given a score of 0 (healthy) to 4 (severe infection or death) are
commonly used a method for estimating vaccine efficacy (Holdsworth et al., 2004); although, this
measure is likely of less importance in field studies because lesion scores may not correlate with
weight gain (Chapman et al., 2005). Additionally, it has been argued that lesion scoring of
immunized chickens following challenge may be less reliable because of the possible confusion
of immune-mediated (protective) lesions with parasite-induced (destructive) lesions when
examined grossly (Chapman et al., 2005).
The criteria for measuring the success of anticoccidial control strategies has been well
defined for controlled experiments regarding anticoccidial medications (Holdsworth et al., 2004)
and vaccination (Chapman et al., 2005) in battery cages and floor pen studies. These studies
typically demonstrate the product is superior to a negative control without the use of any
Eimeria-control product. There are comparatively fewer field trials conducted than controlled
experiments, which may be attributed to the proper statistical analysis that can be achieved in the
latter at a research facility. Field trials are necessary to understand how the results from controlled
experiments compare with product efficacy in commercial production environments. Table 1.2
provides an overview of field trials or reports conducted in different geographic regions and the
level of coccidiosis infections.
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Table 1.2. A summary of field studies determining the prevalence of coccidiosis in commercial broiler
operations from differing regions with reference to the original article. Eimeria species
Ea= E. acervulina, Eb= E. brunetti, Ema= E. maxima, Emi= E. mitis, En= E. necatrix, Ep= E. praecox,
and Et=E. tenella.

Geographic Number

Prevalence (%

Eimeria species

Region

of

of Eimeria

present

Farms

positive

Coccidiosis control

Reference

Medication

Gyorke et al, 2013

Medication

Williams (2006)

Medication

Huag et al, 2008

Sampled facilities)
Romania

12

92 Ea,Et,Ema,Ep

United
Kingdom

6

100 Ea,Emi,Et,Ema,Ep,Eb

Norway

85

36.2 Ea, Ema, Et, Ep

Norway

98

70.9 Ea, Ema, Et, Ep

Pakistan

200

47 Et, Ema, Emi, En

China

545

>43.6% Only looked at Et
Only looked at Ea,

Belgium
Australia

122
125

Medication
Medication

Bachaya et al (2014)

Medication

Zhang et al (2012)

Medication

Peeters et al (1994)

85.2 Ema, Et
Ea,Emi,Et,Ema,Ep,Eb, Medication

Goodwin and

En

Morgan (2015)
Medication

Ontario

36

22 Et, Ema, Ea

(2011)

USA

3

100 Ea, Ema, Et, Ep

USA

3

100 Ea, Ema, Emi, Et, Ep

USA

1

100 Ea, Ema, Et

Algeria

34

Ogedengbe et al

100 Ea, Ema
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Medication

Jenkins et al (2016)

Vaccination
Medication

Chapman et al (2016)

Medication

Djemai et al (2016)

Diagnostics and Identification
Traditional Methods
As noted earlier, coccidiosis infections can be diagnosed by observing the intestinal tract
for macroscopic lesions (Johnson and Reid, 1970). The location of gut infection and the
characteristic lesions are used to diagnose the Eimeria species involved (Johnson and Reid, 1970).
A scoring system was developed to assess the severity of damage caused by a particular species
ranging from zero (healthy or no sign of infection), to four (most severe infection or death).
However, lesions can only be examined post-mortem, and are typically performed by veterinarians
or highly trained individuals.
Oocysts can be obtained easily from fecal material and therefore using oocyst
characteristics is a non-invasive procedure to determine the causative species, unlike intestinal
lesions. Oocysts have characteristics that have been used to identify genera and species. The
colour, shape, size, typical location found in the bird digestive tract and specific organelle
structures within oocyst, sporocysts, and sporozoites are some of the characteristics that have been
described (Joyner and Long, 1974b). Table 1.3 is a modified overview of the seven species of
Eimeria that infect chickens, the region of the gut each species infects, and the associated oocyst
characteristics of each species (Reid and Long, 1979).
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Table 1.3. A summary of the seven widely recognized species of Eimeria that infect chickens.
Diagnostic characteristics of each species are provided including affected site of infection, description
of lesions, oocyst shape and size. Table modified from Reid and Long (1979).

For avian coccidia, there are too many overlying features between the oocysts of Eimeria
species to allow clear distinction. Variability in oocyst size has been reported within species
depending on the patency of infection (Joyner and Long, 1974b). The oocysts of chicken Eimeria
species overlap sufficiently in dimensions such that morphometrics becomes an unreliable method
of identification. Eimeria maxima is the only species that oocysts can be potentially identified due
to their large size and distinct yellow colour (Long and Joyner, 1984). Even when computerized
image analysis modelling was involved, Kucera and Reznicky (1991) observed that the overlap of
the oocyst features precluded reliable identification to species in a mixture of Eimeria.
While historical means of identification utilized lesions and oocyst morphometrics (Long
and Joyner, 1984; Su et al., 2003; Ogedengbe et al., 2011a), more advanced and specific techniques
using DNA for species diagnosis have been developed (Schnitzler et al., 1998).
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Molecular Assays
The search for alternative methods of Eimeria identification led to biochemical approaches
including starch gel electrophoresis that distinguishes oocysts based on isoenzymes (Chapman et
al., 2013). This method was abandoned when DNA-based methods were developed. DNA
hybridization of probes to restriction endonuclease cleaved DNA was used to create genetic
fingerprints (Chapman et al., 2013); these two techniques required a lot of parasite material and
time for processing and quickly fell out of favour.
The development and widespread use of polymerase chain reaction (PCR) transformed
DNA-based diagnostic assays and the identification of microorganisms (Macpherson and
Gajadhar, 1993). PCR creates copies of a specific DNA strand using primers that bracket the
targeted region (Erlich et al., 1991). In order for the DNA to be amplified, it undergoes three
different temperatures; melting, to allow for the unfolding of DNA; annealing, of target-specific
primers; and amplification, allowing the Taq protein to replicate the DNA stands. The amplified
DNA is then processed using gel electrophoresis which separates DNA strands based on charge.
Multiplex PCR uses more than one pair of primers to allow for concurrent amplification of more
than one locus (Ogedengbe et al., 2009). Ethidium bromide allows visualization of the unique
bands and patterns created from gel electrophoresis. Identification is then possible by analysing
similarity coefficients of these unique bands (Procunier et al., 1993). Molecular-based methods
such as PCR allow small numbers of oocysts to be successfully identified through amplification
of the tiny amount of DNA available (Chapman et al., 2013).
Real-time qualitative PCR (qPCR) has the advantage of being able to quantify infection load
of a specimen (Lin et al., 2000). Real-time PCR is different from conventional PCR because it
monitors the amplified DNA using fluorescence during the process rather than after completion.
Fluorescence is then monitored by a photometric detector sensing signals given off during the PCR
cycles (Lin et al., 2000). Morgan et al. (2009) created primers for real-time PCR to identify and
enumerate Eimeria species. They reported that the OPG counts from feces did not always agree
with the real-time PCR results, but when averaged, the two techniques were similar. Velkers et al.
(2010) reported a higher concentration of oocysts from cloacal swabs processed via real-time PCR
than fecal counts, unlike Morgan et al. (2009). This may have been due to the non-uniform
sporulation of the samples (Morgan et al., 2009). The condition of the Eimeria oocysts that are
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used for the amplification is important because sporulated oocysts have four times as much nuclear
DNA as unsporulated oocysts (Morgan et al., 2009). Field samples can contain oocysts that are
non-uniform in their state of sporulation. Due to the differences in sporulation rates among the
Eimeria species (Reid and Long, 1979), one must ensure that either fresh, unsporulated oocysts or
fully sporulated oocysts are used when attempting to establish the relative abundance of parasites
within a mixed-species sample.
The majority of sequence-based genotyping techniques (e.g. DNA barcoding) have relied on
Sanger sequencing to obtain sequence data. Sanger sequencing (Sanger and Nicklen, 1977)
requires comparatively large amounts of DNA and is incapable of sequencing multiple specimens
within a single sample (Shokralla et al., 2015). Therefore, larger scale projects look to use
next-generation sequencing (NGS, see Shendure and Ji, 2008) using a variety of technologies.
Although a massive amount of inexpensive sequence data (priced per base) can be generated from
a sample, the large numbers of sequences generated per run (often in the 100’s of millions of
sequences) still make NGS sequencing too expensive to be used on single PCR amplicon-derived
samples. In order to reduce operating costs and increase sequence recovery, Shokralla et al. (2015)
developed an approach that multiplexes the analysis of the PCR-amplified mtCOI fragments using
the Illumina platform.
Droplet digital PCR (ddPCR) is a novel technology first developed in 2011 (Hinson et al,
2011). Droplet digital PCR is like qPCR in that it utilizes fluorescent signals to detect the presence
of a DNA target. Droplet digital PCR is a type of digital PCR and splits a PCR reaction into
thousands of micro-droplets using a water-in-oil emulsion technology (e.g. up to 20,000
independent droplets). This step occurs after the master mix, primers, probes, and DNA template
have all been added and mixed. After droplet formation, the droplets are put into a microtube and
set in a thermocycler to allow the PCR to run. Following the PCR amplification, the droplets from
a sample are individually analysed for fluorescence. Droplets that have a low fluorescence do not
have the DNA target, and those with a relatively higher fluorescence are positive for the target.
Based on the proportion of positive to negative droplets, the software applies a corrective
calculation (i.e. using the Poisson distribution) and provides a value of DNA concentration in
copies per µL. Also, like qPCR, ddPCR assays can utilize either intercalating dye, or probes, and
can be duplexed by using two distinct fluorophores. This relatively unexplored technology could
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work for quantifying Eimeria species within a single sample. Yang et al. (2014) used both ddPCR
and qPCR for detecting and quantifying Cryptosporidium species, an organism related to the genus
Eimeria, and found the two technologies comparable.
Genetic Targets
Some of the earliest PCR-based methods for genetically typing species of Eimeria used short
arbitrary primers (Macpherson and Gajadhar, 1993; Procunier et al., 1993), in a process termed
random amplified polymorphic DNA (RAPD; Williams et al., 1990). Without having to determine
specific sequences, the RAPD primers detect nuclear DNA polymorphisms that may permit
characterization (Procunier et al., 1993), or even taxonomic and phylogenetic relationships (Costa
et al., 2001). MacPherson et al. (1993) highlighted that RAPD assays are not specific and may
allow for many bands appearing from a single primer and questioned the repeatability of the
results. Factors such as the source of enzyme, temperature profiles, and DNA concentration can
produce different results (Fernandez et al., 2003). Overlapping bands between species precludes
proper identification in mixed-species samples (Fernandez et al., 2003).
Ribosomal DNA (rDNA) targets such as the 16S are commonly used for distinguishing
bacterial populations (Illumina, 2013). The 18S rDNA locus is the nuclear ribosomal target used
for identifying eukaryotic organisms such as coccidia (Ogedengbe et al., 2011a). The 18S is
adjacent to the internal transcribed spacer 1 and 2 (ITS-1 and ITS-2). These ribosomal genes are
found throughout the nuclear genome in arrays. The ITS-1 is one of the first fragments of genomic
DNA that was used to identify Eimeria (Schnitzler et al., 1998). Variability in the amplification of
E. maxima has been reported (Schnitzler et al., 1999) and this was likely due to the ITS-1 gene’s
polymorphic nature (Fernandez et al., 2003). Similar to RAPD, the ITS-1 cannot efficiently test
for mixed Eimeria species samples (Ogedengbe et al., 2009). The ITS regions (ITS-1 and ITS-2)
are found in multiple locations within a genome, and most are copies of one another. However,
variations of these regions within a genome, and between species and strains have been reported
(Vrba et al., 2010). Paralogs of these ribosomal loci exist where an organism can contain distinct
sequence differences, indicating that these targets are ideal for Eimeria species identification
(El-Sherry et al., 2013).
In 2003, Fernandez et al. created species-specific primers for the seven Eimeria species that
could allow for the simultaneous identification of mixed species samples. By using DNA that was
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amplified by RAPD primers, they sequenced the isolated DNA to create new primers in a process
called sequence-characterized amplified region (SCAR). This inexpensive, sensitive test is capable
of detecting all 7 species of Eimeria in a single multiplex reaction (Ogedengbe et al., 2011b). The
SCAR-based reactions have the benefit of avoiding false positives, but are less sensitive than using
ribosomal targets because the SCAR primers are located on single copy loci rather than the
multiple copies found in the ribosomal gene arrays (Chapman et al., 2013). However, the nuclear
genome may not be ideal for identification or phylogenetic analyses because of the sexual
recombination events that occur during every infection cycle (Ogedengbe et al., 2011a; El-Sherry
et al., 2015).
The mitochondrial genome is a small genome (6000 base pairs) and possesses three coding
regions: cytochrome b (CYTB), cytochrome c oxidase I (COI or mtCOI), and cytochrome c
oxidase III (COIII or mtCOIII). Most attention has been focused on using the COI; Hebert et al.
(2003) demonstrated the use of the COI for phylogenetic analysis and species identification. The
COI genetic data has become an increasingly popular protein-encoding gene in identifying
organisms and, more specifically, its utility has been demonstrated with Eimeria of chickens
(Ogedengbe et al., 2011a). A short region of the COI gene of ~600-800 base pairs (bp) has
sufficient sequence diversity to unambiguously identify all seven Eimeria species that infect
chickens. The advantages of this locus is the simplicity of primer design and the mechanism of
molecular evolution of this gene that can differentiate a broad range of phyla (Hebert et al., 2003).
The process creates a “DNA barcode” that consists of the nucleotide sequence which is then
compared to the data that have accumulated on the Barcode of Life Database (BOLD,
http://www.boldsystems.org). When compared to the 18S rDNA locus, the COI sequences created
a lower intraspecific (i.e. within species) to interspecific (i.e. between species) variation ratio
(Ogedengbe et al., 2011a) while the COI region is more appropriate for differentiating among
closely related species. This method has been used successfully for identification, but is unable to
provide quantitative data in mixed samples (Blake et al., 2006; Velkers et al., 2010). Although not
as commonly reported as the COI, the COIII may possess some of the traits of a desired genetic
target. The COIII coding region is ~800bp long, is considered more variable (interspecific), and is
flanked by conserved ribosomal genes on either side. These combined traits are ideal for
PCR-based technologies such as qPCR, ddPCR, and NGS that benefit from relatively shorter
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amplicons (e.g. <1000bp) and could provide quantification data that is missing from conventional
PCR approaches.
Conclusion
Coccidiosis is a significant threat to broiler production, and two of the most popular
prevention strategies used include providing in-feed anticoccidial medication or administering a
live-coccidiosis vaccine for the chicks to develop immunity. There is currently no work completed
evaluating how these prevention strategies are performing under field conditions within Ontario,
Canada. Routinely monitoring commercial flocks for oocyst shedding (i.e. OPG) may be a feasible
test for estimating how Eimeria species infections are being controlled, but no published data is
available. However, OPG data does not provide species-level data. Using novel DNA-based
methods may permit the reliable identification and quantification of Eimeria species. Despite the
amount of work conducted on prevention strategies, anticoccidial medications and
live-vaccination programs will benefit from research to uncover possible improvements or
approaches to long-term control of Eimeria species. Furthermore, the Canadian broiler production
system and regulatory environment regarding use of Eimeria-control strategies is unique and
requires research that is pertinent to its industry.
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STATEMENT OF HYPOTHESES AND RESEARCH OBJECTIVES

Hypothesis 1: Weekly oocysts per gram shedding patterns can be used to monitor and
measure the success of prevention strategies aimed at reducing Eimeria species infections.
Rationale: Preventing coccidiosis has been a major requirement for the broiler chicken industry
to be profitable. Anticoccidial medications developed decades ago are still highly used today,
however are losing their effectiveness. Furthermore, pressure to eliminate antimicrobials from
livestock production may remove anticoccidial products from the broiler industry’s toolbox. The
next option broiler producers have is to vaccinate their chicks for coccidiosis to allow them to
develop a natural immunity. Flocks that are vaccinated for coccidiosis must be managed properly
to avoid over cycling of Eimeria species that could lead to either coccidiosis, or bacterial necrotic
enteritis. The success of these two strategies has not been investigated in the Canadian production
system. To develop a long-term strategy for controlling this important disease, a monitoring
program with benchmarks needs to be established for the two coccidiosis prevention programs.
Defining the programs that are used today, how successful they are at preventing disease and
ensuring chicken health, and how they can be improved is imperative to the future of the broiler
industry.
Objectives: Establish a protocol for monitoring Eimeria species infections in commercial broiler
chickens. Using the new protocol, establish benchmark values from commercial flocks that receive
either anticoccidial medication or live-coccidiosis vaccination for future evaluation of prevention
success.
Hypothesis 2: If the Eimeria species isolates in a live-coccidiosis vaccine replace or
interbreed with the facility’s wild-type isolates, then anticoccidial medication sensitivity will
improve in a facility with drug-resistant Eimeria species.
Rationale: Anticoccidial medication resistance is prevalent in commercial broiler facilities.
Improving the effectiveness of these medications is necessary for reliable prevention of
coccidiosis. Using a coccidiosis vaccine to seed a barn environment with drug sensitive Eimeria
to improve anticoccidial efficacy is a practice used in the USA but has not been thoroughly
explored or reported in Canadian broiler production. For facilities that solely rely on using a
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coccidiosis vaccine, ensuring the chickens develop immunity quickly without over cycling is
contingent on hatchery vaccination protocols and on-farm management of such flocks.
Objectives: Determine the potential of using a live-coccidiosis vaccine to improve anticoccidial
medication sensitivity in a commercial facility in Canada. Measure the sensitivity of Eimeria
isolates collected before and after seeding to a panel of medications.
Hypothesis 3: Relative abundance of Eimeria species in a sample can be calculated through
modern DNA-based assay technologies.
Rationale: Determining the relative proportion of Eimeria species oocysts present is vital for
understanding the dynamics of multi-species infections in poultry due to the variable pathogenicity
of each species. Due to the complexity of infections with the several Eimeria species, the
interactions within these species, and among them and the host and the microbiome, diagnostic
methods are needed to identify and quantify Eimeria. Such a tool would allow deeper investigation
for many aspects of coccidiosis infections.
Objectives: Establish protocols for modern molecular-based technologies (e.g. NGS- or
ddPCR-based methods) that can detect and quantify the abundance of DNA of each Eimeria
species.
Hypothesis 4: Tracers can be used to measure the volume of material ingested by individual
chicks following topical vaccine applications.
Rationale: The success of vaccination relies on all individuals being exposed to a precise dosage
of a pathogen at the same time. Any improvements made to a vaccination program will allow more
uniform development of immunity and reduce any negative consequences associated with
vaccinating. Vaccine application at the hatchery is a crucial step in the program that warrants
investigation.
Objectives: Use microspheres or fluorescein sodium to measure material ingestion of individual
chicks following coarse-spray or gel-droplet applications and compare to oocyst output
information.
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CHAPTER 2:
Monitoring coccidia in commercial broiler chicken flocks in Ontario: Development of fecal
sampling methodology and comparison of prevention programs on oocyst cycling patterns and
flock performance
This chapter is based on the following published work of the author with minor
modifications, and includes the preliminary sampling methodology experiments referred
to in the paper:
Snyder, R.P., Guerin, M.T., Hargis, B.M. Page, G. and Barta. J.R. 2020. Monitoring coccidia
in commercial broiler chicken flocks in Ontario: Comparing oocyst cycling patterns in
flocks using anticoccidial medications or live vaccination. Poultry Science 100:110–118

Abstract
Coccidiosis, the parasitic disease caused by Eimeria species, is controlled during broiler
chicken production through the inclusion of in-feed anticoccidial medications. Live-coccidiosis
vaccination has become an increasingly common alternative to these medications. Monitoring
infections with Eimeria species in flocks can be accomplished through determining the
concentration of oocysts excreted in the fecal material (i.e. oocysts per gram, OPG). The purpose
of our study was to sample commercial Ontario broiler chicken flocks at various times of the year
to determine weekly OPG counts for flocks that use either an in-feed anticoccidial medication or
a live-coccidiosis vaccine. Following a sample collection procedure validation, weekly sampling
of 95 flocks from placement to market permitted documentation of oocyst cycling patterns typical
of conventional and antibiotic-free flocks, and variation of these patterns in summer and winter.
Medicated flocks had higher and later peak oocyst shedding compared to vaccinated flocks. Flocks
reared in the summer peaked in oocyst shedding earlier than flocks reared in the winter. Despite
what appears to be poorer coccidiosis control in the medicated flocks, most of the performance
data for these flocks were similar to those of the vaccinated flocks. This is the first study describing
typical patterns of parasite shedding in Ontarian commercial broiler chicken flocks; these data will
provide a baseline of expected Eimeria species infections in Canadian broiler chicken flocks to
ensure optimal coccidiosis prevention.
Key Words: broiler chickens, coccidiosis monitoring, oocysts per gram, anticoccidial
medications, coccidiosis vaccine
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Introduction
Coccidiosis is an intestinal disease of production animals caused by parasites in the genus
Eimeria. Historically, the disease has been problematic for the poultry industry, including broiler
chicken production (Chapman et al., 2013). Both clinical and subclinical disease are responsible
for decreasing profitability by increasing mortality and reducing feed efficiency, while incurring
costs of disease prevention and intervention (Williams, 1999). The estimated global economic
burden of the disease has been calculated to exceed USD $14 billion annually based on reductions
in performance, mortality, and costs of prevention and treatment associated with Eimeria species
infections (Blake et al., 2020).
The most popular coccidiosis prevention strategy for broiler chicken production over the
last few decades has been the addition of anticoccidials in feed (Dalloul and Lillehoj, 2006;
Chapman et al., 2013). Since the introduction of the first commercial anticoccidial medications
(Grumbles et al., 1948; Chapman, 2009), the animal health industry has continued to respond to
the threat posed by these parasites by developing products to prevent coccidiosis or reduce the
severity of disease. Anticoccidials are classified into one of two categories, chemicals or
ionophores, and are applied using a wide variety of combinations and timings (Peek and Landman,
2011; Chapman et al., 2013). The effectiveness of these anticoccidials led to their near ubiquitous
use in the broiler chicken industry. Not surprisingly, such widespread and continuous use in the
field generated varying levels of resistance against all commercially used products (Chapman,
1997; Martin et al., 1997; Stephan et al., 1997). As the industry shifts towards producing poultry
without antibiotics, ionophores may no longer be acceptable for use because of their impacts on
intestinal microbial communities (Dibner and Richards, 2005; Peek and Landman, 2011).
A number of production programs or marketing labels, such as raised without antibiotics
(RWA in Canada), no antibiotics ever (NAE in USA), or antibiotic-free (ABF) have been
introduced to address the concerns of scientific and medical communities regarding the overuse of
antibiotics. An alternative coccidiosis prevention strategy used in such programs has been
live-coccidiosis vaccines applied to chicks, which allows for the development of immunity to the
Eimeria species present in the vaccine (Peek and Landman, 2011; Chapman et al., 2013; Price et
al., 2015a) after adequate cycling in the barn (Chapman et al., 2002; Velkers et al., 2012; Price et
al., 2016).

33

The life cycles of Eimeria species entail development in both the host and the environment
(Price, 2012). To date, strategies to prevent coccidiosis, including medication and vaccination,
have focused on the control of parasite development within the host. The stage that exists in the
environment, the oocyst, is resistant to many disinfectants used in the poultry industry (Ruff, 1999;
Price, 2012). Precise environmental conditions, especially appropriate oxygen, temperature, and
moisture, are required for oocyst maturation through the process of sporulation to reach infectivity
(Waldenstedt et al., 2001). Managing litter moisture and relative humidity correctly in the barn
environment is critical for oocyst sporulation and ultimately, the success of the vaccine through
on-farm cycling (Williams et al., 2000; Price et al., 2014).
Typically, diagnostic methods for Eimeria species are applied only when clinical
coccidiosis is suspected (Johnson and Reid, 1970; Williams, 2005). In such cases, the intestinal
tracts from a subsample of chickens in the flock are examined macroscopically for lesions typical
of coccidiosis (Johnson and Reid, 1970). The severity of coccidiosis is related to the number of
oocysts ingested because the parasites’ life cycles are self-limiting (McDonald and Shirley, 2009;
Price, 2012; Chapman et al., 2013). In non-clinical cases of coccidiosis, the severity of infection
can be estimated by measuring the abundance of oocysts that are shed in the feces; this abundance
is expressed as oocysts per gram (OPG) (Hodgson, 1970; Williams, 2001; Haug et al., 2008; Oden
et al., 2012; Chapman et al., 2016b; Parent et al., 2018).
Because many factors can influence oocyst cycling, a single OPG count from a flock is
largely uninformative for evaluating the success of a prevention program; repeated collections over
the life of a commercial flock to establish oocyst shedding patterns are required to evaluate success
(Chapman et al., 2016b; Parent et al., 2018). Unlike many pathogens, finding oocysts in a fecal or
litter sample does not indicate a disease issue, as Eimeria species are normally present in healthy
flocks (Williams, 2005). No single ‘best’ age for sample collection from a broiler flock has been
established because maximal (i.e. peak) oocyst output can vary from flock to flock, even within
the same production system (Haug et al., 2008). By collecting samples systematically at predefined
intervals, flock-specific shedding patterns have been sought after to provide detailed insights into
the timing and abundance of Eimeria species cycling in each flock (Haug et al., 2008; Chapman
et al., 2016b; Parent et al., 2018).
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The overall aim of this study was to document Eimeria species infection shedding patterns
by chickens in commercial broiler production in Ontario, Canada. The specific objectives were to
1) develop a fecal collection protocol for sampling commercial flocks that balanced practicality
with reproducibility of OPG results, 2) establish benchmarks for, and compare OPG patterns in
flocks reared under competing coccidiosis prevention strategies (medicated or vaccinated),
3) understand how external climate affects oocyst shedding patterns, and 4) determine if there are
differences in performance between medicated and vaccinated flocks.
Materials and Methods
Research Ethics
The University of Guelph Research Ethics Board approved the on-farm study
(REB#16MR013). An institutional animal utilisation protocol was not required because chickens
were not handled or sampled. All handling of fecal and litter material was conducted in compliance
with Biohazard Permit A-169-01-19-07 issued by the Biosafety Committee, University of Guelph.
Participant Enrollment and Study Duration for the Cohort (On-Farm) Study
Broiler producers were made aware of the study by word-of-mouth; representatives from
feed and animal health companies and neighbouring producers were the primary source of
distribution. All commercial broiler production facilities in southern Ontario that were within 170
km of the University of Guelph, and only registered, quota-holding facilities with the Chicken
Farmers of Ontario (provincial marketing board for chicken), were eligible to participate.
Participating facilities, defined as those having one or more flocks sampled during the study
period, were selected on the basis of their coccidiosis prevention program (medicated or
vaccinated; defined below); facilities varied in their production inputs, such as size of operation,
hatchery, feed mills and nutrition programs, and the size of bird grown. The amount of time and
resources available for facility visits dictated the number of flocks included in the study; however,
the sample collection period was extended to two years to increase the number of flocks and to
ensure that each season (summer and winter; defined below) was represented more than once.
Participating facilities were required to be registered commercial production facilities, with quota
from the Chicken Farmers of Ontario (i.e. backyard flocks were ineligible). Participants were
instructed to continue their normal protocols, and no change in coccidiosis prevention program or
management was requested. A questionnaire was used to collect data on flock characteristics

35

(breed, sex, number of birds placed) and performance parameters (mortality, days to market, feed
consumption, live weight at processing, condemnations) for each flock from which a complete
series of samples was collected; provision of these data was not a requirement for participation
(i.e. the questionnaire was optional).
The first on-farm sampling was conducted in May 2016 and the last sampling was
completed in April 2018. To reflect the seasonal differences in external environmental conditions,
samples collected from flocks placed from May until early September were considered to be
“summer” samples and those collected from flocks placed from December until early March were
considered to be “winter” samples. Summer samples (May to October samplings) were obtained
in 2016 and 2017, and winter samples (December to April samplings) were obtained in 2016-2017
and 2017-2018. Thus, there was a total of four sample collection periods during the study: summer
2016 [S16]; winter 2017 [W17]; summer 2017 [S17]; and winter 2018 [W18]. For each
participating facility, only one flock per sample collection period was included, to a maximum of
four flocks if the producer participated for the entire study period. Producers were free to join or
leave the study at any time; however, during their enrollment, a full series of samples from each
flock was obtained.
Sampling Methodology Experiments to Establish a Fecal Collection Protocol for the Cohort
Study
To develop a fecal collection protocol for sampling flocks that balanced practicality with
reproducibility of OPG results, we assessed six collection techniques in a commercial broiler
facility on a RWA program: manual collection of fresh fecal droppings observed from throughout
the floor (a single pooled sample consisting of 10 or 60 droppings; FF10 and FF60, respectively);
manual collection of litter samples (a single pooled sample consisting of 10 handfuls of litter;
LT10); and use of Fecal Dropping Collectors (FDCs; Figure 2.1) in groups of four for each of
three sampling durations (n=4 each for 1, 12, or 72 hours collection; FDC1, FDC12, and FDC72,
respectively). Each of these sampling methods was used to collect samples at a single production
facility on a single day from four independent flocks (A, B, C, and D) of 1, 2, 3, and 4-week-old
chickens, respectively, that had been vaccinated at the hatchery with a live-coccidiosis vaccine
(Immucox III, Ceva Animal Health, Guelph, ON). Sample processing followed a standard OPG
protocol (described below).
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a

c

b

d

Figure 2.1. Fecal Dropping Collector (FDC) - a tray placed underneath a 1-inch squared wired frame
in order to prevent chickens from trampling fecal droppings after excretion. This was to allow a defined
window of collection of fecal droppings for either 1, 12, or 72 hours. a) a clean FDC, b) a clean FDC
with a 7-day-old chick walking across it, c) 28-day-old broilers walking across an FDC that was set out
for 12 hours; d) a close up of the material collected by a FDC after 12 hours.

