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ABSTRACT 
 
 
 

DIVERSITY AND CROSS-IMMUNITY OF EIMERIA SPECIES 
INFECTING TURKEYS IN COMMERCIAL FLOCKS IN CANADA 

 
 
 
Rachel Imai Advisor: 
University of Guelph, 2018 Professor J. R. Barta 
 
 
 

To determine prevalence and diversity of Eimeria species in commercial turkey flocks, fecal 

samples (n=39) representing 27 commercial turkey farms (ON-20, SK-2, BC-3, AB-1, NS-1) 

were screened for coccidia; parasite diversity was determined using nested polymerase chain 

reactions targeting mitochondrial cytochrome c oxidase subunit I. Most samples (34/39) were 

Eimeria-positive with 1 to 6 species present (average 3.2 species/sample). An in vivo trial 

evaluated potential immunological cross-protection among the 6 detected Eimeria species. 

Protection against lesion development and reduced weight gains, and parasite fecundity were 

measured following high and low dose challenges, respectively. Significant adaptive 

immunological protection against lesion development, growth reduction, and parasite replication 

(95.4-100% reduced oocyst output) was demonstrated following homologous challenges. No 

adaptive immunological cross-protection between Eimeria species was detected. Diverse 

Eimeria species were both plentiful and widespread in Canadian commercial turkeys; the data 

reported herein will assist in the management of coccidiosis in commercial turkey operations. 
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1. INTRODUCTION 

The poultry industry is a large and profitable business sector in Canada having produced 

$4.3 billion worth of poultry and egg products in 2016 (Agriculture and Agri-Food Canada, 

2017). Across Canada, there are currently 551 turkey farmers that produce 183 million kg of 

turkey meat a year with an estimated total value of all turkey products worth $412 million 

(Agriculture and Agri-Food Canada, 2017). Additionally, according to the Turkey Farmers of 

Canada (2017), 154 million kg of turkey was consumed in the Canadian market in 2016. The 

viability of the commercial turkey production depends on the understanding and control of 

potential disease threats to this agriculturally important species. 

Coccidiosis has long been recognized as one such disease threat to intensively reared 

poultry (Blake and Tomley, 2014). This enteric disease is caused by protistan parasites belonging 

to the genus Eimeria (see Barta, 2001). It is a costly disease that plagues production birds and 

causes burdensome economic losses to the poultry industry (Dalloul and Lillehoj, 2006). Losses 

associated with this disease within the global poultry industry have been estimated in 2007 at 

$3 billion US (De Gussem, 2007) but this may be an underestimation for the 2017 market.  

Parasites in the genus Eimeria follow a typical apicomplexan life cycle with both sexual 

and asexual reproductive phases during exogenous (environmental) and endogenous (within 

host) life cycle development (Barta, 2001). Generally, unsporulated oocysts are released in feces 

into the environment; they sporulate, are ingested by the definitive host, and undergo merogony 

and gametogony before eventually being released as an unsporulated oocyst into the environment 

(Barta, 2001). Once sporulated, oocysts are environmentally resistant and can persist outside of 

the host for months to years (depending on the species and environmental conditions). In this 

state, they are able to be ingested by the proper definitive host and thus continue their life cycle 

(Barta, 2001). Due to this environmental hardiness, Eimeria spp. in poultry production are nearly 

impossible to eradicate once in a production facility; consequently, ongoing control of the 

parasite is important.  

Anticoccidial medications are commonly used within the turkey industry to control 

infection with Eimeria spp. Synthetic compounds, also known as chemical anticoccidials, as well 

as ionophores are the two groups of anticoccidials used widely in the industry (Chapman, 1984; 

Chapman 1999). One of the main issues regarding anticoccidial medications is the development 

of parasites resistant to medication (Chapman, 1984). Future successful control of coccidiosis in 
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the turkey industry may depend on the judicious use and administration of coccidiosis vaccines 

to poults. Live, unattenuated Eimeria vaccines consist of ‘wild-type’ Eimeria spp. oocysts 

delivered at low doses designed to cause coccidiasis through low-level environmental cycling 

that will stimulate protective immunity in young poults (Shirley et al., 2005; Peek and Landman, 

2011). In comparison, live attenuated Eimeria vaccines consist of field-isolated Eimeria spp. that 

have been repeatedly passaged using only the first oocysts produced during each infection cycle 

(Shirley et al., 2005). These precocious lines have decreased numbers of merogonic cycles and 

markedly reduced pathogenicity (Peek and Landman, 2011); attenuated vaccines are considered 

‘safer’ to apply because they are less likely to induce sub-clinical coccidiosis during vaccination 

and subsequent cycling within vaccinated flocks (Price, 2012). Nonetheless, in many countries 

non-attenuated vaccines are preferred because they are more cost effective and readily available 

(Chapman et al., 2002). Recombinant or experimental subunit vaccines that utilise cloned or 

natural antigens of coccidia to elicit an immune response have been investigated experimentally 

but have shown limited effectiveness. Research into various non-viable vaccines continues but 

commercialization and subsequent availability of these technologies has been slow (Vermeulen, 

1998). It is believed that subunit vaccines could address the issues of high cost and short shelf 

life associated with live vaccines (Vermeulen, 1998), but subunit vaccines have yet to be 

marketed for use in young poultry. 

Long experience using a variety of live coccidiosis vaccines in chicken production 

suggests that vaccination with individual Eimeria sp. do not induce a protective-immune 

response against other Eimeria spp. (i.e., heterologous) infecting the same host (Price and Barta, 

2010). Assuming the same lack of immunological cross-protection among Eimeria spp. in 

turkeys (Chapman, 2008), the efficacy of vaccines is restricted to the particular Eimeria spp. 

present in a live coccidiosis vaccine for turkeys. The only live coccidiosis vaccine licensed for 

use in Canada is Immucox®-T (manufactured by Ceva Animal Health, Vetech Campus, Canada) 

that contains only E. adenoeides and E. meleagrimitis; however, there are at least 2 additional 

pathogenic species that infect turkeys, E. dispersa and E. gallopavonis (see El-Sherry et al., 

2014a; 2014b; 2017; 2018). There is uncertainty regarding the diversity of Eimeria spp. present 

on commercial turkey farms in Canada. There are no published studies that identify specific 

Eimeria spp. on Canadian turkey farms that might threaten production. Without these data, it is 

impossible to determine whether Canadian flocks are likely to be protected immunologically by 
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the existing live coccidiosis vaccine licensed for use in turkeys that includes only 2 Eimeria spp.  

Research presented in Chapter 3 of this thesis will evaluate the coccidial challenge faced 

by turkeys reared on Canadian farms by determining distribution and diversity of Eimeria spp. 

present in fecal samples collected from commercial flocks. Without understanding the degree, if 

any, of immunological cross-protection among all Eimeria spp. described from turkeys, the 

suitability and efficacy of the existing licensed live coccidiosis vaccine for controlling 

coccidiosis in the Canadian turkey industry are unknown. Research presented in Chapter 4 

rigorously tests the potential for immunological cross-protection among 6 Eimeria spp. reported 

from turkeys in an in vivo challenge trial. By defining the threat to Canadian turkey production 

from coccidiosis and establishing the potential for cross-immunity among these species, a 

rational assessment of the potential for existing and future live coccidiosis vaccines for control of 

coccidiosis in turkeys is presented. 
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2. LITERATURE REVIEW 

2.1 Introduction 

Coccidia share a long coevolutionary history with the vertebrate hosts they so efficiently 

and effectively infect. Coccidia are obligate intracellular parasites belonging to the protistan 

phylum Apicomplexa and are capable of infecting all vertebrates (including humans) and follow 

a typical apicomplexan life cycle (Barta, 2001). Coccidiosis in poultry results from infections 

with parasites in the genus Eimeria Schneider 1875. These coccidia produce environmentally 

resistant oocysts capable of persisting in the environment for months to years (Barta, 2001). 

Eimeria spp. are highly species specific and the Eimeria spp. that infect chickens will not infect 

turkeys and so on (Vrba and Pakandl, 2015). In contrast to Eimeria spp. known to infect 

chickens, Eimeria spp. that infect turkeys have not been researched as thoroughly and therefore 

are less frequently represented in the scientific literature. The relative paucity of research on 

Eimeria spp. that infect turkeys (Meleagris gallopavo) compared to research on parasites 

infecting chickens is understandable given the size of the chicken broiler industry, but still 

surprising because the turkey meat industry is a multibillion dollar industry globally (~US$5.7 

billion annually in the USA (National Agricultural Statistics Service [NASS], 2016). Turkeys 

being raised for meat production are likely to encounter a range of Eimeria spp. over their period 

of growth and will likely suffer from coccidiasis, subclinical infection or clinically-detectable 

disease because of the ubiquity of these parasites. Coccidiosis largely impacts the profitability of 

meat production in the turkey industry. This negative impact of Eimeria spp. on production 

efficiencies highlights the need for more research in this field.  

Coccidiosis is a clinically apparent disease caused by infection with a variety of 

Eimeria spp. and is common in domesticated herds of animals but uncommon in wild animals in 

which coccidiasis or subclinical coccidiosis is more likely (Barta, 2001). The relative lack of 

documented cases of clinical coccidiosis in wild populations is most likely due to the low 

population density in much larger areas inhabited by wild animals that correspond with a lower 

likelihood of ingesting large numbers of infective oocysts (Price, 2015). On the other hand, the 

close contact of animals in intensively reared production facilities can result in large numbers of 

parasites being ingested with contaminated water or feed (Hammond and Long, 1973).  
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This literature review will outline turkey meat production in Canada and the USA (various 

housing and rearing techniques in production) and provide an overview of the biology of Eimeria 

(life cycle, modes of transmission, known species and pathological effects of coccidiosis on 

turkeys). Subsequent sections of the review will examine the economic effects of coccidiosis on 

the turkey industry, assessment of current vaccination methods, methods of control currently 

implemented, and methods to enhance live vaccination.  

2.2 Turkey Production in Canada 

In Canada, turkey meat production is a multimillion dollar industry contributing ~$412 

million CAD annually to the national economy (Agriculture and Agri-Food Canada, 2017). 

Turkeys are reared commercially (free run in controlled housing with or without outside access), 

in backyard operations and found as native wild turkeys through much of eastern North America 

(OMNR, 2007).  

2.2.1 Commercial Production 

2.2.1.1 Controlled Housing 

Indoor controlled house rearing of turkeys for meat occurs in commercial broiler and 

turkey production. In this form of housing, large numbers of turkeys can be reared under 

controlled conditions until they are ready for transport to the processing plant. For example, in 

Manitoba, the average farm produces 7,000 turkeys per flock at a rate of 3 flocks per year; turkey 

farmers in Manitoba raise 1.6 million birds per year (Manitoba Turkey Producers, n.d.). 

Coccidiosis outbreaks are detrimental to turkey producers because of the negative impact on 

growth performance. Consequently, many commercial turkeys are raised with prophylactic 

anticoccidial drugs incorporated into their feed. However, there is pressure from consumers to 

remove all in-feed medication (Sossidou et al., 2011). Therefore, producers are beginning to rely 

more on vaccines to protect their flocks from coccidiosis, particularly in the increasingly popular 

‘raised without antibiotics’ (RWA) poultry products (Cervantes, 2015). Following USDA-FSIS 

and CFIA guidelines, RWA means “no antibiotics in the feed, water, or by injection, including 

no ionophores”; chemical anticoccidial drugs can still be used in such production but have 

limitations (Cervantes, 2015). The effectiveness of the existing live coccidiosis vaccine approved 

for use in turkeys to control the parasites present in Canadian commercial turkey flocks will be 

explored in this research project. 
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The considerably longer grow out period for turkeys compared to broiler chickens is 

advantageous for live vaccine application. This is because immunity develops within the first 4 

weeks and the poults are protected for the remainder of the production period (Shirley et al., 

2005). In chickens, the period during which vaccinated broiler birds benefit from immunological 

protection is relatively brief (a few weeks until they reach market age), but this benefit of 

vaccination does occur during the period of maximum feed consumption; for turkeys, that period 

of immunological protection could last several months depending on the market size of the 

turkeys. Ideally, live coccidiosis vaccines would require little or no in-feed anticoccidial drug use 

and, with their protracted period of protection, be more practical in meat turkey production. In 

most of Canada and the US controlled environment meat turkey operations, poults start in a 

brooding barn from 0 to 4 or 5 weeks of age. The barn has climate and lighting control and birds 

are placed on new litter (Canada) or reused litter following windrowing (US) in the barn at each 

flock placement. From 4 or 5 weeks-of-age to market age (usually 12-20 weeks of age, 

depending on the size of the bird), turkeys are placed in a climate-controlled growing barn. 

Unlike the brooding barns in Canada, grower barns reuse litter; litter is not changed between 

most flocks; but may be ‘top-dressed.’ In Canada in some cases, turkeys may be brooded and 

then grown to market age in the same barn; in such cases, an all-in-all-out system is typically 

used (similar to broiler chicken production in Canada). In the grower barns, at cleanout there 

may be as much as a meter of compacted litter that will be removed using heavy equipment. In 

the deep litter systems, ammonia levels resulting from built up litter and feces would possibly 

degrade any remaining oocysts (Tewari and Maharana, 2011; Price, 2012; Price et al., 2014; 

FarmFood360, n.d.) and windrowing litter between flocks may reduce carryover of pathogens 

between flocks (Islam et al., 2013). 

2.2.1.2 Free-Range and Captive Wild Turkeys Raised in Pens 

Free-range poultry meat operations have seen strong support from certain consumer groups 

to replace “controlled-housing” with “free-range” production as the predominant form of turkey 

meat production (Shirley et al., 2005; Dalloul and Lillehoj, 2006; Peek and Landman, 2011; 

Sossidou et al., 2011). However, the concept of “free-range” encompasses a wide variety of 

different production systems, only some of which consumers may actually consider “free-range.” 

Free-range is usually envisaged as unfenced birds foraging on pasture (Sossidou et al., 2011). 

However, many birds used for meat that are labelled as free-range in stores, may not be able to 
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experience outdoor pasture during their lifetime due to seasonal disease concerns like Avian 

Influenza or winter weather (Sossidou et al., 2011). In the EU, regulations regarding free-range 

rearing require poultry to have a pop-hole leading out of the barn area, but due to many factors, 

some turkeys may never venture far from the barn (Sossidou et al., 2011). The challenges 

surrounding pastured poultry is that birds are exposed to more uncontrolled variables outdoors 

than when housed indoors, such as predators or infectious diseases as well as lower production 

efficiencies and less efficient feed conversion (Sossidou et al., 2011).   

2.2.2 Backyard Poultry 

Backyard or village poultry are common in developing countries and are important in small 

communities that rely on the meat as a source of protein and the eggs that can be sold or traded 

to help provide families with essentials such as clothing or medicine (Alders and Pym, 2009). 

However, within city limits in Canada or the USA, backyard farming is not as common as it may 

have been historically due to municipal bylaws that restrict, limit or forbid housing livestock 

such as poultry in backyards (Pollock et al., 2012). Backyard or village poultry is a necessity in 

developing countries for sustenance whereas, in Canada and the USA, interest in rearing 

backyard poultry is growing. Nonetheless, there is a renewed, niche, interest in rearing backyard 

poultry in Canada and the USA including the rearing of commercial and heritage breeds of 

turkeys seasonally for personal meat consumption. Backyard poultry may be reared as a hobby, 

for tradition, to obtain locally reared meat or eggs, or in response to animal welfare concerns 

(Pollock et al., 2012). In most cases, the incentive for rearing backyard poultry is not the 

reduction of food costs, because the cost of owning and caring for the poultry usually surpasses 

the cost of purchasing commercially produced meat or eggs (Pollock et al., 2012).  

Infectious disease risks associated with backyard poultry may involve infections with 

Eimeria spp. because of their susceptibility to infectious diseases from both commercial flocks 

and wild turkeys; although susceptible to infections with coccidia, the low stocking densities in 

most backyard poultry operations (especially free-ranged birds) would likely limit outbreaks of 

clinical coccidiosis. Precautions such as proper disposal of poultry manure while wearing gloves, 

ensuring good health status of the birds, and proper disposal of any birds that die are a few ways 

to decrease the infectious disease risks associated with backyard poultry (Pollock et al., 2012). 
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2.3 Wild Turkey Populations 

There is a paucity of information regarding the prevalence and genetic diversity of Eimeria 

spp., and resultant coccidiosis, in free-living wild turkey populations. Pen-raised wild turkeys 

reared for reintroduction into the wild may pose a threat to free-living wild turkeys because of 

the high prevalence of Eimeria in pen-raised wild turkeys (Ruff et al., 1988). Species of Eimeria 

known to infect domestic turkeys are the same parasites known to infect both free-living and 

pen-raised wild turkeys. Pen-raised wild turkeys are raised in the same way as domestic turkeys 

but, after a few weeks, are often moved from floor pens to outdoor runs (i.e., free-range). In an 

experiment in which wild turkeys were raised in pens to adulthood, 66% of 199 pen-raised 

turkeys had detectable coccidial infections; the lower prevalence of coccidial infections in adult 

birds in the pens suggested that protective immunity was being generated against these parasites, 

especially E. meleagrimitis (see Ruff et al., 1988). Shedding by older birds ensures exposure and 

likely transmission of coccidia to younger turkeys when introduced into the outdoor pens with 

the infected adults. Most cases of infection with Eimeria spp. in wild turkeys present as 

coccidiasis (Ruff et al., 1988). Due to the low-level nature of the infection in free-living wild 

turkey populations, infected pen-raised wild turkeys likely do not pose a major threat to 

free-living wild turkeys (Price, 2015). However, some parts of the natural range of wild turkeys 

in Canada and the USA may lack some established species of Eimeria and, therefore, care must 

be taken to avoid the introduction of novel parasite species into parasite-free areas (Ruff et al., 

1988). Free-living wild turkey populations have been documented with a 50% infection rate in 

poults across the southeastern United States (Prestwood et al., 1971) and a high prevalence and 

diversity of Eimeria spp. infecting hunter-harvested wild turkeys in Ontario was recently 

demonstrated (MacDonald et al., 2018). However, no studies have been published that have 

assessed the impact of infections with Eimeria spp. on free-living wild turkeys.  