Prior to the first on-farm sampling in May 2016, we consulted participants about the six
sampling methods under consideration and deemed that manual collection of 60 droppings would
be too laborious. To ensure that fewer droppings would generate a representative sample, we
conducted a second experiment to compare pools of 60 droppings to pools of 40 and 10 droppings.
Four pooled samples each (i.e. n=4 replicates) of 10, 40, and 60 fresh fecal droppings per pooled
sample were manually collected from a 3-week-old commercial broiler flock on a conventional
program. The mean OPG count over the four replicates and the range were determined for each
sampling method (i.e. 10, 40, and 60 droppings) and compared.
To validate that manual collection of 40 droppings would generate a representative sample,
we conducted a third experiment to compare manual collection via a standardized walking pattern
to the use of an FDC. For this experiment, we sampled the subsequent flock at the same facility at
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1, 2, 3, and 4 weeks of age. At the end of each of week, we collected 40 fresh fecal droppings
(pooled into a single sample per week of age) manually by walking the length of the barn four
times and collecting 10 droppings per length. In addition, 40 droppings (pooled into a single
sample per week of age) were collected from four FDCs (10 droppings per FDC) that were placed
~12 hours prior to the collection. The OPG count for each week of age was determined for each
sampling method (i.e. manual collection and FDC) and compared.
Sample Collection for the Cohort Study
Following the sampling methodology experiments described above, we chose manual
collection of 40 fecal droppings (pooled into a single sample) using a standardized route for
sampling within the barn as the fecal collection protocol for the on-farm study. The collector
walked the length of the barn four times, collecting 10 fresh droppings per pass (litter material and
bedding was excluded), following paths that were approximately equally spaced across the barn.
Both fecal and cecal droppings were obtained. Droppings were placed in either a ~236 mL (8 oz.)
wide-mouth plastic jar, or appropriately sized, robust, resealable bag (e.g. Ziploc  freezer bag or
similar). Samples were collected from each flock once per week (every seventh day) starting the
7th day after the day of chick placement until 5 weeks of age, for a total of five pooled samples per
flock. At each operation (i.e. farm), only one facility (i.e. barn/house) was sampled, and if it was
a multi-story facility, samples were collected from the ground floor (i.e. lower level or first floor).
The researcher showed each new participating producer how to perform sample collection
during the first flock sampling (i.e. Week 1) at that location. Thereafter, the researcher or
participant collected the samples. If collected by the researcher, fresh samples were transported
back to the University of Guelph in a cooler with an ice pack. Samples collected by the participants
were stored on-farm until all required samples from the flock were collected, then shipped together
by pre-paid courier to the University of Guelph. If the facility had a refrigerator available, samples
were stored at ~4˚C until shipping. If a refrigerator was not available, a premeasured volume of
1:50 diluted bleach preservative was added to the fecal material (approximately 1:1 v/v) and mixed
to reduce bacterial growth (final concentration of sodium hypochlorite of ~500 ppm).
Sample processing
Samples were stored at the University of Guelph at 4˚C for no more than seven days after
the day of collection before being processed. Fecal samples were processed to determine OPG
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counts through a modified McMaster counting chamber flotation using saturated salt solution,
100× magnification microscope, and a standard formula calculation (Long and Rowell, 1975)
adjusted, when necessary, to account for bleach preservative. Some samples required additional
dilutions when oocysts were too numerous to count; for such samples, up to three 10-fold dilutions
using saturated salt were conducted so that 50 to 500 oocysts were observable within the counting
grid. The calculated limit of detection using standard dilution and McMaster counting chambers
was ~17 OPG.
Medicated and Vaccinated Flocks
Medicated flocks were defined as those on a conventional feeding program that included
the prophylactic use of antibiotics and anticoccidial medications in the feed. There was no standard
program among these flocks with respect to the products used or the timing of administration. All
flocks started on one anticoccidial product, then shuttled to a different product at 2-4 weeks of age,
depending on the program set by the feed mill.
Vaccinated flocks were defined as those from participating facilities that reared broilers
under an RWA/NAE/ABF program that used neither in-feed antibiotics nor in-feed anticoccidials
(i.e. none were on a bioshuttle or similar program that combined vaccination with anticoccidial
medication). These flocks were vaccinated at the hatchery following standard industry protocols
using one of the two live-coccidiosis vaccines commercially available in Canada: Coccivac B 
(Schering Plough, Kenilworth, NJ); or Immucox III.
Data Analyses for the Cohort Study
The OPG and questionnaire data were manually entered into Microsoft Excel (Microsoft
Office 2013, Microsoft Corporation, Redmond, WA), reviewed for accuracy, then uploaded to
SAS 9.4 (SAS Institute Inc., Cary, N.C.) for analysis. Line graphs were used to illustrate OPG
shedding patterns for individual flocks over the 5-week grow-out period; separate graphs were
used for medicated and vaccinated flocks. In addition, using aggregated data, line graphs were
used to illustrate OPG shedding patterns over the 5-week grow-out period, both overall (mean and
median), and by season (summer and winter), for medicated and vaccinated flocks that were
adjusted for facilities that had multiple flocks sampled.
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The PROC MIXED program in SAS 9.4 was used to determine differences in OPG count
data between prevention programs (medicated vs. vaccinated) and age of sample collection (within
and between prevention programs). The OPG data from the five weekly samplings (i.e. Weeks 1-5)
were classified as repeated measures in the analyses. The participating facility was classified as a
random effect to account for repeated measures at the facility level (i.e. up to four flocks per
facility). The predicted OPG count at the end of each week of age for the medicated and vaccinated
flocks were estimated using the PROC MIXED program in SAS 9.4.
The PROC MIXED program in SAS 9.4 was used to determine differences in performance
parameters (obtained from the questionnaire) between medicated and vaccinated flocks. The
coccidiosis prevention program was the main effect, participating facility was a random effect, and
flock characteristics and season were covariates. For all analyses, terms with a P-value ≤0.05 were
considered to be significantly different. Post-hoc power calculations were used to determine
whether there was sufficient power to detect differences between coccidiosis prevention programs.
Adjusted feed conversion ratio (adj. FCR; Aviagen, 2018) was calculated using the
flock-specific FCR and market weight, and the averaged market weight from all flocks using the
following formula:
𝐴𝑑𝑗. 𝐹𝐶𝑅

= 𝐹𝐶𝑅

+

𝑇𝑎𝑟𝑔𝑒𝑡 𝑊𝑒𝑖𝑔ℎ𝑡

− 𝐴𝑐𝑡𝑢𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡
4.5

Results and Discussion
Sample Methodology Experiments
To establish a fecal collection protocol for the cohort study, we assessed six sampling
methods in a commercial broiler chicken facility using flocks of four different ages. The FDC1
method provided insufficient fecal material for OPG determination; no further results were
recorded from this method. For the remaining five methods, the weight of material collected and
resulting OPG counts are summarized in Table 2.1. The only method to detect oocysts in the
1-week-old flock was the FDC12. The FDC12 method and the two methods that examined fresh
fecal droppings collected by hand (FF10 and FF60) had maximal OPG counts in the 3-week-old
flock; the FF10 method resulted in more widely fluctuating OPG counts than the FF60 method.
The FDC72 and LT10 methods had comparable counts from the same flock, including maximal
OPG counts in the 4-week-old flock.
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Table 2.1. Comparison of the weight of fecal material collected and the corresponding oocysts per gram
(OPG) counts among sample collection techniques. Fecal samples were collected at a single commercial
broiler production facility on a raised without antibiotics program on a single day from four independent
flocks (A, B, C, and D) of 1, 2, 3, and 4-week-old chickens, respectively.

Weight (g)

OPG

Collection
Technique*
FF10
FF60
FDC12
FDC72
LT10
FF10
FF60
FDC12
FDC72
LT10

Flock A
1 week old
12
25
394
1057
359
0
0
1,969
0
0

Flock B
2 weeks old
27
32
186
397
469
14,357
11,703
16,764
6,687
5,801

Flock C
3 weeks old
41
26
865
1295
607
143,365
82,190
19,852
11,283
7,184

Flock D
4 weeks old
84
233
497
1371
626
39,277
65,331
14,742
12,683
15,762

*Manual collection of fresh fecal droppings (a single pooled sample consisting of 10 or 60 droppings; FF10
and FF60, respectively). Manual collection of litter samples (a single pooled sample consisting of 10 handfuls of
litter; LT10). Use of Fecal Dropping Collectors (FDCs) in groups of four for each of three sampling durations (n=4
each for 1-, 12-, or 72-hours collection; FDC1, FDC12, and FDC72, respectively). The FDC1 technique provided
insufficient fecal material for OPG determination; thus, no results were recorded for this method.

Oocyst output is largely proportional to the number of oocysts consumed 8-5 days prior to
the day of collection modified by any immunological or anticoccidial control. Fresh fecal
droppings provide an evaluation of the current infection status of individual chickens because
oocyst production must have been active within the last few hours. However, oocyst counts from
litter samples have been reported (Chapman et al., 2016b; Jenkins et al., 2017) because fresh fecal
samples can be difficult to collect from commercial barns where the birds trample their feces
shortly after excretion (Chapman et al., 2016b). Litter samples usually contain an accumulation of
oocysts from the beginning of a flock, although many oocysts will be buried (Chapman et al.,
2002, 2016b). These litter samples are a blend of feces and bedding that might contain oocysts that
were shed hours to days before the sample was taken. Consequently, counts based on litter
sampling represent rolling averages of fecal oocyst output over the life of a flock and may be
insensitive to acute changes in oocyst output that could be detected readily by direct fecal
collection. Hence, the LT10 method, and the comparable FDC72 method, were not considered
further.
In a 1970 study, Hodgson (1970) performed analysis on 100 individual droppings from
broiler flocks to determine 95% confidence intervals for OPG counts and concluded that OPG
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counts based on 40 droppings would accurately represent the level of coccidial infection
experienced by a flock at a given age. Hodgson also suggested that 50 droppings would provide a
reliable estimate of flock OPG counts in a barn of 2,000 or more broilers (Hodgson, 1970). Based
on our evaluation of the data from our first experiment, and the experience of Parent et al. (2018),
who pooled 20-25 droppings for each sampling of a flock, 50 droppings might be unnecessary to
generate representative data in most field situations. The uniformity of broiler chicken growth and
consistency in the barn environment in the five decades since Hodgson’s (1970) study makes it
possible that pooling a modest number of droppings may be appropriate for determining flock
OPG counts.
The number of fecal droppings per pool required to generate a representative sample was
tested practically in our second experiment using replicated collections of 10, 40, or 60 fresh fecal
droppings per pooled sample from a single 3-week-old commercial flock. Pooled samples
consisting of 10 droppings had OPG counts that ranged from 2,734 – 81,707 (mean 30,279; median
18,339); those consisting of 40 droppings ranged from 13,856 – 22,649 (mean 18,299; median
18,347), and those consisting of 60 droppings ranged from 14,173 – 28,976 (mean 18,939; median
16,304). Pooled samples containing only 10 droppings showed widely divergent OPG counts
compared to the relatively consistent counts from pooled samples containing 40 or 60 droppings.
Based on this, the FF10 method was not considered further. The FF60 method was also eliminated
from further consideration because it provided similar results to pooled samples consisting of 40
droppings yet was more time-consuming.
The FDC methods entail considerable added material and labour costs. Thus, in our third
experiment, we compared manual collection of 40 fresh fecal droppings via a standardized walking
pattern to the FDC12 method in a single commercial flock at four different ages. At 1 week of age,
the OPG counts were undetectable for manual collection and 99 for the FDC; at 2 weeks of age
the counts were 27,061 (manual) and 27,937 (FDC), at 3 weeks of age the counts were 136,642
(manual) and 132,810 (FDC), and at 4 weeks of age the counts were 100,100 (manual) and 130,159
(FDC). The two methods provided comparable OPG counts at all four ages. Based on our
experimental observations, we concluded that a single pooled sample consisting of 40 fresh fecal
droppings collected manually following a standardized walking pattern through the barn would

42

provide representative flock OPG counts while balancing cost, collection effort, and repeatability
of observations.
The OPG counts in our study include oocysts of all Eimeria species shed by infected
chickens without differentiating the individual species that might be present in each sample. There
was no attempt to quantify individual Eimeria species For samples containing a single species,
oocyst morphometrics can be used to tentatively identify the Eimeria sp. present (Tyzzer, 1929;
Reid and Long, 1979; Mcdougald et al., 1997; Jenkins et al., 2017). However, in mixed-species
infections typical in commercial flocks (Ogedengbe et al., 2011b; Chapman et al., 2016b),
identification of most Eimeria species is unreliable due to the variability and overlap of oocyst
morphometrics within and among Eimeria species (Joyner and Long, 1974b; Long and Joyner,
1984; Ogedengbe et al., 2011b). With typically two or more (and possibly up to seven) Eimeria
species within a single field sample (Jenkins et al., 2017), the use of oocyst morphometrics for
differentiating Eimeria species in the field samples from our study was considered unreliable.
Characteristics of Participating Facilities and Flocks Sampled
Facilities received chicks from four different hatcheries, obtained feed from six different
feed mills, and often used site-specific flock management, which could have included preferred
barn environmental conditions, bedding material (i.e. pine-wood shavings or chopped-straw), and
feed and water additives. Flock characteristics (Table 2.2) and performance data were provided
for 53 of 95 flocks. The majority (>70%) of these were mixed-sex; the median flock size at
placement was 22,554 birds, and breeds included Ross 708 and Cobb 500. All facilities followed
Canadian broiler production regulations between flocks, which includes a complete clean-out of
all contaminated litter material after chickens are sent to market and provision of fresh bedding for
the subsequent flock (Chicken Farmers of Canada, 2018a). These regulated procedures result in
nearly a complete removal of oocysts from the barn environment. In contrast, reusing litter for
several consecutive flocks is the norm in American broiler production, and viable oocysts have
been demonstrated in reused litter of typical American facilities prior to chick placement (Jenkins
et al., 2019).
Table 2.2. Characteristics of Ontario broiler flocks from which weekly fecal samples were collected
from 1 to 5 weeks of age over the period May 2016 to April 2018 and for which a questionnaire was
completed by the participating producer (n=53).
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Variable
Breed
Cobb 500
Ross 708
Sex
Cockerels
Mixed
Pullets
No. of birds placed
Mean
Median
Min
Max

Medicated
Flocks (n=30)

Vaccinated
Flocks (n=23)

12
18

4
19

6
19
5

1
19
3

21,785
18,717
7,750
48,849

26,281
24,888
7,956
54,570

A total of 45 facilities participated in this study; the coccidiosis prevention program of each
participating facility did not change during the study period, with the exception of two facilities
that switched from using coccidiosis vaccines to anticoccidial medications. From those 45
participating facilities, 95 broiler flocks (53 medicated; 42 vaccinated) were sampled over four
sample collection periods (Table 2.3) to provide 461 pooled fecal samples that were processed to
obtain OPG counts. Of the 20 facilities that only used anticoccidial medications, 7, 4, 1, and 8 had
one, two, three, or four flocks sampled during the study period, respectively. Of the 23 facilities
that only used coccidiosis vaccines, 15, 1, 5, and 2 had one, two, three, or four flocks sampled
during the study period, respectively. Of the two facilities that switched programs during the study
period, one contributed one vaccinated and two medicated flocks, and the other contributed one
vaccinated and one medicated flock. The characteristics of the pooled fecal samples collected at
the end of the 1st, 2nd, 3rd, 4th, and 5th week of age are summarized in Table 2.4. The predicted
values obtained from the PROC MIXED analysis are outlined in Table 2.5. The values obtained
from the model may not represent values expected from a production facility but permit the
comparison between production strategies (medicated vs. vaccinated flocks). Medicated flocks
were predicted to have lower OPG counts than vaccinated flocks for weeks 1, 2, 3, and 4;
medicated flocks were predicted to have higher OPG counts than vaccinated flocks for the 5 th week
of production.
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Table 2.3. Summary of Ontario broiler flocks from which weekly fecal samples (n=461) were collected
from 1 to 5 weeks of age over the period May 2016 to April 2018. Each sample consisted of a single
pool of 40 manually collected fresh fecal droppings.

Collection Period* Medicated Flocks Vaccinated Flocks Total Flocks
S16
13
13
26
(05/2016-10/2016)

W17
(12/2016-04/2017)

S17
(05/2017-10/2017)

W18
(12/2017-04/2018)

Totals

20

14

34

11

12

23

9

3

12

53

42

95

*S16 and S17: flocks placed from May until early September with sample collection from
May to October. W17 and W18: flocks placed from December until early March with sample
collection from December to April.

Table 2.4. Characteristics of fecal samples (n=461) collected at the end of the 1st, 2nd, 3rd, 4th, and 5th
week of age from Ontario broiler flocks. Each sample consisted of a single pool of 40 manually collected
fresh fecal droppings.

Age
(weeks)
1

Pooled
Samples (n)
89

Mean
weight (g)
43.1

2

90

3

Median (g)

Min

Max

95% CI

35.5

7.9

152.0

±5.7

94.4

92.0

16.7

194.3

±6.9

95

136.3

127.7

52.0

289.5

±8.3

4

94

168.5

158.8

71.6

433.2

±11.3

5

93

167.2

163.8

74.4

399.1

±11.3
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Table 2.5. Oocyst per gram (OPG) predicted values obtained from the PROC MIXED analysis in SAS
9.4 for the five ages of medicated or vaccinated flocks including 95% confidence intervals and the
P-value.

Age
(weeks)
1
2
3
4
5

Prevention
Program
Medicated
Vaccinated
Medicated
Vaccinated
Medicated
Vaccinated
Medicated
Vaccinated
Medicated
Vaccinated

Predicted OPG

Lower Limit

Upper Limit

10
816
166
13,636
1,305
41,433
5,110
22,897
9,962
2,301

5
449
91
8,416
685
24,885
2,812
14,134
4,513
1,268

23
1,483
302
22,094
2,490
68,987
9,287
37,093
21,989
4,176

P-value
<0.001
<0.001
<0.001
0.002
0.0043

Medicated Flocks - OPG Counts
Oocyst shedding (weekly OPG counts) from all medicated flocks is illustrated in Figure
2.2. At Week 1, most medicated flocks (43 of 47 sampled at Week 1) did not have detectable
oocysts. This finding can be explained by the removal of contaminated litter and addition of fresh
bedding before chick placement. The majority of the medicated flocks had maximal OPG counts
at Week 4 (45.3% of flocks) or Week 5 (37.7%), whereas a few had maximal counts at Week 3
(9.4%); the remaining four flocks (7.6%) had undetectable oocysts throughout the sample
collection period (Figure 2.2). Such high oocyst shedding in medicated flocks shortly before
marketing has been reported previously (Chapman et al., 2016b). The maximal OPG count for
each medicated flock (regardless of the week at which this maximal count was attained) ranged
from undetectable to 2,220,591 (mean 222,371; median 116,853). In line with Parent et al. (2018),
the range of OPG counts among the medicated flocks (Figure 2.2) was much wider than the range
for the vaccinated flocks (Figure 2.3). Such variability can be explained by an individual flock’s
challenge (number of oocysts in the litter) and the susceptibility of the oocysts to the anticoccidial
drugs administered to the flock (Bafundo et al., 2008). Depending on the history of drug use at a
given facility, the degree of resistance of each Eimeria sp. present in the barn to the anticoccidial
drugs in use could vary widely (McDonald and Shirley, 2009).
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Figure 2.2. Individual flock oocyst shedding patterns over the 5-week grow-out period for flocks on an
anticoccidial medication program. Each line represents the five oocyst per gram (OPG) counts obtained
from an individual flock (n=53).

Despite continuous in-feed anticoccidial medication, the majority of medicated flocks
(92.4%) showed increased oocyst shedding from Week 3 onward (Figure 2.2); however, this
varied among these flocks. Our finding of delayed, yet high, OPG counts in medicated flocks has
been reported previously (Chapman et al., 2002; Williams, 2002; Jenkins et al., 2017; Parent et al.,
2018), suggesting that resistance to anticoccidial medications is widespread and that at least some
Eimeria species are totally refractory to control by some of

the commonly used in-feed

anticoccidials (Jenkins et al., 2019). Conversely, our observation that 29 of the 49 oocyst-positive
medicated flocks had their maximal OPG count before Week 5 suggests that the chickens in those
flocks were developing immunity to the Eimeria species present while being provided
anticoccidial medication (Chapman, 1999; Hu et al., 2000). Ionophorous anticoccidials have been
documented to allow trickle infections to occur that support the development of immunity
(Chapman, 1999; Hu et al., 2000), although protection takes longer to occur than in vaccinated
flocks.
Vaccinated Flocks - OPG Counts
Oocyst shedding (weekly OPG counts) from all vaccinated flocks is illustrated in Figure
2.3. At Week 1, most (38 of 42) vaccinated flocks had detectable oocysts, with OPG counts of up
to 13,682. Oocyst shedding by vaccinated chicks at 5-8 days of age has been associated primarily
with the ingestion of viable oocysts following live vaccine application at the hatchery (Long and
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Joyner, 1984; Price et al., 2016). Flocks shedding few or undetectable numbers of oocysts on day
7 might have been impacted by one of the following: 1) poor vaccine delivery (Jenkins et al.,
2017); 2) poor vaccine ingestion by chicks (Price et al., 2015a, 2016); 3) delayed access to feed
following vaccination (Price et al., 2015a); 4) administration of oocysts with greatly reduced or no
viability (Cha et al., 2018); or 5) provision of starter ration containing anticoccidial medication,
although such an event would be rare. Notably, the mean medicated flocks’ OPG count at Week 4
was higher than the mean vaccinated flocks’ OPG counts at any week (Figure 2.4).

Figure 2.3. Individual flock OPG shedding patterns over the 5-week grow-out period for flocks on a
coccidiosis vaccination program. Each line represents the five oocyst per gram (OPG) counts obtained
from an individual flock (n=42).
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Mean
(n=25)

2,021
± 529

51,008
± 12,477

98,624
± 17,284

25,025
± 4,746

5,671
± 1,244

Mean
(n=22)

13
± 10

2,538
± 1,485

49,779
± 31,613

132,146
± 35,874

64,235
± 15,086

Median

1,256

30,625

63,565

17,249

2,732

Median

0

41

6,292

76,278

42,107

Summer
(n=18)

2,458
± 666

67,448
± 17,446

83,278
± 19,458

17,227
± 4,994

6,847
± 1,716

Summer
(n=15)

7
±6

2,169
± 1,358

94,851
± 75,815

156,930
± 66,495

31,861
± 10,552

Winter
1,950
35,703
96,718
32,959
3,438
Winter
11
3,942
30,262
105,382
77,172
(n=15)
± 890
± 9,258
± 20,227
± 6,532
± 556
(n=20)
± 10
± 3,069
± 15,397
± 28,007
± 20,773
Figure 2.4. a) The aggregate data from the 42 flocks (clustered to 25 facilities) on a coccidiosis vaccination program. b) The aggregate data from the
53 flocks (clustered to 22 facilities) that were on an anticoccidial medication program. Each graph includes the mean OPG ± SEM for each week of
age, the median OPG count, the mean of the summer flocks, and the mean of the winter flocks. The table below the graph outlines the mean OPG
counts ± SEM for the respective age and clustering.
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All vaccinated flocks showed an increase in OPG from Week 1 to 2 (Figure 2.3)
confirming that environmental cycling (Price et al., 2014) was successful; oocysts shed by
vaccinated chicks had sporulated by the end of the first week and been ingested from the litter.
The majority of vaccinated flocks had maximal OPG counts at Week 2 (28.6% of flocks) or Week
3 (59.5%), whereas a few had maximal counts at Week 4 (11.9%) . None of the vaccinated flocks
had maximal counts at Week 5, suggesting that all vaccinated flocks had developed at least partial
protective immunity to the Eimeria species present by Week 5 (Figure 2.3). The maximal OPG
count for each vaccinated flock (regardless of the week at which this maximal count was attained)
ranged from 11,608 - 307,359 (mean 110,133; median 88,406).
Seasonal Variation in OPG Counts
The mean and median OPG counts at the end of each week from medicated and vaccinated
flocks (regardless of season) and mean counts from summer flocks (i.e. S16 and S17 combined)
and winter flocks (i.e. W17 and W18 combined) are summarized in Figure 2.4; data are aggregated
to the facility-level. For most of the weeks, these aggregate data do not agree with the predicted
values determined using the PROC MIXED model results summarized in Table 2.5; however,
these aggregate data reflect more realistic OPG count shedding patterns expected to be observed
by flocks on either prevention strategy than the model predictions.
Among vaccinated flocks, the mean OPG count was highest in Week 3 for both summer
and winter flocks; however, the mean count in Week 2 was almost as high as Week 3 for the
summer flocks (Figure 2.4a). Prior to the onset of protective immunity, oocyst shedding is largely
proportional to the number of infective, sporulated oocysts ingested by birds from the
environment; this cycling (Price et al., 2014) is highly dependent on the environmental conditions
in the barn. The external environment can certainly impact the environment inside the barn. Cold
winter air holds less moisture than warm air, and barn heaters could create a dryer environment in
the barn, especially during the first two weeks following flock placement. Thereafter, chickens
begin generating more moisture in the barn through respiration and defecation, allowing for more
efficient Eimeria species cycling. Dry conditions impact oocyst sporulation success and shorten
oocyst survival in the barn environment (Williams, 2005), which can thereby reduce the number
of infective oocysts available for ingestion by chicks in their second week of life; this could explain
the one-week delay in cycling in the winter flocks.
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Among medicated flocks, the mean OPG count was highest in Week 4 for both summer
and winter flocks; and the same general pattern was observed in both seasons, in that the count
increased from Week 2 to 4 then decreased from Week 4 to 5, albeit the changes were much more
dramatic in the summer flocks (Figure 2.4b). Notwithstanding, the mean count in Week 4 was
approximately one and a half times higher in summer flocks compared to winter flocks. The
opposite was observed one week later, in that the mean count in Week 5 was approximately 2.5
times higher in winter flocks compared to summer flocks. These observations suggest that, similar
to the vaccinated flocks, the drier environmental conditions in the winter delayed the cycling of
parasites in the barn. However, due to the typical seasonal rotation of anticoccidial medications in
broiler production (Dalloul and Lillehoj, 2006), the medicated winter flocks would likely have
been on a different program than the medicated summer flocks. Such a systematic change in drug
program would have influenced the OPG counts due to the anticoccidial-specific sensitivity of the
Eimeria species isolates (Chapman et al., 2016b).
Temperatures in southern Ontario can range from -25°C (-13°F) in the winter to +35°C
(95°F) in the summer (daily lows and daily highs in the respective season). This wide range of
temperatures has certainly influenced building design for broiler barns in Canada and,
consequently, the environmental conditions within. Therefore, these external factors must be taken
into consideration when attempting to predict OPG cycling in broiler production in other climates.
Flock Performance
The results of the regression models (Table 2.6) showed that, of the six performance
parameters evaluated, there was only a significant difference in mortality between medicated and
vaccinated flocks after controlling for facility-level variation and flock and seasonal effects.
Performance data were only available for approximately half (55.8%) of the 95 flocks; post-hoc
power calculations indicated that there was insufficient power (β<0.80) to detect differences in
performance between coccidiosis prevention programs (data not shown).
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Table 2.6. Flock performance data for medicated and vaccinated flocks for which data were available.
Mean values ± SEM for flocks clustered by facility.

Mortality
(%)

Days to
Market

Mean
weight at
market
(kg)

FCR*

Adjusted
FCR
(Target
2.42 kg)

Condemnations
(%)

Medicated

3.55

40.1

2.53

1.681

1.693

1.17

± 0.57
(n=20)

± 0.86
(n=20)

±0.05
(n=20)

±0.023
(n=19)

±0.021
(n=19)

±0.15
(n=19)

Vaccinated

5.47

38.04

2.40

1.694

1.721

0.98

±0.67
(n=18)

±0.46
(n=18)

±0.06
(n=18)

±0.030
(n=13)

±0.03
(n=13)

±0.05
(n=17)

p value

0.0189

0.085

0.077

0.886

0.433

0.3696

*FCR refers to the unadjusted calculated feed conversion ratio based on feed consumption and the total
flock weight (no. of chickens × average weight) at market.

Medicated flocks had significantly lower mortality (3.55%) than vaccinated flocks (5.47%;
p=0.019). In addition to chemical or ionophore anticoccidials, in-feed antibiotics (e.g. bacitracin,
virginiamycin, avilamycin) were used in all medicated flocks. The impact of the combination of
in-feed antibiotics and ionophores on the enteric microbiota is likely responsible for the observed
lower mortality in the medicated flocks (Dibner and Richards, 2005; Thabet et al., 2017; Kogut,
2019). Despite coccidiosis having a more severe impact on broiler metabolism in chickens nearing
market age compared to younger chicks (Teeter et al., 2008; Price, 2012) and high OPG counts
typical of medicated flocks, this impact was not reflected in increased mortalities.
Medicated flocks had a numerically lower adjusted FCR (1.693) than vaccinated flocks
(1.721; p=0.433). Part of this difference can be explained by the mean market weight of the
medicated flocks (2.53 kg) that was higher than the target weight (2.42 kg) used for calculating
the adjusted FCR. The higher mean market weight of the medicated flocks can be explained in part
by production periods that averaged two days longer (40.1 days) than vaccinated flocks (38.0
days), which are typically grown to smaller final body weights (~2.2 kg). Despite the considerable
Eimeria species challenge faced by most medicated flocks during the latter half of the grow-out
period (Teeter et al., 2008; Price, 2012), growth promoting in-feed antibiotics and ionophores
supported strong growth performance over the production period.
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Damage to the intestinal mucosa caused by Eimeria species is a predisposing factor for
necrotic enteritis (Williams, 2005). Necrotic enteritis is caused by the overgrowth of the
Clostridium perfringens population in the intestinal tract; C. perfringens adhere to damaged
epithelium and induce coagulative necrosis through toxin production, which leads to the
destruction of the small intestine, especially the jejunum and ileum (Moore, 2016). Eimeria
maxima, a species that infects this portion of the intestinal tract, is a well-documented predisposing
factor for necrotic enteritis (Williams, 2005; Moore, 2016). Reduced weight gain during such
infections can be recovered by the end of the production period via compensatory growth
(Chapman et al., 2002). Nonetheless, the broiler industry must find ways to overcome or reduce
the incidence and severity of necrotic enteritis for sustainability (Moore, 2016). In Canada, the
preventative use of Category I and II antibiotics was voluntarily banned by the broiler industry at
the end of 2018, with the elimination of the preventative use of Category III antibiotics likely to
begin at the end of 2020, although the use of anticoccidials will continue to be allowed (Chicken
Farmers of Canada, 2018b). Ionophorous anticoccidials with antimicrobial properties will likely
be advantageous for ensuring gut integrity (Dibner and Richards, 2005; Peek and Landman, 2011;
Cervantes, 2015; Thabet et al., 2017); however, with the widely reported loss of anticoccidial
sensitivity (Abbas et al., 2011), necrotic enteritis may become a threat for all flocks. With the new
antimicrobial use standards, preventing coccidiosis and necrotic enteritis may become the greatest
challenge for the broiler industry (Moore, 2016). Ultimately, regardless of the coccidiosis
prevention program used, proper management and proactive monitoring of Eimeria species
cycling is likely to become an even more critical component for ensuring flock health and
performance (Velkers et al., 2010; Parent et al., 2018).
Producers that rear birds using an RWA program receive a monetary incentive from
processors (an additional $0.10-0.30/kg at the time of this study) to offset the higher cost of
production. However, we did not request, nor have access to, the financial information necessary
to determine whether there was a difference in the cost of production between medicated and
vaccinated flocks. In our study, some vaccinated flocks had growth performance equal to
medicated flocks, demonstrating that RWA production can be competitive with conventional
production. If economics become comparable, RWA production has the important advantage of
greatly reducing the use of antimicrobials in broiler production and addressing One Health and
antimicrobial resistance concerns (Diarra and Malouin, 2014; Agunos et al., 2017).
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Our study was designed to understand “where we are today” with oocyst cycling patterns
in conventional (medicated) and RWA (vaccinated) broiler flocks reared in Canada; the observed
cycling patterns provide a useful benchmark for recognizing desirable cycling patterns in future
poultry production in which routine antimicrobial use has been largely eliminated. Our study has
shown that RWA flocks had consistent and early oocyst output that resolved well before the 5 th
week of production in most cases.
As the market share of alternative production continues to grow, it will become prudent for
the industry to learn best-management practices from producers that have been successful at
rearing RWA-chickens, and from studies designed to investigate alternatives to antimicrobials in
commercial flocks. As the Canadian broiler industry prepares for the removal of Category III
antibiotics for preventative use, both alternative and conventional flocks will want to continue to
monitor Eimeria species infections to reduce the associated threat of necrotic enteritis.
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CHAPTER 3:
Restoration of anticoccidial sensitivity to a commercial broiler chicken facility in Canada
This chapter is based on the following published work of the author with minor
modifications:
R.P. Snyder, M.T. Guerin, B.M. Hargis, P.S. Kruth, G. Page, E. Rejman, J. Rotolo, W. Sears,
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Abstract
Increasing resistance of Eimeria species to anticoccidial medications is an issue in the broiler
chicken industry. Using drug-sensitive strains in live-coccidiosis vaccines has been shown to
improve anticoccidial effectiveness in US-based broiler production. In Canada, litter is removed
between flocks, which differs from the US industry practice. Thus, we investigated the use of drugsensitive vaccine strains in a Canadian broiler production facility with suspected anticoccidial
resistance. Weekly fecal samples were collected from flocks before, during, and after vaccine
seeding to determine oocyst shedding patterns. Following the vaccine seeding, OPG counts from
similar aged birds were lower than flocks prior to live coccidiosis vaccine use. Eimeria species
isolates, collected before and after vaccine seeding, were used in two Anticoccidial Sensitivity
Tests to evaluate their susceptibility to commercially available anticoccidial medications; a
low-dose challenge to define parasite replication, and a high-dose challenge to monitor broiler
performance. In both experiments, isolates collected after seeding were more susceptible to almost
every anticoccidial evaluated compared to the isolates collected prior to seeding. These results
demonstrate an improvement in sensitivity to many anticoccidials following the use of
live-coccidiosis vaccines at this facility. However, the regulated removal of litter at the end of each
flock required under Canadian management rules could limit the establishment of vaccine-strain
Eimeria species in broiler facilities and could shorten the longevity of improved drug sensitivity
observed in this study.
Keywords: coccidiosis, broiler chicken, anticoccidial resistance, anticoccidial sensitivity test,
commercial production
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Introduction
Since the 1940s, anticoccidial medications have been used in the poultry industry to control
protozoal coccidiosis (Chapman, 2014). Over a dozen different anticoccidial compounds have
been discovered or synthesized, and registered for use in poultry worldwide (Peek and Landman,
2011). Anticoccidial medications, classified as either synthetic “chemicals” or polyether antibiotic
“ionophores” (Chapman, 1999), have various modes of action on Eimeria species, often exerting
their effects on a specific life-stage (Noack et al., 2019). Due to their low-cost and proven efficacy,
anticoccidial medications were used ubiquitously in commercial broiler chicken production
(Dalloul and Lillehoj, 2005). These anticoccidial products greatly reduced the threat of coccidiosis
to poultry production, and played a major role in the profitability and growth of the chicken meat
industry (Chapman et al., 2010).
As a result of their ubiquitous and continued usage, a loss of effectiveness (i.e. reduced
parasite sensitivity) has been increasingly reported (Jeffers, 1974; Mathis et al., 1984; Williams,
2006; Bafundo et al., 2008). Shuttle (alteration of anticoccidials within a single flock) and rotation
(alteration of anticoccidials between flocks) programs have been implemented to ensure that
individual anticoccidials are not used continuously at one location (Peek and Landman, 2011).
Despite these measures, and perhaps as a result of these programs in part, resistance to all
commercially available products currently in use have been reported (Chapman, 1997; Peek and
Landman, 2011).
A population of Eimeria species tends to remain in a production facility after the chickens
are sent to market and survives long enough to infect the subsequent flock because of the
environmentally-resilient oocyst stage (Reyna et al., 1982). Resistance to anticoccidial products
can be site-specific due to the unique history of drug use at a facility or complex (Chapman, 1997).
Once an isolate with reduced anticoccidial sensitivity arises, the resistant parasites tend to persist
at that location (Blake and Tomley, 2014). In broiler production in Canada, litter removal and
dry-cleaning is required at the end of each flock, followed by the addition of fresh bedding
(e.g. wood shavings, chopped straw) prior to the placement of the next flock (Chicken Farmers of
Canada, 2018a). This practice would be expected to reduce the carry-over of environmental
pathogens, including oocysts of Eimeria species, from one flock to the next in a facility.
Additionally, Canadian broiler barns have concrete floors (and wooden upper floors if multi-story)
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with a smaller capacity to harbour pathogens compared to dirt floors in the USA. Despite these
theoretical reductions in carry-over, Eimeria species are typically still observed cycling in
Canadian broiler flocks that are administered feed that includes anticoccidial medications (Chapter
2- Snyder et al., 2020). This suggests anticoccidial resistance has developed in the Canadian broiler
production system.
Restoring the anticoccidial sensitivity (i.e. reducing anticoccidial resistance) to a facility
has been demonstrated previously (Chapman and Jeffers, 2014). Restoring anticoccidial sensitivity
requires a seeding of the barn environment with large numbers of anticoccidial-sensitive Eimeria
species (Jeffers, 1976). The seeding event can be accomplished by application of a live-coccidiosis
vaccine on the day-of-hatch; once placed, the flock will continue to propagate/amplify the vaccine
strain in the facility (Chapman and Jeffers, 2014). Strains included in some commercially available
coccidiosis vaccines (e.g. Coccivac B®, Schering Plough, Kenilworth, NJ) have been selected
from parasites sensitive to anticoccidial medications (Mathis and Broussard, 2006). The sensitive
isolates compete or interbreed with pre-existing wild-type (i.e. anticoccidial-resistant) parasites to
reintroduce anticoccidial sensitivity to the population of parasites in a facility. Two or more
consecutive flocks can be vaccinated to more thoroughly displace the pre-existing
anticoccidial-resistant parasites (Chapman and Jeffers, 2014).
The sensitivity of Eimeria species to an anticoccidial medication can be quantified using
one or a combination of individual metrics, such as body weight gain (Jeffers and Challey, 1973;
Stephan et al., 1997; Jenkins et al., 2016), feed conversion (Peeters et al., 1994; Stephan et al.,
1997), intestinal lesion scores (Martin et al., 1997), fecal dropping scores (Jeffers and Challey,
1973), or oocysts per gram (Stephan et al., 1997; Chapman and Jeffers, 2015). Weight gain and
feed conversion are important production metrics, whereas lesion scores and oocyst output
correlate to the direct impact of an anticoccidial medication against an Eimeria species isolate.
Part of the difficulty in selecting which metric(s) to evaluate is that control of parasite replication
(actual anticoccidial activity) does not necessarily equate to broiler performance (impact of
anticoccidial activity). Performance, especially weight gain and feed efficiency, affects the cost of
production and is therefore most important to the broiler industry when evaluating the efficacy of
an anticoccidial medication (Stephan et al., 1997). Depending on the metric desired, the challenge
material concentration must be carefully considered to avoid overcrowding of Eimeria species in
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studies investigating parasite replication (Williams, 2001), or generating a severe enough
challenge to impact growth performance.
The aim of our study was to investigate the ability to restore anticoccidial drug sensitivity
to a Canadian broiler facility with suspected resistance through the use of a live-coccidiosis vaccine
in two consecutive flocks. The restoration of sensitivity was measured by calculating anticoccidial
sensitivities of Eimeria species isolates collected before and after the coccidiosis-vaccinated flocks
using a low-dose challenge and a high-dose challenge in vivo experiment (Chapman, 1998). The
objective of the low-dose challenge experiment was to understand the influence of an anticoccidial
medication on Eimeria species replication, without the influence of overcrowding. The objective
of the high-dose challenge experiment was to determine the influence the Eimeria species could
have on industry relevant parameters of chicken growth and efficiency, and to describe an index
for evaluating anticoccidial sensitivities that combines multiple important parameters.
Materials and Methods
All experimental infections in chickens were conducted at the University of Guelph’s
Arkell Poultry Research Station (Arkell, ON, Canada) or Central Animal Facility Isolation Unit
(Guelph, ON, Canada), and were approved by the University of Guelph Animal Care Committee
(Animal Use Protocol #3414) in compliance with CCAC guidelines (Canadian Council on Animal
Care, 2017). All handling of fecal material was conducted in compliance with Biohazard Permit
A-169-01-19-07 issued by the Biosafety Committee, University of Guelph.
Experiment 1 - On-farm Research
Facility Selection and Description.
During

our

previous

study

investigating

on-farm

oocyst

cycling

patterns

(Chapter 2- Snyder et al., 2020), a facility was identified that had two flocks (Flocks 1 and 2, Table
3.1) with unusual (early and very high) Oocysts Per Gram (OPG) count patterns compared to other
flocks in the study on anticoccidial medication. The producer agreed to participate in our current
research to support our investigation of the anticoccidial sensitivity of the Eimeria isolates from
their facility throughout five consecutive flocks (Flocks 3 to 7, Table 3.1). This commercial
facility was a single-story barn with a concrete floor located in southwestern Ontario that housed
up to approximately 17,000 broiler chickens (30 birds/m 2) with a target market weight of 2.00 kg.
The facility was registered with the Chicken Farmers of Ontario (provincial marketing board); as
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required of all quota-holding Ontario broiler producers, the facility underwent a clean-out (i.e.
litter removal followed by dry cleaning) after each flock was shipped, and each incoming flock
was placed on fresh bedding (wood shavings). Throughout the study period, the producer
continued their normal flock management, with the exception of their coccidiosis control program
(described below).
All flocks were provided feed containing a Category II (virginiamycin 22 ppm [Stafac  @
0.5 kg premix/tonne]) or III antibiotic (bacitracin 55 to 110 ppm [BMD  @ 0.5 to 1 kg
premix/tonne]) from placement to market. Prior to our current research, the producer relied on
in-feed anticoccidial medications as recommended by their supplying feed mill for coccidiosis
control. Live-coccidiosis vaccines had not been employed at the facility previously.
Coccidiosis Control Programs.
In total, seven flocks were monitored for oocyst cycling patterns between May 2016 and
March 2018. The anticoccidial medication program or coccidiosis vaccine used for each flock is
summarized in Table 3.1. Flocks 1, 2, 3, 6, and 7 received in-feed anticoccidial medications
(shuttled or continuous) for the entire grow-out period as part of the program set by the feed mill.
Flocks 1 and 6 were on the same shuttle program, and Flocks 3 and 7 were on the same shuttle
program. Flocks 4 and 5 were administered Immucox III® (Ceva Animal Health, Guelph, ON,
Canada; containing Eimeria acervulina, E. maxima, and E. tenella) at the hatchery via gel-drop
delivery at 0.25 mL/chick; this was considered to be the drug-sensitive “seeding” event. Flocks 4
and 5 did not receive any in-feed anticoccidial medications during the grow-out period.
Fecal Sample Collection and OPG Calculation.
For each flock in Table 3.1, 40 fresh fecal or cecal droppings or both (pooled into a single
sample) were manually collected following a standardized pattern at the end of each week for five
weeks beginning on the 7th day after chick placement; this entailed walking the length of the
facility four times following paths that were approximately equally spaced across the facility and
collecting 10 droppings per length (Chapter 2). The samples were stored at 4°C for a maximum of
7 days prior to analysis. Oocysts per gram counts for each sample were determined using a
modified McMaster method using a saturated salt (sat. NaCl, aqueous) solution and calculated
dilutions (Hodgson, 1970). A line graph was used to illustrate the OPG shedding pattern for each
flock.
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Table 3.1. The seven flocks from the commercial facility, the month and year in which the flock was
placed, and the anticoccidial control program that the flock was administered.

Flock #

Coccidiosis Control
Products
Anticoccidial Program 1
(Str: Maxiban,
Grw: Coban)

Inclusion rate of product

1

Month and Year
Placed
May 2016

2

December 2016

Anticoccidial Program 2
(Str: Coban,
Grw: Coban)

monensin @ 100 ppm,
monensin @ 100 ppm

3

April 2017
(Isolate 1 collected
on wk 5)

Anticoccidial Program 3
(Str: Coyden,
Grw: Monteban)

clopidol @ 125 ppm,
narasin @ 70 ppm

4

July 2017

Live Vaccine, first
vaccinated flock
(Immucox III)

gel-droplet
0.25 mL/chick

5

September 2017

Live Vaccine, second
vaccinated flock
(Immucox III)

gel-droplet
0.25 mL/chick

6

December 2017
(Isolate 2 collected
on wk 5)

Anticoccidial Program 1
(Str: Maxiban,
Grw: Coban)

nicarbazin @ 40 ppm and
narasin @ 40 ppm,
monensin @ 100 ppm

7

February 2018

Anticoccidial Program 3
(Str: Coyden,
Grw: Monteban)

clopidol @ 125 ppm,
narasin @ 70 ppm

nicarbazin @ 40 ppm and
narasin @ 40 ppm,
monensin @ 100 ppm

Three different shuttle programs were used. Up to two anticoccidial products were given during the life of the flock,
and these were often shuttled during the switch from the Starter feed (Str) to the Grower feed (Grw) around 18 days
of age. Flocks 4 and 5 are the ‘seeding’ event. Oocyst isolates collected at the end of Flock 3 were maintained and
labelled as the “before seeding” isolate (Isolate 1) and oocysts collected at the end of Flock 6 were maintained and
labelled as the “after seeding” isolate (Isolate 2). Isolates 1 and 2 were subjected to two Anticoccidial Sensitivity
Tests.

Field Isolates of Coccidia for AST Studies.
To understand the impact of the seeding event on the drug-specific sensitivity of the
wild-type Eimeria species in the facility, we used isolates collected before and after the seeding
event to conduct Anticoccidial Sensitivity Tests (ASTs) (Chapman and Jeffers, 2015) in two
controlled experiments (described below). The “before seeding” isolate was obtained from Flock
3 (Week 5 sample); hereafter referred to as Isolate 1. The “after seeding” isolate was obtained from
Flock 6 (Week 5 sample); hereafter referred to as Isolate 2. The viability of the test isolates was
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maintained through in vivo passage in chickens fed a non-medicated diet at the University of
Guelph prior to the AST studies.
Experiment 2 - AST #1 - Parasite Biology
Study Design and Preparation.
We used a 2 × 13 factorial design, in which the sensitivity of Isolates 1 and 2 to 12
anticoccidial medications were compared to a non-medicated control. The anticoccidial
medications were mixed to the label doses (Table 3.2) with a broiler starter ration with no
antibiotic included. Required weights of ration and anticoccidial premix were combined in
individual totes and mixed by hand to homogeneity.
Table 3.2. In-feed anticoccidial treatments included in Anticoccidial Sensitivity Test (AST) #1.
Compounds marked with an asterisk (*) were tested in both AST #1 and AST #2.

Treatment

Type of Compound

Anticoccidial Medication

Label Dose (ppm)

1
2
3
4
5
6
7
8
9
10
11
12
13

Not applicable
Chemical
Chemical
Chemical
Chemical
Ionophore
Ionophore
Ionophore
Combination
Chemical
Chemical
Ionophore
Chemical

Non-medicated (control)*
Amprolium
Clopidol
Decoquinate*
Diclazuril
Lasalocid
Monensin*
Narasin
Nicarbazin + Narasin*
Nicarbazin
Robenidine
Salinomycin*
Zoalene*

0
125
125
30
1
100
100
70
40 + 40
100
33
60
125

Three replicates per anticoccidial × challenge combination using 3 chickens/replicate were
completed using 78 cages split into 6 blocks of 13 cages/block. Chickens in blocks 1, 2, and 3 were
challenged with Isolate 1, and chickens in blocks 4, 5, and 6 were challenged with Isolate 2. The
inocula for Isolates 1 and 2 were obtained by a single in vivo passage in chickens fed a
non-medicated diet 60 days prior to use in this experiment.
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Study Activities.
Three hundred day-of-hatch dual purpose (Columbian Rock X) male chicks were sourced
from a local hatchery and placed, communally, on pine-wood shavings in an enhanced BL2 animal
holding facility (Central Animal Facility Isolation, University of Guelph, ON) that had been
pressure-washed, dried, and fumigated (ammonium hydroxide) to remove or kill any coccidia
present. Non-medicated feed and water were provided ad libitum and environmental conditions
were maintained following standard broiler management recommendations (Aviagen, 2018). At
10 d of age, chickens were wing-tagged with individual numerical identifications, and then
randomly assigned to autoclaved, wire-floor cages (three chickens/cage) that had fecal collection
trays beneath the cages. A pooled fecal sample of 20 fresh droppings was collected and processed
(following the methods mentioned above) to confirm that the chicks were Eimeria-free.
Randomization was achieved using a random number generator in Microsoft Excel (2013).
Treatments (anticoccidial medicated or non-medicated feed) were randomly assigned to cages, and
chickens were provided cage-specific feed starting at 10 d of age for the remainder of the study.
At 14 d of age, chickens were inoculated via oral gavage with 1,000 sporulated oocysts of
either Isolate 1 or Isolate 2; a low-dose challenge was used to ensure that the overcrowding effect
observed in Eimeria species infections did not interfere with the experiment (Williams, 2001). A
non-challenge control was not included because the expected result (i.e. 0 oocysts shed) would not
benefit or add to the study or analysis. All fecal trays were emptied 72 h post-challenge. From days
4 through 10 post-challenge, inclusive, all fecal material in each tray was collected twice daily.
All fecal material over the entire 7 day collection period from a single tray was used to measure
the total oocyst output per chicken (described below) using a series of water and saturated salt
dilutions, followed by oocyst counts using a McMaster counting chamber (Hodgson, 1970). There
was no attempt to identify the Eimeria species.
Data Analysis.
First, we determined the total oocyst output per chicken by dividing the total oocyst output
per cage by 3 (i.e. 3 chickens/cage). Next, we determined the average total oocyst output per
chicken by summing the total oocyst output per chicken for each replicate and then dividing by 3
(i.e. 3 replicates). The “percent reduction of oocyst shedding” for each anticoccidial × challenge
combination was calculated using the following formula:
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% 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑂𝑜𝑐𝑦𝑠𝑡 𝑆ℎ𝑒𝑑𝑑𝑖𝑛𝑔 = 1 −

𝐴𝑣𝑔 𝑇𝑜𝑡𝑎𝑙 𝑂𝑜𝑐𝑦𝑠𝑡 𝑂𝑢𝑡𝑝𝑢𝑡
𝐴𝑣𝑔 𝑇𝑜𝑡𝑎𝑙 𝑂𝑜𝑐𝑦𝑠𝑡 𝑂𝑢𝑡𝑝𝑢𝑡

× 100 %

Isolates 1 and 2 were then categorized as resistant (< 30% reduction), partially sensitive (30 to
70% reduction), or sensitive (> 70% reduction) to each anticoccidial medication.
Experiment 3 - AST #2 - Broiler Performance
Study Design and Preparation.
To understand the impact of seeding on growth performance and intestinal lesions, we used
a 4 × 6 factorial design to evaluate the sensitivity of three Eimeria isolates (described below) and
a control (total of 4 challenge groups) to five anticoccidial medications and a non-medicated
control (total of 6 medication groups) (Table 3.3). Each of the 24 treatments (i.e. anticoccidial ×
challenge combination) had 4 replicate cages with six chickens/cage.
Table 3.3. Summary of the treatments included in Anticoccidial Sensitivity Test #2. A 4 × 6 factorial
study was designed with four different challenge statuses and six different diets. Each treatment (Trt)
had four cage replicates with 6 chickens starting on day 11 of the study. * The Immucox 500× isolate
was obtained from a single passage of oocysts from a vial of Immucox III ® and challenged to chickens
at a rate of 5.0 × 105 oocysts per bird

Challenge
Immucox
500×*
Non-medicated
Trt 1
Trt 2
Trt 3
Trt 4
Monensin
Trt 5
Trt 6
Trt 7
Trt 8
Salinomycin
Trt 9
Trt 10
Trt 11
Trt 12
Anticoccidial
Medication
Decoquinate
Trt 13
Trt 14
Trt 15
Trt 16
Nicarbazin + Narasin
Trt 17
Trt 18
Trt 19
Trt 20
Zoalene
Trt 21
Trt 22
Trt 23
Trt 24
For this AST, Isolates 1 and 2 were retested, and a single vial of Immucox III® was included
Saline

Isolate 1

Isolate 2

to determine the anticoccidial sensitivity of the vaccine isolates that were introduced to the
commercial facility. The five anticoccidial medications were selected based on the results from
Experiment 2.
All feed for AST #2 was manufactured at the Arkell Feed Mill, University of Guelph. The
diet was a nutritionally appropriate basal “starter” ration (mixed corn/soy/wheat) formulated for
broiler chickens from 1 to 25 days of age; neither anticoccidial medications nor antibiotics were
added. Anticoccidial medications were mixed individually into the basal diet to the same inclusion