2.4 Life Cycle 

Eimeria spp. follow a typical apicomplexan life cycle, consisting of both sexual and 

asexual reproductive phases (Barta, 2001). The life cycle of Eimeria spp. is conserved among 

vertebrates infected with the parasite. Eimeria spp. have exogenous (environmental) and 

endogenous (within the host) elements to their life cycle (Barta, 2001). A sporulated oocyst 

possesses 4 sporocysts that each contain 2 sporozoites (i.e., 8 sporozoites per sporulated oocyst); 
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these environmentally-resistant forms are infectious for their vertebrate host and may remain 

infective for months to years until ingestion by a competent host(s). Once a suitable host ingests 

the sporulated oocysts, the sporocysts are released by grinding in the gizzard and then the 

sporozoites are released (excyst) in the digestive tract when exposed to digestive enzymes and 

bile. The sporozoites are then free to penetrate host intestinal epithelial cells within the digestive 

tract that initiates intracellular replication (merogony- asexual replication). Frequently, asexual 

replication was referred to as schizogony in coccidial life cycles because merogony frequently 

occurred by a schizogonous process (karyokinesis to more than two nuclear copies precedes 

cytokinesis; i.e., multiple fission) (Kheysin, 1972). For many coccidia, merogony occurs within 

the cytoplasm of infected host cells and involves multiple mitotic (asexual) divisions resulting in 

the production of a multinucleated meront (a syncytium). First-generation merozoites (motile 

forms resulting from asexual replication) are released from meronts by simultaneous cytoplasmic 

division (schizogony), exit the host cell (usually killing it) before penetrating new host cells. The 

number and location of the various merogonic cycles of replication are limited by genetic 

predetermination; thus, the number of infective oocysts ingested by a susceptible host is directly 

related to the intensity of infection and, consequently, the severity of any resulting disease 

(Barta, 2001). The predetermined number of merogonic cycles is independent of the parasitic 

load and immunological status of the host. Simply, in the immunologically naïve host, ingestion 

of higher numbers of oocysts translates to a more serious disease. Following the completion of 

the last cycle of merogony, this final generation of merozoites penetrate host cells and undergo 

sexual development (gametogony). During this phase, each host cell infected with a merozoite 

develops into either a male or female gamont (pre-gametes). Each female gamont 

(macrogamont) matures to a single macrogamete (stage that undergoes fertilization) and each 

male gamont (microgamont) matures to produce 10’s to 100’s of mature microgametes 

(biflagellated to allow for travel and subsequent penetration of immobile female macrogametes) 

(Fayer, 1980). Microgametes seek macrogametes and penetrate the mature macrogamete 

signaling fertilization (creating a zygote) (Barta, 2001). Wall-forming bodies are stimulated to 

fuse and form the oocyst wall of the unsporulated oocyst (Barta, 2001). The oocysts are then 

shed in the feces when the natural sloughing of intestinal cells occurs during epithelial cell 

turnover. Following their release into the environment, the unsporulated oocysts then sporulate to 

become infective during the final phase of the life cycle termed sporogony (Barta, 2001).  
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2.5 Transmission and Routes of Infection 

Eimeria spp. infecting turkeys and domestic poultry are able to maintain infectivity of 

oocysts due to their environmental resistance and ability to be transmitted by: a) Fecal-oral route 

(environmental contamination); or b) using transport hosts or fomites. Transmission of 

Eimeria spp. is largely influenced by the hardiness of the oocyst wall and its consequent 

resistance to many commercially used disinfectants (e.g., bleach) as well as physical or 

biological degradation in the environment. Oocysts sporulate best in warm and moist conditions 

(typically 25-30°C with relative humidity of 40 to 70%) (Reyna et al., 1983). Oocysts retain 

infectivity best in moist (approximately 40% moisture content) and cool environments (Reyna et 

al., 1983). Thus, poultry barns offer ideal conditions that ensure oocyst survival and infectivity as 

well as many suitable hosts to continue the Eimeria life cycle (Reyna et al., 1983).  

2.6 Transmission 

2.6.1 Fecal-Oral (environmental contamination) 

Direct transmission of Eimeria spp. infecting turkeys in controlled poultry houses is similar 

in most respects to Eimeria spp. infecting chickens. In Canada and the USA, the overlap of 

commercial turkey rearing with free living wild turkey populations increases the possibility of 

transmission of pathogens to commercially reared meat turkeys. In contrast, chickens are not 

naturally occurring wild fowl in Canada and the USA. Wild turkeys can be naturally infected 

with Eimeria spp. that could contribute to the persistence of these parasites in the natural 

environment with free-range poultry and within commercial controlled environment facilities. 

Free-range turkeys may be at an increased risk of exposure to oocysts in the environment 

through their foraging behaviour via ground pecking and scratching (Sossidou et al., 2011). 

Oocysts may also spread to different areas of the pasture via wind and water, ensuring a wider 

distribution of the parasites. Another potential method of transmission is by pecking at fecal 

contaminated carcasses of infected birds, a behaviour common in wild, free-range turkeys and 

commercial turkey operations (Sossidou et al., 2011). Poultry have cannibalistic tendencies and 

feather-peck whether on pasture or in a controlled atmosphere (Sossidou et al, 2011). Fecal 

debris (and oocysts) on soiled feathers enhance transmission of Eimeria because of this 

feather-pecking behaviour (Sossidou et al., 2011). 
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In commercial poultry operations, direct transmission of Eimeria spp. is a major concern 

due to the ideal environment for oocyst persistence in the litter (Long et al., 1975). Accumulated 

litter (rearing subsequent flocks of poultry on previously used litter, with or without 

top-dressing) was shown to permit transmission of Eimeria oocysts to subsequent flocks (Koutz, 

1951). The types of flooring underlying the litter affects oocyst survival (Long et al., 1975), but 

neither concrete nor earth-floored poultry houses remained free of Eimeria sp. oocysts following 

cleaning. Fresh litter placed on top of cleaned concrete floors was determined to have oocysts as 

early as 2 weeks after a new flock was placed. Earth-floored houses were unable to be 

thoroughly cleaned and after 4 weeks, similar numbers of oocysts were found in earth-and 

concrete-floored houses (Long et al., 1975).  

2.6.2 Transport Hosts and Fomites 

In commercial or backyard poultry operations, failure to comply with biosecurity protocols 

can lead to Eimeria spp. transmission between flocks and to other facilities. The 

environmentally-resilient oocysts may be transported via feces on the bottom of boots or on 

clothes, or on the hands of animal handlers (Fayer, 1980). This method of carrying oocysts may 

allow the spread from location to location and is highly likely without effective biosecurity 

protocols (Fayer, 1980). Typically, commercial poultry operations maintain moderate to high 

biosecurity standards; however, in facilities or regions with poor or no biosecurity, introduction 

of coccidia via transport hosts (an organism that is used to transport the parasite to an appropriate 

host) or fomites pose a threat to flocks (Graczyk et al., 1999). Another form of transmission of 

oocysts between facilities or from one farm to another is through the mechanical spread of 

oocysts by migratory birds (Chapman, 2008). Invertebrates (e.g., earthworms, flies and other 

insects) can act to transport oocysts through carrying the oocysts in their digestive tract and on 

their outer body (Fayer, 1980; Reyna et al., 1983, Graczyk et al., 1999). Invertebrates that carry 

oocysts is an important mode of transmission because poultry pecking behaviour exposes them 

to the ingestion of insects in the wild, free-range and controlled rearing operations. Even when 

biosecurity measures are fully enforced, flies or darkling beetles may enter facilities and be 

ingested by turkeys. The possibility of transmission through invertebrate transport hosts is 

difficult to control in these facilities if there is accumulated litter (Reyna et al., 1983). In 

free-range operations, earthworms predominate in pastures and are commonly ingested by 

turkeys due to their frequent foraging at ground level (Fayer, 1980). Earthworms are considered 
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a paratenic host (a host that is used to carry stages of a parasite but are not needed for parasite 

development) and have been found to carry oocysts (Jacobs et al., 2016). Lastly, weather 

conditions may impact transmission.  Abundant rainfall can lead to mud and wet manure that can 

serve as substrates for fly breeding (Sossidou et al., 2011). These flies could then act as transport 

hosts that might enhance transmission of the coccidia in the environment through foraging by 

potentially susceptible turkeys. 

2.7 Different Eimeria species Infecting Turkeys 

Historically, Eimeria spp. infecting turkeys were distinguished by their prepatent periods, 

oocyst dimensions (see Figure 2.1), tissue trophisms within the intestinal tract, pathogenicity 

and likelihood of causing mortalities in infected flocks (Chapman, 2008). There are currently 

seven described species of Eimeria that infect both wild and commercial turkeys worldwide, 

namely: E. meleagrimitis (Tyzzer 1929); E. meleagridis (Tyzzer 1927); E. gallopavonis 

(Hawkins 1952); E. dispersa (Tyzzer 1929); E. adenoeides (Moore and Brown 1951); E. innocua 

(Moore and Brown 1952); and, E. subrotunda (Moore, Brown and Carter 1954). Unfortunately, 

many of the original species descriptions were less rigorous compared with modern species 

descriptions and no original type material was associated with these early species descriptions 

(e.g., El-Sherry et al., 2014a; b; 2015; 2017; 2018 in press). Consequently, some of the early 

species descriptions for one parasite may have considerable overlap with other Eimeria spp. in 

the same host. These original species descriptions also suffered from use of parasites isolated 

from natural infections that had normally not been purified rigorously to only a single species 

(i.e., through single oocyst derived lines of parasites that were unequivocally monotypic). Thus, 

at least some original species descriptions may have been based on mixed species infections 

(e.g., El-Sherry et al., 2014a). In the following section, the original descriptions will be 

compared with more recent, formal species re-descriptions based on modern isolates to better 

define the characteristics of each species. Unfortunately, the isolates upon which the original 

species descriptions were based are no longer available for study and no type material was ever 

deposited in any museum. Of necessity, modern, formal re-descriptions of Eimeria spp. in 

turkeys (e.g., El-Sherry et al., 2014a; b; 2015; 2017; 2018 in press) can only compare modern 

isolates with the text and photos of the original published species descriptions (e.g., Tyzzer, 

1927, 1929; Moore and Brown, 1951; 1952; Hawkins, 1952), regardless of their completeness or 

lack thereof. 



13 

 
Figure 2.1: Diagrammatic representation of a typical eimeriid oocyst with detail of the apical end 
of oocysts possessing a micropyle (inset). Based on Duszynski and Wilber, 1997. 

2.7.1 Eimeria meleagrimitis 

In the original species description of Eimeria meleagrimitis by Tyzzer (1929), oocysts 

were described as ovoid with a smooth oocyst wall. In comparison, more recent descriptions of 

E. meleagrimitis described the oocysts as broadly ellipsoid that narrowed slightly at one end 

(El-Sherry et al., 2014b; 2015). The oocyst wall was smooth and bilayered but with no micropyle 

or oocyst residuum. Eimeria meleagrimitis is considered to be one of the more pathogenic 

species and infections cause reduced weight gain, reduction in feed intake (depending on dose), 

and necrosis and ulceration of the intestinal tract (El-Sherry et al., 2014b). Clarkson (1959a) 

observed up to 36% mortality with doses of up to 5 × 105 oocysts in naïve poults; El-Sherry et al. 

(2014b) did not record mortalities at similar inoculation doses but both host and parasites 

differed with respect to strain, age, and/or type of feed given. 

Tyzzer (1929) described mean oocyst dimensions of 18.1 by 15.3 µm (shape index [SI] of 

1.18) that were similar to El-Sherry et al. (2015) who reported 18.9 by 15.7  µm (SI = 1.2). In 

contrast, other authors reported mean oocyst sizes of 19.2 by 16.3 µm (Hawkins, 1952) and 20.1 

by 17.3 µm (Clarkson, 1959a). Unlike the situation with many other Eimeria spp. infecting 
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turkeys, the oocyst dimensions of E. meleagrimitis are largely in agreement among available 

studies. Sporulation takes 24-48 hours (depending on temperature); 24 hours at 26°C (Clarkson, 

1959a) and 48 hours at ‘room temperature’ (Hawkins, 1952). Endogenous development occurs 

primarily in the upper small intestine (duodenum) where both meronts and gamonts are located; 

however, these stages may also be found along the entirety of the small intestine into the ceca 

and colon (Tyzzer, 1929). According to El-Sherry et al. (2014b), asexual stages of 

E. meleagrimitis are found in the duodenum but more numerous in the jejunum (Figure 2.2, A). 

 

Sexual stages were also found throughout the intestinal tract (similar to the original 

description by Tyzzer, 1929); however, sexual stages were more common in the lower part of the 

intestine into the cecal neck but not the cecal pouches (El-Sherry et al., 2014b) (Figure 2.2, B). 

Mature gamonts were present at approximately 114 hours, and the prepatent period was 

determined to be 114-118 hours (Tyzzer, 1929). El-Sherry et al. (2014b) found the prepatent 

period to be 120 hours, similar to the original description. 

2.7.2 Eimeria meleagridis 

Tyzzer (1927) described E. meleagridis oocysts as ellipsoidal with a polar granule but no 

micropyle. A more recent description by El-Sherry et al. (2015), the oocysts were reported as 

ovoid, narrowing at one end with a smooth and double-layered oocyst wall and a single polar 

granule. Tyzzer (1927), recorded that the oocysts had a mean measurement of 24.4 by 18.1 µm 

(SI = 1.35) (American strain); however, Clarkson (1959b) recorded the English strain was 22.4 

by 16.25 µm (SI = 1.38). In comparison, El-Sherry et al. (2015) found the oocysts were 26.3 by 

16.9 µm (SI = 1.56). Sporulation takes 24 hours at 26°C; endogenous merogonic development 

occurs in the small intestine and ceca (Tyzzer, 1927) and sexual generation occurs specifically in 

Figure 2.2. Diagrammatic representation of the distribution of 
asexual stages (A) and sexual stages (B) of Eimeria 
meleagrimitis along the digestive tract of turkeys, Meleagris 
gallopavo. Intracellular stages move from the proximal to the 
distal portions of the intestinal tract during endogenous 
development. 

(Reproduced from El-Sherry et al. (2015) with permission.) 
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the ileum, ceca and rectum (Clarkson, 1959b). Matsler and Chapman (2006) found asexual 

stages in areas from the jejunum to the ileum and in the cecum, and multiple sexual stages were 

found in the rectum, and cecum (Refer to Figure 2.3). 

 
Matsler and Chapman (2006) reported the shedding of small numbers of oocysts at 102-

108 hours post-infection despite finding only immature gamonts in the mid- and terminal cecal 

pouches but then went on to state that maturing gamonts and oocysts were numerous in the 

cecum and rectum at 120 hours post-infection; these observations agree with El-Sherry et al. 

(2018, in press) who reported mature gamonts at 112 hours post-infection and a prepatent period 

of about 120 hours and the original species description by Tyzzer (1927).  

2.7.3 Eimeria gallopavonis  

Eimeria gallopavonis accounts for some of the larger oocysts that infect turkeys. Its 

geographic range is substantial with reports of the parasite from North America, India, Europe 

and the former USSR (Hawkins, 1952). Hawkins (1952) found that oocysts were ellipsoid in 

shape and had no micropyle or polar body. In contrast, El-Sherry et al. (2018, in press) described 

the oocysts of this species as broadly ovoid and, like many others, narrowed at one end. The 

oocyst was smooth and had a double-layered wall with no micropyle but multiple (1-4) polar 

granules. Hawkins (1952) recorded oocysts as 27.1 by 17.2 µm (SI = 1.58) similar to a more 

recent description by El-Sherry et al. (2018, in press) in which oocysts were 27 µm (24-31) by 19 

µm (16-21) (SI = 1.44). Sporulation takes 48 hours at 26°C (El-Sherry et al., 2018, in press). 

Endogenous development occurs in the epithelium of the distal small intestine into the cecal 

neck, colon and rectum (see Figure 2.4). Similarly, Vrba and Pakandl (2014) documented that 

endogenous development occurs in the ileum, cecum and rectum. 

Figure 2.3. Diagrammatic representation of the distribution 
of asexual (A) and sexual stages (B) of Eimeria meleagridis 
along the digestive tract of turkeys, Meleagris gallopavo. 
Intracellular stages move from the proximal to the distal 
portions of the intestinal tract during endogenous 
development. 
 
(Reproduced from El-Sherry et al. (2018) with permission.) 
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Gamonts develop from the fourth to the sixth day post-infection, and are found along the 

sides, up to the tips of the villi and in the deep glands in the jejunum, ileum, cecal neck and 

rectum (El-Sherry et al., 2018, in press). The prepatent period is 144 hours (6 days), which is the 

longest amongst all Eimeria spp. known to infect turkeys (Hawkins, 1952). 

2.7.4 Eimeria dispersa  

According to Hawkins (1952), oocysts of E. dispersa are broadly ovoid, have no 

micropyle, and measure 26 µm by 21 µm (SI=1.24). Due to the size, this parasite represents the 

largest of the seven species. Similarly, according to a more recent study by El-Sherry et al. 

(2017), oocysts were 26 by 21 µm. The oocysts were sub-spherical and had a smooth, 

single-layered wall without a micropyle or polar granule. Sporulation takes 45 hours and this 

species is unusual in its ability to infect not only turkeys but may also readily infect other birds 

such as quail (Tyzzer, 1929). Tyzzer (1929) and Hawkins (1952) isolated E. dispersa from quail 

and produced a patent infection in turkeys. Vrba and Pakandl (2014) demonstrated the reciprocal 

case when they isolated E. dispersa from turkeys and generated a productive, patent infection in 

quail. According to Hawkins (1952), endogenous development occurs in the epithelium of the 

proximal small intestine. More recently, it was confirmed that endogenous development occurred 

in the duodenum, jejunum and some stages were also detected more distally in the ileum (See 

Figure 2.5) (El-Sherry et al., 2017).  

Figure 2.4. Diagrammatic representation of the 
distribution of asexual (A) and sexual (B) stages of 
Eimeria gallopavonis along the digestive tract of 
turkeys, Meleagris gallopavo. Intracellular stages move 
from the proximal to the distal portions of the intestinal 
tract during endogenous development. 

 

(Reproduced from El-Sherry et al. (2017) with 
permission.) 



17 

 

Sexual stages were found throughout the upper intestinal tract and were also found in the 

cecal neck with no development deeper into the cecal pouches (See Figure 2.5) (El-Sherry et al., 

2017). The prepatent period is 5 days in turkeys but is reduced to 4 days in quail (Tyzzer, 1929; 

Hawkins, 1952).  

2.7.5 Eimeria adenoeides 

Moore and Brown (1951) described E. adenoeides oocysts as ellipsoid in shape and 

slightly asymmetrical with no micropyle. In comparison, El-Sherry et al. (2014a) found that 

oocysts were ellipsoid and narrowed slightly at one end with no micropyle. The oocyst 

dimensions reported by Moore and Brown (1951) were 25.6 (18.9 to 31.3) µm by 16.6 (12.6 to 

20.9) µm (SI = 1.54). Sporulation at room temperature was reported to take as little as 24 hours 

(Moore and Brown, 1951). El-Sherry et al. (2014a) documented oocyst measurements as 18.7 

(16.7 to 22.5) µm by 14.3 (13-16.2) µm. The dimensions reported by El-Sherry et al. (2014a) 

were notably smaller than those originally reported by Moore and Brown (1951). In the original 

species description of E. adenoeides by Moore and Brown (1951), the range of oocyst 

measurements were large, and the shape indices were variable. Re-examination of the original 

species description convinced El-Sherry et al. (2014a) that the species description of 

E. adenoeides was confused by the presence of E. gallopavonis in the parasite isolates used for 

the species description. Moore and Brown (1951) found that 1-3 polar granules were within each 

of the sporulated oocysts; however, more recently, El-Sherry et al. (2014a) described one polar 

granule to be evident. According to Moore and Brown (1951), endogenous development occurs 

in the distal small intestine, cecum, colon and rectum, which corresponds with more recent 

findings documented by El-Sherry et al. (2014a) (Figure 2.6).  

Figure 2.5. Diagrammatic representation of the 
distribution of asexual (A) and sexual (B) stages 
Eimeria dispersa along the digestive tract of turkeys, 
Meleagris gallopavo. Intracellular stages move from the 
proximal to the distal portions of the intestinal tract 
during endogenous development. 
 
(Reproduced from El-Sherry et al. (2017) with 
permission.) 



18 

 
As described by Moore and Brown (1951) and confirmed in subsequent work by El-Sherry 

et al. (2014b), E. adenoeides was observed to infiltrate the mucosa of the deep glands setting this 

species apart from the other 6 known species. Gamonts are found on the fifth day and the 

prepatent period is 114-132 hours according to Clarkson (1958) but is 112 hours according to 

Moore and Brown (1951). The patent period is reported to be unusually long at 12 to 13 days 

(Moore and Brown, 1951); this protracted shedding may be the result of formed oocysts being 

retained in the ceca for some time after the conclusion of endogenous development. Eimeria 

adenoeides is found distributed in Europe, North America and India in a similar geographical 

range as E. gallopavonis (Moore and Brown, 1951).  

2.7.6 Eimeria innocua 

Moore and Brown (1952) described a new species, E. innocua, that possessed oocysts 

similar to E. dispersa with no micropyle but is subspherical in shape. Oocysts of E. innocua were 

22.4 by 20.9 µm (SI = 1.07), had no polar granules, and took 48 hours to sporulate at room 

temperature (Moore and Brown, 1952). Endogenous development was observed in the villi 

(primarily the tips) of the small intestine, with mature gamonts and oocysts evident on the fifth 

day after infection (Moore and Brown, 1952). The prepatent period was determined to be 114 

hours and the patent period 9 days (Moore and Brown, 1952). Although E. innocua is distributed 

widely in Europe and North America, it is one of the less frequently reported of the Eimeria spp. 

known to infect turkeys. Eimeria dispersa and E. innocua share the ability to infect quail and 

belong to a phylogenetic clade distantly related to other Eimeria spp. that infect turkeys (Vrba 

and Pakandl, 2014). This leads to the recently recognized possibility that turkeys may not be the 

main host for E. dispersa and E. innocua (see Vrba and Pakandl, 2014).  

  

Figure 2.6. Diagrammatic representation of the 
distribution of first (A) and second (B) 
generation asexual development of Eimeria 
adenoeides in the digestive tract of turkeys, 
Meleagris gallopavo. Gamete development and 
oocyst production is found in the cecal pouches 
as well as moving posteriorly into the rectum 
(C). 

 
(Reproduced from El-Sherry et al. (2014a) with 
permission.) 
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The most recently described Eimeria sp. reported to infect turkeys is E. subrotunda 

(Moore, Brown and Carter 1954); this parasite has been reported from North America and 

Europe. Moore et al. (1954) described the oocysts as subspherical without a micropyle or polar 

granule after a 48-hour sporulation. The oocysts were 21.8 by 19.8 µm (SI = 1.10) and 

endogenous development was observed mainly in the duodenum and ileum of the small intestine 

and upper colon (Moore et al., 1954). The prepatent period was recorded as 96 hours with an 

unusually long patent period of 12-13 days (Moore et al., 1954). The validity of this species is 

suspect, as subsequent researchers have been unable to identify this species from field samples 

(Chapman, 2008; Ogedengbe et al., 2014; Vrba and Pakandl, 2014). It is possible that this 

species was described from a mixed infection of E. dispersa and E. innocua due to past difficulty 

in isolating single species (Vrba and Pakandl, 2014).  

2.7.7 Genotyping Eimeria species 

Despite almost 100 years since the naming of the first turkey coccidium in 1927, 

Eimeria spp. that infect turkeys remain confusing taxonomically and morphologically (Vrba and 

Pakandl, 2014; El-Sherry et al., 2015). Early genotyping relied on the use of nuclear 18S 

ribosomal RNA genes of these parasites, but these data were demonstrated to be unreliable for 

species differentiation because of a lack of interspecific variation and excessive intraspecific 

variation because of paralogous gene copies (El-Sherry et al., 2013). With the completion of the 

mitochondrial genomes of 6 Eimeria spp. that infect turkeys (Ogedengbe et al., 2014; Hafeez et 

al., 2015), sufficient molecular data from a suitable genetic locus (mtCOI) became available to 

unequivocally assign parasite isolates to a particular species (e.g., El-Sherry et al., 2015; Hafeez 

et al., 2015). With the recent availability of reliable molecular genotyping methods, 

morphological identification of Eimeria spp. in turkeys using comparatively unreliable oocyst 

morphometrics is becoming difficult to justify. Going forward, species descriptions or 

re-descriptions will likely include both morphometric and molecular data to support any 

proposed taxonomic decisions (e.g., El-Sherry et al., 2014a; b; 2015; Hafeez et al., 2015).   

Nonetheless, it is probable that all these parasites can cause production-robbing subclinical 

infections in high performance commercial turkey breeds whether or not these species cause 

clinically apparent disease. The roles that each of these parasites play in turkey coccidiosis can 

only be assessed through well-controlled in vivo cross-immunity experiments. 
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2.8 Coccidiosis in turkeys 

2.8.1 Cross-Immunity 

Cross-immunity is accomplished through solidly immunizing turkeys to a pure strain of 

one Eimeria sp. and then challenging the same immunized bird with a pure strain of a different 

Eimeria sp. known to infect turkeys (Matsler and Chapman, 2006). Vrba and Pakandl (2014) 

published the first and, to date, only large-scale cross-immunity study of Eimeria spp. that infect 

turkeys. Unfortunately, all cross-challenge experiments were not done concurrently and the 

variability in the methods from one cross-immunity trial to the next severely limited the overall 

reliability of their results (see Supplementary data 3 of Vrba and Pakandl, 2014). For their first 

type of cross immunity experiment performed, groups of 5 turkeys were inoculated with a pure 

strain of one species of Eimeria and subsequently challenged by a second Eimeria sp. at some 

variable time later. Each group of immunized poults was inoculated with doses of 500 to 8,000 

oocysts per bird; one group was immunized with 9,520 oocyst equivalents (i.e., 38,080 

sporocysts) (Vrba and Pakandl, 2014). The age of the poults at the time of inoculation 

(“immunization”) varied from 9-37 days of age and any immunity generated resulted from an 

infection initiated with a single (and variable) dose of oocysts (Vrba and Pakandl, 2014). For 

example, one group was immunized with 4,000 oocysts of E. innocua but in a second trial, poults 

were immunized with 500 oocysts (Vrba and Pakandl, 2014). Subsequent challenges with a low 

dose of either a homologous or heterologous Eimeria sp. occurred at variable times (from 14 to 

26 days) following primary inoculation (Vrba and Pakandl, 2014). The challenge dose varied 

among challenge infections from the same dose as the immunization dose or lower than the 

immunization dose (Vrba and Pakandl, 2014). Additionally, the challenge dose of an individual 

Eimeria sp. varied among challenge trials (e.g., E. innocua was used at challenge doses of 

10,000 or 50,000 oocysts per bird in different experiments) (Vrba and Pakandl, 2014). Finally, 

the low doses used in these cross-species challenges precluded assessing immunological 

protection against macroscopic lesion development (Vrba and Pakandl, 2014). Collectively, the 

cross-species challenges described by Vrba and Pakandl (2014) varied so greatly within and 

among challenges that drawing any firm conclusions regarding potential cross-protection from 

these studies would be highly speculative. As an example, when poults were inoculated with 

E. adenoeides and challenged 19 days later with homologous parasites, the oocyst output was 

reduced to only 76.1% of unimmunized controls (Vrba and Pakandl, 2014). This only modestly 
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reduced oocyst output during homologous challenge was an unusual observation (e.g., 

Augustine, 1988; Min et al., 2004; Poplstein and Vrba, 2011). Equally surprising was the 

observation that poults inoculated with E. adenoeides and challenged 19 days later with 

E. meleagridis KR demonstrated a 92.1% decrease in oocyst output compared to naïve poults 

challenged with E. meleagridis KR (Vrba and Pakandl, 2014). This inexplicable modest 

reduction in oocyst output following homologous challenge compared to much larger reduction 

in oocyst output following heterologous challenge was highly unusual and differs notably from 

prior studies (e.g., Moore and Brown, 1952; Moore et al., 1954). It is usually that a large 

decrease (near 99%) in oocyst output occurs during homologous challenge and a much more 

modest decrease in oocyst output occurs during a heterologous challenge (Moore and Brown, 

1952; Moore et al., 1954). 

For the second type of cross-immunity experiment performed, Vrba and Pakandl (2014) 

used repeated inoculations (6 in total for each bird) that began at 12 days of age and ended at 36 

days of age. The inoculations were administered on an irregular schedule; birds were inoculated 

at 12, 15, 20, 28, 33 and 36 days of age that provided periods between inoculations ranging from 

3 to 8 days (Vrba and Pakandl, 2014). The doses used in these repeated inoculations were 5,000 

oocysts per bird per inoculation (Vrba and Pakandl, 2014). This inoculation dose for immunizing 

was much higher than typical laboratory ‘trickle’ inoculations used in poultry to generate sterile 

immunity against Eimeria spp. (Chapman et al., 2005a; Price 2012). In contrast, the challenge 

dose of 5,000 oocysts per bird (Vrba and Pakandl, 2014) was modest when compared to other 

challenge doses used in the same study as well as virulent challenge doses described in other 

papers (e.g., Matsler and Chapman, 2006; El-Sherry et al., 2014a). Presumably immune birds 

(based on ‘trickle-vaccination’ were challenged with either the homologous (immunizing) 

species or a heterologous species and evaluated using oocyst output from individual birds (Vrba 

and Pakandl, 2014). Poults were immunized with only E. adenoeides KCH (= E. meleagridis of 

Vrba and Pakandl, 2014) or E. gallopavonis and then challenged with E. adenoeides, 

E. gallopavonis or E. meleagridis, providing 2 homologous and 4 heterologous challenges (Vrba 

and Pakandl, 2014).  

Vrba and Pakandl’s (2014) study examining the potential for immunological 

cross-protection among Eimeria spp. infecting turkeys suffered from lack of uniformity among 

immunization and challenge conditions, ages of poults during immunization, challenge and 
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timing of inoculations, as well as doses of parasites used for immunization and challenge. 

Consequently, despite this study by Vrba and Pakandl (2014), well-controlled cross-immunity 

studies with single-oocyst derived lines of all recognized Eimeria spp. are still required to assess 

the cross-immunity, if any, generated by the Eimeria spp. that infect turkeys. 

2.9 Pathological Changes 

Different Eimeria spp. invade preferred regions of the intestinal tract of infected turkey 

poults. Infections with highly pathogenic species of Eimeria result in grossly visible intestinal 

lesions in chickens that form the basis of a widely used lesion scoring scheme (Johnson and 

Reid, 1970). However, lesion scoring for Eimeria spp. that infect turkeys have not been 

standardized, although some attempts have been made to score gross lesions quantitatively 

during coccidiosis in turkeys (e.g., El-Sherry et al., 2014a; b). Both E. adenoeides and 

E. meleagrimitis appear capable of generating easily detected macroscopic lesions under 

experimental challenge conditions (El-Sherry et al., 2014a; b). However, according to Chapman 

(2008), gross intestinal lesions are uncommon in coccidiosis in turkeys despite the large number 

of parasites in epithelial cells observed histologically in clinically affected poults during 

infections with E. adenoeides or E. dispersa. Microscopic changes to villi included reduction in 

height in the jejunum and ileum during infections with E. meleagrimitis and E. dispersa and only 

the ileum in infections with E. adenoeides (Chapman, 2008). As well, when infected with all 

three species, an increase in division of progenitor cells was documented causing an increase in 

depth of the crypts of Lieberkühn (Chapman, 2008).  

More recently, El-Sherry et al. (2014a; b) noted that sites of endogenous development in 

E. meleagrimitis and E. adenoeides infections produced lesions in the intestinal tract. Lesions 

associated with E. meleagrimitis were found in the upper (duodenum) and middle (jejunum) 

regions of the intestine only (El-Sherry et al., 2014b). These macroscopic lesions for 

E. meleagrimitis presented as necrosis, petechiae, sloughing of epithelial cells and mucoid casts 

(El-Sherry et al., 2014b). Originally, Moore and Brown (1951) documented cecal lesions; 

however, El-Sherry et al. (2015) demonstrated a different anatomic distribution. Infection with 

E. adenoeides had lesions and formed corrugated caseous plugs (composed of gametocytes, 

oocysts and associated sloughed necrotic epithelium) within the ceca with limited petechial 

haemorrhage (Chapman, 2008; El-Sherry et al., 2014a). The apparent lack of consistency in the 

appearance and location of macroscopic and microscopic lesions of various Eimeria spp. in 
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turkeys likely reflects the lack of clarity surrounding the identification of these parasites 

(e.g., Chapman, 2008; El-Sherry et al., 2015). The confusion surrounding the species-defining 

characteristics of named Eimeria spp. that infect turkeys was so profound that formal 

re-descriptions and deposition of new type material from 5 of the 7 named Eimeria spp. of 

turkeys have been completed (El-Sherry et al., 2014a; b; 2017; 2018). The unambiguous 

diagnostic features (combining morphometric, developmental and genetic traits) for these 

re-described Eimeria spp. allow for the proper assessment of the lesion-generating potential of 

each of these parasites to be assessed properly. 