63

rates used in AST #1 (Table 3.2), followed by pelleting into a coarse crumble prior to bagging.
Feed samples were collected and submitted to the appropriate lab for drug recovery analysis
(Appendix 3.1)
Titration Trial and Challenge Dose Selection.
A titration trial was conducted to establish the number of oocysts required to generate a
reduction in average daily gain (ADG) and macroscopic lesions in the intestinal tract suitable for
lesion scoring (Johnson and Reid, 1970). Forty male Ross 708 chickens were wing-tagged and
distributed randomly into 10 cages (4 chickens/cage) at 14 d of age. Chickens were provided
non-medicated feed and water ad libitum. Chickens were then weighed and orally gavaged with
saline, 1.25 × 105, 2.5 × 105, or 5.0 × 105 sporulated oocysts of Isolate 1, Isolate 2, or Immucox
III®. Feed consumption per cage was recorded from the day of challenge (day 14) to 5 d postchallenge (day 19), and separately from 5 d post-challenge to 7 d post-challenge (day 21). At 5 d
post-challenge, all chickens were weighed individually, and two chickens per cage were randomly
selected and euthanized by cervical dislocation to record macroscopic lesions (Johnson and Reid,
1970). The remaining two chickens per cage were weighed individually at 7 d post-challenge. The
lowest dose of each inoculum that generated lesion scores of > 2.5 for E. acervulina and a > 15%
reduction in BW gain from the day of challenge to 7 d post-challenge was selected to be used in
AST #2. The resulting challenge inoculums were 5.0 × 105 sporulated oocysts per chicken for
Isolate 1 and Isolate 2, and 1.25 × 105 sporulated oocysts for Immucox III® (hereafter referred to
as Immucox 500×).
Study Activities.
Six hundred day-of-hatch male Ross 708 chicks were sourced from a local commercial
hatchery and distributed evenly into wire-floor cages lined with chick paper at the Arkell Poultry
Research Station. Chicks were provided non-medicated feed and water ad libitum until 11 d of
age. At 11 d of age, chickens were wing-tagged with a unique numerical identifier, weighed, and
then randomly assigned to one of 96 cages (6 chickens/cage). A block consisted of six adjoining
cages, and cages within each block were randomly assigned each of the five medicated diets or the
non-medicated diet (i.e. 6 diets/block). Chickens were acclimated to their cage and diet from days
11 to 14, inclusive. At 14 d of age, chickens were weighed individually and orally gavaged (in
blocks of four) with the challenge materials (saline, Isolate 1, Isolate 2, Immucox III ®).
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Feed consumption per cage was recorded from the day of challenge to 5 d post-challenge
and from 5 d post-challenge to 7 d post-challenge. At 5 d post-challenge, all chickens were weighed
individually and 3 chickens per cage were randomly selected for lesion scoring three regions of
the intestinal tract (duodenum for E. acervulina; jejunum at Meckel’s diverticulum for E. maxima;
and one or both ceca for E. tenella) using the method described by Johnson and Reid (1970). The
remaining three chickens per cage were weighed individually at 7 d post-challenge.
For each anticoccidial × challenge combination, fecal material was collected from the four
cage replicates at 7 d post-challenge and pooled into a single pooled sample per treatment group.
Pooled fecal samples were processed to obtain OPG counts as described previously. The OPG
counts were converted to a semi-quantitative scale from 0 to 5, whereby < 1,000 OPG was given
a score of 0; 1,000 to 24,999 OPG was given a score of 1; 25,000 to 74,999 OPG was given a score
of 2; 75,000 to 174,999 OPG was given a score of 3; 175,000 to 374,999 OPG was given a score
of 4; and ≥ 375,000 OPG was given a score of 5. Each of the OPG ranges defined for scores 1
through 4 are twice as large as the previous score; the first and last scores (i.e. 0 and 5, respectively)
are below or above threshold values beyond which differences in absolute OPG values are unlikely
to have differential impact on bird performance.
Data Analysis – Individual Measurements and Statistical Analysis.
Statistical analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC). For the
5 d period following challenge, the ADG, adjusted feed conversion ratio (herein referred to as
FCR, Aviagen, 2018), and the Production Efficiency Factor (PEF, Aviagen, 2018) were
determined for each cage. The three lesion scores obtained from an individual chicken (i.e. from
the three regions of the intestinal tract) were summed (LS), and the average sum was calculated
for each treatment group (n=12 individual measures for all 24 treatments). Mean ADG and mean
FCR were compared among treatment groups by cage using an ANOVA, followed by relevant
pairwise differences between means (all two-way comparisons between individual challenge
groups for each diet) not adjusted for multiple comparisons. Mean LS were compared among
treatment groups by individual chicken using an ANOVA, followed by pairwise differences
between means not adjusted for multiple comparisons. Differences between groups were
considered to be statistically significant when the P-value was ≤ 0.05. Statistical comparisons
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among treatment groups for OPG scores were not performed because only one sample was
collected per treatment with no replication.
Data Analysis – Combined Measures of Sensitivity - “Anticoccidial Sensitivity Index”.
In line with Stephan et al. (1997), we combined metrics that reflected production efficiency
(weight gain [WG], FCR) with measures of parasite replication (LS, OPG) to generate a single
weighted score that represents the relative sensitivity of an Eimeria isolate to a tested anticoccidial.
Scores ranging from 0 to 1 were calculated for each of the four measures using the formulas below.
Calculated scores were limited to a range of 0 to 1; calculated scores of less than zero were assigned
a score of 0 and calculated scores exceeding one were assigned a score of 1. Each score was then
multiplied by the respective weight factor (shown below) based on our perception of each metric’s
relative importance to the broiler industry and Eimeria control. The sum of all weighted measures
resulted in the ‘Anticoccidial Sensitivity Index’ (ASI). The ASI value of an isolate to an
anticoccidial medication (range of 0 to 100) was assessed as resistant (ASI < 30), partially sensitive
(ASI 30 to 70), or sensitive (ASI > 70).
WGScore = 1 −
where, WGTreatment = 𝐴𝑣𝑔 𝐵𝑜𝑑𝑦𝑤𝑒𝑖𝑔ℎ𝑡

− 𝐴𝑣𝑔 𝐵𝑜𝑑𝑦𝑤𝑒𝑖𝑔ℎ𝑡

where, the Avg Bodyweight on Day 14 is from 6 chickens/cage and the Avg
Bodyweight on Day 21 is from 3 chickens/cage
FCRScore = 1 −
LSScore = 1 −
OPGScore= 1 −
Anticoccidial Sensitivity Index = (WGScore × 50) + (FCRScore × 30) + (LSScore × 15) + (OPGScore × 5)
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Results
Experiment 1 - On-farm Research
The fecal OPG count patterns from the seven commercial flocks are summarized in Figure
3.1. Flocks 4 and 5 were administered a live-coccidiosis vaccine at the hatchery and received no
anticoccidial medication. Maximal fecal OPG counts for flocks 1 and 2 were observed in samples
collected on Week 3; Flock 1 had a substantially higher maximal OPG count than Flock 2 (2.22 ×
106 and 5.86 × 105 OPG, respectively). Flock 3 had a noticeably divergent OPG count pattern
compared to Flocks 1 and 2, with undetectable OPG counts until Week 5 (3.88 × 10 3 OPG). Unlike
Flocks 1 through 3, Flocks 4 and 5 (the vaccinated flocks) had modest OPG counts in the Week 1
samples and both had higher Week 2 OPG counts than any of the previous three flocks. Flock 4
had its maximal OPG count in the Week 3 sample (6.17 × 10 5 OPG), whereas Flock 5 had its
maximal OPG count in the Week 2 sample (5.39 × 105 OPG). Flock 6 had undetectable OPG
counts in Week 1 and 2 samples, and the maximal OPG count was observed in the Week 5 sample
(3.54 × 105 OPG). Flock 7 also had undetectable OPG counts in the Week 1 and 2 samples, and
the maximal OPG count was in the Week 4 sample (2.02 × 10 5 OPG).
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Figure 3.1. Fecal oocysts per gram (OPG) counts from pooled samples obtained weekly from seven
commercial broiler flocks from a single facility using various coccidiosis control programs (three
distinct programs of in-feed medications and one live-coccidiosis vaccine program*).
*Program 1 – Starter ration: nicarbazin + narasin. Grower ration: monensin
Program 2 - Starter ration: monensin. Grower ration: monensin
Program 3 - Starter ration: clopidol. Grower ration: narasin
Vaccine - Immucox III® (Ceva Animal Health, Guelph, ON, Canada)

Experiment 2 - AST # 1 - Parasite Biology
Chickens challenged with 1,000 sporulated oocysts of Isolate 1 (pre-seeding isolate) and
provided a non-medicated feed shed 1.33 × 108 oocysts per chicken (n = three replicates of three
chickens) from days 4 through 10 post challenge; those challenged with Isolate 2 (post-seeding
isolate) shed 2.28 × 108 oocysts per chicken. Oocyst shedding was detected from chickens fed all
twelve anticoccidial medications, although the total oocyst output per chicken varied widely from
product to product (Appendix 3.2).
The percent reduction of oocyst shedding for Isolate 1 and Isolate 2 for each of the twelve
anticoccidial medications is summarized in Table 3.4. Isolate 1 was classified as resistant to 7
anticoccidials, partially sensitive to 3 anticoccidials, and sensitive to 2 anticoccidials. Three
anticoccidial medication treatment groups shed more oocysts than the non-medicated group
(reflected as a negative % reduction value). Isolate 2 was classified as resistant to 5 anticoccidials,
partially sensitive to 5 anticoccidials, and sensitive to 2 anticoccidials. Post-vaccination Isolate 2
showed improved sensitivity to 3 anticoccidial medications (diclazuril, nicarbazin, and
salinomycin) compared to pre-vaccination Isolate 1; for these anticoccidials, Isolate 1 was
resistant, whereas Isolate 2 was partially sensitive to the same medication. In contrast, Isolate 2
showed decreased sensitivity to a single anticoccidial (monensin) compared to Isolate 1. For the
remainder of the anticoccidial medications, the isolates retained the same category.
Table 3.4. Summary of oocyst shedding results from Anticoccidial Sensitivity Test #1: The percent
reduction of oocyst shedding of Eimeria Isolate 1 and Isolate 2 in chickens provided an anticoccidial
medicated feed compared to a non-medicated feed. Percent reduction of control group values are
categorized as resistant (R, < 30% reduction), partially sensitive (PS, 30 to 70% reduction), or sensitive
(S, > 70% reduction). An improvement in anticoccidial sensitivity after the seeding is determined by a
change in the category rather than a change in % reduction.

Isolate 1 - Before Seeding
Anticoccidial
Medication

% Reduction

Sensitivity
Category
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Isolate 2 - After Seeding
% Reduction

Sensitivity
Category

Sensitivity
Category –
Improvement
after seeding?

Amprolium
Clopidol
Decoquinate
Diclazuril
Lasalocid
Monensin
Narasin
Nicarbazin +Narasin
Nicarbazin
Robenidine
Salinomycin
Zoalene

-26
37
89
15
-8
31
2
45
28
100
-31
8

R
PS
S
R
R
PS
R
PS
R
S
R
R

22
59
94
31
18
9
24
37
47
99
32
19

R
PS
S
PS
R
R
R
PS
PS
S
PS
R

Same
Same
Same
Yes
Same
No
Same
Same
Yes
Same
Yes
Same

Experiment 3 - AST #2 - Broiler Performance and Anticoccidial Sensitivity Index
The results of the titration study are summarized in Appendix 3.3. The performance
results, including ADG, FCR, LS, PEF, and OPG from AST #2 are summarized in Table 3.5. The
groups fed the non-medicated diet that were challenged with Isolate 1, Isolate 2, or Immucox 500×
had significantly lower ADG, higher FCR, and higher LS compared to the non-challenged (saline)
control group: Isolate 1 averaged a 36% reduction in ADG compared to the control group and had
an average LS of 3.6; Isolate 2 averaged a 35% reduction in ADG and had an average LS of 2.8;
and Immucox 500× averaged a 25% reduction in ADG and had an average LS of 1.8. The
non-challenged

control

for

each

medicated

diet

had

similar

performance

non-challenge/non-medicated control.
Table 3.5. Summary of performance results from Anticoccidial Sensitivity Test #2.

Anticoccidial
Medication

Performance
Metric
ADG
FCR
Non-medicated
LS
PEF
OPG
ADG
FCR
Monensin
LS
PEF
OPG
ADG
Salinomycin
FCR

Saline

Isolate 1

Isolate 2

Immucox 500×

53.3a
1.32a
0.1a
239
0
57.0a
1.23a
0.0a
252
1
58.2a
1.22a

34.1c
1.71c
3.6c
153
5
37.4c
1.54b
3.8b
170
5
42.6b
1.48b

34.5c
1.77c
2.8bc
145
5
43.6b
1.48b
2.6b
190
5
40.8b
1.50b

40.7b
1.54b
1.8b
178
5
58.8a
1.22a
0.5a
264
3
58.9a
1.23a
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to

the

Decoquinate

Nicarbazin and
Narasin

Zoalene

LS
PEF
OPG
ADG
FCR
LS
PEF
OPG
ADG
FCR
LS
PEF
OPG
ADG
FCR
LS
PEF
OPG

0.2a
267
0
57.6ab
1.25
0.3
253
1
58.6a
1.26a
0.0a
257
0
48.1a
1.35a
0.1a
213
0

3.6b
187
5
55.2b
1.20
0.2
247
3
42.9b
1.56b
5.2c
177
5
34.9c
1.82c
3.2bc
143
4

4.3b
180
4
59.9a
1.25
0.8
262
2
43.3b
1.49b
3.5b
190
4
36.2c
1.64c
4.1c
157
4

1.5a
268
2
60.2a
1.24
0.0
257
2
58.2a
1.23a
0.0a
260
2
42.5b
1.53b
2.1b
179
5

Average daily gain (ADG), feed conversion ratio (FCR), production efficiency factor (PEF) from
the day of challenge to 5 d post-challenge. Lesion score (LS) at 5 d post-challenge and oocysts per
gram (OPG) score at 7 d post-challenge. Values within a row with a unique superscript are
significantly different at P ≤ 0.05. Statistical analyses were performed at the cage level for ADG and
FCR, and at the individual bird level for LS. No statistical analyses were performed for PEF or OPG
values.

Chickens provided feed containing decoquinate had similar performance results in all
challenge groups and performed similarly to non-challenged controls. Chickens provided feed
containing monensin, salinomycin, or nicarbazin plus narasin had significantly lower ADG, higher
FCR, and higher LS when challenged with Isolate 1 or Isolate 2 compared to non-challenged
controls on the same diet; however, those challenged with Immucox 500× had similar performance
to those of non-challenged controls. Chickens provided feed containing zoalene had significantly
lower ADG, higher FCR, and higher LS when challenged compared to the non-challenged
medicated controls.
The anticoccidial sensitivity index scores for Isolate 1, Isolate 2, and Immucox 500× for
each anticoccidial medication are summarized in Table 3.6. Isolate 1 was classified as resistant to
4 of the 5 anticoccidials (monensin, salinomycin, nicarbazin plus narasin, and zoalene), Isolate 2
was classified as resistant to monensin and zoalene, and Immucox 500× was classified as resistant
to zoalene. Post-vaccination Isolate 2 showed improved sensitivity to two anticoccidial
medications (salinomycin and nicarbazin plus narasin) compared to pre-vaccination Isolate 1; for
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these anticoccidials, Isolate 1 was resistant, whereas Isolate 2 was partially sensitive to the same
medication.
Table 3.6. Summary of Anticoccidial Sensitivity Index (ASI) results from Anticoccidial Sensitivity
Test #2: The anticoccidial sensitivity score for the 5 anticoccidial medication’s effectiveness at
controlling Isolate 1, Isolate 2 and Immucox 500×.

Anticoccidial

Isolate 1 - Before

Isolate 2 - After

Immucox 500× -

Sensitivity

Seeding

Seeding

During Seeding

Category –

ASI

Medication

Sensitivity

ASI

Sensitivity

Category

ASI

Category

Sensitivity

Improvement

Category

after seeding?

Monensin

25

R

17

R

90

S

Same

Salinomycin

21

R

33

PS

84

S

Yes

Decoquinate

96

S

98

S

98

S

Same

Nicarbazin + Narasin

26

R

46

PS

96

S

Yes

Zoalene

23

R

27

R

20

R

Same

The ASI is calculated using the non-medicated non-challenge control, non-medicated challenge
control, medicated non-challenge, and the medicated challenge treatment groups for ADG (max 50
points), FCR (max 30 points), LS (max 15 points), and OPG (max 5 points). Isolates are assessed as
resistant (R, sensitivity score < 30), partially sensitive (PS, sensitivity score 30 to 70), or sensitive
(S, sensitivity score > 70). An improvement in anticoccidial sensitivity after the seeding is
determined by a change in the Sensitivity Category from Isolate 1 to Isolate 2 rather than a change
in Sensitivity Score.

Discussion
In a US-based study (Chapman and Jeffers, 2014), the administration of a live-coccidiosis
vaccine to two consecutive flocks resulted in a population of Eimeria species with improved
anticoccidial sensitivities compared to before vaccine use. The underlying biological explanation
was the displacement of, or interbreeding with, the wild-type, resistant Eimeria species with the
drug-sensitive vaccine strains (Williams, 1998). Therefore, the success of restoring sensitivity is
dependent, at least in part, on the persistence of drug-sensitive Eimeria oocysts from the
coccidiosis-vaccinated flocks to subsequent flocks in the same facility. In Canada, commercial
broiler chickens are placed on fresh bedding in a barn that has been cleaned out between flocks.
Fresh bedding has different characteristics than built-up litter, including moisture and
ammonia/ammonium content, as well as greatly reduced carry-over of microflora and oocysts from
previous flocks (Cressman et al., 2010). These factors will impact the survival and cycling of
Eimeria species within and between flocks, as well as the health of the chickens (Reyna et al.,
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1982; Conway and McKenzie, 2008; Jenkins et al., 2019). Intuitively, cleaning out a barn
environment could be expected to reduce exposure of each new flock to pathogens; however, Graat
et al. (1996) reported that broilers exposed to an intermediate level of Eimeria species at placement
had the best growth performance. Reused litter, with its rich diversity of microflora and organic
compounds, might also promote faster colonization of the digestive tract with suitable microflora
that can promote gut health (Cressman et al., 2010).
Following Chapman and Jeffers (2014), we tested the ability of anticoccidial-sensitive
Eimeria species in a live-coccidiosis vaccine to improve the anticoccidial sensitivity of a
population of Eimeria species in a commercial broiler facility that operates under Canadian
production regulations designed to reduce the carry-over of infectious agents from one flock to the
next. To evaluate this, Eimeria species isolates were collected from a facility with a history of poor
coccidiosis control (Chapter 2- Snyder et al., 2020), both before and after the administration of a
live-coccidiosis vaccine to two consecutive flocks. These isolates were then assessed in AST
challenge experiments to measure their drug-specific sensitivities to commercially available
anticoccidials and detect changes in sensitivity.
Evaluating weekly OPG shedding patterns can be useful for assessing coccidiosis
prevention in commercial broiler flocks (Chapter 2- Snyder et al., 2020). Prior to vaccine seeding
Flocks 1 and 2 at this facility had maximal OPG counts in their Week 3 samples that were unusual
compared to flocks from other facilities. The probable explanation for the observed early and high
OPG counts in these flocks was the presence of Eimeria species isolates with reduced sensitivities
to the anticoccidial medications used (a nicarbazin plus narasin/monensin shuttle program). When
a different shuttle program was administered to Flock 3 (clopidol/narasin), fecal samples had
undetectable OPG counts until Week 5. Clopidol had not been used at the facility in recent years,
suggesting that the Eimeria species present were sensitive to that drug. The use of this effective
anticoccidial might have aided in restoring sensitivity because it removed many of the wild-type
Eimeria species that had reduced sensitivity to the anticoccidials used in previous shuttle programs
at the facility. Flocks 4 and 5 (vaccinated), had OPG shedding patterns typical of flocks vaccinated
for coccidiosis, although the maximal OPG count observed in these flocks was higher than other
vaccinated flocks reported in Chapter 2 (Snyder et al., 2020). Although Flock 1 and Flock 6 were
on the same anticoccidial program, their OPG shedding patterns were distinct. The maximal OPG
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count in Flock 6 was observed in a later sample (Week 5 rather than Week 3 in Flock 1) and
reflected OPG shedding patterns of flocks from other facilities without anticoccidial resistance
(Chapter 2- Snyder et al., 2020), suggesting that the seeding event restored sensitivity of the
facility’s Eimeria species population to nicarbazin plus narasin. The maximal OPG count in Flock
7 was observed in the Week 4 sample and, similar to Flock 6, reflects a shedding pattern more
typical of flocks from other facilities. Nonetheless, an observed OPG shedding pattern is not an
appropriate test of anticoccidial sensitivity. Oocyst per gram values can be influenced by a variety
of factors including the external environment (i.e. climate outside the barn, Chapter 2- Snyder et
al., 2020), and there is no clear method for using OPG in evaluating flock health and anticoccidial
efficacy. Therefore, Eimeria isolates obtained before (Week 5 sample from Flock 3, i.e. Isolate 1)
and after (Week 5 sample from Flock 6, i.e. Isolate 2) seeding were subjected to in vivo ASTs in
controlled experiments to fully evaluate the restoration of drug sensitivity.
In AST #1 (low-dose challenge), we compared the oocyst shedding from groups of
challenged chickens fed individual anticoccidial medications to challenged/non-medicated control
groups and determined the percent reduction in oocyst shedding, which allows for the evaluation
of an anticoccidial medication’s effectiveness at permitting Eimeria species replication, and
therefore, its anticoccidial sensitivity (Chapman, 1994; Chapman and Jeffers, 2015). Our results
generally showed reduced oocyst shedding by the post-seeding isolate compared to the pre-seeding
isolate; oocyst shedding was reduced sufficiently with some anticoccidials to categorize the
post-seed isolate as more sensitive than the pre-seed isolate. Improvements in the
sensitivity-profile of a facility’s Eimeria species population has been reported previously (Jeffers,
1976; Chapman, 1994; Mathis and Broussard, 2006; (Chapman and Jeffers, 2015)(Chapman and
Jeffers, 2015)(Chapman and Jeffers, 2015)(Chapman and Jeffers, 2015)(Chapman and Jeffers,
2015)(Chapman and Jeffers, 2015)Chapman and Jeffers, 2015). Interestingly, monensin, and to
some extent nicarbazin plus narasin, were the only medications in which oocyst shedding was
increased, suggesting a deterioration in sensitivity after the seeding. However, using parasite
replication exclusively as a measure might underestimate an isolate’s true sensitivity to
ionophorous anticoccidials due to the “leakage” of oocysts that these products allow while
controlling for disease (Haug et al., 2008). Additionally, the antimicrobial affect that ionophores
have on the microbiota of the chicken may allow for advantages to the chickens’ health and growth
despite higher oocyst shedding (Dibner and Richards, 2005; Lanckriet et al., 2010).
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In AST #2 (high-dose challenge), we assessed the effect of the anticoccidial medications
on performance. Our results showed that all of the challenged groups (Isolate 1, Isolate 2, Immucox
500×) fed the non-medicated diet had poorer performance (significantly lower average daily gain,
higher feed conversion ratio, and higher lesion scores) compared to the non-challenged group;
similar results were observed for all of the challenged groups fed the diet containing zoalene.
Groups challenged with Isolate 1 or 2 fed diets containing monensin, salinomycin, or nicarbazin
plus narasin also had poorer performance compared to the non-challenged group; however, for
these three anticoccidials, groups challenged with Immucox 500× had similar performance to
non-challenged controls. Decoquinate acted differently than all of the other anticoccidials tested,
in that the challenged groups had similar performance to the non-challenged group indicating all
isolates retained drug sensitivity. Based on individual performance metrics and the Anticoccidial
Sensitivity Index of the Immucox 500× challenged chickens, our findings confirm that the Eimeria
strains used in this vaccine are drug sensitive and their use in seeding a facility can improve drug
sensitivity in subsequent flocks. However, the efficacy of zoalene at controlling the vaccine
isolates was weak. Further, based on the Anticoccidial Sensitivity Index, Isolate 1 was less affected
by the anticoccidials than Isolate 2, indicating that vaccine seeding allowed significant restoration
of drug sensitivity. Although the Immucox 500× isolate was sensitive to monensin, a reduction in
sensitivity to this drug was observed in Isolate 2 compared to Isolate 1; the cause for this is unclear.
This loss of sensitivity to monensin observed in both AST #1 and AST #2 contrasts with the
findings of Chapman (1994) who observed improved sensitivity to monensin following live
vaccine use.
Anticoccidial sensitivity tests provide detailed information to aid in the selection of the
most appropriate anticoccidial for the management of coccidiosis at a facility. However, these
experiments are time-consuming, costly, and require the use of many animals. A low-dose
challenge model requires fewer animals and allows for the evaluation of more anticoccidials than
a high-dose model, although the low-dose model requires more labour for fecal sample analysis
following the in vivo phase. Conversely, a high-dose challenge model allows for comprehensive
analyses and evaluation of economically relevant performance metrics that cannot be assessed
using a low-dose model. However, one difficulty associated with high-challenge model designs is
how to interpret the variety of data that is generated (i.e. body weights, lesions, FCR) and how to
decide which should be used to assess anticoccidial efficacy. The current research generated an
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index for assess anticoccidial effectiveness that is similar to the equation used by Stephan et al.
(1997). One key difference between the two equations is that our equation takes into account the
effect that the anticoccidial may have on birds that are not infected with Eimeria species Another
advantage to the equation described in the current research is that the weighting of the different
components based on their perceived importance can easily be modified to reflect different points
of view. Similar to Stephan et al. (1997) the current study used a semi-quantitative oocyst index
allowed for a better categorization of OPG counts to determine difference between groups. Since
OPG counts from fresh feces can range up to 2.2 × 106 (based on the field data), it would be difficult
to use such values as a direct comparison between groups. The addition of the semi-quantitative
OPG value to the ASI adds a minor (worth a maximum total 5 out of 100 points) yet important
component to the overall evaluation of an anticoccidial.
Studies that use a high-dose challenge model designed to generate differences in growth
performance to assess drug sensitivity might not accurately address the real-world challenge
experienced by the commercial broiler industry (Chapman and Jeffers, 2015). Despite these
designs being more commonly reported, they might under-represent the control that an
anticoccidial product has on an Eimeria species isolate (Chapman and Jeffers, 2015). The
similarity of results obtained from AST #1 and AST #2 suggests that a low-dose challenge model
might be a useful approach for quickly determining sensitivity, while reducing animal use. The
ideal low-dose challenge study design could utilize individually-housed chickens on wire floors
through which all fecal matter falls directly into preservative (e.g. 2.5% potassium dichromate,
aqueous) beneath each cage for later oocyst enumeration.
One noteworthy component is the differentiation between resistance to a drug that the
Eimeria species naturally possesses or has been selected through exposure to the drug and mutation
has influenced the isolates phenotype. Distinguishing between inherent lack of sensitivity to a
particular anticoccidial of an Eimeria species from selection for drug resistance by treatment is
challenging. Anticoccidial compounds have unique impacts on specific life cycle stages of each
Eimeria species and some compounds were found to be simply ineffective against some Eimeria
species even when first developed (see Noack et al., 2019). For example, amprolium is effective
for treatment of clinical cecal coccidiosis (i.e. infections with E. tenella) but is markedly less
effective against other Eimeria species (Noack et al., 2019). Our data do not distinguish between
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inherent insensitivity to a drug (i.e. ‘natural’ resistance) as opposed to selected anticoccidial
resistance traits. However, regardless of the origin of resistance (or lack of sensitivity),
interpretation of our AST data suggests that some drugs (e.g. amprolium) would be ineffectual for
controlling coccidiosis at the particular facility we sampled.
In our study, no attempt was made to identify or determine the relative abundance of
Eimeria species in Isolate 1, Isolate 2, or the oocysts shed by chickens experimentally challenged
with the isolates in the ASTs. Based on our lesion score data, infected chickens had the highest
score in the intestinal region infected by Eimeria acervulina, indicating that it was likely the most
prevalent species in Isolate 1 and Isolate 2. To address the sensitivity of all Eimeria species present
in the isolates, single-oocyst isolation and propagation, followed by species-specific AST
experiments, would have been required; this would be time-consuming and costly. Molecular
technologies might be useful in low-dose challenge ASTs by allowing the comparison of
oocysts-per-species-gavaged to oocysts-per-species-shed. Next generation sequencing of PCR
amplicons could be reliable for the identification and quantification of Eimeria species in a sample
(Hauck et al., 2019).
We observed an earlier maximal OPG count in the second post-seeding flock (Flock 7)
compared to the first post-seeding flock (Flock 6). The rapid replication of coccidia in the second
flock post-seeding potentially suggests that the drug-sensitive Eimeria population from the vaccine
had been significantly reduced from the facility and the drug-resistant Eimeria species were
starting to increase in number again. Thus, in Canadian broiler production, it is possible that use
of coccidiosis-vaccine in two consecutive flocks is insufficient to fully replace wild-type oocysts
because of litter removal between flocks. The optimal number of flocks and the frequency of
vaccine application required to efficiently restore sensitivity in the population of parasites needs
to be evaluated in the context of Canadian broiler production. Genetic markers for anticoccidial
resistance have not yet been reported (Chapman, 1997) making it difficult to fully appreciate the
genotype of a given Eimeria population without using ASTs to detect the resistance phenotype.
The practice of seeding may be an annual requirement in Canadian production as its effect will
likely wear off after a few flocks on an in-feed anticoccidial program. Chapman (2014) visualized
this annual rotation of coccidiosis vaccination and anticoccidial medication usage in a wheel-like
figure where the vaccinated flocks occur during the two summer flocks and the remaining flocks
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are on anticoccidials. With the complete removal of used litter at the end of a flock, the carry-over
of Eimeria species between flocks in Canadian broiler production is limited to oocysts adhering to
surfaces in the barn, such as walls and the equipment (Reyna et al., 1982). Any oocysts on the
surface of the floor would be largely inaccessible to the new flock because of the addition of the
fresh bedding. This fresh bedding is dry and relatively Eimeria-free, resulting in a delayed start to
oocyst cycling. These factors combined demonstrate the difficulty of ensuring the seeding of
sensitive Eimeria species is long-lasting.
We conclude that it is possible to improve anticoccidial sensitivity in a commercial broiler
facility following Canadian production regulations by administering a live-coccidiosis vaccine to
two consecutive flocks. The future of broiler production in Canada will require optimal coccidiosis
control to minimize the risk of coccidia-associated diseases, such necrotic enteritis (Williams,
2005), when Category II and III antibiotics are not permitted (Chicken Farmers of Canada, 2018b).
As more regions ban the preventive use of in-feed antibiotic growth promoters from traditional
broiler production, sustainable coccidiosis control will become increasingly important. Use of
live-coccidiosis vaccines to re-establish anticoccidial sensitivity into the population of coccidia in
a broiler production facility is both possible and desirable.
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CHAPTER 4:
Exploiting digital droplet PCR and Next Generation Sequencing technologies to determine the
relative abundance of individual Eimeria species in a DNA sample
This chapter is based on the following work that has been submitted to Veterinary
Parasitology with minor modifications:
R.P. Snyder, M.T. Guerin, B.M. Hargis, R., Imai, P. S. Kruth, G. Page, E. Rejman, and J.R.
Barta. Exploiting digital droplet PCR and Next Generation Sequencing technologies to
determine the relative abundance of individual Eimeria species in a DNA sample.