2.10 Clinical Signs and Impact on Performance 

Of the seven species of Eimeria presently known to infect turkeys, four are commonly 

considered to be more pathogenic (E. adenoeides, E. meleagrimitis, E. dispersa, and 

E. gallopavonis) than the others (Lund and Farr, 1965). Infections with either of the species 

commonly considered primary pathogens (i.e., E. adenoeides and E. meleagrimitis) cause 

clinical signs in turkeys such as malabsorption, reduced feed intake, dehydration, poor feed 

conversion, reduced growth and, sometimes, high mortality (Chapman, 2008, El-Sherry et al., 

2014a; b). The severity of these pathogenic impacts on the turkey depends on both infective dose 

and immune status. Additionally, turkeys infected with these parasites may display behavioural 

changes that could include listlessness, huddling, increased vocalizations, drooping wings or 

ruffled feathers (Reid, 1972). In some infections, mucoid diarrhoea can be observed with blood 

in the feces (Chapman, 2008). The confusion surrounding the differentiation of the three Eimeria 

spp. that affect the ceca of infected turkeys (i.e., E. adenoeides, E. gallopavonis, E. meleagridis) 

(e.g., Vrba and Pakandl, 2014; El-Sherry et al., 2018, in press) makes interpretation of reports 

describing the pathogenic potential of E. gallopavonis challenging. In many cases, it is difficult 

to draw reliable conclusions regarding the actual species that was present in infection trials from 

which the pathogenesis of these parasites has been inferred (e.g., Moore and Brown, 1951; 

El-Sherry et al., 2014a). According to El-Sherry et al. (2018, in press), E. gallopavonis should be 

included among the more pathogenic species of Eimeria infecting turkeys because caseous 

material accumulates in the cecal pouches in heavy infections similar to infections with 

E. adenoeides. Infection with E. gallopavonis may result in edema, inflammation, ulceration, and 

caseation of the ileum and ileocecal junction (Joyner, 1973). 
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Impact of Eimeria spp. on performance is considered on the basis of the negative effect on 

feed conversion, growth and livability rates in turkeys. Infection with E. meleagrimitis resulted 

in reduced weight gain in infected poults (El-Sherry et al., 2014b). There was a dose dependent 

impact on growth performance reported for E. meleagrimitis infections in turkeys; challenge 

doses of 10,000, 50,000 or 100,000 oocysts/bird caused 40.5%, 59.5% and 61.2% reduction in 

weight gained, respectively, over a 6-day challenge period (El-Sherry et al., 2014b). Feed intake 

was reduced in infected poults from days 0-6 compared to uninfected poults and poults 

challenged with the highest dose had higher feed conversion ratios compared to poults 

challenged with fewer parasites and uninfected controls (El-Sherry et al., 2014b). Similarly, 

E. adenoeides likely has a negative economic impact on turkey production due to the 

pathogenicity of the infection (El-Sherry et al., 2014a). Moderate infective doses (2.5×104 

oocysts/bird) resulted in reduced weight gains and decreased feed conversion in infected poults 

(Clarkson, 1958); higher infective doses (2×105 oocysts/bird) resulted in up to 100% mortality of 

poults of the same age (Clarkson, 1958). Ruff et al. (1981) discussed the effect of E. adenoeides, 

E. meleagrimitis and E. dispersa on glucose absorption in the jejunum and the subsequent effect 

on weight gain. In poults infected with E. meleagrimitis and E. dispersa there was a 

corresponding decrease in glucose absorption with increasing number of oocysts given (Ruff et 

al., 1981). Weight gains were decreased more by E. dispersa when inoculated with 4×105 

oocysts/bird than E. meleagrimitis at the same challenge dose (Ruff et al., 1981). At inoculation 

doses of 1×106 oocysts/bird, both species impacted weight gain severely (Ruff et al., 1981). In a 

commercial flock, such high numbers of oocysts of either E. dispersa or E. meleagrimitis may 

represent an easily acquired dose because of the high fecundity of these parasites (El-Sherry et 

al., 2014b; 2017, respectively). Turkeys infected with E. adenoeides did not display a significant 

difference in weight gain or glucose absorption compared to controls except at a high dose 

challenge (4×105) in which weight gain was 9-fold lower than any other dose given (Ruff et al., 

1981). The same authors demonstrated decreased glucose absorption in infections with 

E. dispersa and E. meleagrimitis at lower challenge doses than E. adenoeides. provided no ready 

explanation for the decrease in glucose absorption seen in infections with that species (Ruff et 

al., 1981). This is perhaps not surprising given the large region of the upper intestinal tract 

parasitized by the former two Eimeria spp. and their likely impact on villar height (Ruff et al., 

1981). 
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2.11 Coccidia and the Turkey Industry 

2.11.1 Economics of Coccidiosis in the Turkey Industry 

The economic impact on the turkey production industry of infections with Eimeria and the 

resulting disease (coccidiosis) can be considerable (Chapman, 2008). In 2009 an estimated $150 

million USD adjusted to 2018 US dollars) was spent in the United States per year on 

anticoccidial medications for use in turkeys (Chapman, 2009); this represented around 3% of the 

total value of the turkey industry in the US at that time (NASS, 2014, 2016 stats online – 6.184 

B$US). Formal estimates of the direct and indirect costs to turkey production because of Eimeria 

spp. infections and the number of turkeys lost to coccidiosis and associated diseases such as 

bacterial necrotic enteritis (Gazdzinski and Julian, 1992) in the turkey industry are not readily 

available. However, identifying and analyzing available data can help in determining the 

importance of coccidiosis as a disease and if medications or vaccinations are controlling these 

pathogens effectively. Additionally, these data allow analysis of the distribution of the parasite, 

the incidence of the parasite and frequency of the disease (Foster, 1949).  

Poultry production economic losses are calculated based on the number of deaths and 

morbidity (e.g., reduced feed efficiency and decreased weight gain), as well as drugs, 

disinfectants, fumigants and special equipment purchased to prevent outbreaks of the disease 

(Foster, 1949). A decrease in egg or meat production may result from infections (Chapman, 

2008). Before anticoccidial drugs became available for use in turkeys, mortalities due to 

coccidiosis may have reached as high as 10-20% in severe outbreaks (Foster, 1949); similar 

losses may still occur in severe outbreaks resulting from failure of an anticoccidial medication or 

concurrent bacterial disease (McDougald et al., 1979). 

Additional important economic uncertainties with turkey coccidiosis include determining 

whether unknown species exist, species-specific immunity in the wild and in commercial 

production, enumeration of the economic losses due to the disease and developing feasible 

strategies of controlling the disease (Morehouse, 1949) because anticoccidial resistance has 

become a factor in modern production (Chapman, 1998). Subclinical coccidiosis due to infection 

with Eimeria spp. is a major impetus for rotation programs of anticoccidials in feed to address 

challenges of drug resistance (De Gussem, 2007). However, consumer concerns and government 

regulations to eliminate the possibility of promoting antibiotic resistance or transferable 

resistance to antibiotics of human and animal health importance (see Nilsson et al., 2012; 2016), 
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in-feed ionophores are now reserved for use in controlling active infections only (Ahmad et al., 

2016), at least in the European Union. The development of new control methods optimizing the 

efficacies of vaccines are important to improving the control of coccidiosis (Ahmad et al., 2016). 

2.12 Means of Controlling Coccidiosis 

2.12.1 History of Anticoccidial Use in the Turkey Industry 

Anticoccidial drugs were one of the most widely distributed and accepted methods of 

controlling coccidiosis in turkeys during the 20th century. Chapman’s (1984) skepticism 

regarding the sustainability of long-term chemotherapeutic use has now become a reality in the 

21st century. Not only was this skepticism warranted because of the rapid emergence of 

resistance against almost every anticoccidial therapy that was introduced (Chapman, 1984), but 

also due to more recent pressure from consumers and the governments to remove in-feed 

medication because of the transferable resistance to antibiotics of human health importance 

(Nilsson et al., 2012; 2016).  

Two groups of anticoccidial drugs are widely used: synthetic compounds (i.e., ‘chemical’ 

anticoccidials) and ionophores. Ionophores target the membrane function of Eimeria spp. 

through alteration of ion transport and disruption of osmotic balance (Chapman, 1984). 

Ionophores were created through fermentation of Streptomyces spp. or Actinomadura spp. to 

interfere with transmembrane transport of sodium and potassium ions (Peek and Landman, 

2011). They differ from synthetic compounds in their ability to inhibit sporozoite invasion of the 

intestinal epithelium, although this does not encompass the entire activity of the drug (Augustine 

et al., 1987). There are three groups of ionophores: monovalent ionophores that include 

monensin, narasin and salinomycin; monovalent glycosidic ionophores such as maduramicin; 

and, divalent ionophores such as lasalocid (Peek and Landman, 2011). Monensin, the first 

ionophore discovered, was reported by Agtarap et al. (1967) as a compound that forms lipophilic 

complexes with cations and brings them into biological membranes (Agtarap et al. 1967; 

Augustine et al. 1987).  

Synthetic compounds (so-called ‘chemical’ anticoccidials) are produced through chemical 

synthesis rather than through fermentation (Chapman, 1997; De Gussem, 2007). These include 

quinolones (target energy metabolism), and amprolium and sulphonamides that target co-factor 

synthesis (Chapman, 1984; Tewari and Maharana, 2011). These differ from ionophores in that 
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synthetic compounds have specific modes of action; for example, amprolium inhibits the 

absorption of thiamine by parasite meronts during intracellular development (Chapman, 2014).  

One of the reasons anticoccidials have been in longstanding use is because of the 

implementation of two programs: shuttle programs; and, rotation programs (Chapman, 2001). 

Shuttle programs involve using feeds with various drugs, and different modes of action 

throughout the life of the turkey. Rotation programs involve changing the in-feed anticoccidials 

between successive flocks (Chapman, 2001). Finally, shuttle and rotation programs can be 

combined; commonly, growers may have one or more ‘winter’ shuttle programs (frequently 

employing nicarbazin) that are rotated to one or more ‘summer’ shuttle programs (that may 

exclude nicarbazin) to avoid potential heat stress issues (reported from broiler chickens — see 

Leeson, 1986). Finally, even within a single portion of a shuttle program, mixtures of drugs have 

been used to retard the rate of development of resistance; typical mixtures could be a mixture of 

a synthetic compound with an ionophore or two synthetic compounds with distinct modes of 

action (Peek and Landman, 2011). 

2.12.2  Anticoccidials and Growing Threats of Resistance  

Drug resistance is a common side effect of extensive or over-use of anticoccidial drugs to 

control coccidiosis in turkeys. The definition of resistance is the ability of the parasite or 

organism to survive and multiply when the drug is administered in doses comparable to those 

previously effective in halting parasite development (Abbas et al., 2011). Development of 

resistance occurs at the genomic level and results from a mutation or selection for a rare genetic 

variant in the parasite genome (Chapman, 1984). The first anticoccidial drug introduced at low 

doses in feed was sulphaquinoxaline in 1948 (Chapman, 2003) and soon after drug resistance 

developed in Eimeria spp. Anticoccidial drugs introduced later similarly lost efficacy against the 

parasite in commercial use due to the development of resistance (Chapman, 1997). More recent 

reviews (De Gussem, 2007; Abbas et al., 2011) have documented anticoccidial resistance in 

poultry coccidia in the US against virtually all anticoccidial drugs introduced during the period 

of 1948 to 1989; including chemical anticoccidials (sulphaquinoxaline, robenidine and 

buquinolate), as well as divalent and monovalent ionophores (monensin, lasalocid, maduramicin 

used in both turkeys and chickens; narasin, and salinomycin in chickens only due to toxicity in 

turkeys) (De Gussem, 2007; Abbas et al., 2011). 
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Resistance to anticoccidials can be classified as acquired resistance, cross-resistance or 

multiple resistance. Acquired resistance refers to heritable decreases in sensitivity to a drug over 

time (Abbas et al., 2011). Cross-resistance refers to resistance as it occurs to multiple compounds 

sharing a similar mode of action (Abbas et al., 2011). Finally, multiple resistance refers to 

resistance to multiple drugs with different modes of action (Abbas et al., 2011). The increasingly 

common detection of anticoccidial resistance in Eimeria spp. infecting turkey’s results from 

three principal factors: genetic; operational; and, biological. Genetic factors influencing the onset 

of resistance are intricate and include dominance of resistance alleles, genetic diversity of the 

population, and number of genes involved (Abbas et al., 2011). Unlike antimicrobial drug 

resistance in bacteria in which extrachromosomal elements or plasmids are frequently associated 

with resistance, anticoccidial resistance in is usually dependent on changes to the nuclear, 

mitochondrial or plastid genomes of the parasites (Chapman, 1984). Operational factors 

encompass aspects regarding in-animal use of each drug, such as whether it is used 

therapeutically or prophylactically, and if it is administered to animals as a single-dose or 

continuously in the feed or water (Chapman, 1984). These operational factors will affect how 

frequently, and at what concentrations, anticoccidial medications will be experienced by the 

parasites (Chapman, 1984). Biological factors associated with the host-parasite relationship may 

also affect anticoccidial drug use (Chapman, 1984). For instance, the pathogenicity of the 

parasite may influence how high a therapeutic dose should be and for how long the drug should 

be administered, thereby impacting the likelihood of selecting for resistance (Abbas et al., 2011). 

Restoration of anticoccidial sensitivity has been observed in facilities following an annual 

rotation program that grows several flocks on standard anticoccidial drugs followed by one or 

more flocks treated using live coccidiosis vaccines; the live vaccines contain sensitive strains 

that re-introduce anticoccidial sensitivity into the population of coccidia in the environment 

(Chapman et al., 2002). 

2.13 Vaccination 

Due to the increasing selection for resistance to available drugs, the future success of 

commercial turkey production industry may be dependent on the wider acceptance and success 

of live coccidiosis vaccines. The potential future importance of these vaccines suggests there is 

an urgent need for vaccine efficacy trials to determine ways to optimize the efficacy of vaccines 

for use in turkeys.  



29 

2.13.1 Current Vaccination Methods 

Vaccines that currently exist for use in poultry are divided into two categories, either live 

Eimeria vaccines or subunit vaccines (McDonald and Shirley, 2009). Other than experimental 

trials, only live Eimeria vaccines are currently marketed commercially for use in turkeys and, 

even then, only in a restricted number of markets (i.e., Immucox®-T). 

2.13.1.1 Live Eimeria Vaccines 

There are two types of live Eimeria vaccines currently marketed for the control of 

coccidiosis in poultry: live-attenuated and live-non-attenuated. Non-attenuated vaccines consist 

of unaltered parasite strains that originated in the field (Peek and Landman, 2011). Ideally, when 

used correctly, a lower dose of live non-attenuated coccidia (essentially ‘wild-type’) causes low 

sub-clinical coccidiosis early in the life of all birds in flock with only mild intestinal lesions 

(Shirley et al. 2005; Peek and Landman, 2011). In contrast, live-attenuated vaccines consist of 

field-isolated Eimeria that are then selected during repeated in vivo passages so that they lose 

one or more asexual replicative cycles (i.e., precociousness); this is accomplished by only 

passaging the first oocysts produced during each in vivo infection cycle (Shirley et al., 2005). 

These precocious lines have lost or reduced one or more merogonic cycles through the alteration 

of the endogenous life cycle (Shirley et al., 2005). This process greatly reduces the number of 

oocysts produced from each oocyst ingested because the number of merogonic cycles is 

truncated; the reproductive potential (fecundity) of precocious lines compared to wild-type 

strains is greatly reduced (Shirley et al., 2005). Precocious lines are used in vaccines because of 

their reduced virulence (Peek and Landman, 2011) and shorter life cycle; however, the lower 

reproductive potential of precocious lines means that wild-type coccidia can out-compete these 

precocious parasites in a flock. Additionally, the lower fecundity of these precocious lines may 

make production of the live attenuated vaccines more expensive to produce and therefore to 

apply. Low-level Eimeria spp. infections allow birds, including naïve turkey poults, to develop 

protective immunity against clinical coccidiosis (Tewari and Maharana, 2011). Non-attenuated 

vaccines are preferred in Canada and the US over attenuated vaccines due to the lower cost and 

greater availability (Chapman et al., 2002); as of 2017, non-attenuated live coccidiosis vaccines 

are not allowed legislatively in the EU.  
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A parasitological benefit of using live Eimeria vaccines containing drug-sensitive parasites 

is that they confer immunity against drug-resistant parasites of the same species (Shirley et al., 

2005). When a drug-resistant Eimeria sp. from a poultry house infected birds at the same time as 

a drug-sensitive precocious line of the same species, there was direct evidence of recombination 

between these strains (Jeffers, 1976); this suggested that ‘seeding’ a barn with drug-sensitive 

lines of parasites could be used to re-introduce drug-sensitivity from vaccinal parasites into the 

wild-type parasites in the environment (Chapman, 1984). Live vaccines confer solid protective 

immunity in flocks of birds through multiple low dose infections over time (‘trickle infections’) 

(Peek and Landman, 2011). Trickle infections are often inconsistent in a commercial setting 

which can lead to coccidiosis if not managed correctly. The low-dose ‘cycling’ (i.e., fecal-oral 

transmission) of vaccinal parasites from birds to litter and back again are needed to ensure 

complete flock coverage and sufficient exposure to the parasites to infer broad immunological 

protection against all parasites in the vaccine. With successful cycling, protective flock immunity 

can develop and the shedding of oocysts by these immunized birds drops to low numbers (Peek 

and Landman, 2011; Price, 2012). These immunized birds are then protected against negative 

effects of further coccidial challenges with homologous parasites (Peek and Landman, 2011; 

Price, 2012). It has been suggested that protective immunity against Eimeria infections occurs 

only after multiple exposures to the parasites explaining why trickle infections or environmental 

cycling of these parasites provides more robust immune protection than a single high dose 

immunization (Price, 2012). 

2.13.1.2 Subunit Vaccines 

Subunit vaccines that incorporate non-viable immunogens (e.g., natural or recombinant 

proteins) or some bacterial or viral host expressing parasite antigen(s) are experimental vaccines 

proposed for the control Eimeria in poultry. These types of vaccines are less commonly 

researched in the industry because of the high cost involved. However, subunit vaccines may 

provide less complication compared to live vaccines that risk causing clinical or subclinical 

coccidiosis in turkeys. Subunit vaccines may also address some of the limitations of live 

vaccines (Vermeulen, 1998). Subunit coccidiosis vaccines are based on recombinant antigens 

(McDonald and Shirley, 2009). Discussion regarding the optimum live vector for recombinant 

vaccines may involve an attenuated recombinant line of Eimeria that expresses protective 

antigens of all Eimeria spp. found in one host (McDonald and Shirley, 2009). As well, it is 
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believed that parasite development can be prevented by expressing antigens normally released by 

sporozoites inside the host, as well as through lysing infected cells or inhibition of parasite 

growth by lymphokine secretion (Jenkins, 1998). A wide variety of experimental subunit 

vaccines targeting many different coccidial antigens and using a range of viable and non-viable 

delivery systems (Barta et al., 2017) have been explored but none have been put into commercial 

production for use in turkeys. 

2.14 Administration Methods of Live Vaccines and Eimeria Species Present 

 Delivery of vaccines to turkeys in poultry operations can occur in various ways. 

Administration of the vaccine can be accomplished through spraying the vaccine as naked 

oocysts after placement of day-old chicks/poults on the floor (Williams, 2002b). In this case, the 

sprayed material is distributed onto the birds (that ingest at least part of the vaccine via preening) 

as well as the feeders and waterers (Williams, 2002b). Alternately, a green edible gel can be 

distributed on feed or chick/poult trays on the day of placement on the floor (Danforth, 1998). 

Typically, in the Canadian and US market, coccidiosis vaccination occurs prior to placement at 

the farm. Commonly, live coccidiosis vaccine is administered at the hatchery by spray 

application to day-of-age poults, usually in a spray cabinet with a course spray or via a gel drop 

applicator (Williams, 2002b). The poults ingest the vaccine oocysts when they directly consume 

the liquid or gel droplets through preening themselves or other poults in the hatchery. Although 

rarely used commercially, vaccine inoculation of the eye has been shown to be an effective 

method of vaccination in poults which has been shown to generate immunity when challenged at 

6-weeks of age (Chapman, 1996). Drinking water is another form of administration of the 

vaccine to poults, but this is less common in modern turkey production (Chapman, 1996). With 

this method the oocysts sink to the bottom of water dispensers, and therefore a thickening agent 

(such as carrageenan) is added to ensure that oocysts remain suspended in the water (Williams, 

2002b). Oral gavage is a guaranteed form of vaccine delivery and is commonly used in research 

trials (El-Sherry et al., 2014a); however, its use is impractical in large-scale commercial 

operations because of the time and labour required to administer the vaccine to each individual 

bird (Williams, 2002b). In chickens, in ovo vaccine administration has been developed to deliver 

a live coccidiosis vaccine (e.g., InovocoxÒ) through a device that delivers live vaccine to 18- to 

19-day embryonated eggs (Price and Barta, 2010).   
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There is one vaccine currently available for vaccinating turkeys referred to as Immucox®-T 

manufactured by Ceva Animal Health, Vetech Campus (Canada) (Ahmad et al., 2016). 

Coccivac®-T created by MSD (UK) is no longer manufactured or marketed. Coccivac®-T was 

administered via water, feed spray, ocular drops or, most commonly, hatchery spray (Chapman, 

1996; Ahmad et al., 2016). The vaccine was marketed as containing E. adenoeides, 

E. meleagrimitis, E. gallopavonis and E. dispersa but, in the era before sequence-based 

genotyping, the identities of the parasites in the Coccivac®-T vaccine formulation remain 

tentative (Poplstein and Vrba, 2011; Ahmad et al., 2016). Coccivac®-T was delivered to poults 

aged 1 to 14 days of age and protection was afforded for 18 weeks (Ahmad et al., 2016). In most 

cases, Coccivac®-T was administered at the hatchery using a coarse spray application method 

(Chapman, 1996) with the vaccinal oocysts suspended in colored liquid to enhance ingestion by 

poults. Sometimes, a bioshuttle program with a chemical anticoccidial (e.g., amprolium) was 

suggested as an adjunct to live vaccination during peak post-vaccination cycling to reduce the 

impact on performance (Montoya and Quiroz, 2013).  

Immucox®-T is a more recently introduced vaccine first marketed in 1992. Immucox®-T 

can be administered to poults at 1-14 days of age (Ahmad et al., 2016). Immucox®-T is typically 

administered at the hatchery using a gel-drop application. However, the vaccine can also be 

applied to poults in the barn using a course spray application or, less commonly, by direct oral 

gavage. This vaccine contains only E. adenoeides and E. meleagrimitis and these vaccine isolates 

have been sequence-genotyped to confirm the identity of the vaccine constituents (J.R. Barta, 

pers. comm.).  

Both of the marketed live coccidiosis vaccines mentioned above follow the typical Eimeria 

spp. requirements for solid protective immunity to develop. Eimeria spp. must replicate within 

vaccinated birds and require re-exposure through on farm cycling of infections among the poults 

in a barn to generate good flock immunity; this requirement necessitates good flock and 

environmental management to ensure sufficient, but not excessive, parasite cycling within a 

particular barn and flock (e.g., Price et al., 2012). There are some concerns regarding live 

coccidiosis vaccines that need to be addressed to enhance the use of live vaccination. Firstly, live 

coccidiosis vaccines have a relatively limited shelf life and requirement for a reasonably 

consistent ‘cold chain’ from production to use to ensure infectivity of the live vaccine (Peek and 

Landman, 2011). Production of these vaccines requires propagation of each Eimeria spp. in the 
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natural host (i.e., turkeys) that has not been infected before. This ‘single-use’ of birds for vaccine 

production is costly and has some animal welfare considerations (Peek and Landman, 2011). 

Vaccine application errors that affect the dosage or its successful delivery and cycling within 

poults can result in an inadequate immune response (Price et al., 2014) or cause severe clinical 

coccidiosis. Vaccination of sick birds and the altered virulence of the vaccine may be cause for 

concern as well (Peek and Landman, 2011).  

There are also many aspects of vaccines that must be considered when trying to optimize 

their safe use in turkeys (host species). For example, parasites to be included in any live vaccine 

should possess low to normal virulence that, at usual vaccine doses, should not affect the 

performance of the birds to ensure their productivity is still optimized (Chapman et al., 2005b). 

The aforementioned are a handful of reasons vaccine enhancement should be carefully managed 

and each aspect must be assessed carefully to ensure optimized health of the turkey as well as the 

consumer and producer.  

2.15 Conclusion 

In conclusion, the lack of reliable data regarding cross-immunity coupled with the lack of 

studies of Eimeria spp. infecting turkeys and subsequent disease, suggests that there is a gap in 

knowledge regarding the parasites and their impact on turkeys.  
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HYPOTHESES, OBJECTIVES AND RATIONALE 

The goal of this study is to better define the threats to commercial turkey producers from 

Eimeria spp. that infect Canadian domestic flocks. An important part of the latter two 

components of this project is the experimental testing of the ability of the Eimeria spp. in live 

coccidiosis vaccines for turkeys to protect against challenge with all Eimeria spp. known to 

infect commercial turkeys. The results of the Eimeria spp. biodiversity study will help define the 

scope of coccidiosis in the turkey meat production industry. Finally, cross-transmission 

experiments will determine the efficacy of the available vaccines and promote the further 

development of efficacious and well-rounded vaccines.  

Hypothesis 1: Coccidia (Eimeria species) are common and distributed widely 
geographically in commercial turkey flocks in Canada. 

Rationale: Wild turkeys are native to most of eastern North America and all commercial turkey 

breeds reared commercially have been derived from this single species, Meleagris gallopavo 

Linn. 1758. Current knowledge suggests that wild turkeys and their domestic counterparts are 

equally susceptible to infections with the same Eimeria spp. (Prestwood et al., 1971). Numerous 

Eimeria spp. have been described from both wild and domestic turkeys (e.g., Chapman, 2008) 

but their abundance and diversity in Canadian commercial turkey flocks has not been examined 

systematically. 

Objectives: 

- Obtain fecal samples from commercial turkey meat farmers across Canada; 
- Determine the prevalence and diversity of Eimeria spp. present in each sample using a 

nested PCR assay 
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Hypothesis 2: An Eimeria sp. that can infect commercial turkeys will elicit an 
immune response protective against later challenge with homologous species. 

Hypothesis 3: An immune response elicited to one Eimeria sp. that infects 
commercial turkeys will not cross-protect against heterologous challenge 
with a different Eimeria sp. that infects turkeys.   

Rationale: Eimeria spp. in poultry typically elicit species-specific adaptive immune responses 

that protect against homologous challenge. Although robust immunological protection against 

homologous challenge is elicited by one Eimeria sp. after one or a few infections, the protective 

immune responses elicited by one Eimeria sp. do not provide protection against the other 

Eimeria sp. that can infect that host (Tyzzer et al., 1932; Johnson, 1938). This lack of 

immunological cross-protection has been used to justify the existence of new Eimeria spp. in a 

range of hosts. It would be expected that all well-described Eimeria spp. that can infect turkeys 

would lack immunological cross-protection if biologically valid.  

Objectives: 

- Generate confirmed single-oocyst derived isolates of the 6 sequence-genotyped Eimeria 
spp. known to infect turkeys; 

- Generate immunity against individual Eimeria sp. (trickle infect poults in each group 
with one Eimeria sp.) in isolation until near sterile immunity is reached (indicated by 
large reduction or cessation of oocyst shedding); 

- Perform homologous or heterologous challenge of immune birds (i.e., by immunizing 
species or other Eimeria spp. of turkeys); 

- Assess degree of cross-immunity, if any, by comparing lesion scores, body weight gain 
during virulent challenge, and total oocyst production during low dose challenge of birds 
administered a heterologous challenge compared to birds administered a homologous 
challenge. Pairwise comparisons of means will be used to assess significant differences 
among challenge groups where appropriate. 
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3. Distribution and abundance of Eimeria species in commercial turkey flocks across 
Canada 

 
This chapter is based on the following unpublished work of the author with minor modifications: 
 
Imai, R.K., and Barta, J. R. 2018. Distribution and abundance of Eimeria species in commercial 
turkey flocks across Canada.  

3.1 Abstract  

Little information exists regarding the diversity and regional abundance of Eimeria spp. 

infecting Canadian commercial turkey flocks. This study begins to address this paucity of data 

regarding coccidiosis, an important enteric disease challenging turkey producers, and its 

distribution in Canada. Fecal samples from turkey production barns (n=39) representing 27 

commercial farms (ON–20, SK–2, BC–3, AB–1, NS–1) were screened for coccidia using fecal 

flotation and McMaster chambers. The identity(ies) of all Eimeria spp. present in 

coccidia-positive samples was determined using a nested-PCR assay targeting the mitochondrial 

cytochrome c oxidase subunit I gene. Most samples (33/39) were Eimeria-positive with as many 

as 6 Eimeria species identified by the nested PCR assay in a single sample (average 3.2 species 

per sample); four samples (4/39, >10% of samples) contained all 6 Eimeria species. Eimeria 

species were found to be widely distributed in commercial turkey flocks in Canada and exhibit 

unexpected species diversity within individual flocks. These preliminary observations highlight 

that coccidiosis remains a concern for Canadian turkey producers; the data generated herein are 

important for both producers and live coccidiosis vaccine manufacturers to optimize 

management of coccidiosis in commercial turkey operations. 

3.2 Introduction 

Coccidiosis continues to be a significant global financial burden to modern poultry 

production (Williams, 1999; Dalloul and Lillehoj, 2006; De Gussem, 2007), costing 

approximately USD $3000 million worldwide (2007 dollars). According to the National 

Agricultural Statistics Service (NASS)/United States Department of Agriculture (USDA), the US 

produced 3,400 million kg of meat turkey with a value of USD $6250 million in 2016 

(NASS-USDA, 2017). In the same year, Canada has 551 turkey producers that generated 183.3 

million kg in total production with a farmgate value of CAD $412 million (Agriculture and 

Agri-Food Canada, 2017).  

Eimeria spp. (that cause coccidiosis) infecting turkeys have caused an economic burden for 
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farmers related to morbidity, mortality, prevention and treatment. The infective oocysts that 

initiate the disease can remain infective in the environment (depending on conditions) from 

months to even years (Barta, 2001). The unsporulated oocysts shed in the feces sporulate in the 

environment to reach an infective state.  The hardy oocyst wall protects the infective parasite and 

ensures its survival and persistence outside of the host (Barta, 2001). Furthermore, this 

environmentally resilient oocyst wall may help explain the persistence and presence of Eimeria 

spp. in wild turkeys. To date, there is a wealth of information available regarding coccidiosis in 

chickens, however, there is less information available on coccidiosis in turkeys. Fewer species 

are believed to cause clinical coccidiosis in turkeys and information on the degree of 

pathogenicity for certain species is lacking (Chapman, 2008; El-Sherry et al., 2017). Currently, 

biological and morphological features for identification of 4 Eimeria spp. known to infect 

turkeys were recently re-described, thus adding to the information available for Eimeria spp. 

infecting turkeys (El-Sherry et al., 2014a; 2014b; 2017; 2018). 

Identifying species of Eimeria based on morphological features alone has been shown to be 

inaccurate and unreliable because of the significant overlap in shapes and sizes of oocysts (Reid, 

1972; El-Sherry et al. 2015). Chapman (2014) highlighted the importance of combining 

phenotypic characteristics (as outlined by Joyner, 1978), such as site of development, 

characteristic lesions, cross-immunity and pathogenicity, with molecular methods including 

DNA extraction and PCR (e.g., Hafeez et al., 2015). 

There are currently 6 well-described Eimeria spp. that have been characterized through 

molecular genotyping methods; additional Eimeria spp. from turkeys have been named but their 

taxonomic validity remains uncertain. The Eimeria spp. widely accepted to be valid are: 

E. adenoeides; E. dispersa; E. gallopavonis; E. innocua; E. meleagrimitis; and, E. meleagridis. 

Despite producing in excess of 183 million kg of meat turkeys annually in Canada (Agriculture 

and Agri-Food Canada, 2017), information regarding the distribution and identities of Eimeria 

spp. infecting turkeys in Canada has not been examined systematically. Understanding the 

distribution of various Eimeria spp. within Canadian turkey operations is essential for making 

rational decisions regarding the economic and health importance of these parasites and the need 

for their inclusion in live coccidiosis vaccines for use in turkeys.  
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In the present report, field samples obtained were solicited from geographically distant 

locations across Canada in order to determine the number of oocysts shed in commercial turkey 

flocks; the diversity of Eimeria sp. parasites found in positive samples were further characterized 

using a modification of a species-specific PCR assay (see Hafeez et al., 2015). 

3.3 Materials and Methods 

3.3.1 Sample Acquisition and Detection of Eimeria Oocysts 

A detailed letter was sent to turkey farmers across Canada requesting turkey fecal samples 

(see Appendix 1). Farmers were sent a detailed instruction document and package outlining how 

the fecal samples were to be collected and sent back to the University of Guelph (see Appendix 

2). The samples were instructed to be collected from the ground of the barn and the freshest of 

droppings were to be collected. The samples were mixed with a 1:50 diluted bleach solution and 

sent overnight (at room temperature). Once the fecal samples arrived, they were stored in the 

fridge at 4°C until processing. The farmer was asked to identify the coccidiosis control program 

being used for each submitted sample as either live vaccination or in-feed anticoccidial 

medication; no further information regarding anticoccidial use was requested or obtained. 

Initial detection of oocysts was made using microscopy directly from the sample and, if 

negative, by mixing 5 g of the original sample to homogeneity with saturated NaCl (aqueous) to 

a total volume of 50 mL and then loaded into a McMaster counting chamber.  The chamber was 

examined for the presence/absence of oocysts and recorded as oocyst-positive or 

oocyst-negative. No further processing was done on oocyst-negative samples with the exception 

of 2 samples that were included in the DNA extraction procedure outlined below as 

oocyst-negative control DNA. 

Oocyst-positive fecal samples were processed for sporulation by mixing 30 g fecal sample 

with approximately 60 mL 2.5% potassium dichromate (w/v aqueous) and passing the 

homogenate through a sieve with 1 mm2 openings. The filtrate (<100 mL) was transferred to a 

250 mL Erlenmeyer flask capped with aluminum foil perforated to permit air exchange and then 

placed on a rotary platform shaker operating at ~100 rpm at room temperature for ~5 days to 

permit sporulation of viable oocysts. The resulting suspension of fecal material plus 

sporulated/unsporulated oocysts in 2.5% potassium dichromate was the source of material for 

DNA extraction. 
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3.3.2 DNA Extraction 

DNA extraction was performed on all oocyst-positive samples. DNA isolation was 

performed using DNAzolÒ (Life Technologies Inc., Burlington ON Canada) following the 

manufacturer’s instructions modified by the addition of 0.5 mm glass beads (Ferro Micro beads: 

Cataphote Division, Jackson Mississippi, USA) to improve oocyst disruption.  

Briefly, post-sporulation oocysts suspended in 2.5% potassium dichromate (w/v aqueous) 

(~1.5 mL) were pelleted by centrifugation (1200×g for 1 min). After decanting and discarding 

the supernatant, 100 µl DNAzol reagent was added to the pellet, mixed and approximately 0.3 g 

of 0.5 mm glass beads were added until a few dry beads were at the surface of the sample. This 

lysis mixture was processed in a horizontal bead beater fitted with a rack holder for 1.5 mL 

centrifuge tubes (Mickle DisintegratorÒ, Mickle Laboratory Engineering Co., Gomshall, Surrey, 

UK) for 60 seconds. Oocyst breakage was confirmed microscopically, and additional rounds of 

disruption were used until the majority of the oocysts had been lysed. Once sufficient oocyst 

breakage was confirmed, an additional 900 µl of DNAzolÒ was added to the sample plus beads 

and the entire tube rotated at room temperature for at least 1 hour and up to 14 hours (overnight) 

to ensure complete disruption of the sample. After this process, the sample was centrifuged for 

15 minutes at 13,000×g at 4°C; the supernatant was transferred to a new 1.5 mL centrifuge tube 

to remove insoluble debris and glass beads; the remainder of the DNAzolÒ extraction procedure 

was completed as described by the manufacturer. At the conclusion of the isolation protocol, the 

pelleted DNA was dissolved in 100 µl of EB Buffer provided in the QIAquickÒ PCR purification 

kit (QIAGENÒ, Venlo, Netherlands). Half (50 µl) of each sample was further purified using 

QIAquick column purification following the manufacturer’s instructions. The DNA 

concentration was estimated spectrophotometrically both before and after column purification 

using a NanoDrop 2000 instrument (NanoDrop, Wilmington DE, USA).   