Abstract
DNA-based diagnostic assays for detecting Eimeria species have been limited to providing
identification and presence/absence data for samples containing oocysts. Modern technologies that
generate quantitative data, such as droplet digital PCR (ddPCR) and Next Generation Sequencing
(NGS), utilize a relatively short amplicon size containing sufficient species-specific variation for
reliable species level identification. Targeting the cytochrome c oxidase subunit III gene in the
mitochondrial genome, we established protocols using these technologies to determine the relative
abundance of the number of copies/µL of Eimeria species in a DNA sample. DNA samples of
known and unknown Eimeria species composition were analyzed to determine the suitability of
these technologies as diagnostic assays. All technologies demonstrated robust capability of
identifying and quantifying the Eimeria species in samples. The new quantitative assays described
herein will produce invaluable detail of Eimeria species infections for an array of situations in
commercial chicken production systems, enabling further characterization of the disease profile
and allowing for the development or enhancement of new intervention strategies.
Key words: Eimeria species, oocysts, molecular quantification, droplet digital PCR, Next
Generation Sequencing
Introduction
Eimeria species, the causative parasites of coccidiosis in poultry, are estimated to have an
economic impact of USD $14 billion annually to the poultry industry (Blake et al., 2020). There
are seven widely recognized Eimeria species that infect chickens (Long and Joyner, 1984); more
have been detected although not described formally (Cantacessi et al., 2008). Each Eimeria species
has biological characteristics that differentiate it from other Eimeria species in the same host,

78

although the broiler chicken industry is most concerned with the pathological changes that a
species might induce in the chickens (Godwin and Morgan, 2015). Identification of Eimeria
species has relied on a variety of methods: post-mortem examination of infected birds to note the
location and nature of macroscopic lesions in the intestinal tract (Johnson and Reid, 1970);
morphometric data on the environmental egg-like structure (i.e. oocyst; Joyner and Long, 1974);
and the use of DNA-based molecular assays (see El-Sherry et al., 2015).
Each Eimeria species infects a specific region of the chicken’s intestinal tract (Joyner and
Long, 1974b), and region- and species-specific lesions have been used for species identification
and estimation of disease severity (Johnson and Reid, 1970). Lesion scoring can only be conducted
on dead birds, and it is often impractical and wasteful to humanely-kill production animals for
lesion scoring when those birds could otherwise be destined for human consumption. Therefore,
in commercial broiler operations, identification of Eimeria species through post-mortem
examination is typically restricted to situations in which clinical coccidiosis is already suspected
(Conway and McKenzie, 2007). Ante-mortem diagnosis can be attempted using morphometrics of
oocysts obtained from the droppings of infected birds (Price et al., 2014). Historically, Eimeria
species have been described and differentiated with reference to the shape, size, and features
present in the oocysts (Tyzzer, 1929). However, the variation within and between the oocyst
morphometrics of at least some Eimeria species infecting chickens makes identification based
solely on oocyst features challenging and problematic (Long and Joyner, 1984).
The first DNA-based molecular assay for the identification of Eimeria species was
developed in 1990 (Williams et al., 1990), although these early tests were replaced following
technology advancements and the knowledge base increased (Blake, 2015). A variety of assays
have since been developed that require the characterization of species-specific sequences in a range
of genetic targets to permit the development of unique primer sets for each Eimeria species. Using
such primers, conventional polymerase chain reaction (PCR) can be used to detect the presence of
a particular targeted Eimeria species present in a sample (Schnitzler et al., 1998; Fernandez et al.,
2003; Ogedengbe et al., 2011b), yet it provides no quantification of the species present (Nolan et
al., 2015).
Modern technologies, such as quantitative PCR (qPCR), Next Generation Sequencing
(NGS), and droplet digital PCR (ddPCR), are useful in addressing the issue of quantification.
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Quantitative PCR uses intercalating or probe-linked fluorescent markers to measure the abundance
of specific amplicons following each cycle throughout the PCR process (Halaihel and Blas, 2014).
Previous work has demonstrated the ability of qPCR to quantify the seven described Eimeria
species infecting broiler chickens (Vrba et al., 2010). To generate reliable results, qPCR assays
require similar efficiencies among all reactions (Vrba et al., 2010). Attaining uniform efficiencies
can prove difficult when as many as 10 primer sets are required to detect all known Eimeria species
(Vrba et al., 2010). Next Generation Sequencing of PCR amplicons generates thousands of
sequences per sample that can be matched to reference sequences to permit identification of
Eimeria species (Hinsu et al., 2018). Droplet digital PCR can quantify DNA targets by using a
water-in-oil emulsion to separate a single PCR reaction into ~20,000 droplets that are individually
measured for their fluorescence (Hindson et al., 2011; Li et al., 2018). Droplet digital PCR
experiments can be used to detect two or more targets (i.e. multiplexed) depending on the design
of the assay (Whale et al., 2016). Droplet digital PCR assays have been shown to be as capable as
qPCR assays for quantifying Cryptosporidium species (Yang et al., 2014), which are apicomplexan
parasites related to Eimeria species.
Primers designed for qPCR and ddPCR assays, and NGS-based assays to a lesser extent,
typically generate short amplicons (i.e. < 500 bp) to optimize PCR amplification efficiency
(Huggett et al., 2013). An ideal genetic target would have little within-species (intraspecific) and
large between-species (interspecific) variability. Various targets have been exploited for
DNA-based genotyping of Eimeria species. Initially, the nuclear 18S ribosomal RNA gene (Barta
et al., 1997) and associated internal transcribed spacer-1 and -2 (ITS-1 and ITS-2) were targeted
because of the wide availability of reference sequences for these loci (Schnitzler et al., 1998;
Morgan et al., 2009). More recently, genetic loci from the mitochondrial genome, such as
cytochrome c oxidase subunit I (mtCOI; Ogedengbe et al., 2011a), and cytochrome c oxidase
subunit III (mtCOIII; Cunha et al., 2009; Morgan and Godwin, 2017), have been exploited. Both
of these protein-coding genes demonstrate appropriate interspecific variation for use as a
genotyping target (Hebert et al., 2003; Ogedengbe et al., 2018), without the complications
associated with the nuclear ribosomal DNA arrays (El-Sherry et al., 2013).
The objective of our study was to investigate the suitability of ddPCR and NGS
technologies for assessing the relative abundance of Eimeria species in a sample. To accomplish
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this, we designed a series of molecular assays that targeted the mtCOIII gene and then each assay
was assessed for its ability to estimate the relative abundance of Eimeria species in mixed template
samples. Samples of DNA from Eimeria species were tested individually, or in combination, using
each of the aforementioned technologies to understand and interpret results. Finally, samples of
unknown mixtures were evaluated using each assay to compare the relative proportions of
individual Eimeria species generated by these assays.
Materials and Methods
Source of Oocysts and DNA Extraction.
Oocysts were used from single-species lines of Eimeria that are maintained by periodic
propagation in coccidia-free chickens at the University of Guelph (Animal Use Protocol #3414).
We also used oocysts of unknown, mixed Eimeria species from fecal material collected from
commercial broiler chicken farms in Ontario (Chapter 2).
Regardless of source, oocysts were partially purified from fecal material using salt flotation
and centrifugation (1,000 × g for 15 min), followed by a washing step in distilled water during
centrifugation (1,500 × g for 10 min). Oocysts were then suspended in 0.9% saline and stored at
4°C until they were processed for DNA extraction. The DNA from the oocysts was obtained using
a modified DNAzol™ extraction protocol (Invitrogen, Burlington, ON, Canada), as described by
El-Sherry et al. (2013), which incorporates a bead breakage step using a Mickle disintegrator
(Brinkmann Instruments, Mississauga ON, Canada) to assist in oocyst lysis. Following extraction,
the DNA was passed through column purification using QiaQuick® Gel Extraction Kit (Qiagen,
Germantown, MD, USA). The resulting DNA quality and concentration was determined using
spectrophotometry, NanoDrop 2000 (NanoDrop, Wilmington, DE, USA). The identity and purity
of the known samples was confirmed using a nested PCR assay of the COI gene as described in
Price et al. (2016).
Primers and Probes.
Reference sequences were obtained of the mtCOIII gene of seven described Eimeria
species (E. acervulina KX094946.1, E. brunetti HQ702480.1, E. maxima KX094964.1, E. mitis
KC409029.1, E. necatrix HQ702482.1, E. praecox KW094943.1, E. tenella KX094949.1) and
three undescribed genotypes of Eimeria, referred to as operational taxonomic units (OTUs)
(Eimeria sp. OTU-X - KX094967.1, Eimeria sp. OTU-Y - KX094960.1, Eimeria sp.
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OTU-Z - KX094956.1) from GenBank™. The sequences were aligned using the Global Alignment
program in the Geneious bioinformatics software version 8.1 and later (Available from
http://geneious.com/). The resulting alignment was used to design primers and probes for various
molecular assays using the Primer3 program in Geneious. Areas of similarity (conservation) were
used to design forward (Eimeriid_CO3_-172F) and reverse (Eimeriid_CO3_799R) primers
(Figure 4.1a) spanning the mtCOIII coding region and a probe (i.e. Genus-Wide probe) capable
of binding to this region of all Eimeria species; the genus-wide probe was labeled at the 5’ end
with HEX™ fluorophore (see Figure 4.1a). An additional probe was designed for each of the ten
reference Eimeria species (i.e. Species-specific probes); all species-specific probes were labeled
at the 5’ end with FAM™ fluorophore. In addition to 5’-end labeling, all probes included two
quenching dyes: ZEN™ quencher, which was 9 bp from the 5’ end, and Iowa Black ® FQ at the 3’
end (3IABkFQ; Integrated DNA Technologies, Coralville, IA, USA).

Figure 4.1. a) The coding region of the cytochrome c oxidase subunit 3 gene and nearby ribosomal
DNA fragments within the mitochondrial genome of Eimeria species. Using reference sequences of the
seven described Eimeria species and the three Operational Taxonomic Units, primers and probes were
designed for the droplet digital PCR assay. The orange boxes labelled as F and R are the forward and
reverse primers generating an amplicon of 954 bp. The green box labelled as G W is the genus-wide
probe. The blue boxes are the species-specific probes: A- E. acervulina; Ma E. maxima; B-E. brunetti;
T-E. tenella; P- E. praecox; N-E. necatrix; and Mi-E. mitis. Primer and probe characteristics are

82

summarized below the image illustrating their binding sites within the mtCOIII coding region and
nearby ribosomal DNA fragments of the mitochondrial genome of E. tenella (GenBank AB564272).

Figure 4.1. b) The coding region of the cytochrome c oxidase subunit 3 gene and the surrounding
ribosomal regions of the mitochondrial genome of Eimeria species. Using reference sequences of
the seven described Eimeria species and the three Operational Taxonomic Units, primers were
designed for the Next Generation Sequencing assay. The orange boxes labelled as F and R are the
forward and reverse primers generating an amplicon of 833 bp. Primer locations are displayed in
their respective positions within the mtCOIII coding region and surrounding ribosomal fragments
and are aligned with GenBank accession number AB564272 (E. tenella). Primer characteristics are
summarized below the image illustrating their binding sites.

For the NGS assay, genus-wide primers for the primary PCR were designed to amplify the
complete mtCOIII coding region with minimal non-coding sequence at each end of the amplicon
(Figure 4.1b). Forward and reverse primers for the primary PCR consisted of locus-specific
sequences (UPPERCASE) with terminal adapter sequences (lowercase) as follows:
forward

-

5’-tcgtcggcagcgtcagatgtgtataagagacagCACATGTCTTCTAGTGCTTTGAGAT-3’;

and reverse - 5’-gtctcgtgggctcggagatgtgtataagagacagGTGAGTTCGCATGTTTACGAGAT-3’
(Figure 4.1b).
Droplet Digital PCR.
Each reaction in a single well of a 96-well plate contained the forward primer, the reverse
primer, the genus-wide probe, one species-specific probe, the ddPCR Supermix for probes
(Bio-Rad, Hercules, CA, USA), and the template (Figure 4.1a). This type of assay is referred to
as a non-competing (hybrid) duplex reaction (Whale et al., 2016). The DNA samples were diluted
to contain no more than 0.1 ng/µL before being added to the reaction to ensure the reaction was
not overloaded with template. The final reaction for each sample (22 µL) was added to and mixed
in a single well before being treated using the QX200 Droplet Digital PCR system droplet
generator (Bio-Rad). The 96-well plate was placed in a thermocycler with the following program:
initial heat activation of polymerase at 95°C for 5 min; 40 cycles of denaturation at 94°C for 30
sec; annealing at 56°C for 30 sec and extension at 72°C for 180 sec; and a final extension at 72°C
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for 10 min. The plate was then placed in the droplet reader (Bio-Rad) and the output was analyzed
using QuantaSoft™ Analysis Pro Software Version 1.0 (Bio-Rad, Appendix 4.1). The software
was set up to process the data as “direct quantification” and “duplex” assay, with FAM™
fluorescence read on Channel 1 and HEX™ fluorescence read on Channel 2. The software
analyzes the droplets individually, and in combination, based on their fluorescence amplitude
(Figure 4.2), and automatically categorizes them as positive or negative, allowing the program to
calculate the quantification. If necessary, the fluorescence threshold was adjusted manually to
include or exclude droplets categorized as positive; this could occur when the program was unable
to automatically categorize the droplets and assigned all as positive or negative when there was a
clear separation. Table 4.1 summarizes the ddPCR output from Figure 4.2 and shows the relative
species contributions in a mixed-species sample; the proportion of a species in an unknown sample
was estimated by dividing the number of copies/µL of the species-specific target by the number of
copies/µL of the genus-wide target.

a

b

Figure 4.2. Example of droplet digital PCR output analyzed using QuantaSoft™ Analysis Pro Software
Version 1.0 (Bio-Rad). A) Visual output from a mixed-species sample including the no template control
(Well A) and one DNA sample split into seven wells (Wells B to H). All wells contained the GenusWide Eimeria species probe (green droplets) and one species-specific probe (blue droplets). The
copies/µL values for each well and channel were used to calculate the relative species abundance (see
Table 4.1). B) Two channel analysis of droplets from Well D11 (Eimeria maxima) that are categorized
as double positive (genus-wide and E. maxima positive; orange droplets), positive for the genus-wide
target (but negative for E. maxima; green droplets), and double negative (neither genus-wide nor E.
maxima; grey droplets).
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Table 4.1. Droplet digital PCR calculates the number of copies/µL for both a species-specific probe and
the genus-wide probe in each well. The species-specific concentration is divided by the genus-wide
concentration to determine how representative that species is in the sample. The resulting interpretation
provides the relative proportion of all seven Eimeria species present in the particular sample described
in Figure 4.2. The sample used in this example purposely included all seven species.

Well (species-specific probe)

Species-Specific
(copies/µL)

Genus-Wide
(copies/µL)

Relative Proportion of
Species (%)

A11- No template Control

0

0

0

B11- (E. acervulina)

28

269

10.41

C11- (E. brunetti)

22.7

324

7.01

D11- (E. maxima)

127

342

37.13

E11- (E. mitis)

6.3

347

1.82

F11- (E. necatrix)

25

313

7.99

G11- (E. praecox)

7.81

313

2.50

H11- (E. tenella)

121

354

34.18

Sum

Mean

Sum

337.81

323.14

101.04

To verify that the assay reliably quantified the DNA, seven samples, each containing a
single species, were serially diluted and analyzed using the ddPCR protocol described above; a
linear regression analysis was performed for each species to determine the relationship between
the ddPCR output (dependent variable; copies/µL) and the concentration of Eimeria species in the
sample (independent variable; ng of DNA). We recorded the coefficient of determination (i.e. R 2)
and p-value of each model, with a p-value ≤ 0.05 indicating statistical significance.
To assess the ability of each probe to bind only to its intended target, we determined the
analytic (i.e. laboratory) specificity of the ddPCR assay for the following targets:
genus-wide; E. acervulina; E. brunetti; E. maxima; E. mitis; E. necatrix; E. praecox; and E.
tenella.
Next Generation Sequencing.
Amplicon sequencing libraries were prepared in accordance with the procedures described
in the 16S Metagenomic Sequencing Library Preparation Guide (Illumina, 2013). Samples of DNA
were amplified by PCR using a thermocycler: initial heat activation of polymerase at 95°C for 5
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min; 37 cycles of denaturation at 94°C for 30 sec; annealing at 63°C for 30 sec and extension at
72°C for 60 sec; and a final extension at 72°C for 10 min. Half of the volume of the resulting
product (833 bp amplicon) was placed in a submarine gel to confirm that the reaction successfully
amplified an amplicon of the correct size. The remaining volume from the positive samples were
submitted to the Agriculture and Food Laboratory, University of Guelph, for library preparation
and NGS sequencing. The submitted PCR products were purified using AMPure XP beads
(Beckman Coulter Genomics, Indianapolis, IN, USA) to remove free primers and primer dimers
before re-amplification using the Nextera XT Index Kit (Illumina, San Diego, CA, USA) to add
indices and sequencing adaptors. This indexing PCR reaction mix (50 µL) contained 1× KAPA
HiFi HotStart Ready Mix (Roche Diagnostics, Mississauga, ON, Canada), 5 µL each of Nextera
XT Index Primers (Illumina; Adey et al., 2010), and 5 µL template DNA (i.e. purified PCR
product). Using a GeneAmp PCR System 9700 thermal cycler (Life Technologies, Grand Island,
NY, USA), the PCR thermal cycling conditions were: initial heat activation of polymerase at 95°C
for 3 min; 8 cycles of denaturation at 95°C for 30 sec; annealing at 55°C for 30 sec and extension
at 72°C for 30 sec; and a final extension at 72°C for 5 min. The indexed PCR products were
purified using AMPure XP beads (Beckman Coulter Genomics, Mississauga, ON, Canada). The
amplicon quality was assessed using a Fragment Analyzer Automated CE System with dsDNA
935 Reagent Kit (Agilent Technologies, Santa Clara, CA, USA); DNA concentrations were
measured using Qubit® Fluorometer and Qubit® dsDNA BR Assay Kit (Thermo Fisher Scientific,
Ottawa, ON, Canada). The pooled libraries were denatured with NaOH, diluted with hybridization
buffer, and then heat-denatured prior to sequencing. PhiX (Illumina) was included at a 15% level
to serve as an internal control. Sequencing of the labelled amplicons was conducted using a MiSeq
Sequencer with a MiSeq Reagent Nano Kit v2 (Illumina) and 2×250 paired-end cycles in
accordance with the manufacturer’s protocols.
Raw reads, with indexing and adapter sequences removed for forward and reverse reads
(FASTQ files), were analyzed using Geneious bioinformatics software version 8.1 and later. A
standard bioinformatics pipeline for the NGS data (Figure 4.3a, Appendix4.2) was followed.
First, chimeras were removed from both forward and reverse reads individually using the
UCHIME (v4.2.40; Edgar, 2016) plugin within Geneious, using reference consensus sequences
for the mtCOIII coding region. Non-chimeric forward and reverse reads were then paired by name
with the expected insert size set to the amplicon length of 833 bp. Paired reads were trimmed using
86

BBDuk with the minimum quality (Q) score set to 22 and the minimum sequence length set to 200
bp. Chimeras were detected a second time using the UCHIME plugin with the same reference
sequences to remove chimeras for which the forward and reverse reads did not match a single
reference sequence. Finally, the ‘Classify Sequences’ tool in Geneious was used to assign filtered
paired reads to one of the reference sequences, with ≥ 95% minimum overlap identity required for
species classification. The classification output consisted of the number of filtered paired reads
binned to each species in each sample, and the number of paired reads that did not attain the
minimum overlap identity with any of the reference sequences. The relative proportion of each
species in a sample was estimated by dividing the number of filtered paired reads assigned to the
species by the total number of reads classified successfully for the sample (see Figure 4.3b for an
example).
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Figure 4.3. a) Workflow of processing the data from the Illumina MiSeq Next Generation Sequencing
(NGS) experiment using Geneious Bioinformatics software. Each sample had two files (forward and
reverse end reads) that were analyzed following a standard procedure. A) The ends of the sequence
reads were trimmed of the adapters used in the NGS chemistry. B) Chimeras were removed from reads,
independently from forward and reverse reads, using the UCHIME program. Sequence reads were then
paired by name. C) The paired reads were trimmed using BBDuk trimmer program set to minimum Q
score (Phred quality score) of 22 and minimum sequence length of 200. D) Chimeras were removed
from the paired reads. E) Sequences were then classified to the list of references sequences of the seven
described Eimeria species and the three Operational Taxonomic Units. F) The output of the
classification provided the number of sequences that matched each of the Eimeria species and outlined
the reads that could not be assigned to a species. See Appendix 4.2 for full dialog box inputs.
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Figure 4.3. b) An example of the output generated at the conclusion of the workflow (described in
Figure 4.3. a) using Geneious (version 8.1 and newer) to analyze the data generated from the Next
Generation Sequencing assay. The trimmed, paired sequences that were successfully classified (total
reads:11,300) were summed. The relative proportion of each species in a sample was calculated by
using the number of filtered paired reads assigned to that species divided by the total number of
reads classified successfully for that sample. In this particular sample E. tenella represented 54.95%
(6,210/11,300); E. acervulina represented 44.99% (5,084/11,300); and E. maxima represented
0.05% (6/11,300) of the total Eimeria species identified.
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Comparison of Assays.
To measure the level of agreement between the results of the two assays (ddPCR and NGS),
we tested 12 field samples consisting of unknown mixtures of Eimeria species using each assay.
Using the output from each assay, we estimated the relative abundance (i.e. percent of total Eimeria
species.) of the seven described Eimeria species and three OTUs in the samples. A Bland-Altman
plot was generated to evaluate the agreement between the two assays.
Results
Droplet Digital PCR.
The quantification data of varying concentrations of single Eimeria species samples
analyzed using ddPCR demonstrated strong, positive, linear relationships between dilutions and
copies/µL (Figure 4.4). Each regression model was statistically significant with an R 2 value >
0.999. The ddPCR assay was sensitive for the seven described Eimeria species; the assay detected
concentrations of DNA in samples as low as 0.00001 ng/µL for E. brunetti, E. praecox, and E.
tenella; 0.0001 ng/µL for E. maxima and E. mitis; and 0.001 ng/µL for E. acervulina and E.
necatrix (Figure 4.4).

E. acervulina

E. brunetti

10000

10000

1000

1000

100

100

10

10

1

1

0.1
0.00001 0.0001

0.001

0.01

0.1

0.1
0.00001

E. maxima
10000

1000

1000

100

100

10

10

1

1
0.001

0.001

0.01

E. mitis

10000

0.1
0.00001 0.0001

0.0001

0.01

0.1

0.1
0.00001 0.0001

90

0.001

0.01

0.1

E. necatrix

E. praecox

10000

10000

1000

1000

100

100

10

10

1

1

0.1
0.00001 0.0001

0.001

0.01

0.1

0.01

0.1

0.1
0.00001 0.0001

0.001

0.01

0.1

E. tenella
10000
1000
100
10
1
0.1
0.00001 0.0001

0.001

Figure 4.4. Seven samples consisting of a single Eimeria species diluted to various concentrations
(horizontal axis, nanograms of DNA) were submitted to ddPCR. The resulting concentrations from the
ddPCR output (vertical axis, copies/µL) produced a linear response with an R2 value > 0.999.

The ddPCR assay was highly specific for Eimeria species, E. acervulina, E. brunetti,
E. maxima, E. mitis, and E. praecox; for which no binding was detected on non-target DNA
templates (i.e. non-specific binding). However, the species-specific probe designed to target E.
necatrix bound strongly on the E. necatrix template and weakly on the E. tenella template (Figure
4.5). Similarly, the probe designed to target E. tenella bound strongly on the E. tenella template
and weakly on the E. necatrix template (Figure 4.5). Neither the E. necatrix- nor the
E. tenella-specific probes bound to amplicons generated from DNA templates of any of the other
five Eimeria sp. from chickens.
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Figure 4.5. The QuantasoftTM program was used to process droplet digital PCR (ddPCR) output. Three
samples containing either E. tenella, E. necatrix, or both, were submitted to test if the probes were
binding non-specifically. All wells contained positive droplets for both species indicating that there was
non-specific binding of each probe to the wrong species, giving a false positive in some cases, and
wrongly influencing the proportion of each species in a sample of unknown proportion.

The specificity of the ddPCR assay was unaffected by samples containing DNA from more
than one species, with the exception of some non-specific binding of the E. necatrix and E. tenella
probes. The sum of the number of copies/µL for each species-specific probe was approximately
equal (within 10%) to the number of copies/µL for the genus-wide probe in mixed-species samples.
Next Generation Sequencing.
The number of paired reads obtained from NGS of the mtCOIII gene ranged from 15,682
to 23,991 (mean 18,723). The impact of the Q score (range 15-25) and minimum sequence length
(100, 150, or 200 bp) settings during BBDuk trimming on the number of paired reads available for
classification, for samples with good quality or relatively poorer quality reads, is summarized in
Figure 4.6. Based on preliminary analyses (see Figure 4.6 and Appendix 4.3), BBDuk trimming
used a minimum Q score of 22 and a minimum read length of 200 bp to filter for high quality
reads. These BBDuk settings maximized the number of quality reads available for classification,
while minimizing the number of reads that could not be classified. Following trimming, using the
optimized trimming criteria and after chimera removal, 3,575 to 15,926 (mean 9,640) high quality
filtered reads were available from each sample for classifying sequences. Between 32 and 79% of
the reads in a sample failed to meet quality and length criteria.
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Figure 4.6. Oocysts derived from two fecal samples obtained from commercial broiler facilities
(ID: F12D21 and F1D28) containing unknown mixtures of Eimeria species that were submitted to
Illumina MiSeq NextGen Sequencing (NGS). The raw files generated by the NGS contained 16,892 and
17,718 paired reads before being processed. Both samples were trimmed using the BBDuk trimming
program in Geneious with different program inputs including Minimum Sequence Length (100, 150 or
200 bp), and Minimum Quality (Q) score (15-25). With these changing program inputs, the results
number of paired sequence reads that remained after trimming is demonstrated. Sample F12D21 had
better quality sequence reads compared to F1D28 based on the proportion of usable sequence reads.
Based on these data, the final workflow used a minimum length of 200 bp and minimum Q score of 22
to ensure the maximum number of quality reads that covered sufficient bases in the coding region to
permit classification of the sequence reads to the reference sequences for Eimeria species.
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Greater than 99.9% of filtered, paired reads derived from a DNA sample from a single
Eimeria species were classified correctly to that Eimeria species. Whether from a single species
DNA template or a mixed Eimeria species DNA template, few filtered reads failed to be classified
successfully (occasionally ~2.5%, but most were < 1%). Examination of individual unclassified
reads identified that these were spurious amplicons rather than parasite-specific sequences (data
not shown).
Comparison of Assays.
The relative abundance of each Eimeria species in the field samples based on the results of
the ddPCR and NGS assays is summarized in Table 4.2. Eimeria acervulina, E. maxima, E. mitis,
E. necatrix, E. praecox, and E. tenella were detected in various quantities, although E. brunetti
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and the Eimeria sp. OTU-X, Y, and Z were not detected. In most cases, the relative abundance of
each Eimeria species was comparable when quantified using the ddPCR and NGS assays from the
same mixed sample (Figure 4.7). For 5 of 84 comparisons (6%), the assays differed (> 2 SDs from
the mean); for four of these, the NGS-based assay estimated higher abundance than the
ddPCR-based assay.
Table 4.2. Field samples of unknown Eimeria species proportions were submitted to both droplet digital
PCR (ddPCR) and Next Generation Sequencing (NGS). The resulting output from each assay was used
to calculate the relative Eimeria species (% of total Eimeria sp.) abundance present in the sample

Sample
F12D21
F17D21
F18D21
F19D28
F1D28
F24D21
F24D28
F2D28
F2D35
F9D20
F9D28
F9D34

Assay
NGS
ddPCR
NGS
ddPCR
NGS
ddPCR
NGS
ddPCR
NGS
ddPCR
NGS
ddPCR
NGS
ddPCR
NGS
ddPCR
NGS
ddPCR
NGS
ddPCR
NGS
ddPCR
NGS
ddPCR

E. acervulina
45%
38%
11%
12%
51%
35%
5%
5%
37%
29%
>99%
100%
89%
93%
83%
83%
76%
78%
97%
97%
98%
96%
1%
1%

E. brunetti
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%

E. maxima
<1%
1%
88%
85%
14%
11%
24%
22%
62%
68%
<1%
0%
11%
13%
17%
15%
24%
21%
<1%
0%
0%
0%
0%
0%
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E. mitis
0%
0%
0%
0%
8%
14%
3%
8%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%

E. necatrix
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
3%
0%
0%

E. praecox
0%
0%
<1%
0%
<1%
<1%
0%
2%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%

E. tenella
55%
61%
<1%
1%
27%
38%
68%
61%
1%
1%
<1%
0%
<1%
0%
<1%
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<1%
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Figure 4.7. A Bland-Altman plot generated to evaluate the agreement between the two assays. The
resulting quantification of DNA from a given species from the two assays were averaged to give the
x-axis value. The y value is absolute difference between the two values. A positive value indicates the
quantification based on the NGS assay is higher than the ddPCR assay, and a negative value indicates
the quantification based on the ddPCR value is higher than the NGS assay. The solid black line indicates
0, or no difference in the result between the two assays. The dotted lines are 1.96 × standard deviations
of the differences between the assays.