3.3.3 Nested PCR Assay for Eimeria species Identification 

Primary PCR: A PCR-based assay based on Hafeez et al. (2015) was used to identify the 

various Eimeria spp. in each DNA sample. To improve the sensitivity of this PCR-based assay 

for low abundance Eimeria spp. present in a mixed sample, a nested PCR approach was taken. In 

the first round of PCR, genus-specific primers (COI_UNI_199F – 

5’-ATGATYTTCTTTGTAGTTATGCC-3’; mtRNA20_UNI_R – 5’-GTATGGATTTCACGGTCAA-3’) 
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that amplify a 1272 base pair (bp) fragment spanning the region from nucleotide 199 of the COI 

coding region to 27nt (nucleotides) past its end.  This covers nearly the complete cytochrome c 

oxidase subunit I region of the mitochondrial genomes of all Eimeria spp. Each primary PCR 

tube contained 500 nM of each primer, 50 mM MgCl2, 1 mM dNTPs, 1× PCR buffer and 0.4U 

Platinum® Taq polymerase (Life Technologies Inc., Burlington ON, Canada). For the primary 

PCR, samples were run at 95°C for 180 seconds, followed by 35 cycles of melt at 94°C for 30 

seconds, anneal at 58°C for 30 seconds and extension at 72°C for 75 seconds, followed by a final 

extension at 72°C for 5 minutes. Using a portion from each tube, PCR products were 

electrophoresed on a 1.5% agarose submarine gel in Tris-Acetate-EDTA (TAE) buffer (40 mM 

Tris, 20 mM acetic acid, and 1mM EDTA) at ~95 V for ~30 min. The resulting gel was stained 

with ethidium bromide and the product size was estimated by comparison with a 1Kb Plus DNA 

Ladder (Bio Basic Inc., Mississauga ON, Canada) visualized using UV transillumination. If a 

primary amplicon was not visualized, a second PCR run was completed on the sample using an 

anneal temperature of 54°C instead of 58°C.  

After electrophoresis, the intensity of each positive band was compared to the 1,500 bp 

band of the DNA ladder to estimate amplicon abundance. If the band was estimated at ≤250 ng, a 

1:100 dilution of the primary PCR tube contents was made using nuclease-free water; if the band 

was estimated to be >250 ng, a 1:1000 dilution was made using nuclease-free water.  A 2.5 µl 

aliquot of the appropriately diluted primary reaction solution was then used as template for each 

subsequent species-specific PCR reaction. 

Secondary PCR: The species-specific PCR-based assay using diluted primary PCR 

amplicons (described above) as templates was completed as described Hafeez et al. (2015) with 

minor modifications to the anneal conditions for each primer pair (see Table 3.1). Briefly, 2.5 µl 

aliquots of each primary PCR product were used as templates in 6 species-specific PCR tubes; 

each primary PCR amplicon was subjected to 6 nested reactions. For each set of species-specific 

PCR reagents, suitable positive (diluted primary PCR amplicons generated from 

sequence-confirmed single species for each primer pair) and negative (DNA from non-target 

Eimeria spp.) controls were used. After thermal cycling, resulting PCR products were separated 

using an agarose gel as described above and amplification result for each sample/species-specific 

PCR combination was noted. 
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Table 3.1: Modified PCR anneal temperatures used with the Eimeria 
species-specific PCR primers of Hafeez et al. (2015). 

Species Primer Name 
Anneal Temp. 

of Hafeez  
et al. (2015) 

Revised 
Anneal 
Temp.  

Sequence (5' to 3') Size  
(bp) 

Eimeria 
adenoeides 

E.ad.CO1_427F 
E.ad.CO1_1186R 62 °C 64°C 5’-CCAACCTCAGTAGATCTAATTGTA-3’ 

5’-GTGGAAGTGAGCAATGACA-3’ 713 

Eimeria 
dispersa 

E.disp.CO1_577F 
E.disp.CO1_1028R 55 °C 59°C 5’-ACAGCTATTATGTTAATTGGT-3’ 

5’-GCATACCAAGTATCTAATGAA-3’ 451 

Eimeria 
 gallopavonis 

E.gal.CO1_292F 
E.gal.CO1_1153R 62 °C 60°C 5’-AGAGTGAATTGTGTATCACTATTAT-3’ 

5’-GAGATAATACGAAATGGAAGTGG-3’ 861 

Eimeria 
meleagridis 

E.md.CO1_431F 
E.md.CO1_1443R 58 °C 55°C 5’-CCTCAGTAGATTTAATTGTC-3’ 

5’-TTAGAAGATTAGGGAATATAA-3’ 1012 

Eimeria 
meleagrimitis 

E.mel.CO1_474F 
E.mel.CO1_1028R 52 °C 62°C 5’-CTCAAGTTTCCTATCCTCAG-3’ 

5’-GCGTACCAGATATCTAAGGAG-3’ 554 

Eimeria 
innocua 

E.inn.COI.396F 
E.inn.COI.604R 50 °C 59°C 5’-TCCATTAAGTACATCCCTG-3’ 

5’-GAAGTGTACCAATTAACATAATG-3’ 209 

 

3.3.4 Animals 

The turkey poults (hens) used in the experimental trials were received as a donation 

through Hendrix Genetics Hybrid Turkeys (Kitchener ON, Canada). All studies were performed 

in the CAF (Central Animal Facilities) Isolation Unit at the University of Guelph (Guelph, ON) 

in compliance with the Canadian Council on Animal Care’s “Guide to the Care and Use of 

Experimental Animals”, 2nd edition (2017; www.ccac.ca). All experiments were performed under 

AUP3414 (PI: J. R. Barta, Department of Pathobiology) approved by the University of Guelph’s 

Animal Care Committee in compliance with all institutional and national guidelines. All birds 

were provided feed and water ad libitum throughout all experiments. 

3.3.5 Propagation for samples negative on PCR assay 

If an oocyst-positive sample tested negative in the primary PCR assay, oocysts in the 

sample were propagated through birds to provide fresh oocysts for characterization. 

Coccidia-free turkey poults (2-3 per cage) were inoculated by a small number of oocysts (varied 

by sample but <2,000 per bird) suspended in 1 mL 0.9% saline from a single PCR-negative 

sample via oral gavage. Inoculations were accomplished by administering various doses by oral 

gavage using a 1 mL Luer Slip tuberculin syringe without a needle or feeding tube fitted. 

Oocysts were collected and then partially purified and concentrated (Section 3.3.1), DNA was 

then extracted (Section 3.3.2) and was used for primary and secondary species-specific PCR 

assays as outlined in Section 3.3.3. Samples that were propagated in vivo prior to species-specific 
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PCR are hereafter designated ‘PS’ (i.e., passaged sample) whereas oocysts isolated directly from 

a submitted sample are designated ‘S’ (i.e., sample). 

3.4 Results 

3.4.1 Sample Locations 

A total of 39 fecal samples representing unique flocks or barns located on 27 farms were 

obtained from farmers who collected and sent samples to the lab from various locations across 

Canada (Table 3.2). Of the 27 farms, twenty farms were from numerous locations across 

Ontario, two farms were from Saskatchewan (Farm 17 and 27), three farms were from British 

Columbia (Farm 11, 12, 13), one farm from Alberta (Farm 18), and one from Nova Scotia (Farm 

14) (refer to Appendix 2 for fecal collection protocol performed on farm). Live coccidiosis 

vaccination was being used in flocks represented by 18 samples and anticoccidial medication(s) 

were being used in flocks that supplied the remaining 21 samples. 

3.4.2 Geographic Distribution and Diversity of Eimeria species 

Eimeria sp. oocysts were identified microscopically in 33 of 39 samples (overall 

prevalence of 84.6%) and oocyst-positive samples were recorded in all provinces sampled.  

Primary and subsequent secondary nested PCR assays were performed on oocyst-positive 

samples as outlined in Table 3.2. Of the 33 oocyst-positive samples, 26 samples were positive 

following the primary PCR reaction and the primary product could be used for secondary nested 

species-specific PCR reactions. There was considerable diversity in the number and specific 

species detected in the samples using the nested PCR assay; from 1 to 6 different Eimeria spp. 

were detected in oocyst-positive samples. One location from Ontario had all known Eimeria spp. 

in turkeys (E. adenoeides, E. dispersa, E. gallopavonis, E. innocua, E. meleagridis, 

E. meleagrimitis) present in each of four submitted samples. The one positive sample received 

from one farm in Nova Scotia contained E. adenoeides, E. meleagridis and E. meleagrimitis. The 

one sample received from the one farm in Alberta contained only E. adenoeides. Of the two 

samples from two different farms in Saskatchewan, only one sample was positive, and it 

contained E. meleagrimitis. Of the three samples from three different farms in British Columbia, 

two samples contained three or four Eimeria spp. each representing five unique Eimeria spp.; 

only E. dispersa was not detected in the BC samples.  
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Overall, the species diversity (Table 3.3) of Eimeria present in samples coming from 

flocks using live coccidiosis vaccination (14 PCR-positive samples with 3.6 species/sample) was 

higher than the species diversity found in samples from medicated flocks (12 PCR-positive 

samples with 2.8 species/sample). However, after removing the two Eimeria spp. expected to be 

present in all flocks administered the live coccidiosis vaccine (i.e., E. adenoeides and 

E. meleagrimitis), the species diversity was similar between vaccinated and medicated flocks at 

2.4 and 2.8 Eimeria species/sample, respectively. 
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Table 3.2. Summary of farm, fecal sample number and province within Canada of 
received samples. Oocyst detection, Polymerase Chain Reaction result and 
Eimeria species present within each turkey fecal sample are summarized. 

Farm ID Samplesa 
Coccidiosis 
Control in 

Useb 
Province Oocyst 

Presence 

Primary  
PCR 
(+/-) 

Secondary Species-specific PCR (+/-)c 

AD MEL DISP GALL INN MD 

F1 PS1 A ON + + + + - + - - 
F1 S2 A ON + - n/a n/a n/a n/a n/a n/a 
F1 S3 A ON + - n/a n/a n/a n/a n/a n/a 
F2 PS1 V ON + + + - - + - - 
F2 PS2 V ON + + - - - - - + 
F3 PS1 V ON + + - + - - - + 
F3 PS2 V ON + + - + - - - + 
F4 PS1 A ON + + + + - + - + 
F4 S2 A ON + - n/a n/a n/a n/a n/a n/a 
F4 S3 A ON + + + + - + - - 
F4 S4 A ON + + + + - + - + 
F5 PS1 A ON + + - + - + - - 
F6 PS1 V ON + + - + + + - - 
F7 S1 A ON + + - + - - - - 
F8 PS1 A ON + + - + - - - - 
F9 PS1 V ON + + - + - - - + 
F10 S1 A ON + + + + - + - + 
F11 PS1 A BC + + + + - - + + 
F12 PS1 A BC +d - n/a n/a n/a n/a n/a n/a 
F13 PS1 A BC + + - + - + - + 
F14 S1 A NS + + + + - - - + 
F15 S1 V ON + - n/a n/a n/a n/a n/a n/a 
F16 PS1 V ON + + - + + + - - 
F17 S1 A SK + + - + - - - - 
F18 S1 V AB + + + - - - - - 
F19 S1 V ON + - n/a n/a n/a n/a n/a n/a 
F20 S1 V ON + + - + + + + + 
F20 S2 V ON + - n/a n/a n/a n/a n/a n/a 
F20 S3 V ON + + - + + + + + 
F21 S1 V ON + + + + + + + + 
F21 S2 V ON + + + + + + + + 
F21 S3 V ON + + + + + + + + 
F21 S4 V ON + + + + + + + + 
F22 S1 A ON - n/a n/a n/a n/a n/a n/a n/a 
F23 S1 V ON - n/a n/a n/a n/a n/a n/a n/a 
F24 S1 A ON - n/a n/a n/a n/a n/a n/a n/a 
F25 S1 A ON - n/a n/a n/a n/a n/a n/a n/a 
F26 S1 A ON - n/a n/a n/a n/a n/a n/a n/a 
F27 S1 A SK - n/a n/a n/a n/a n/a n/a n/a 

Total 
Positive    33 26 13 23 8 16 7 16 
a Samples designated ‘S’ were identified as oocyst-positive or negative and DNA extraction for PCR was done on oocyst-positive samples; 
samples designated ‘PS’ had detectable oocysts in the original sample but primary PCR was negative. ‘PS’ samples were passaged in 
coccidia-free poults prior to DNA extraction and primary PCR. 
b ‘V’ vaccinated ‘A’ anticoccidial drugs  
c Species-specific PCR; test for ‘AD’ (Eimeria adenoeides), ‘DISP’ (Eimeria dispersa), ‘GALL’ (Eimeria gallopavonis), ‘INN’ (Eimeria 
innocua), ‘MD’ (Eimeria meleagridis), ‘MEL’ (Eimeria meleagrimitis) as described in Section 3.3.3. 
d Fecal sample was oocyst-positive when received but when the oocysts were passaged through poults, the poults did not shed oocysts  



45 

Table 3.3. Summary of oocyst positive samples from each province, Eimeria 
species found in each province, number of vaccinated and medicated samples and 
average species diversity per province. 

Location Oocyst 
Positive 

PCR 
Positive AD DISP GAL INN MD MEL 

Average Species 
Diversity 

(species/sample) 
AB 1 1 1 0 0 0 0 0 1 
BC 3 2 1 0 1 1 2 2 3.5 
NS 1 1 1 0 0 0 1 1 3 
ON 27 21 10 8 15 6 13 19 3.4 
SK 1 1 0 0 0 0 0 1 1 

All of Canada 33 26 13 8 16 7 16 23 3.2 
Summary of PCR Positive Samples PCR +ve Avg. Species Diversity 

Vaccinated Flocks (Immucox®-T) 14 3.6 
Vaccinated Flocks (excluding Immucox®-T constituents)1 2.4 
Medicated Flocks (Anticoccidials) 12 2.8 

1 Immucox®-T contains Eimeria adenoeides and Eimeria meleagrimitis. 
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3.5 Discussion 

Prior to the present study, the diversity of Eimeria spp. infecting turkeys on Canadian 

commercial farms was largely unknown because suitable fecal sampling and analyses from 

various geographic locales had not been attempted systematically. With few exceptions 

(e.g., Jeffers and Bentley, 1980), there was a paucity of information regarding Eimeria spp. on 

farms in Canada. Further, the available data was universally based on morphological diagnoses. 

Molecular and biological data (El-Sherry et al., 2014a; 2014b; 2015; 2017; 2018 [in press]; 

Ogedengbe et al., 2014; Hafeez et al., 2015; 2016) have become available only recently, 

permitting more detailed studies on these previously poorly described parasites (Chapman, 

2008).  

The limited prevalence data obtained in this study suggest that the 6 generally recognized 

Eimeria spp. capable of infecting turkeys are distributed widely within Canadian commercial 

turkey flocks. At least some Eimeria spp. are common, abundant and widespread in these flocks. 

The composition and diversity of parasites in individual samples varied widely and, despite the 

relative paucity of samples from outside of Ontario in the survey, a diverse parasite fauna was 

found in samples from across the country. Most samples (84.6%) had detectable oocysts and the 

number of detectable Eimeria spp. in the positive samples ranged from 1 to 6 with an average of 

3.2 species/sample detected among all PCR-positive samples. Flocks that were vaccinated had 

more species diversity (average of 3.6 Eimeria species/sample) compared to samples from 

medicated flocks but this greater species diversity was largely the results of the parasites found 

in ImmucoxÒ-T. The species diversity was essentially identical after correcting for the species 

found in the vaccine. Generally, oocyst-positive samples obtained from vaccinated and 

medicated flocks that were successfully amplified using the nested PCR assay had two to three 

different Eimeria spp. present. 

The diversity of Eimeria spp. circulating in commercial turkey flocks was remarkably 

similar to the prevalence and diversity of Eimeria spp. found in hunter-harvested wild turkeys in 

Ontario. As in the commercial flocks, most of the sampled hunter-harvested wild turkeys were 

infected (77.1% oocyst-positive, n=107) with Eimeria spp. (see Macdonald et al., 2018, in press). 

Earlier investigations using morphometric data to classify oocysts to the various species 

(i.e., Prestwood et al., 1971; Jeffers and Bentley, 1980; Hopkins et al., 1990; Oates et al., 2005) 
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had shown that Eimeria spp. were common and relatively diverse in wild turkeys in the southern 

USA; more recently, MacDonald et al. (2018) demonstrated that Eimeria spp. were common and 

diverse in Ontario wild turkeys using molecular methods similar to those used in the present 

work. Interestingly, 4 of the 6 species found within commercial flocks in the present study 

(i.e., all except E. dispersa and E. innocua) were also found in wild turkey populations in 

Ontario, Canada. Sixteen of 84 oocyst-positive samples from the latter study had DNA suitable 

for differentiating the species present using a nested PCR procedure. In these 16 samples, 

MacDonald et al. (2018) identified E. adenoeides, E. meleagrimitis, E. gallopavonis, and 

E. meleagridis with an average of 2.6 Eimeria species/sample. Comparatively, in the present 

study, the 26 oocyst-positive samples that were PCR positive had similar species diversity (2.8 

and 2.4 species/samples for medicated and vaccinated flocks, respectively) to the 

hunter-harvested wild turkeys even though additional Eimeria spp. were detected in the 

commercial birds. It is probable that all Eimeria spp. would be detected in both wild and 

domestic turkeys across their distributions in Canada given sufficient sampling effort; it is likely 

that any geographic restriction of particular Eimeria spp. (e.g., E. dispersa found only in Ontario 

samples) reflects sampling bias much more than restricted geographic range. 

With similar prevalence and diversity of Eimeria spp., wild turkeys may be potential 

reservoirs for Eimeria spp. infecting commercial poultry; there is no physiological or other 

impediment against Eimeria spp. that infect commercial turkeys infecting wild turkeys or vice 

versa. Commercial turkey farms are widespread across Canada and may be in close association 

with wild turkey habitats that may provide opportunity for transfer of pathogens from wild to 

domestic flocks and vice versa. The opportunity for such cross infections in Canada was 

negligible until the reintroduction of wild turkeys during the 1980’s was undertaken to reverse 

the extirpation (local extinction) of Meleagris gallopavo during the early 20th century through 

widespread hunting and loss of habitat. In 1984, captive-bred wild turkeys from the United States 

were released to initiate their re-establishment (OFAH, 2017) that has resulted in a flourishing 

wild turkey population in Canada (Eastern and Western) (OMNR, 2007). Wild turkeys have been 

shown to shed Eimeria spp. oocysts into the environment in Ontario (MacDonald et al., 2018) 

and these parasites may be carried into commercial operations. Eimeria spp. apparently 

overwinter within infected wild turkeys or within the environment suggesting that they may have 

adapted to the harsh local climatic conditions.  Such hardy parasites may be important reservoirs 
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of infection for turkey barns that are typically ‘all-in-all-out’ operations in which brooder barns 

are cleaned between each flock (Turkey Farmers of Canada, 2017). Conversely, commercial 

turkey operations must compost, dispose or spread their manure depending on the farms’ nutrient 

management plan. This spreading of manure in outside locations may provide a source of 

Eimeria spp. for wild turkeys and an alternate way that commercial turkeys could be infecting 

wild populations. With this potential cycle of infection between wild and domestic animals and 

increased potential of spreading infection within the higher stocking density of commercial farms 

completely eliminating Eimeria spp. from commercial or wild populations seems challenging.  

As a result, preventing this condition may be the best option to reduce the economic burden on 

the industry. 

Although many Eimeria spp. of turkeys are considered only mildly pathogenic 

(e.g., Chapman 2008; El-Sherry et al., 2014a; 2017) there may be more numerous pathogenic 

species than previously assumed (i.e., not only E. adenoeides and E. meleagrimitis). The 

diversity of species identified across Canada begs the question as to whether or not the existing 

ImmucoxÒ-T vaccine can protect against all pathogenic Eimeria spp. present in the turkey barn. 

In the absence of any well-documented ability to provide cross-immunity against other Eimeria 

spp., a well-controlled in vivo cross-species challenge study was designed and executed as part of 

this thesis (see Chapter 4). Although no significant adaptive cross-immunity was detected, some 

limited, non-specific (innate) protection was conferred by one Eimeria sp. against other Eimeria 

spp. residing in the same region of the intestinal tract (see Chapter 4). Cross-challenged birds 

immunized with one ‘cecal’ species challenged with a different ‘cecal’ species (i.e., ‘same-zone’ 

challenge) had numerically, although not significantly, decreased oocyst output compared to 

birds challenged similarly but immunized with an Eimeria sp. inhabiting a different region of the 

intestine (i.e., ‘cross-zone’ challenge). For example, a bird immunized with E. adenoeides (a 

‘cecal’ species) challenged with E. meleagridis or E. gallopavonis (also ‘cecal’ species), there is 

a 48.4% decrease in oocyst output when compared to ‘cross-zone’ challenges (i.e., an ‘intestinal’ 

species challenged with a ‘cecal’ species). Consequently, ImmucoxÒ-T vaccine may provide 

limited, non-specific protection against Eimeria spp. that inhabit the same regions of the 

intestinal tract as the parasites in the vaccine. The two constitutive Eimeria spp. in the vaccine 

that inhabit both the ‘intestinal’ and ‘cecal’ regions should provide robust, immune-mediated 

protection against homologous challenge (i.e., E. meleagrimitis and E. adenoeides vaccine 
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constituents) with proper vaccine management and at least limited, non-specific protection 

against all other Eimeria spp. that infect turkeys.  

Commercial turkey flocks across Canada were shown to be infected commonly by coccidia 

(up to 6 Eimeria spp. concurrently). Application of live coccidiosis vaccines and the 

management of vaccinated flocks to ensure appropriate environmental cycling (Williams, 2002a; 

Price et al., 2014) can be challenging. Nonetheless, when executed successfully, application of a 

live coccidiosis vaccine will protect vaccinated birds against intense challenge with the 

homologous species found in the vaccine formulation. For turkeys and the ImmucoxÒ-T vaccine, 

vaccination is licensed for the protection against only E. adenoeides and E. meleagrimitis (the 

vaccine constituents). Unfortunately, when a vaccinated flock experiences a coccidiosis outbreak 

following live-coccidiosis vaccination, the assumption may be made that the vaccination has 

failed when, in fact, one or more of the other 4 Eimeria spp. may be responsible for clinical 

disease. Although previous studies have confirmed that E. adenoeides and E. meleagrimitis are 

highly pathogenic (Moore and Brown, 1951; Hein, 1969; Augustine, 1988; El-Sherry et al., 

2014a), infections in naïve turkeys during a cross-immunity study (Chapter 4) with any of the 

other 4 species were pathogenic and thus could pose a risk of clinical coccidiosis to 

commercially reared poults. This study provided the first species-level prevalence data on the 

diversity of coccidia threatening commercial turkeys in Canada and, in doing so, provided a 

likely explanation for how an otherwise highly effective live coccidiosis vaccine may appear to 

‘fail’, even when applied and managed optimally, in the field. Such information is critical for 

both producers and vaccine manufacturers for the rational management of coccidiosis in 

commercial turkey flocks.  

The present study identified common Eimeria spp. present on a limited number of 

commercial farms in Canada through established sampling and utilized newly available 

molecular diagnostic methods (Hafeez et al., 2015) for determining the prevalence of the various 

Eimeria spp. However, further research is needed to gain a more detailed understanding of the 

geographic and seasonal distribution of Eimeria spp. in more regions of Canada. Establishing the 

diversity and distribution of the various Eimeria spp. in Canadian commercial flocks may be 

useful for managing the use of the single licensed live coccidiosis vaccine currently registered 

for use in turkey, ImmucoxÒ-T that includes only E. adenoeides and E. meleagrimitis, as well as 

prophylactic anticoccidial use. 
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4. Cross-Immunity of Six Eimeria Species Infecting Turkeys 

This chapter is based on the following unpublished work of the author with minor modifications: 
 
Imai, R.K., Snyder, R.P. and Barta, J. R. 2018. Single oocyst-derived lines of six turkey Eimeria 
species lack adaptive cross-immunity in the domestic turkey (Meleagris gallopavo). In preparation. 

4.1 Abstract 

Coccidiosis is an enteric disease caused by infection with Eimeria spp. (Apicomplexa). 

Despite their importance to commercial turkey production, there is a paucity of data regarding 

Eimeria spp. infecting turkeys. A thorough understanding of potential cross-immunity is lacking 

because of the absence of well-controlled experiments until now. Controlled, cross-immunity 

experiments were performed to evaluate the potential cross-protection among the 6 Eimeria spp. 

known to infect turkeys. High dose (virulent) challenge infections (50,000 oocysts or more per 

bird depending on species) were used to assess protection against macroscopic lesion 

development, mean body weight gain (BWG), and proportional BWG (% BWG). Using a lower 

challenge dose (100 oocysts/bird), total oocyst output over a 7-day shedding period was used to 

assess immunological impact on parasite fecundity (mean total oocyst output per bird). High and 

low dose challenges demonstrated a high degree of adaptive immunological protection against 

homologous infections with respect to lesion scores and BWG (not different from 

sham-challenged poults), and parasite fecundity (95.4-100% reduction in oocyst output). In 

contrast, results of heterologous challenges provide no support for adaptive immunological 

cross-protection among the 6 Eimeria spp. with regards to lesion development and parasite 

fecundity; no meaningful adaptive cross-protection was detected among any of these Eimeria 

spp. but limited non-specific (innate) immunological cross-protection may marginally reduce the 

oocyst output of Eimeria species that cohabit the same region of the intestinal tract. This work 

has highlighted that most, if not all, of the 6 Eimeria spp. known to infect Canadian turkeys are 

capable of causing serious disease and consequently all pose a serious threat to Canada’s 

commercial turkey industry. The generated data herein may be important for both producers and 

live coccidiosis vaccine manufacturers to optimize management of this threat of coccidiosis in 

commercial turkey operations. 
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4.2 Introduction 

In 2016, the poultry industry produced meat and egg products worth $4.3 billion; such an 

annual economic contribution highlights the profitability and magnitude of this agricultural 

business sector in Canada (Agriculture and Agri-Food Canada, 2017). That same year, 183 

million kg of turkey meat was produced by 551 Canadian turkey farmers with an estimated total 

value of all turkey products worth $412 million (Agriculture and Agri-Food Canada, 2017). The 

turkey sector is an important section of the Canadian poultry industry and highlights the need to 

understand turkey diseases such as coccidiosis.  

Within the turkey industry, anticoccidial medications and vaccines are used to control 

Eimeria spp infections. The anticoccidial medications are separated into two groups, synthetic 

compounds (chemical anticoccidials) and ionophores (Chapman, 1984; Chapman, 1999). Drug 

resistance by the parasites is a growing concern that complicates the use of anticoccidials for 

control of coccidiosis. Consequently, implementation of a live coccidiosis vaccine program may 

become central for future successful coccidiosis control in the poultry industry. For the turkey 

industry in Canada, only a single, bivalent live coccidiosis vaccine (ImmucoxÒ-T) is available 

commercially and that vaccine has label claim for control of only E. adenoeides and 

E. meleagrimitis; the ability of a bivalent live coccidiosis vaccine to cross-protect against any of 

the other four Eimeria spp. found in Canadian commercial turkey flocks (Chapter 3) is unknown. 

Tyzzer et al. (1932) and Johnson (1938) completed cross-protection studies with 6 species 

of Eimeria known to infect chickens and found there was no cross-protection between the 

species tested: E. acervulina; E. maxima; E. mitis; E. necatrix; E. praecox; and, E. tenella. 

Cross-immunity studies with Eimeria spp. in chickens have been used to support the description 

and identification of new species and even confirming presumptive diagnoses (e.g., Reid and 

Long, 1979). There are some species descriptions of Eimeria from turkeys that used lack of 

adaptive immunological cross-protection to support the species description (e.g., Moore and 

Brown, 1951) but, compared to the plentiful literature associated with parasites of chickens, there 

are comparatively few published studies on coccidiosis in turkeys generally and a paucity of 

information on potential cross-immunity among Eimeria spp. in this host (Chapman, 2008). To 

date, only a limited cross-immunity study of Eimeria spp. infecting turkeys has been reported 

(Vrba and Pakandl, 2014).  
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To investigate potential specific cross-immunity among the Eimeria spp. infecting turkeys, 

a comprehensive cross-immunity study was conducted among the 6 Eimeria spp. found in 

Canadian commercial turkey flocks. Repeated low dose inoculations (‘trickle infections’, see 

Reid, 1990) were used to elicit near-sterile immunity against each of these 6 Eimeria spp. from 

turkeys. Following immunization using trickle infections, homologous and heterologous 

challenges at both high and low doses were used to assess immunological cross-protection 

against lesion development and reduced growth, or oocyst output, respectively.  

4.3 Materials and Methods 

4.3.1 Animals 

The animals used in the experimental study were received as a donation through Hendrix 

Genetics Hybrid Turkey hens. This study was performed in the Central Animal Facilities (CAF) 

Isolation Unit at the University of Guelph (Guelph, ON) in compliance with the Canadian 

Council on Animal Care’s “Guide to the Care and Use of Experimental Animals”, 2nd edition 

(2017; www.ccac.ca). All experiments were performed in accordance with, and approved by, 

guidelines and ethics rules of the University of Guelph Animal Care Committee under AUP3414 

(J.R. Barta, Pathobiology). All birds were provided feed and water ad libitum throughout all 

experiments. 

4.3.2 Parasites 

Isolates of 4 of 6 of the turkey Eimeria spp. used in the cross-protection study described 

below were available in our laboratory (J.R. Barta, Department of Pathobiology, University of 

Guelph). The history and derivation of these strains have been described previously as follow: 

Eimeria meleagrimitis (USMN08-01-Line 5) was isolated and characterized by El-Sherry et al. 

(2014b); Eimeria adenoeides (Guelph) was isolated and characterized by El-Sherry et al. 

(2014a); Eimeria dispersa (Briston Strain) was isolated and characterized by El-Sherry et al. 

(2017); and, Eimeria gallopavonis (Weybridge Strain) was isolated and partially characterized 

by El-Sherry et al. (2015). A field isolate of Eimeria meleagridis (Strain CAN_ON_2016-F4) 

was obtained from a fecal sample from a commercial turkey farm in Ontario during December 

2016. Eimeria innocua (Strain KR) was isolated and characterized by Vrba and Pakandl (2015). 

Viable oocysts of the KR strain of E. innocua was provided by Dr. M. Pakandl (Jílové u Prahy, 

Czech Republic) on 25 August 2017. Complete mitochondrial genome sequences for these 
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species were generated by Ogedengbe et al. (2014) and Hafeez et al. (2016).  Nested 

species-specific PCR (Hafeez et al., 2015 with modification outline in 3.3.3, above) was used to 

confirm the identity of each of these parent strains. 

4.3.2.1 Isolation of single-oocyst lines of Eimeria species of turkeys 

To ensure that only single-oocyst lines of each of the 6 species of Eimeria currently known 

to infect turkeys were used in these studies, inoculation of individual birds with single oocysts 

was conducted using the method of Remmler and McGregor (1964) with modifications described 

in El-Sherry et al. (2015). Briefly, a freshly passaged collection of fully sporulated oocysts was 

diluted to a concentration of approximately 1000 oocysts/mL and then 1 µl aliquots were 

distributed onto the top of small rectangular pieces of agar (approximately 1 mm × 1 mm × 

2 mm high generated by slicing solidified agarose into cubes using a sterile razor blade) arranged 

upright on a microscope slide. Each agar piece was then examined microscopically to determine 

if a single oocyst was present on the agar. If only a single sporulated oocyst was present, the 

piece of agar was placed inside a gelatin capsule (Size 3 or 4, Eli Lilly and Company, 

Indianapolis USA). Coccidia-free poults were each given one capsule per os; for each isolation 

attempt eight to ten poults were administered one capsule each. Each bird receiving a capsule 

was housed individually within separated cages fitted with a suspended cage floor and a fecal 

collection tray. Feces shed by single-oocyst initiated infections were collected from each 

inoculated bird over a minimum 48 h period (i.e., starting at 4 DPI for E. adenoeides, starting at 

5 DPI for E. dispersa, starting at 5 DPI for E. gallopavonis, starting at 4 DPI for E. innocua, 

staring at 4 DPI for E. meleagridis, and 4 DPI for E. meleagrimitis). Fecal samples from each 

cage were processed separately throughout. 

4.3.3 PCR confirmation and propagation of single-oocyst derived Eimeria species 

For each oocyst-positive sample generated from single-oocyst initiated infections, oocysts 

were concentrated as outlined in 3.3.1 and DNA extracted as outlined in 3.3.2. Finally, DNA 

from each sample was used as template for both primary and secondary nested PCR as described 

in 3.3.3. As a secondary check, primary PCR amplicons from samples that were monospecific 

based on the nested PCR assay were sent for Sanger sequencing by; the Laboratory Services 

Division (LSD), University of Guelph, for sequencing using the primary amplification primers as 

outlined in Section 3.3.3. Samples confirmed by both nested PCR and direct amplicon 



55 

sequencing of the primary PCR product to contain a single species were propagated in vivo in 

coccidian-free turkey poults (see 3.3.5.) to ensure sufficient numbers of each species, as needed, 

prior to use in the cross-immunity trial. 

4.3.4 Cross-immunity experiment - in vivo trial 

Trickle inoculations of single Eimeria spp. were used to generate sterile or near-sterile 

immunity in poults that were then administered high or low dose homologous and heterologous 

challenges in all pairwise combinations. Parameters measured during high dose challenges were 

BWG during challenge and macroscopic LS; total oocyst output was determined from poults 

administered a low dose challenge. Figure 4.1 illustrates the timeline of the immunization and 

challenge experiment outlined in detail below. 
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Figure 4.1. Timeline of in vivo immunization and cross-species challenge infections to test potential cross-immunity. 
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4.3.4.1 Inoculation doses for producing immunological protection 

Oocyst stocks of each of the 6 single-oocyst derived lines of the turkey Eimeria spp. (as 

outlined above) were diluted to a concentration of 100 sporulated oocysts/mL. All subsequent 

oocyst concentrations reported herein refer to sporulated oocyst counts unless otherwise noted. 

This 100 oocysts/mL concentration of oocysts was then used for repeated inoculations of poults 

to elicit protective immune responses. Inoculum sufficient for 10 days of inoculation per species 

was aliquoted at 40 mL per day (80 doses at 0.5 mL/dose) to ensure adequate inoculum was 

available.  