Discussion
The current research demonstrates the potential of novel technologies to provide relative
abundance data regarding Eimeria species present in a sample. The mtCOIII gene was shown to
be an appropriate genetic target; the interspecific variability of the mtCOIII sequences permitted
reliable species differentiation. Of particular note is that the results from both assays agreed with
one another (based on the interpretation of the Bland-Altman plot) when samples consisting of
unknown mixtures of Eimeria species DNA were tested, lending credibility to the new
methodologies for use in Eimeria species identification.
Quantitative PCR is a popular technology used for detecting and quantifying the abundance
of pathogens in samples, including Eimeria species (Velkers et al., 2010; Vrba et al., 2010).
Numerous qPCR-based assays have been developed and technology is continuously advancing to
improve data generation (Pabinger et al., 2014). Despite improvements to qPCR instrumentation,
qPCR assays remain limited in the information they can generate (Hindson et al., 2011; Li et al.,
2018). Droplet digital PCR has the advantage of absolute quantification without the need for the
reference standards required in qPCR (Yang et al., 2014). Reactions using ddPCR are split into
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thousands of individual droplets that are independent of one another; therefore, PCR inhibitors
(found frequently in fecal samples) can be contained to a single droplet, limiting their negative
effect on the entire reaction (Yang et al., 2014).
Much like qPCR, ddPCR assays can be either probe-based or utilize intercalating dyes.
Probe-based assays are multiplexed by detecting the fluorescence on two non-competing channels,
whereas intercalating dye-based assays are multiplexed using varying amplicon sizes (McDermott
et al., 2013). Fluorescence strength is correlated with amplicon length; longer amplicons fluoresce
more per copy than smaller amplicons, allowing for a single droplet to be categorized as containing
one, both, or neither amplicon (McDermott et al., 2013). Prior to developing our probe-based
assay, we explored the possibility of developing an intercalating dye-based assay generating
species-specific and genus-specific amplicons of different lengths that could be distinguished by
the intensity of fluorescence. We designed four primer pairs targeting the mitochondrial genome.
The genus-specific primers targeted a conserved region of the mitochondrial genome and the
species-specific primer pairs targeted the divergent mtCOIII CDS of E. acervulina, E. maxima, or
E. tenella; the targeted regions were separated by more than 1,500 bp on each mitochondrial
genome copy. Similar to the probe-based assay described in the present paper, this intercalating
dye-based assay was multiplexed, such that each well would generate genus-wide and
species-specific copy numbers. However, based on a series of preliminary experiments, relative
quantification from test samples was neither accurate nor reliable (data not shown), and this
intercalating dye-based ddPCR assay was abandoned in favour of the more specific and repeatable
probe-based ddPCR assay described herein.
Our ddPCR assay was simplified so that a single PCR amplicon of 954 bp could be labeled
with both genus-specific and species-specific probes targeting conserved and specific regions of
the same amplicon. This design ensured that any droplets in which template was successfully
amplified would have both probe targets on every amplified copy. In practice, this meant that a
droplet that was positive for a given species-specific target must also have been positive for the
genus-wide target; droplets were never observed to be positive to a species-specific probe while
negative for the genus-wide probe. The effectiveness of this approach was evident when samples
containing a single species had double-positive droplets possessing both fluorophores (i.e. equal
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concentrations of that species and the genus-wide target), and, when the sum of the individual
species concentrations in a mixed-species sample, equaled that of the genus-wide concentration.
Next Generation Sequencing assays can generate voluminous sequence data from one
sample, although how these data are analyzed can influence the result and interpretation of
information generated. For some of the samples in our study, a high proportion of reads (up to
79%) were removed during the trimming and chimera removal process. By using such strict
trimming parameters, the proportion of reads that were classified to individual Eimeria species
increased. Without appropriate trimming, most poor-quality reads could not be classified to a
particular species (i.e. did not meet the ≥ 95% pairwise identity criteria), likely due to errors in
base calling typically observed during NGS sequencing.
None of the field samples contained high quality paired reads that did not classify to one
of the 10 Eimeria species reference sequences. Our samples had no sequence data suggestive of
any undescribed Eimeria species affecting chickens, or coccidia from other hosts. However, only
a small selection of field samples from a limited number of commercial broiler operations (Chapter
2) was used in our study for validating the potential of these assays. A broader survey of more
farms covering a wider geographic area might have provided support for the presence of coccidia,
such as Eimeria sp. OTU- Z, which have recently been found in the USA (Hauck et al., 2019)
using NGS methods targeting a different genetic locus (ITS-2). Ribosomal genetic targets (e.g.
ITS-1, ITS-2, and 18S) have previously been used for Eimeria species identification (Schnitzler et
al., 1998; Cantacessi et al., 2008). However, these loci suffer from intraspecific variation and
paralogs that might misrepresent the diversity and relative abundance of Eimeria species in a
sample (Vrba et al., 2011; Ogedengbe et al., 2018). Apicomplexan parasites possess an apicoplast
genome that carries a pair of 16S rDNA loci (Chapman, 2014) that are homologous to bacterial
16S rDNA typically used for microbiome analyses (Lu et al., 2003). Sequence data generated by
NGS methods used typically for microbiome analyses might contain previously discarded
amplicons from the apicoplast of Eimeria species; these ‘bonus’ data could be exploited to provide
additional information on Eimeria species from existing NGS-based microbiome analyses at no
additional cost.
The relative species quantification obtained from the ddPCR and NGS assays were in
agreement based on the Bland-Altman plot. Both assays exploited the same genetic target, the
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mtCOIII gene, although the primer sets used for each assay were optimized for the requirements
of each technology. It is therefore not surprising that the results were similar. The ddPCR
forward/reverse primer set had a lower annealing temperature (56°C) to permit probes to bind
successfully to amplicons. Further, the forward primer was designed to sit far enough upstream of
the coding region of the mtCOIII CDS so that a genus-wide probe targeting a conserved region of
the LSUA (large subunit-A) fragment of the mitochondrial rDNA could bind to all amplicons
before the start of the more variable mtCOIII CDS. The NGS primary primer set had a higher
annealing temperature (63°C) to enhance amplicon specificity. Further, the forward primer was
designed to sit as close as possible to the start of the mtCOIII coding region so that the majority of
the amplicons from which NGS sequence data were generated included the coding region of the
mtCOIII possessing the interspecific variation needed to classify species (Morgan and Godwin,
2017). The forward primer used in the NGS assay targets the same conserved region of the LSUA
fragment as the genus-wide probe used in the ddPCR assay.
Droplet digital PCR data may provide indirect evidence for the presence of coccidia in
samples for which no specific probe was used. If all species in a sample have corresponding
species-specific probes in a multi-well assay, then the genus-wide copies/µL should be
approximately the same as the sum of the copies/µL of the various species. However, if the
genus-wide copies/µL far exceeds the sum of the copies/µL of the various targeted species, then
the missing copies/µL might represent unexplored diversity of coccidia in the sampled community.
This can expand the utility of the assay beyond simply quantifying known species. The genus-wide
amplification primers and genus-wide probe would be expected to bind to all eimeriid coccidia
belonging to a wide variety of genera (e.g. Caryospora, Lankesterella, Isospora, Cyclospora, and
virtually all Eimeria species, regardless of host). In such cases, DNA from oocysts originating
from coccidia infecting mammals or wild birds would be amplified by the genus-wide primers and
detected using the genus-wide probe. For unknown coccidia found in high abundance in a sample,
direct sequencing of the amplicon might provide sequence data sufficient to identify the species
(Blake, 2015). Alternatively, if only a minor component of a mixed species sample, the diversity
of sequences in the amplified PCR product could be explored through cloning or NGS. These
sequence data would identify OTU-X, -Y, or -Z, undescribed Eimeria species that infect chickens,
or eimeriid coccidia from hosts other than chickens (e.g. from infected rodents, ruminants, turkeys,
or wild birds). This would occur if biosecurity protocols are insufficient to prevent contaminating
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fecal material finding its way into a litter sample directly or indirectly into fecal samples as a
pseudo-parasite of chickens.
One limitation of these assays is that the relative abundance of individual Eimeria species
in a sample is determined from the DNA isolated from each species rather than the number of
oocysts from each species. Historically, oocysts per gram (OPG) counts from fecal samples has
been the primary measurement employed by the poultry industry (Chapman et al., 2016a). Each
counted oocyst, when sporulated, contains eight sporozoites (Tyzzer, 1929), each with dozens of
mitochondrial genomes (Cunha et al., 2009; Hikosaka et al., 2011). Both ddPCR and NGS assay
results should be interpreted in combination with OPG data. The relative abundance of each
species in a mixed DNA template needs to be multiplied by the OPG count of the sample to infer
the approximate number of oocysts from each Eimeria species in the sample. However, if
species-specific differences in mitochondrial copy number per oocyst exists, then our assays would
need further correction to account for these values. For instance, E. maxima, a relatively large
oocyst, could contain more mitochondrial genome copies per oocyst compared to the small oocysts
of E. acervulina. If the assay reports equal copies of DNA from both species, then the number of
E. acervulina oocysts in the sample would be underestimated. Understanding the precise number
of mitochondrial genome copies per oocyst for each species, and any variation in this number
during exogenous sporulation, would permit more accurate estimates of species-specific oocyst
counts when using molecular-based assays. Similarly, DNA extraction protocols must also be
followed precisely to optimize the quantity and quality of the sample that is submitted to
molecular-based assays. We used glass-beads in our study to break oocysts open during the DNA
extraction process. Although this is a reliable technique, it is possible to shear the DNA, resulting
in an overestimation of the useable template concentration. Furthermore, any differences between
oocyst breakage efficiencies among Eimeria species (further compounded by different numbers of
sporulated versus unsporulated oocysts in each sample) must be understood to precisely convert
DNA-based information to actual oocyst representation.
Diagnostic assays that are highly sensitive and specific can be invaluable for field
investigations and research purposes. This ddPCR assay can quantify a wide range of DNA
concentrations and all probes were sensitive enough to detect low quantities of DNA. The DNA
concentration value encompasses all nucleic acids in a sample including non-target genomes
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(i.e. nuclear, plastid, and microbiome). The presence and quantity of these non-target genomes
was likely not equal between the samples used for the ddPCR quantification tests, which may have
resulted in the observed differences in lowest concentration detected between the species’ probes.
All ddPCR assays become unreliable if too much DNA template is included; too many
target copies saturates the assay with droplets generating amplicons, making quantification
impossible (Huggett et al., 2013). It is critical to quantify the DNA templates to be used in a ddPCR
assay; serial dilutions of DNA templates might be necessary for some samples. Amplicon
sequencing using NGS is more tolerant of a wide range of DNA template concentrations than
ddPCR.
For the ddPCR assay, only five (E. acervulina, E. brunetti, E. maxima, E. mitis, and E.
praecox) of the seven probes bound only to the species they were designed for. The limited
divergence of E. necatrix and E. tenella at the COIII locus made designing probes challenging
because there are 23 bp differences in the COIII coding region (97.02% similarity); in contrast,
the next two closest Eimeria species of chickens, E. maxima and Eimeria sp. OTU-X, are 52 bp
differences in the COIII coding region (93.19% similarity). This was not surprising considering
that the coding regions of the mitochondrial genome of E. necatrix and E. tenella are more alike
than any other two Eimeria species infecting chickens (Ogedengbe et al., 2011a). Both the
E. necatrix and E. tenella probes bound non-specifically to the template of each other. Therefore,
reliably distinguishing between these two species is difficult without including a positive control.
It is anticipated that the information generated from a quantitative assay will provide a
deeper understanding of the dynamics of Eimeria species infections in chickens. Such an assay
could replace morphological tools used for identification (Long and Joyner, 1984). A thorough
examination of samples from various geographic regions, production types (e.g. broilers, layers,
breeders), and facilities (i.e. farms) could provide valuable epidemiological data to better manage
the impact of coccidiosis in commercial poultry operations (Chapman et al., 2016b). Coccidiosis
vaccines could be audited to verify the presence and abundance of the Eimeria species on the label.
Intestinal scrapings from chickens could be screened to confirm species presence and provide an
understanding of the species-to-species dynamics in intestinal regions where endogenous parasite
stages overlap. Production facilities (broiler, layer, or breeder farms) that use live-coccidiosis
vaccines could use information on the relative abundance of Eimeria species to confirm that
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cycling of each species included in the vaccine is appropriate to ensure proper development of
immunity. Production facilities that use in-feed anticoccidial medications could use such an assay
to identify the one or more Eimeria species escaping drug control (i.e. expressing drug resistance).
The described assays could be adapted for Eimeria species infecting other production animals
(e.g. turkeys, cattle, sheep, goats) by developing host-appropriate collections of species-specific
probes to detect and quantify the Eimeria species found in those production animals. Similar to
OPG counts, these DNA-based quantitative assays provide no estimate of the viability of the
parasites from which the DNA was obtained. Developing a rapid means of establishing oocyst
viability, in addition to relative species abundance, would be a valuable adjunct to the described
assays that could replace time-consuming and expensive in vivo tests (Jenkins et al., 2019).
Although we have demonstrated that all tested technologies are capable of reliably
quantifying Eimeria species, the ideal assay should be cost-efficient with a rapid turn-around time.
If analyzing hundreds of samples, qPCR and ddPCR assays are more expensive on a per-sample
basis compared to NGS. Next Generation Sequencing has the capability of multiplexing 96 or up
to 384 samples in a single experiment through the use of library preparation (Hancock-Hanser et
al., 2013). The ddPCR assay’s total cost was ~$45 CAD/sample. The total cost for an NGS
experiment is $3,500 CAD; however, by multiplexing 96 samples, the cost per sample could be
reduced to ~$36 CAD. Despite the NGS assay being more economical per sample and providing
more easily interpreted data than the ddPCR assay, the NGS assay is disadvantaged by the time it
would take a typical diagnostic lab to acquire sufficient samples to achieve cost efficiency. If
turn-around time for results is inconveniently or inappropriately long, the data, regardless of how
reliable, can become irrelevant to the producer. A lab with a relatively high volume of submissions
might be able to use an NGS-based assay more effectively. For other diagnostic labs that only
receive a few requests per week, qPCR or ddPCR assays might be more appropriate. As new
technologies become available, sequencing-based bioinformatics may be ideal to provide the
required information to support fact-based decisions with regard to coccidiosis control strategies
in commercial poultry operations.
The gut microbiome is centrally involved in host health and production performance because of
its impact on the digestive process, nutrient utilization, and the immune system (Yeoman et al.,
2012; Chapman, 2014). Using the methods described herein to characterize the “coccidiobiome”

101

of a flock may become equally important given the impact of coccidiasis and coccidiosis on the
host and its intestinal microbiome (Price et al., 2015b). The complicated network of interactions
that can now be explored using biome tools may permit a better understanding of an optimized
intestinal environment for maximizing production efficiencies, and how to attain this desirable
state of gut health (Kogut, 2019).
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CHAPTER 5:
Using microsphere or fluorescein tracers and total oocyst output to measure ingestion of material
following live coccidiosis vaccinations
Abstract
Prevention of coccidiosis in broiler chickens raised without antibiotics relies on coccidiosis
vaccination. Live-coccidiosis vaccines, as commonly used in Canada, carry the risk for pathogenic
effects if the Eimeria species over-cycle. However, all chicks must receive an appropriate dose of
Eimeria oocysts to induce immunity and reduce the risk of adverse effects. At the hatchery,
coccidiosis vaccines are administered topically to boxes of chicks by coarse-spray or gel-droplet
application. Determining the volume of vaccine ingested by individual chicks could provide a
means of evaluating the success of different application methods. For each of two mass application
methods (coarse-spray, gel-droplet), we used three quantification methodologies to determine the
amount of vaccine material ingested by chicks: total oocyst counts from feces collected 5-8 days
post-vaccination; and counts of either microsphere or fluorescein tracers recovered from the
gastrointestinal tract 30 minutes post-vaccination. For each quantification methodology, chicks
vaccinated via coarse-spray or gel-droplet application were compared to chicks vaccinated via oral
gavage using the same concentration of oocysts per mL for all groups. Chicks vaccinated via geldroplet application shed 10-fold more oocysts than those vaccinated by coarse-spray application.
Individual chick consumption of vaccine material using tracers also revealed that chicks ingested
more material following gel-droplet application than coarse-spray application, although the
magnitude of the difference varied based on quantification methodology. The results of this study
suggest that all three quantification methodologies can be used to help validate and improve mass
vaccine application methods to ensure optimal ingestion, and therefore, coccidiosis vaccination
success.
Key words: coccidiosis vaccination, vaccine ingestion, coarse-spray, gel-droplet, oocyst output
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Introduction
Vaccination of chickens for coccidiosis consists of the administration of live
Eimeria species to allow chickens to develop natural adaptive immunity to the parasites. Although
first developed in the 1950’s (McDonald and Shirley, 2009), live-coccidiosis vaccines did not
become widely used in broiler chicken production for a few decades (Dalloul and Lillehoj, 2005)
until the advent of more reliable vaccine administration techniques that permitted success in broiler
production (Chapman et al., 2002). Today, in the Canadian broiler industry live-coccidiosis
vaccines are topically applied to chicks at the hatchery (Peek and Landman, 2011), in part due to
the simplicity of application and the ease of handling of chickens at this age (Caldwell et al.,
2001b). These vaccines are applied either as a coarse-spray or a gel-droplet (Price, 2012).
Following vaccination, the chicks are delivered to a broiler production facility where, after 5-8
days, they shed oocysts in the feces at the conclusion of the first cycle (Price et al., 2014).
Subsequent cycling of Eimeria species is required for immunity to develop (Vermeulen et al.,
2001; Williams, 2002).
Since most commercially available coccidiosis vaccines consist of live, non-attenuated
parasites, they pose a risk of causing clinical disease if Eimeria species over-cycle in the
production facility (Chapman et al., 2002; McDonald and Shirley, 2009). To minimize this risk,
the vaccine must be applied in a way that ensures that all chicks receive an equal number of oocysts
(McDonald and Shirley, 2009; Jenkins et al., 2012), and the production facility must be managed
properly to ensure that optimal environmental conditions for cycling are met (Chapman et al.,
2002). Chicks that do not receive the vaccine (i.e. were missed during application) will not be
immunologically prepared for the challenge of Eimeria species they will be exposed to in
subsequent coccidia cycles at the production facility. These chicks then become prodigious
shedders that produce high numbers of Eimeria species oocysts that pose a potential threat to other
chicks in the flock that have yet to attain complete immunity (Williams et al., 2000; Williams,
2002). Robust flock immunity can be established by ensuring that all chicks receive the proper and
equal dose of vaccine material (Sokale et al., 2009). Therefore, evaluation of vaccine application
efficacy and uniformity of vaccine ingestion are fundamental for optimizing the field use of
live-coccidiosis vaccines (Jenkins et al., 2013; Price et al., 2016; Tensa and Jordan, 2019).
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Direct measures of volumetric vaccine ingestion are challenging in day-of-hatch chicks;
there is no appropriate substitute model animal or system that can replace the target host.
Histological examination of intestinal sections from chicks 5-7 days post-vaccination to observe
parasite stages (Sokale et al., 2009) allows confirmation on the presence or absence of specific
Eimeria species (Conway and McKenzie, 2007), yet does not provide any meaningful
quantification of the amount of vaccine material ingested. Collecting fecal material from groups
of chicks 5-8 days post-vaccination to determine total oocyst shedding can provide some indirect
quantification (Jenkins et al., 2012), however, parasite replication in the intestinal tract makes it
difficult to infer the precise volume of material ingested during the initial application.
The incorporation of tracking dyes or beads in the vaccine material has provided more
insight into consumption by individual chicks. (Caldwell et al., 2001b) added fluorescein dye to
the vaccine material and then analyzed gastrointestinal tract content fluorescence to estimate
ingestion volumes of spray-applied biologics. More recently, Ritter and Palmer (2018) used
polymer microspheres, ~30 µm in diameter (similar in size to an Eimeria maxima oocyst), to
estimate ingestion volumes of individual day-of-hatch chicks vaccinated via water spray, or
one-phase or two-phase gels. However, the application methods and applied volumes used in the
latter study differed considerably from those used with commercial live-coccidiosis vaccines in
the Canadian poultry industry.
The objective of our study was to develop a standardized method for measuring the ingestion of
liquid or semi-liquid material (e.g. vaccines, biologics, or similar) topically applied to, and
consumed by, day-of-hatch chicks at the hatchery. Two experiments were conducted in which
day-of-hatch chicks were vaccinated by coarse-spray or gel-droplet application protocols typically
used in Canadian hatcheries and compared to chicks that were vaccinated by oral gavage.
Microsphere or fluorescein sodium tracers permitted calculation of the volume of applied material
ingested by individual chicks. To validate these measurements, calculated ingestion volumes were
compared with total oocyst output of similarly inoculated chicks. Presently, we compared
previously described tracer methodologies for calculation of ingestion volumes and total oocyst
output in order to compare the relative efficacy of two widely used live-coccidiosis vaccine
application technologies.
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Materials and Methods
All experimental procedures involving live chickens were approved by the University of
Guelph’s Animal Care Committee through Animal Use Protocol #3414 and conducted in the
Central Animal Facility Isolation Unit, University of Guelph, Guelph, Ontario, Canada in
compliance with Canadian Council on Animal Care guidelines (CCAC, 2017). Animal and
laboratory studies were conducted in compliance with Biohazard Permit A-169-01-19-07 issued
by the Biosafety Committee, University of Guelph.
Experiment 1
Material Preparation. Two vials of Immucox III ®, an oral coccidiosis vaccine for
chickens containing live, sporulated oocysts of E. acervulina, E. maxima, and E. tenella, were
provided by Ceva Animal Health, Guelph, Ontario, Canada. The contents of one vial were added
to a sterile screw-cap glass jar containing 250 mL of distilled water, mixed thoroughly by hand,
and the jar was labelled as Spray material. The contents of the other vial were added to a screwcap glass jar containing 250 mL of Cevagel® (Ceva Animal Health, Guelph, ON, Canada)
following the manufacture’s recommended mixing (2.5L distilled water blended with 70g of
Cevagel® powder), and the jar was labelled as Gel material. A final concentration ~1,000
oocysts/mL was targeted for both materials and confirmed using standard McMaster counting
methods (Hodgson, 1970). Green fluorescent monodisperse polystyrene microspheres, 15 µm in
diameter (Baseline.ca), were soaked in Tween20 (1 mL/L H2O, aqueous; ThermoFisher, Waltham,
Massachusetts, USA) for at least 24 hours before being added to both spray and gel material at a
final concentration of 400,000 microspheres/mL.
Animals and Vaccination.
A total of 200 day-of-hatch chicks (mixed-sex, Ross 708), sourced from a local hatchery
(Frey’s Hatchery, Elmira, ON, Canada), were used for this experiment. The chicks were assigned
to one of four treatment groups: vaccination with spray material via oral gavage (n=25);
vaccination with gel material via oral gavage (n=25); vaccination via coarse-spray application
(n=75); or vaccination via gel-droplet application (n=75). The coarse-spray and gel-droplet
application methods utilized a Ceva Desvac Duo ® applicator and a conveyor belt (Figure 5.1a)
following the manufacturer’s vaccine application protocol. Prior to chick arrival, the equipment
was calibrated to dispense 25 mL of spray or gel material to a chick box (55.88 × 46.35 cm)
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designed to hold 100 chicks (~26 cm2 per chick); thus, the estimated dose of vaccine material per
chick was 0.25 mL of material containing ~250 oocysts and ~100,000 microspheres. Multiple
calibration runs employing empty boxes immediately before application to chicks ensured that the
application equipment was operating consistently. To reduce animal numbers while maintaining
proper chick density and allowing for adequate replications, 25 chicks were placed in the front
right section of a chick box containing dividers that produced four equivalent sections. Resealable
bags filled with water were placed in the other three sections to ensure equal weight distribution
(Figure 5.1b). Three replicate boxes of chicks received vaccine via coarse-spray application (25
chicks/replicate) and three replicate boxes of chicks received vaccine via gel-droplet application
(25 chicks/replicate); the method of application alternated between boxes, starting with
coarse-spray application.

a

b
Figure 5.1. Set up of equipment and vaccination process used in Experiments 1 and 2.
a) Chicks were administered either coarse-spray or gel-droplets using a Ceva Desvac Duo applicator
with integrated conveyor belt. b) 25 chicks were placed in the front section of a chick box at a standard
floor space of 25 cm2/chick. Bags of water weighing the equivalent of 25 chicks were placed in the three
unoccupied sections; uniform weight distribution ensured proper box handling by the vaccination
equipment.

Oocyst output.
Ten chicks that were orally-gavaged with 1× dose (0.25 mL) of spray material were split
into two replicate wire-floor cages (5 chicks/cage). Similarly, 10 chicks that were orally-gavaged
with 1× dose of gel material were split into two replicate cages. From the three boxes of chicks
that were vaccinated by coarse-spray application, 15 chicks/box were split into three, replicate
wire-floor cages (5 chicks/cage, for a total of 45 chicks in 9 cages). Similarly, from the three boxes
of chicks that were vaccinated by gel-droplet application, 15 chicks/box were split into three
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replicate cages. The chicks were housed for 8 days and provided plain feed (no antibiotic or
anticoccidial) and water ad libitum. Fecal material from the trays directly beneath the cages was
collected twice daily from days 4-8 inclusively, to create one pooled sample of material per cage.
Fecal samples were stored at +4°C until processed. The samples were processed for total oocyst
output by diluting fecal material from a cage in sterile H2O to create a slurry (range: 1,800 – 2,800
mL total vol.). A standard salt flotation of an aliquot of the slurry was then loaded into a McMaster
chamber, and oocysts were observed and counted using a 100X magnification microscope (Long
and Rowell, 1975). A standard formula was used to calculate the total oocyst output:
= (𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙. 𝑜𝑓 𝑓𝑒𝑐𝑒𝑠 𝑎𝑛𝑑 𝑤𝑎𝑡𝑒𝑟 [𝑚𝐿]) ∗ (𝑜𝑜𝑐𝑦𝑠𝑡𝑠 𝑖𝑛 𝑜𝑛𝑒 𝑀𝑐𝑀𝑎𝑠𝑡𝑒𝑟 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 ∗ 6.666) ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

Data were entered into Microsoft Excel 2013 (Microsoft Corporation, Redmond, WA,
USA). For each cage, Excel 2013 was used to calculate the mean total oocyst output (per
chick) ±SEM, and the percentage of the mean total oocyst output from the respective gavaged
(control) group. To analyze the difference in oocyst output between coarse-spray and gel-droplet
applications, total oocyst output data (per cage) was log transformed in base-10 and a multi-level
mixed effects generalized linear model was fitted in Stata/IC 14.0 (StataCorp LP, College Station,
TX, USA) with the chick box included as a random effect. A p-value of ≤ 0.05 was considered
statistically significant. The intraclass correlation coefficient was calculated to determine the
variability between boxes within an application method (coarse-spray or gel-droplet).
Gastrointestinal Tract Collection.
Five chicks per dose/material combination were orally gavaged with either 0.5× dose
(0.125 mL), 1× dose (0.25 mL), or 2× dose (0.50 mL) of either spray or gel material. The chicks
that received 1× dose served as the control groups for comparisons to chicks that received vaccine
via coarse-spray (10 chicks/box) or gel-droplet (10 chicks/box) application. The chicks were held
for ~30 minutes under ambient lighting to promote preening. Chicks were sedated with Isoflurane
for 120 seconds and euthanized in a CO2 chamber for 360+ seconds. The entire gastrointestinal
tract (esophagus to colon) of each chick was removed manually and placed in a labelled, 50 mL
conical centrifuge tube, then refrigerated at +4°C until processed. To help rinse the microspheres
from the tissue Tween20 (1 mL/L H2O, aqueous) was added to the conical tube to reach a final
volume of 30-40 mL. Then the mixture was blended for 20-30 seconds to ensure that the
gastrointestinal tract was completely disrupted. The resulting blended material was strained
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through a coarse sieve (1 mm) to remove large fragments of tissue debris. An aliquot of the filtrate
was diluted 5× (vol: vol) with a saturated salt (NaCl, aqueous) solution, mixed, and then loaded
into a McMaster counting chamber. After 5 minutes, the number of microspheres was counted
using a microscope at 100X magnification. Initially, to detect the microspheres easier,
epifluorescence illumination (450 nm fluorescent light) was used to visualize the fluorescing green
microspheres (Figure 5.2). Once observers became accustomed to the shape and size of the
microspheres, epifluorescence illumination was no longer used. The number of microspheres
counted in the McMaster chamber was used (in combination with the dilutions and volumes) to
calculate a total number of microspheres from an individual chick’s gastrointestinal tract using the
standard formula:
= (𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙. 𝑜𝑓 𝐺𝐼 𝑡𝑟𝑎𝑐𝑡 𝑎𝑛𝑑 𝑇𝑤𝑒𝑒𝑛20 [𝑚𝐿]) ∗ (𝑚𝑖𝑐𝑟𝑜𝑠𝑝ℎ𝑒𝑟𝑒𝑠 𝑖𝑛 𝑜𝑛𝑒 𝑀𝑐𝑀𝑎𝑠𝑡𝑒𝑟 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 ∗ 6.666) ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

Data were entered into Microsoft Excel 2013 (Microsoft Corporation). To validate
gastrointestinal tract processing methods, a linear regression, with a fixed intercept of 0, was
performed using Excel 2013 to correlate microsphere recovery (microspheres/chick) and the three
gavage volumes of either spray or gel material. For chicks vaccinated with either coarse-spray or
gel-droplet applications, the mean ± SEM of microsphere recovery was determined. A Grubb’s
test was performed to identify outliers with a threshold of 3.0 SDs. Individual chick ingestion of
microspheres was calculated and summarized in a bar-graph using Excel 2013. To analyze the
difference in microsphere recovery between coarse-spray and gel-droplet applications, a
multi-level mixed effects generalized linear model was fitted in Stata/IC 14.0 (StataCorp LP) with
the chick box included as a random effect. A p-value of ≤ 0.05 was considered statistically
significant. The intraclass correlation coefficient was calculated determine the variability between
boxes within an application method (coarse-spray or gel-droplet).
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a

b

c
Figure 5.2. A microscope (a) with epifluorescence (450 nm) emitted was used to allow the microspheres
to fluoresce green (b) inside the McMaster counting chamber. This allowed observers to distinguish
microspheres from similar sized debris. Once observers were comfortable with the shape and size of the
microspheres, bright feed microscopy (c) was used to identify and count microspheres.
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Experiment 2
Material Preparation.
Two vials of Immucox III ® oocysts were prepared using fluorescein sodium salt
(Sigma-Aldrich, Oakville, ON, Canada) included at a rate of 1 g/L to both spray and gel material
as a tracer.
Animals and Vaccination.
A total of 75 day-of-hatch chicks (mixed-sex, Ross 708), sourced from the same hatchery,
were used for this experiment. Chicks were assigned to receive a placebo or vaccination via oral
gavage (n=25), vaccination via coarse-spray application (n=25), or, vaccination via gel-droplet
application (n=25). Gavaged chicks received either 0.1 mL/chick of distilled H 2O (n=5), 0.1 or
0.25mL/chick of spray material (n=5 each), or 0.1 or 0.25mL/chick of gel material (n=5 each). To
reduce the number of chickens used in the study, one box of 25 chicks was vaccinated via coarsespray application and one box of 25 chicks was vaccinated via gel-droplet application using the
same equipment and set-up as Experiment 1. The holding time, method of sedation and euthanasia,
and procedures for removal and storage of gastrointestinal tracts, were identical to Experiment 1.
The gastrointestinal tract of each chick was mixed with ~20 mL of distilled H 2O, blended, and
then sieved. The filtrate from each sample was loaded onto a 200 µL fluorescent reader plate in
triplicate (100 µL per well). The fluorescence units from each well were evaluated using a
spectrophotometer (Glomax®-Multi Detection System, Madison, WI, USA) using 580-640 nm
(green) wavelength. Fluorescent units from triplicates were averaged (1 value per chick). A
generalized linear model in Stata/IC 14.0 was used to establish a standard curve for chicks gavaged
with either water (0) or gel (1), with robust standard error, and a constant set to 0. This standard
curve was used to determine the volume of material ingested by chicks that were vaccinated via
coarse-spray or gel-droplet application.
Results
Experiment 1
Total Oocyst Output.
All groups had detectable oocysts from 4-8 days post-vaccination. Chicks orally gavaged shed a
mean of 4.7 × 106 oocysts with a SEM of 8.2 × 105 (ranging from 3.5 × 106 to 7.1× 106). No
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difference was detected between oocyst output from chicks gavaged with 0.25 mL of either
coarse-spray or gel-droplet material (p=0.54).
Chicks vaccinated via coarse-spray application shed a mean of 1.42 × 10 5 ± 2.69 × 104
SEM oocysts (range: 2.96 × 104 to 2.67 × 106). The oocyst output of the chicks in this group was
3% (range: 1-6%) of the output of the gavaged chicks that received 0.25 mL of spray material,
based on a calculated ingestion volume of 0.0075 mL per chick.
Chicks vaccinated via gel-droplet application shed a mean of 1.47 × 10 6 ± 1.54 × 105 SEM
oocysts (range: 8.27 × 105 to 2.05 × 106). The oocyst output of the chicks in this group was 31%
(range: 17-43%) of the output of the gavaged chicks that received 0.25 mL of gel material, based
on a calculated ingestion volume of 0.0775 mL per chick.
Chicks vaccinated by gel-droplet application shed 1.07 log 10 (i.e. 11.7-fold) total oocyst
count (generalized linear model results; p < 0.001; 95% confidence interval: 0.795, 1.35) more
than those vaccinated via coarse-spray application. The box effect accounted for 0.02 log 10 total
oocyst count (95% confidence interval: 0.003, 0.115). The intraclass correlation coefficient for the
box effect was 0.3964 ± 0.255 SE (95% confidence interval: 0.075, 0.841).
Ingestion- Microsphere Recovery- Oral Gavage Groups.
Chicks gavaged with 0.125, 0.25, and 0.5 mL of spray material had an average of 25,521,
42,348, and 71,542 microspheres per chick recovered, respectively. Approximately 42% (range
38-48%) of the expected 100,000 microspheres were recovered from chicks gavaged with 0.25 mL
of spray material (n=5, mean: 42,348; SEM: 1,884). This ~40% recovery was found for all three
volumes of chicks gavaged with spray material (0.125mL, 0.25mL, or 0.5mL). For chicks gavaged
with titrated volumes of spray material, a slope coefficient of 151,004 microspheres recovered per
mL gavaged was calculated (95% CI: 121,948-180,059; R 2=0.899).
Chicks gavaged with 0.125, 0.25, and 0.5m: of gel material had an average of 19,389,
46,971 and 73,919 microspheres per chick recovered, respectively. Approximately 47% (range
42-50%) of the expected 100,000 microspheres were recovered from chicks gavaged with 0.25 mL
of gel material (n=5, mean: 46,971; SEM: 1,263). This microsphere recovery rate was found for
the three volumes of chicks gavaged with spray material (0.125mL, 0.25mL, or 0.5mL). For chicks
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gavaged with titrated volumes of gel material, a slope coefficient of 155,812 microspheres
recovered per mL gavaged was calculated (95% CI: 130,064-181,561; R 2=0.923).
Gavage material (water or gel) did not influence microsphere recovery within each volume
of gavage (0.125, 0.25, or 0.5 mL; p=0.18, 0.07, and 0.89, respectively).
Ingestion- Microsphere Recovery- Coarse-spray and Gel-droplet Application Groups.
The values of calculated microsphere ingestion for individual chicks are displayed in Figure 5.3.
Chicks vaccinated via coarse-spray application had a mean recovery of 1,761 ± 271 SEM
microspheres (range: 433-7,083). The microsphere recovery from the chicks in this group was
4.1% (range 1-17%) of the recovery of the gavaged chicks that received 0.25 mL of spray material,
based on a calculated ingestion volume of 0.011 mL per chick. Chicks vaccinated via gel-droplet
application had a mean recovery of 5,838 ± 1,820 SEM microspheres (range 2,333- 26,831). The
microsphere recovery from the chicks in this group was 12% (range 5-57%) of the recovery of the
gavaged chicks that received 0.25 mL of gel material, based on a calculated ingestion volume of
0.038 mL per chick. The generalized linear model determined that the mean microsphere recovery
from chicks vaccinated via gel-droplet application was significantly higher than chicks vaccinated
via coarse-spray application (p<0.001). The box effect accounted for 1.33e -23 ± 5.76e-08 SEM. The
intraclass correlation coefficient for the box effect was 1.23e -20 ± 5.31e-15 (95% confidence interval
0, 1).
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30,000
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25,000

Microspheres ingested

Microspheres ingested
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0

Individual Chicks

Individual Chicks

Figure 5.3. Calculated recovery of ingested microspheres from individual chicks in Experiment 1.
a) Gel-droplet application; (b) Coarse-spray application. The mean recovery of ingested microspheres
by chicks vaccinated by gel-droplet application was 5,839 (±820 standard error of the mean - SEM)
with a coefficient of variation (CV) of 77%. The mean recovery of ingested microspheres by chicks
vaccinated by coarse-spray application was 1,761 (±271 SEM) with a CV of 85%.
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Experiment 2
Ingestion- Fluorescence- Oral Gavage Groups.
The gastrointestinal content of chicks gavaged with distilled H 2O had a mean fluorescence of 5,743
± 540 SEM (n=5, range: 4,004-6,664). Three chicks orally-gavaged with 0.25mL (one with spray
material, two with gel material) had fluorescence values above the maximum detection limit and
were therefore removed from the analyses. The gastrointestinal content of chicks gavaged with
0.1mL of spray or gel material had a mean fluorescence of 347,052 ± 17,870 SEM (n=5; range:
303,925-392,718), and 308,319 ± 56,021 SEM (n=5; range: 162,602-455,870), respectively. The
gastrointestinal content of chicks gavaged with 0.25mL of spray or gel material had a mean
fluorescence of 661,250 ± 31,031 SEM (n=4; range: 569,032-702,255) and 499,919 ± 65,126 SEM
(n=3; range: 402,926-623,705), respectively. The material used in gavaging tended (p=0.080) to
influence the intestinal content fluorescence detected from control chicks, as such, two
independent standard curves were generated, one for each material. The linear regression of chicks
gavaged with spray material gave a gavage volume coefficient of 2,562 fluorescent units per µL
of gavage material (± 136 SEM, p<0.001), and gavage material coefficient of -10,194 (± 25,287
SEM, p=0.687; R2=0.943).
Ingestion- Fluorescence- Coarse-spray and Gel-droplet Application Groups.
Chicks vaccinated via coarse-spray application had a mean of 43,354 fluorescence units ± 8,140
SEM (range: 11,644-168,754). The fluorescence from the chicks in this group was 6.55% (range
1.76 to 25.52%) of the fluorescence of the gavaged chicks that received 0.25 mL of spray material.
This 6.55% translates to calculated ingestion volume of 0.01638 mL per chick. Using the standard
curve, the average estimated volume of chicks vaccinated via coarse-spray is 0.0169mL. Chicks
vaccinated via gel-droplet vaccination had a mean of 64,690 fluorescence units ± 12,751 SEM
(range: 7,000-300,290). The fluorescence from the chicks in this group was 12.9% (range 1.40 to
60.06%) of the fluorescence of the gavaged chicks of the 0.25mL of gel material. Using the
standard curve, the average estimated volume is 0.0169mL. This 12.9% translates to calculated
ingestion volume of 0.3225mL per chick. Using the standard curve, the average estimated volume
of chicks vaccinated via gel-droplet vaccination is 0.2127mL.
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Discussion
Chicks vaccinated using the gel-droplet application ingested significantly more material
(i.e. vaccine) than chicks vaccinated using coarse-spray application, regardless of the tracer
employed, or method used to estimate ingestion volumes (summarized in Table 5.1). We observed
that ingestion of vaccine material applied using the gel-droplet method appeared to be more
uniform among birds. Albanese et al. (2018) similarly reported higher variability of chick-to-chick
oocyst (vaccine) ingestion with coarse-spray application compared to gel-droplet application.
Table 5.1. Summary of calculated ingestion volumes based on three quantification methods following
either coarse-spray or gel-droplet vaccination. Measured parameters (e.g. total oocyst output) were
compared to the same parameter from the corresponding control chicks gavaged orally with 0.25
mL/chick. Based on comparisons to the control group, the estimated volume ingested was calculated
(mL/bird).

Quantification Methodology
Total oocyst
output

Microspheres

Coarse-spray

Gel-droplet

% of control (gavage)

3%

31%

Calculated ingestion
(mL/bird)

0.0075

0.0775

% of control (gavage)

3.9%

13.1%

Calculated ingestion
(mL/bird)

0.011

0.038

% of control (gavage)

7.3%

10.9%

Fluorescein

Calculated ingestion
0.017
0.025
(mL/bird)
Calculated ingestion
Average
0.01183
0.04683
(mL/bird)
In our study, chicks vaccinated by gel-droplet application shed approximately 12-fold more
oocysts than chicks vaccinated by coarse-spray. Jenkins et al. (2012) reported 10- to 100-fold
greater oocyst shedding by birds delivered oocysts using gel-beads compared to conventional
coarse-spray application, however, unlike the gel-droplet application tested in our study, the
gel-beads used by Jenkins et al (2012) were resilient structures that were administered on the feed
rather than topically applied. The gel-beads formulated by Jenkins et al (2012) contained 4-fold
more oocysts than our formulation (4,000 vs 1,000 oocysts/mL) making direct comparisons
between the two studies more complicated because of the impact that oocyst challenge dose might
have on fecundity (Williams, 2001). In addition to differences in total oocyst concentration, the
relative abundance of the three Eimeria species included in the gel-droplet (our study) and in the

115

gel-bead formulation (Jenkins et al., 2012) differed, consequently, the varying fecundities of
Eimeria species and differing inclusion rates in the two gel preparations make direct comparisons
of total oocyst output uninformative.
In almost every box of chicks vaccinated by coarse-spray or gel-droplet application, there
was one chick that consumed more microspheres than the others in that box (data not shown).
These outliers (≥ |3.0| SDs) were left in the data because they could not be explained; moreover,
the interpretation of the data from our study was not affected by these outliers. These data are
unlikely to be procedural or calculation errors; more likely, one or a few actively preening chicks
in each box could ingest material from its neighbours and consequently ingest comparatively
higher volumes. Even these ‘outliers’ had ingestion volumes that were maximally 60% of the
volume ingested by gavage controls. The outliers were removed in a separate analysis and reported
in Appendix 5.1.
Based on the measured recovery of microspheres, chicks vaccinated by gel-droplet
application ingested an estimated 3.3-fold more volume of material than chicks vaccinated by
coarse-spray application. Similarly, Ritter and Palmer (2018) observed a 6.5-fold difference,
although these researchers applied different volumes of material in their coarse-spray and
gel-droplet application methods, and this difference in applied volume per bird might have
influenced the relative ingestion by individual birds. Due to differences in equipment
specifications and manufacturer recommendations, there can be varying volumes of material
applied to a box of chicks, which in turn can make appropriate comparisons among vaccine
applications challenging, in addition to relative differences in oocyst concentration. It would be
useful to validate if all volumes and concentrations of microspheres can influence microsphere
recovery rate to permit cross-study comparisons.
Chicks administered vaccine using gel-droplet application ingested more vaccine material
than chicks administered vaccine via coarse-spray application. However, the magnitude of this
difference varied depending on the method of quantification; quantification by total oocyst output
measured a ~12-fold difference between vaccine application methods, whereas quantification
based on microsphere recovery suggested only a 3.3-fold difference. Our estimates of volumes
ingested during coarse-spray application (range: 0.002 to 0.041ml) agree with Caldwell et al.
(2001b), who calculated individual chick ingestion to be 0.001 to 0.015 mL of the 0.25 mL applied
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volume delivered via coarse-spray. In that study, various environmental conditions, including
room temperature, sound intensity, and lighting, were assessed for their impact on material
ingestion following coarse-spray application. Differences between studies with respect to
post-vaccination handling and lighting regimes suggests that environmental variables need to be
standardized to permit comparisons between studies.
The spray equipment used in our study is typically used for infectious bronchitis
vaccination, which is meant to deliver the vaccine to the trachea. The particle size generated by
this spray nozzle is 210-230 µm, whereas some commercial vaccine applicators use spray nozzles
that are designed to create larger particles so that they land on the chicks and are swallowed rather
than inhaled. For the purpose of this study, this equipment served to establish the methodology for
tracer inclusion, therefore our data might not accurately represent more typical commercial
coarse-spray vaccination equipment for live-coccidiosis vaccines. It would be interesting to
compare the volume of material ingested by chicks applied via different spray particle sizes, and
similarly, gel-droplet sizes.
More than half of the microspheres (~55%) administered by gavage to chicks were lost
during extraction or processing of gastrointestinal tracts. Different protocols for processing the
gastrointestinal tract were attempted to improve microsphere recovery, although all tested
protocols produced similar results (data not shown). The recovery of ~45% of gavage-administered
microspheres was consistent across the three gavage volumes and two gavage materials (water vs
gel), and therefore we applied this consistent rate of microsphere recovery to calculate all
experimental measurements of ingestion volumes. Confirmation of this observed 45% recovery
rate for smaller gavage volumes would have been useful; however, accurately gavaging chicks
with volumes less than 0.1 mL is problematic. Although not performed in our study, it would be
interesting to test carrier volumes with differing concentrations of microspheres to possibly
optimize recovery and validate the limit of detection.
The consistent, yet substantial, loss of microspheres in gavaged control birds highlights the
need for gavage controls. The loss of microspheres was also observed by Ritter and Palmer (2018),
who applied ~70,000 microspheres per chick and recovered a maximum of ~8,000 from an
individual chick. Without the gavage controls, our calculated ingestion volumes would have been
less than half the actual volume ingested if the assumption was made that microsphere recovery
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was close to 100%. Although the microspheres were fluorescein-labelled to differentiate
microspheres from similarly-sized debris, noticeable fading of fluorescence was evident during
observation using epifluorescence microscopy, likely due to over-exposure to UV light. This could
be avoided by reducing UV exposure by handling samples in a dark room when possible. Despite
this, the microspheres could be identified readily using bright field microscopy because of their
uniformity of size and appearance.
The advantage of microspheres is that they can be used to directly calculate material
ingested using standard flotation and formulae in a timely manner using little or no additional
resources. Microspheres are similar in size, possess similar specific gravity, and, when treated with
surfactant to address their natural hydrophobicity, disperse randomly in an aqueous mixture,
similarly to oocysts, and consequently should follow the same fluid dynamics during vaccine
application. Although we observed relatively consistent recovery rates (38-50%), testing of a wider
range of concentrations and volumes of microspheres should be undertaken to confirm our
observed, relatively uniform, recovery rate.
Unlike microspheres, fluorescein sodium used as a tracing dye would require application
of a range of doses by oral-gavage to multiple groups of birds to generate an experiment-specific
standard curve. However, the protocol for addition of fluorescein, and the processing of
gastrointestinal tracts, was simpler than the microsphere protocol and therefore might be more
amenable to automation. Total oocyst output would also require multiple groups and doses to
establish a standard curve to address differences in vaccine composition or age/viability; unlike
methods that sample day-of-hatch chicks immediately following vaccine application (i.e.
microspheres or tracer dyes), enumerating total oocyst output additionally requires lengthy animal
housing and prolonged sample collection.
The development of protective immunity in broiler chickens from live-coccidiosis
vaccination depends on uniform administration of the vaccine and on-farm cycling (Chapman et
al., 2002). Broiler producers would be better able to optimize on-farm cycling of Eimeria species
if all chicks received the targeted dose. Consequently, an improvement in flock health, growth,
and uniformity would result from improvements made to vaccine application. Regardless of
application method, by improving the consistency of vaccine material ingested by chicks, flock
immunity will develop faster and stronger (Albanese et al., 2018). When each chick receives the
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targeted dose on the day of hatch, their immunity begins to develop; chicks that are missed are
likely to become infected one week later, and, because they are immunologically not prepared for
this higher challenge, will consequently shed more oocysts, which leads to over-cycling (Albanese
et al., 2018). If the flock does not develop immunity to the relevant Eimeria species before
over-cycling, then an outbreak of coccidiosis can occur. Furthermore, the over-cycling of Eimeria
maxima is a predisposing factor for bacterial necrotic enteritis (Williams, 2005). Although a single
exposure to E. maxima oocysts can lead to protective immunity (Hu et al., 2000), if the chick’s
first exposure is during the highest risk period for necrotic enteritis, it is likely to develop this
disease. Albanese et al. (2018) investigated Eimeria maxima cycling in chicks vaccinated by
methods similar to those used in our study and demonstrated little cycling in the first week,
over-cycling in the second week, and less protection against an E. maxima challenge at 16 days
following coarse-spray vaccination.
We attempted to establish a protocol for calculating the volume ingested by individual
chicks using tracers. Our findings demonstrate that microspheres or fluorescein sodium can serve
as appropriate tracers for measuring individual ingestion of material by chicks following topical
applications. Although a substantial amount of the vaccine material administered is not ingested
by chicks, protocols that utilize tracer inclusion and recovery may serve as useful methods to guide
the improvement of ingestion rates with existing or new applications (e.g. probiotic
administration), and perhaps more importantly, such quantification methods can provide timely
validation of proper administration at commercial hatcheries. Understanding such precise
ingestion data allows vaccine manufacturers to adjust their formulations in order to ensure the
optimal dosage for product inclusion. The environmental conditions and the handling of materials
and chicks during vaccination in our study differ from those at commercial hatcheries due to the
fast-pace environment in the latter. Our methods could be applied to collect and process chicks
following vaccination at a commercial hatchery to ensure manufacturer protocols and vaccination
best practices are being followed.
Acknowledgements
The authors would like to thank Stephen Bell, Ceva Animal Health, for his technical
assistance in setting up and operating the Desvac Duo equipment. Ceva Animal Health, Guelph,
Ontario supplied the spray and gel-drop vaccination equipment utilized in this study. We would

119

also like to thank Roseann Kehoe, Nicholas Letwin, Evelin Rejman, Jessica Rotolo, Julia Whale,
and Elizabeth Zeldenrust (Department of Pathobiology, University of Guelph) for their technical
assistance with handling chickens, sample collection, and processing, and the staff of the
University of Guelph’s CAF Animal Isolation Unit for their expert animal care and support of our
research.

120

CHAPTER 6:
CONCLUSIONS AND GENERAL DISCUSSION
Over the past century, research on coccidiosis and its causative agents, Eimeria species,
has increased continually. In the most recent complete year of records (2019), 261 articles related
to Eimeria species were published, the most publications in any single year to date (Figure
6.1-Web of Science search for “Eimeria”). Despite the abundance of published and non-published
research that exists, the need and challenge to prevent coccidiosis infections in broiler chicken
production has not diminished. Currently, there are no sustainable and reliable means of preventing
the impacts of clinical or sub-clinical infections with Eimeria species. There are current existing
commercial practices and programs that are capable of effectively preventing clinical coccidiosis,
however, these will benefit from continued improvement to ensure the sustainability and continued
profitability of the poultry industry. The research and development of new products is also critical
to expand the toolbox of available technologies that can either be incorporated into existing
programs or, potentially, used on their own. This thesis has focused on understanding and
improving the two dominant coccidiosis prevention strategies used in commercial production
(i.e. in-feed medication and live-vaccination) as well as developing new technologies to assist in
the monitoring of Eimeria species infections.

Figure 6.1. Yearly count of publications related to Eimeria species infections over the past 25 years in
reverse chronological order. Source: Web of Science analysis on search for: “Eimeria”; October 3, 2020.

The objectives for the work described in Chapter 2 were to establish a protocol for
monitoring Eimeria species infections in commercial broiler production facilities and to set
benchmark values for oocyst cycling patterns from broiler flocks using either anticoccidial
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medication or live-coccidiosis vaccination to prevent coccidiosis. A standardized protocol for
collection of fecal samples was generated and validated, and then used to follow oocyst shedding
patterns using weekly collections. At the time of the sample collection, no previously published
work had demonstrated or measured oocyst shedding in healthy flocks in Canada. Previously
published studies that were conducted in the USA (Chapman et al., 2016b) had utilized litter
samples that generate distinctly different patterns of oocyst shedding than fresh fecal samples. The
standardized methodology being established, a wide range of individuals in the poultry industry
(e.g. broiler producers, veterinarians, service representatives, etc.) can now easily follow similar
procedures for fecal sample collection.
In Chapter 2, I observed distinct differences in OPG shedding patterns between medicated
and vaccinated flocks. It is difficult to determine the impact of these shedding patterns on growth
and production parameters due to the variety of compounding factors associated with field
research. Antibiotic usage is likely responsible for the differences that were observed between
conventional and RWA production in flock performance measured by typical production
parameters. It would have been ideal to have flocks that were vaccinated for coccidiosis and were
provided in-feed antibiotics. Most, if not all, commercial broilers producers have not opted for this
mixed type of disease prevention strategy likely due to economics; using the coccidiosis vaccine
does not provide a good return on investment unless the resulting product can attract the premium
associated with RWA production.
The high OPG shedding in medicated flocks is likely to have a negative impact on
performance; for every oocyst that is shed, many villar enterocytes have been destroyed from the
asexual and sexual stages of development that produced that oocyst. Every villar enterocyte
destroyed has an impact on absorption, gut integrity, and the immune response, all of which impact
growth and feed efficiency (Dalloul and Lillehoj, 2006; Quiroz-Castañeda and Dantán-González,
2015). However, an OPG value or shedding pattern cannot accurately predict the impact that
Eimeria species have on broiler growth and performance. Future work should investigate
individual bird responses (e.g. weight gain reduction and feed efficiency) to various clinical and
sub-clinical challenges of individual and mixed Eimeria species infections. It would be valuable
to conduct this work on broilers of various ages to fully understand when infections are most
problematic (Teeter et al., 2008); based on the results of Chapter 2, the ideal broiler ages to
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experiment with would be 14, 21, 28, and 35 days of age because the most likely times of highest
detected oocyst shedding were within these ages; the day 7 OPG count typically reflects the
vaccine application process and is not impacted by on-farm management.
When observing the OPG shedding pattern of a flock, one is mostly likely drawn to look
at the highest recorded OPG value. This value gives an indication of when the peak infection
occurred and the severity of infection experienced by the flock; based on these two pieces of
information in reference to a database of results from other flocks, a producer or flock specialist
could begin to interpret the effectiveness of the coccidiosis prevention strategy in use. Although
the maximum observed OPG value provides some idea of the impact the coccidia have on the
flock, all ages that demonstrate oocyst shedding should be monitored. It would be beneficial for
the entire shedding pattern to be available for interpretation as a whole; however, converting 3-5
OPG values and combining them for analysis becomes problematic. Similarly, temperature in a
barn varies daily, sometimes widely, and so it would be difficult to look at the mean temperature
for the entire growth period of the flock to know if it was optimal, or whether changes need to be
made to heating and ventilation for future flocks. To combine multiple OPG shedding data points
from a flock, one could calculate the average oocysts shed per bird in a flock by first determining
the total average oocysts shed per age (i.e. OPG × daily fecal output), followed by calculating the
area under the curve. The area under the curve is a simple mathematical equation combining the
values for each of the week’s worth of oocyst shedding (see equation below). Since the OPG value
is a concentration, the total number of oocysts shed by a bird would be calculated by multiplying
the OPG value by the total volume of feces excreted for that day, assuming oocyst shedding is
consistent within a day. The calculated amount of feces excreted could be estimated by the feed
consumption and the feed conversion ratio for each respective age.
𝑂𝑜𝑐𝑦𝑠𝑡𝑠 𝑃𝑒𝑟 𝐵𝑖𝑟𝑑
=

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑂𝑜𝑐𝑦𝑠𝑡𝑠 𝑆ℎ𝑒𝑑

+ 𝑂𝑜𝑐𝑦𝑠𝑡𝑠 𝑆ℎ𝑒𝑑

× (𝐴𝑔𝑒2 − 𝐴𝑔𝑒1) + ⋯

A 2-week-old flock sheds fewer total oocysts than a 4-week-old flock if both have the same
observed maximal OPG (Figure 6.2). This method would provide a single value for each flock’s
cumulative Eimeria species infection that could allow for easier evaluation of coccidiosis
prevention programs. Adding to the complexity of this, the size of the bird, and weight of the
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intestinal tract would allow for an infection per weight of intestine. Calculating the number of villi
destroyed per oocyst shed would permit further measurement on the burden of infection. In older
birds where there are more villi available, parasite-driven destruction may be less impactful;
however, Teeter et al. (2008) explains that older broilers (i.e. 4 weeks and older) are more impacted
by coccidial infections than younger chicks. Understanding the entirety of oocyst shedding that a
flock experiences would give an indication of the total number of host cells damaged or lost, and
further provide an estimate to the flock health throughout the grow-out.
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Figure 6.2. The oocysts per gram (OPG) and the oocysts per bird (OPB) for two flocks from Chapter 2
that were either vaccinated or medicated. The flocks were chosen because they had similar values for
their maximal OPG count (~155,000 OPG, solid lines). However, because the medicated flock had its
maximal OPG count 2 weeks later than the vaccinated flock, the medicated flock shed many more total
oocysts per bird (shaded areas) because each bird is producing much more feces per day at this older
age. In this example, calculating the area under the curve demonstrated that the vaccinated flock shed
278,523,858 OPB over the life of the flock whereas the medicated flock shed 425,064,150 OPB.

Now that such a sampling protocol has been established, and benchmark OPG values have
been generated from commercial flocks in Ontario, broiler producers will benefit from routine
sampling of their own flocks to better understand and manage their coccidiosis prevention
programs. Prior to this thesis, broiler producers and other industry personnel relied on veterinary
expertise to diagnose coccidiosis. Through ongoing analysis of flocks reared using various control
programs, individual producers can now determine what works best for their operation just as they
would for heat, litter, and air management and customize their coccidiosis prevention program.
The future of coccidiosis prevention programs will not utilize only one product or even one type

124

of product. Combining new and old products and technologies and applying them appropriately
and economically is likely to be the most sustainable prevention and control strategy.
In Chapter 3, I introduced and experimentally tested the concept of seeding a broiler facility
in Ontario with drug-sensitive isolates to improve anticoccidial efficacy at that facility. By using
the AST experiments it was demonstrated that drug efficacy did improve for isolates in flocks
following the vaccinal seeding. However, it is unclear how long this improvement would last.
Ideally, it would last for a minimum of 4 or 5 flocks. Typically, broiler farmers in Canada raise
5-7 flocks per year. If two successive flocks in the summer are vaccinated, the remaining 3-5 flocks
would be reared using standard in-feed anticoccidial medications. The goal of introducing
drug-sensitive strains is to improve the drug efficacy for the 3-5 conventional flocks that are reared
using anticoccidials (see to Figure 1.2). This may be more challenging for Canadian producers to
implement because of the legislated requirement to clean out all litter at the end of each flock. To
test this, unique isolates from 6 flocks (individually) after the vaccinated flocks should be collected
and subjected to an AST. Although this would provide a lot of detailed information, it would not
be practical or economical. Instead, flock performance may be a better indicator because these
metrics are most important to the broiler industry. Perhaps more complicated programs should be
considered such as vaccinating for 2 flocks in the early spring and summer, returning to a
medicated program in the late summer, and vaccinating the flock in early fall.
The inoculum used to challenge the birds has a profound impact on the results of the AST.
The composition of the Eimeria species in the inoculum is influenced by sample collection; there
is variability in when a particular species may begin to cycle and infect the flock. The timing of
sample collection in a flock (i.e. flock age) may be a component worth investigating. In the current
research, samples were taken at the end of the flock. Perhaps samples should be taken throughout
the grow-out period (i.e. on a weekly basis) and pooled. This might better represent the entire
challenge the flock is experiencing.
When designing a controlled coccidiosis infection experiment, researchers typically
challenge the chickens around 2 weeks of age; likely for ease of handling, minimum space usage
required, and to shorten the duration of the live-animal phase of each study. However, if a flock
typically is experiencing its peak Eimeria species infection at an older age (i.e. 4 weeks), then the
results from the AST may differ between these ages. Future work should confirm if the results
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from AST experiments are consistent across ages of chickens. Oocysts that are collected from
broilers of various weights/ages, would be inoculated to broilers of various weights to determine
how similarly they may or may not react. For instance, oocysts collected from a 4-week-old flock
may impact a 2-week-old less severely than the 4-week-old broilers.
Broiler chickens in a commercial operation would be exposed to and ingest Eimeria species
oocysts every day once cycling initiates in the facility. Exploring the impact of this continuous
challenge on broilers experimentally may need refinement relative to current practice. Typically,
challenge experiments are designed such that chickens are infected with only a single dose, and
frequently single species, of parasites (Hu et al., 2000; Allen et al., 2004; Mathis and Broussard,
2006; Ritzi et al., 2014). It may be informative to determine if single-challenge experiments
accurately mimic the impact of a typical field challenge of ongoing exposure. In a single-challenge
experiment, the synchronous development of the different life stages of each Eimeria species may
compete for host cells to infect. If designing a multi-challenge experiment, the same number of
oocysts spread out over 4-6 days could have a greater impact on bird performance than designs
previously used in the literature because of a reduction in competition between individual
parasites.
The OPG data in Chapters 2 and 3 were analyzed only at the genus-level; no species-level
identification of oocysts was attempted using morphometrics due to the overlap in sizes and
features among Eimeria species infecting chickens. A subset of samples that were collected in
Chapters 2 and 3 were used as part of the process to validate the technologies in Chapter 4. By
targeting genetic targets in the mitochondrial genomes of these parasites, both ddPCR and NGS
technologies could be applied to identify and quantify individual Eimeria species present in a
mixed sample. Obtaining this level of detail is unprecedented and, if used routinely, would open a
whole new world of understanding of Eimeria species and interactions among concurrent or
sequential infections with multiple parasite species. Both molecular assays targeted the same
genetic COIII locus but using slightly different detection technologies; unsurprisingly, estimated
abundance of individual Eimeria species in mixed samples was highly comparable between the
two assays (Figure 6.3).
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Figure 6.3. The comparison of the NGS- or ddPCR-based molecular assays on the quantification of
E. acervulina, E. maxima, and E. tenella in 12 samples containing various mixtures. The linear
relationship and high correlation indicate the two assays agree.

The ddPCR-based assay had difficulty differentiating two closely related chicken parasites,
E. tenella and E. necatrix; this was not surprising considering the similarity in their sequences.
Despite this technical difficulty, the results generated by this assay are still useful, especially in
cases where E. necatrix is not suspected (e.g. young broilers that are not vaccinated for
E. necatrix). Inspecting the COIII gene, there are no other suitable targets to design a probe that
can differentiate these two species. It would be worth investigating for other potential loci could
be used for a ddPCR-based assay, likely in the nuclear or apicoplast genomes.
The NGS-based assay showed great promise in differentiating all species. The future of
molecular based diagnostics will likely be using NGS, or more advanced, rapid sequencing
technologies yet to be developed. Although I was able to demonstrate the usefulness of this
technology for identifying and quantifying Eimeria species COIII mtDNA, future work should
calibrate the assay by determining the number of mitochondrial genome copies per oocyst for each
Eimeria species as well as the impact on these numbers, if any, of sporulation. Such calibration
would improve the accuracy of the quantification component of both NGS- and ddPCR-based
assays. One downfall of the NGS-based assay was the financial requirement for multiplexing many
test samples (96 to 384 individual samples per run) to offset the high cost of each sequencing run;

127

however, this could change as technologies become more affordable. Newer nanopore NGS-based
technologies such as the MinIon® (Oxford Nanopore Technologies, Oxford, United Kingdom) or
similar less expensive and more flexible options could make NGS-based methods amenable to
diagnostic labs and, perhaps, flock-side use.
Combining the relative species abundance information with OPG values will start to give
an unparalleled depth of understanding of infections with Eimeria species. Such detail would be
valuable for the management of both vaccinated flocks and medicated flocks. Vaccinated flocks
would benefit from understanding species-specific cycling of the vaccine constituents as well as
any ‘wild-type’ species circulating at a facility. Ensuring that all parasite species in the vaccine
begin to cycle within a flock is critical to ensure that development of immunity to all of the species
in the vaccine; insufficient cycling may lead to a later outbreak of a species that would normally
be controlled by the live coccidiosis vaccine. Understanding the species-specific oocyst cycling
would be valuable by providing indirect evidence to suggest when a flock becomes immune to
individual Eimeria species; the disappearance of particular species indicates the birds have
mounted immunity and the oocyst shedding has diminished. It would be interesting to understand
if chickens develop immunity to species with a shorter lifecycle (e.g. E. acervulina with a 5-day
endogenous lifecycle) faster than those with a longer lifecycle (e.g. E. tenella with a 7-day
endogenous lifecycle). Such information would also inform if non-vaccinal species are
contributing to oocyst cycling and would necessitate a review of the vaccine program with the
possibility of inclusion of autogenous vaccine components (i.e. addition of facility-specific
species). For flocks using in-feed anticoccidials, such an assay would be useful for monitoring
which Eimeria species are cycling and when this occurs over the life of the flock. Combined with
AST experiments for monitoring drug resistance, this could allow farm-specific tailored programs
rather than the current generic approach to anticoccidial programs. This would allow for a targeted
approach to the drug program when and where specific products are used only when a particular
species is problematic rather than simply feeding anticoccidials for the entire flock. Farm-specific
programs that utilize a variety of prevention strategies including non-pharmaceutical additives
would also be able to understand the impact their program has.
Figure 6.4a, c, and e illustrates data from one of the vaccinated flocks in the current thesis
including 1) the relative species abundance expressed as a percentage, 2) the relative species

128

abundance combined with the OPG values, and 3) the relative species abundance combined with
the log10 OPG values for the 4 ages that were sampled from this flock that were submitted to NGS
or ddPCR. The change in relative species abundance is fascinating; particularly the E. tenella
continually diminishing, the E. acervulina rise and fall, the E. maxima continually rising, and E.
mitis and E. praecox starting to increase at the end of the grow-out period. Combining the relative
species abundance with the OPG data really gives the best understanding of what the flock is
experiencing. The log10 transformed OPG data is another way to visualize the data; however, this
stacked graph must not have cumulative log values.
Figure 6.4b, d, and e illustrates data from one of the medicated flocks in the current thesis
including 1) the relative species abundance expressed as a percentage, 2) the relative species
abundance combined with the OPG values, and 3) the relative species abundance combined with
the log10 OPG values for the ages that were sampled from this flock that were submitted to NGS
or ddPCR. Based on these preliminary data, there is less diversity of species in medicated flocks
than vaccinated flocks, which is not surprising because the vaccinated flock had five Eimeria
species that were present because of the vaccination. It is quite remarkable to see such a shift in
species contribution from E. acervulina to E. tenella between days 28 to 34.
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Figure 6.4. Relative Eimeria species abundance of a vaccinated (a, c, and e) or medicated flocks (b, d,
and f) based on NGS data. a) and b) relative species abundance expressed as a percentage. c) and d)
relative species abundance combined with the respective OPG data. e) and f) relative species abundance
data combined with the respective OPG data log10 transformed.

The objective of Chapter 3 was to improve the effectiveness of anticoccidials in a
commercial setting by seeding a broiler facility with vaccine strains to introduce drug sensitivity,
and to understand how this practice would work in the Canadian market. The regulations of
cleaning out litter at the end of every flock may lessen or shorten the beneficial impacts of
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improved drug efficacy. Understanding of the microflora and pathogens in the manure may
influence the requirement to allow carry over of litter between flocks.
The two flocks that received the vaccine in Chapter 3 as part of the seeding process seemed
to have higher than usual maximal OPG values (~500,000 OPG) than the mean maximal OPG of
vaccinated flocks in Chapter 2 (110,000 OPG). I wonder if the wild-type E. acervulina isolate
originally in the barn was immunologically distinct to the vaccine strain, causing the birds to
experience two parasites of the same species simultaneously, just like the two E. maxima strains
reported commonly. Further work performing a cross immunization study would be extremely
interesting and valuable for the global poultry industry to understand if distinct strains of E.
acervulina exist. A cross immunization study would involve chickens that are trickle vaccinated
with one of the two strains (until sterile immunity is confirmed), followed by an experimental
challenge with the other strain to determine the level of immunological control (or lack thereof)
the immunized chicken has against this alternative strain.
These two vaccinated flocks had experienced necrotic enteritis at 14 days of age despite
having in-feed bacitracin or virginiamycin for prevention. About 2% of each flock died as a result
of necrotic enteritis. This is rather troubling that such mortality could occur, especially with an
in-feed antibiotic present. It appears the vaccine had caused this, but it is unclear why.
While conducting the field research outlined in Chapter 2, I learned about the different
coccidiosis vaccines available to the industry. At the time, two were commercially registered but
each used different application methods: coarse-spray and gel-droplet. Having investigated how
to improve anticoccidial medication effectiveness in Chapter 3, I sought to improve vaccination
practices in Chapter 5. In the experiments conducted in Chapter 5, I established an industry
connection with Ceva Animal Health, the manufacturer of the Immucox ® line of vaccines, to
develop a methodology to accurately measure vaccine ingestion. This research was more driven
from a hatchery management and vaccine manufacturer equipment perspective than on-farm
management. The objective of the research in Chapter 5 was similar to Chapter 2, in that I
attempted to establish a methodology that could then be used in the commercial broiler industry.
Just like vaccinated and medicated flocks in Chapter 2 are inherently different and should be
treated as such, so too are coarse-spray and gel-droplet vaccine applications. Both spray and gel
technologies can effectively deliver oocysts to chicks, although a large proportion of oocysts are
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lost during vaccine application. Whichever application method is used, an appropriate oocyst
concentration must be applied to achieve the correct oocyst delivery needed to initiate on-farm
cycling and eventual immunity development. With more replication (i.e. more chicks), I would
have had stronger data to show which method of measuring vaccine ingestion (e.g. total oocyst
output, microspheres, or fluorescein) is most reliable and reproducible. Future research should
consider microsphere inclusion in vaccines to measure ingestion. If there are no animal or human
health risks associated with using microspheres, it would be valuable to include the microspheres
in vaccine vials used at commercial hatcheries; a few chicks per vaccination delivery could then
be selected randomly each day for sampling to ensure vaccine ingestion at desired levels is being
achieved.
Now that we have an idea how much volume to use, and therefore how many oocysts the
chicks ingest, I would find it interesting to test flock immunity (i.e. herd immunity) following
non-uniform application. For instance, different proportions of broiler chicks would be
experimentally vaccinated (e.g. 50%, 75%, 95% or 100% orally-gavaged) in small groups and
observed for how each group develops immunity to the Eimeria species and determine if there are
any differences in performance.
The overall goal of this thesis was to generate data for the Canadian broiler industry on the
current status of preventing coccidiosis. By conducting field research, I aimed to put “boots on the
ground” and get a real-world perspective on what is happening on-farm. This was my first task
before I conducted any controlled experiments. Once I had established some benchmarks for OPG
shedding patterns, for both vaccinated and medicated flocks, patterns began to emerge, and outliers
stood out. The biggest outlier was a facility with multiple flocks that had disproportionately high,
and early, OPG counts. Only one of 22 facilities that were using in-feed anticoccidials
demonstrated this unusual pattern of oocyst shedding. If the same proportion of farms in the
province had a persistent issue of a failing drug program, there would be an estimated 60 out of
the approximately 1,300 broiler farms in Ontario with failing medication programs. If the average
size broiler farm is 20,000 per flock, this would equal 7.8 million chickens per year (based on 6.5
flocks per year) that are not receiving optimal coccidiosis control. Once I had determined this
facility seemed different, I wanted to learn how we could change it. Farmers can be averse to
change yet are always looking for improvement. The management of coccidiosis-vaccinated flocks
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requires more work than some farmers are willing to provide. For those farmers who have
anticoccidial resistance in their barns, their options for the foreseeable future are to either use a
bioshuttle program year-round, or to rotate between live-vaccination in the summer, and in-feed
anticoccidials the remainder of the year. Since the bioshuttle program is a short-term, single-flock
strategy, I wanted to learn about the rotation between prevention programs, and how drug
sensitivity could be restored. It would be interesting to investigate the economics of bioshuttle
programs and understand the return on investment if anticoccidial medications are required to
control cycling rather than appropriate management of the barn environment. It may very well be
that some situations such as high cycling environments (e.g. warm and wet environmental
conditions that promote cycling) may be better served using bioshuttle programs whereas low
cycling environments (e.g. low density or winter flocks) may be best served by environmental
management alone. I knew that it was important to comprehend the complexity of the disease, and
that I would have to dive deeper to understand relative species abundance and therefore
contribution to the impact on the host. Therefore, I sought for a way to identify and quantify
Eimeria species oocysts using modern, advanced DNA-based methodologies. The assays that I
have developed are more likely to be adopted by academia in the near future, and the poultry
industry once the cost of such assays declines.
This thesis has explored the key aspects, tools, and technologies available for managing
coccidiosis. The work described herein provides detailed information and guidelines for evaluating
Eimeria species infections and control strategies for such infections, as well as tools, concepts, and
ideas for researchers to utilize. Managing these parasites may always be a part of poultry
production and, with continued efforts, their impacts can certainly be lessened reliably and
affordably. Efforts at improvement will continue to be required from producers, government,
academia, and industry stakeholders; strong communication, creative innovation, and vigorous
research will be paramount for the continued success of feeding the planet.
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APPENDICES
Appendix 3.1.
The diets that were included in Experiment 3, Anticoccidial Sensitivity Test #2 were submitted
for drug recovery analysis to be conducted by the respective supplier. The non-medicated diet
contained undetectable levels of monensin.
Anticoccidial
Medication

Target Dose (ppm)

Measured Dose (ppm)

% of Label Claim

Monensin

100

60.2

60.2

Salinomycin

60

42.1

70

Decoquinate

30

24

81

40 (narasin)

47.3

118

125

20

16

Nicarbazin + Narasin
Zoalene
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Appendix 3.2 - Oocyst shedding. The mean total oocyst output per chicken (n = 3 replicates)
from days 4 through 10 post-challenge, inclusive, in chickens provided anticoccidial medicated
feed at 10 d of age then challenged with 1,000 sporulated oocysts of Eimeria Isolate 1 or Isolate
2 at 14 d of age. These values were used to calculate the reduction of oocyst shedding (Table 4)
to categorize each drug as resistant, partially sensitive, or sensitive.
Anticoccidial Medication Isolate 1 - Before Seeding Isolates 2 - After Seeding
Non-medicated

133,562,568

228,340,126

Amprolium

167,872,100

178,085,893

Clopidol

83,717,553

93,862,835

Decoquinate

14,044,521

13,642,709

Diclazuril

113,123,871

156,884,310

Lasalocid

144,818,850

187,455,326

Monensin

92,712,950

207,940,315

Narasin

131,088,741

172,714,208

Nicarbazin + Narasin

72,979,738

143,818,950

Nicarbazin

96,673,665

120,093,174

Robenidine

27,775

1,402,082

Salinomycin

175,102,858

156,412,135

Zoalene

122,391,463

185,948,070
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Appendix 3.3- Titration Data. The mean growth performance and lesion score of seven challenge groups (n=4 chickens/ group) to
identify a concentration of oocysts for each isolate that generates >2.5 Eimeria acervulina lesion score and a >15% reduction in
average daily gain (ADG).
ADG

Challenge

Dose

Day 19
ADG (g)
Avg BW (g)

Saline

0.0

522.8

40.7

2.00

100.0

1.25 × 105

527.0

31.0

2.52

2.5 × 105

464.3

32.5

5.0 × 105

419.5

1.25 × 105

Immucox
500×

Isolate 1

Isolate 2

FCR

E. acervulina
lesions

E. maxima
lesions

E. tenella
lesions

100.0

1

0

0

76.2

126.0

3

1.5

1

2.09

79.9

104.5

3

1.5

1.5

17.4

3.94

42.8

197.0

3

1.5

2.75

477.5

34.4

2.23

84.5

111.5

3.5

1.5

0

2.5 × 105

451.3

29.8

2.24

73.2

112.0

2.75

1.5

0

5.0 × 105

489.3

32.9

2.17

80.8

108.5

3

1.5

0

1.25 × 105

474.8

33.7

2.07

82.8

103.5

3

2

0

2.5 × 105

584.3

36.6

2.19

89.9

109.5

3.5

1

0

5.0 × 105

521.0

31.1

2.40

76.4

120.0

4

2

0

FCR

% of
% of Control
Control

All groups were provided non-medicated feed. Challenged at 14 d of age. Chickens weighed individually 5d post-challenge. Feed
consumption recorded from the period of day 14-19. Intestinal lesions were observed on day 19 (5 days post challenge).
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Appendix 4.1
A) Data output from one well (i.e. one sample), and the analysis of the droplets on one channel
(i.e. one fluorophore, e.g. Eimeria acervulina probe). Droplets are considered positive for the E.
acervulina DNA if their measured fluorescence was above the threshold (i.e. pick bar). In this
instance, droplets considered positive are shown as blue, and droplets considered negative are
shown as grey. B) The droplets in a well are analyzed in two channels independently: blue
droplets (i.e. FAM-labelled fluorophore) represent the droplets positive with the species-specific
probe; green droplets (i.e. HEX-labelled fluorophore) represent the droplets positive with the
genus-wide probe. This view of the software allows the user to manually adjust the fluorescence
threshold for each channel individually. Adjusting the threshold will change the number of
droplets categorized as positive. The software automatically calculates the copies/µL value based
on the proportion of positive to total droplets. The table within the figure titled “Well Data”
contains information on the well including raw and calculated values. C) The droplets in the
same well as Appendix 4.1-Figure B were analyzed in two channels simultaneously; Channel 1
is on the vertical axis and Channel 2 is on the horizontal axis. Similar to B), the threshold can be
adjusted to include or exclude droplets, and therefore the copies/µL. This particular sample
contains a single Eimeria species; therefore, the copies of genus-wide probe are equal to the
Species-specific probe so all droplets that contain one probe also contain the other probe (i.e.
double-positive, identified as orange). If a droplet were to contain the Genus-Wide probe only
(not shown), the program would show this droplet as green; this would be observed if the sample
contained more than one Eimeria species. Theoretically, if a droplet is positive for a speciesspecific probe, then it will also be positive for the genus-wide probe, and therefore, observing a
blue droplet is not expected (i.e. droplets should only be orange or green on this screen).
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Appendix 4.2. Workflow of processing the data from the Illumina MiSeq Next Generation
Sequencing (NGS) experiment using Geneious Bioinformatics software. Each sample had two
files (forward and reverse end reads) that were analyzed following a standard procedure. A) The
ends of the sequence reads were trimmed of the adapters used in the NGS chemistry.
B) Chimeras were removed from reads, independently, using the UCHIME program. Sequence
reads were then paired by name. C) The paired reads were trimmed using BBDuk trimmer
program set to minimum Q score (Phred quality score) of 22 and minimum sequence length of
200. D)Chimeras were removed from the paired reads. E) Sequences were then classified to the
list of references sequences of the seven described Eimeria species and the three Operational
Taxonomic Units. F) The output of the classification provided the number of sequences that
matched each of the Eimeria species and outlined the reads that could not be assigned to a
species.
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Appendix 4.3 Processing of Next Generation Sequence (NGS) reads in Geneious bioinformatics
software using different parameters during the BBDuk trimming. Minimum quality score was set
to 15, 20, 25, or 30 to observe how these may affect the number of usable/unusable sequences
and classification of sequences at the end of the pipeline. Four field samples that consisted of an
unknown mixture of Eimeria species were used. Based on these data, the final methodology used
a minimum quality score of 22.

Sample

Number
of paired
reads

Minimum
Quality
during
BBDuk
Trimming
15
20

F12D21

17164
25
30
15
20

F17D21

15678
25
30
15
20

F18D21

17656
25
30
15
20

F19D28

18532
25
30

Reads
after
trimming
(% of seq
removed)
17,132
(0.2%)
13,688
(20.3%)
8,058
(53.1%)
3,314
(80.7%)
15,652
(0.2%)
11,312
(27.8%)
5,442
(65.3%)
1,780
(88.6%)
17,610
(.3%)
11,372
(35.6%)
3,588
(76.7%)
552
(96.9%)
18,474
(0.3%)
11,192
(39.6%)
2,474
(86.7%)
180 (99%)

Reads after
chimera
removal -paired
and individual
reads
(# of
chimeric seq
reads removed)
16,852 (280)
13,458 (230)
7,882 (176)
3,200 (114)
15,568 (84)
11,228 (84)
5288 (154)
1694 (86)
17312 (298)
11,102 (270)
3416 (176)
490 (62)
18,366 (108)
11,102 (90)
2,416 (58)
162 (18)

Acerv
Seq #
(Relative
%)
6723
(45.7%)
6063
(45.4%)
3514
(44.8%)
1371
(43.0%)
1375
(10.9%)
1219
(11.0%)
532
(10.1%)
142 (8.4%
6809
(51.7%)
5549
(51.5%)
1704
(50.6%)
255
(52.5%)
700
(5.0%)
534
(4.9%)
112
(4.7%)
11 (6.8%)

Brun Seq
#
(Relative
%)

Max Seq
#
(Relative
%)

Mit Seq #
(Relative
%)

Nec Seq #
(Relative
%)

Prae Seq
#
(Relative
%)

0

8 (0.1%)

0

0

0

0

7 (0.1%)

0

0

0

0

6 (0.1%)

0

0

0

0

2 (0.1%)

0

0

0

0

0

33 (0.3%)

0

0

0
0

0
0
0
0
0
0
0
0
0
0
0
0

11138
(88.2%)
9719
(88.0%)
4667
(88.8%)
1531
(90.6%)
1955
(14.9%)
1518
(14.1%)
473
(14.1%)
68
(14.0%)
3755
(27.1%)
2715
(25.1%)
529
(22.1%)
30
(18.6%)

157

1056
(8.0%)
864
(8.0%)
227
(6.7%)

Unclassified
reads (too
low)

Unclassified
reads (no
match)

1244

907

108

0

40

0

15

0

84 (0.7%)

1785

1153

28 (0.3%)

77 (0.7%)

123

62

0

14 (0.3%)

42 (0.8%)

11

22

0

4 (0.2%)

12 (0.7%)

1

4

2456

1694

250

78

30

20

2

2

2629

1865

205

68

9

14

1

0

0

50 (0.4%)

0

45 (0.4%)

0

11 (0.3%)

0

0

0

0

0

0

60 (2.5%)

0

0

0

0

0

12 (2.5%)
536
(3.9%)
408
(3.8%)

Ten Seq #
(Relative
%)
7970
(54.2%)
7280
(54.5%)
4322
(55.1%)
1812
(56.9%)

3292
(25.0%)
2798
(26.0%)
951
(28.3%)
151
(31.1%)
8881
(64.0%)
7172
(66.2%)
1692
(70.7%)
120
(74.5%)