To ensure no cross-infection occurred during the process of producing immunity to a single 

species of Eimeria per group of 75 birds, 6 separate rooms were used to house each group of 75 

birds. One additional room was used to house the 85 uninfected control birds. The ability to 

maintain isolation in each room was facilitated by the physical attributes of the animal facilities 

supplemented with good biosecurity procedures. Each BL2 rated room is fitted with a sealed 

anteroom connected to the clean corridor. The single sealed door connecting each room to the 

dirty corridor remained sealed until all inoculations were completed. The clean corridor has 

higher atmospheric pressure relative to the anteroom and animal room, and the animal room has 

higher atmospheric pressure relative to the dirty corridor to ensure containment of each species 

within a single room. Maintaining strict isolation in each room was further ensured through 

rigorous use of personal protective equipment and consistent operating procedures for the entry 

and exit of each animal room (see Appendix 4). 

All poults in a single room were inoculated orally with 50 oocysts of the same species of 

Eimeria at 5, 7, 9, 12, 14, 16, 19, 21 and 23 days of age (i.e., every Monday, Wednesday and 

Friday over a 3-week period for a total of 9 inoculation days). Inoculations were accomplished 

by administering the 0.5 mL dose by oral gavage using a 1 mL Luer Slip tuberculin syringe 

without a needle or feeding tube fitted. On days 7, 14, 21, 23, 24, and 25 post-first inoculation, 

ten to fifteen fresh fecal droppings were collected from throughout the floor area and pooled to 

determine when birds had ceased shedding oocysts.  

4.3.4.2 Challenge doses 

The inoculum for poults challenged with a low dose of Eimeria sp. were prepared as 

described above. Inoculum consisted of 100 oocysts/dose (80 doses at 1 mL per dose) for each 
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Eimeria spp. and was administered by oral gavage using a 1 mL tuberculin syringe. 

Inoculum for poults challenged with a high dose of Eimeria sp. was prepared at various 

doses depending on the species. The challenge doses used were determined based on published 

work with E. adenoeides (El-Sherry et al., 2014a) and E. meleagrimitis (El-Sherry et al., 2014b). 

For the Eimeria spp. for which published guidance was not available, a small number of trial 

doses were assessed using a pre-trial titration study (see Appendix 5).  

High dose challenges designed to generate detectable macroscopic lesions without 

incurring mortalities that were used at various doses (depending on Eimeria sp.) described in 

Table 4.1.  

Table 4.1. Number of oocysts inoculated per bird for each Eimeria species during 
high dose challenge infections. Numbers were established from published studies 
or pre-trial titration study (see Appendix 5). 

Eimeria species Oocysts Inoculated per os  
(Dose/Bird) 

Eimeria adenoeides 50,000 

Eimeria dispersa 375,000 

Eimeria gallopavonis 300,000 

Eimeria innocua 500,000 

Eimeria meleagridis 100,000 

Eimeria meleagrimitis 100,000 
 

4.3.4.3 Poult Randomization  

At the conclusion of the repeated inoculations (end of vaccination at 36 days of age), birds 

within each initial vaccinated (inoculated by a single Eimeria sp.) or sham-vaccinated group 

were redistributed to a variety of challenge groups as illustrated in Figure 4.2. Prior to 

redistribution, poults were neck tagged (Ketchum Manufacturing Inc, Brockville ON, Canada) 

and individual weights recorded to permit randomization that balanced pre-challenge BW among 

all subsequent challenges. For each room of birds (inoculated with a single Eimeria spp.), birds 

were ordered from high to low based on BW and then distributed into groups using an online 

research randomizing software (https://www.randomizer.org/). Briefly, the randomizer was used 

to generate 11 sets of 6 numbers ranging from 1 to 6 (without replacement) that assigned groups 
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of 6 poults of similar pre-challenge weights to each of the 6 challenge groups. After sorting 

poults first by challenge group and then by BW, each set of 11 birds in a challenge group were 

then randomly assigned to either low dose (6 birds; i.e., assigned numbers 1 through 6) or high 

dose (5 birds; i.e., assigned numbers 7 through 11) challenges using the randomizer.org 

algorithm by creating 6 sets of 11 numbers ranging from 1 to 11 (without replacement). After 

re-coding, all birds assigned numbers 1 through 6 went to low dose challenges and all birds 

assigned numbers 7 through 11 went to high dose challenges, the data was sorted by tag number 

to permit easy movement of individual tagged poults to cages or floor pens for low or high dose 

challenges, respectively. This randomization process was repeated for each of the 6 rooms of 

immunized birds (one room per species) and 1 room of sham immunized birds; in the latter case, 

distributions were made into 7 groups rather than 6 to accommodate the need for sham 

immunized/sham challenged groups.  

At the conclusion of randomization and sorting, each room (per species) contained 66 birds 

and followed the same setup per species as displayed in Figure 4.2. Of these 66 birds, 36 birds 

were moved to cages destined for low dose oocyst challenge. These 36 birds were separated into 

groups of 6 birds based on the Eimeria spp. used for the original immunization. Poults were then 

placed in cages of 3 birds per cage in 2 cages per immunizing species. Four sham (uninfected) 

poults were taken from the room that housed the uninfected birds and placed in 2 cages (2 birds 

in each cage) in one room. Once the poults were moved, each of the low dose challenge rooms 

contained 42 birds with 3 birds per cage (2 cages each of 6 vaccinated groups plus 1 

sham-vaccinated group).  
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Figure 4.2. Representative depiction of the distribution of birds immunized 
against one Eimeria species (i.e., one immunization room) for low and high dose 
challenge infections of turkey poults (duplicated with the 5 other Eimeria species 
and naïve poults)  

The other 30 poults of the original 66 birds were moved to 6 different rooms and placed on 

the floor for high dose challenge. Five of the 30 birds were placed in 6 different rooms and five 

sham (uninfected) poults were taken from the uninfected room and placed on the floor. For 

example, five birds from the E. adenoeides immunized room were moved to the E. dispersa 

challenge room for later challenge with a high dose of E. dispersa. Another five birds from the 

E. adenoeides immunized room were moved to the E. gallopavonis challenge room for a high 

dose challenge with E. gallopavonis. Once all the birds were successfully transferred to the 

respective challenge room, there were 35 birds in each room on the floor.  

Once all of the birds were moved into their assigned room (either a room with cages for 

low dose oocyst challenge, or a floor room for high dose oocyst challenge), the poults were 

administered the indicated challenge dose through oral gavage as described in Section 4.3.4.2. In 

one of the low dose challenge rooms, an additional four birds were moved to two cages and were 
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administered saline per os to represent sham-vaccinated/sham-infected poults (negative 

controls). 

4.3.4.4 Lesion Scoring (LS) 

Birds in the high dose challenge room were killed humanely using cervical dislocation and 

then immediately necropsied to determine macroscopic lesion severity (‘lesion scoring’) on 

day 5 post-challenge (E. adenoeides, E. gallopavonis, and E. meleagridis) and 

day 6 post-challenge (E. dispersa, E. innocua, and E. meleagrimitis). Regions of the intestinal 

tract specific for each challenge species were assessed and a score from 0 (no lesions detected) to 

4 (severe lesions) was recorded as described by El-Sherry et al. (2014b) for E. meleagrimitis. For 

the remaining Eimeria spp. for which no published lesion scoring guidelines exist, lesion 

severity was assessed based on comparison with age-matched, sham-challenged, naïve poults 

that acted as LS controls. The intestinal tract of each challenged bird was dissected and placed 

with its numeric tag. A single treatment-blinded scorer then opened each intestinal tract and 

assigned LS to all birds (Appendix 6). 

4.3.4.5 Oocyst Collection 

Poults that were given a low dose challenge had all fecal material collected from trays 

beginning day 4 post-challenge and ending on day 10. Material was collected using a common 

paint scraper and the fecal material was placed in freezer quart ZiplocÒ bags. Material collected 

each day was diluted to a standard consistency and homogenized to uniformity prior to sampling 

for oocyst counts. Oocysts were counted using a McMaster chamber (see Appendix 3) to provide 

the total number of oocysts in each sample bag. To calculate the total output per bird, the number 

of oocysts shed by each cage over the entire collection period was totaled and then divided by 

the number of birds in the cage. These counts were done in duplicate so the mean output per bird 

per day was then calculated. 

4.3.4.6 Statistical Analyses 

All statistical analyses were completed using STATA (version 13). After a significant 

p-value in an ANOVA was calculated, the appropriate pairwise comparisons were tested using 

Tukey-HSD (Honest Significant Difference) multiple comparison method (NAU, n.d.). 

Post-vaccination body weights were tested for multivariate normality using the Doornik-Hansen 

test (p<0.05) and the mean post-vaccination body weights of each of the vaccinated groups of 
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poults were compared using pairwise comparisons of means assuming equal variances (p <0.05). 

The mean LS of the poults were compared using pairwise comparisons of means assuming equal 

variances (p <0.05), the mean %BWG (including SHAM-challenged and SHAM-SHAM poults), 

mean %BWG (excluding SHAM-challenged and SHAM-SHAM poults), and mean BWG were 

compared using pairwise comparisons of means assuming equal variances (p<0.1). BWG 

following Eimeria spp. challenge of immunologically naïve (i.e., SHAM-immunized) turkey 

poults were compared using pairwise comparison of means assuming equal variances (p<0.1). 

4.4 Results 

For all combinations of cross-species challenges for both assessment of protection against 

lesions as well as impact on oocyst output and BWG, challenge group labels utilize the following 

abbreviations of parasite species (i.e., – E. adenoeides = AD; E. dispersa = DISP; 

E. gallopavonis= GALL, E. innocua= INN, E. meleagridis= MD, E. meleagrimitis= MEL) for 

both the immunizing and challenge species. For example, poults immunized by E. adenoeides 

and challenged with E. dispersa would be identified by the abbreviation “AD-DISP”; similarly, 

sham-immunized birds challenged with E. meleagrimitis would be identified by “SHAM-MEL”. 

4.4.1 Lesion Scores 

Lesion scores assessed following homologous and heterologous challenge infections are 

summarized in Table 4.2. In addition to the challenge of vaccinated poults (36 challenge 

groups), LS are summarized for challenges of SHAM-immunized poults (6 challenge groups) 

plus the SHAM-SHAM poults. All mean LS represent individual scores from 5 birds per 

immunization-challenge combination (43 total combinations including controls) (Appendix 6). 

All poults challenged with the homologous Eimeria spp. had near complete protection 

against lesion development; mean LS in 4 of 6 homologous challenges were assessed as 0.0 and 

the highest mean LS measured was 0.4. Mean LS for all homologous-challenged groups were not 

significantly different from the SHAM-SHAM negative controls. In contrast, the average LS of 

the SHAM-challenged poults ranged from 3.0 to 4.0. Of the 30 different heterologous-challenge 

infections, 28 groups had mean LS that did not differ significantly from the corresponding 

SHAM-challenged birds (infection controls). Only the DISP-MEL and INN-MEL groups had 

mean LS that differed significantly from their corresponding controls (i.e., SHAM-MEL; mean 
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LS of 4.0) but even these heterologous-challenged poults had considerable lesion development 

with a mean LS of 3.0 (Appendix 7). 

Table 4.2. Macroscopic lesions scores during homologous and heterologous 
challenge infections with 6 Eimeria species infecting turkey poults (n=5 per 
group). 

Immunizing 
Species 

Challenge Species and Mean Lesion Scores (±SEM)1 
Challenge Species 

AD 
(50,000 
oocysts) 
(±0.23) 

DISP 
(375,000 
oocysts) 
(±0.45) 

GALL 
(300,000 
oocysts) 
(±0.35) 

INN 
(500,000 
oocysts) 
(±0.18) 

MD 
(100,000 
oocysts) 
(±0.13) 

MEL 
(100,000 
oocysts)  
(±0.25) 

AD 0.2 A 4.0 B 2.8 B 3.8 B 4.0 B 4.0 C 
DISP 3.6 BC 0.0 A 3.4 B 3.6 B 3.8 B 3.0 B 

GALL 3.2 B 4.0 B 0.4 A 3.6 B 3.8 B 3.8 C 
INN 3.2 B 3.2 B 2.6 B 0.0 A 4.0 B 3.0 B 
MD 3.6 BC 3.6 B 3.0 B 3.6 B 0.0 A 3.4C 
MEL 4.0 C 3.0 B 3.2 B 4.0 B 4.0 B 0.0 A 

SHAM 3.8 BC 4.0 B 3.0 B 4.0 B 3.8 B 4.0 C 
SHAM-SHAM2

 0.0 A 

1 Within each column, mean lesion scores with the same superscript letter are not significantly 
different when analysed statistically using pairwise comparisons of means assuming equal 
variances (Tukey-HSD Method, p < 0.05). 
2 SHAM-SHAM was one group of unimmunized and unchallenged poults that acted as uninfected 
(negative) controls for all challenge comparisons 

4.4.2 Weight Gains following Challenge 

Following the immunization phase, the BW’s of immunized birds were normally 

distributed within groups, but mean BW’s were significantly different between some groups (see 

Appendix 10). To account for the lack of uniformity of mean BW’s among groups of immunized 

turkeys, the proportional BWG following challenge (percent body weight gain - %BWG) is 

reported in Table 4.3 (see Appendix 8). Mean %BWG of 4 of the 6 homologous-challenge 

groups were significantly higher than SHAM-challenged control birds for the same Eimeria sp. 

(e.g., mean %BWG of DISP-DISP versus SHAM-DISP); %BWG of all homologous-challenge 

groups were numerically larger compared to SHAM-challenged control groups within the same 

column. The mean %BWG of none of the homologous-challenge groups were significantly 

lower than the SHAM-SHAM control birds. Although not statistically significant, for all of the 

challenge species, the mean %BWG of the positive infection control birds 

(i.e., SHAM-challenged) were numerically lower for 5 of the 6 challenges; %BWG of 
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SHAM-immunized, MD-challenged poults, were 1% greater compared to SHAM-SHAM 

challenged poults. Most virulent challenges had only a modest impact on the %BWG of 

SHAM-challenged poults following challenge. However, SHAM-MEL poults demonstrated 

markedly reduced poult growth post-challenge (87.2% of the %BWG of the SHAM-SHAM 

poults). 

Table 4.3. Mean percent body weight gain (post-challenge weight less 
pre-challenge weight then divided by pre-challenge weight and multiplied 
by 100%) during the post-challenge period comparison based on challenge 
Eimeria species in turkey poults (n = 5 per group unless otherwise noted). 

1 Within each column, mean %BWG with the same superscript letter are not significantly different when 
analysed statistically using pairwise comparisons of means assuming equal variances (Tukey-HSD Method, 
p < 0.1); 
2 SHAM-SHAM was one group of unimmunized and unchallenged poults that acted as uninfected 
(negative) controls for all challenge comparisons. The %BWG of SHAM-SHAM challenged poults for day 
5 post-challenge were based on BWG of these birds at 6 days-post-challenge transformed by a factor of 
5/6ths; see Section 4.4.2). 

Comparisons among poults immunized with one Eimeria spp. (e.g., E. adenoeides) and 

then challenged by all other Eimeria spp. (Table 4.4) (Appendix 9) showed that the mean 

%BWG of the heterologous-challenged poults was numerically lower than 

homologous-challenge birds (i.e., AD-AD versus AD-DISP, AD-GALL, etc.). In the majority of 

cases, the mean %BWG of the heterologous-challenged poults were not significantly different 

from the homologous-challenge poults immunized with the same Eimeria spp. 

(e.g., heterologous versus homologous challenge of the AD-immunized poults; data not shown). 

Immunizing 
species 

Mean %BWG by Challenge Species (± SEM)1 
Challenge Species 

AD 
(± 1.4%) 

DISP 
(± 1.9%) 

GALL 
(± 1.8%) 

INN 
(± 2.0%) 

MD 
(± 1.9%) 

MEL 
(± 2.8%) 

AD 128% AB 125% CD 127% BCD 128% BC 126% BC 117% BC 

DISP 124% B 138% A 129% ABCD 126% BC 122% C 121% BC 

GALL 125% B 124% D 128% BCD 125% BC 126% BC 116% BC 

INN 127% AB 128% BCD 130% ABC 134% AB 130% ABC 121% BC 

MD 132% A 133% ABC 137% A 134% AB 138% A 117% BC 

MEL 127% AB 135% AB 134% AB 138% A 135% AB 145% A 

SHAM 122% B 121% D 121% D 124% C 124% C 112% C 

SHAM-
SHAM2 123% B 128% BCD 123% CD 128% BC 123% C 128% B 
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In addition, the mean %BWG of homologous-challenged poults was significantly different from 

all MEL-challenged poults immunized with any Eimeria sp. 

Table 4.4. Mean percent body weight gain (post-challenge weight less 
pre-challenge weight then divided by pre-challenge weight ×100%) during the 
post-challenge period comparisons based on immunizing Eimeria species in 
turkey poults (n = 5 per group). 

1 Within each column, mean %BWG with the same superscript letter are not significantly different when 
analysed statistically using pairwise comparisons of means assuming equal variances (Tukey-HSD Method, 
p < 0.1) 

Adjusted mean BWG of the immunized turkeys following challenge are reported in 

Table 4.5 (Appendix 10). The BWG of poults challenged with E. dispersa, E. innocua or 

E. meleagrimitis were transformed by a factor of 5/6ths to estimate their BWG over the first 5 

days post-challenge using body weights measured at their day of necropsy (day 6); this 

transformation was necessary so that all post-challenge body weights reflected 5 days growth 

regardless of whether they were weighed and necropsied at 5 days-post-challenge 

(i.e., E. adenoeides E. gallopavonis and E. meleagridis) or at 6 days-post-challenge 

(i.e., E. dispersa, E. innocua and E. meleagrimitis). Consequently, all of the following BWG 

comparisons are based on the 5 day period following challenge. For each immunizing species, 

heterologous challenge with MEL produced a significantly lower mean BWG compared to all 

homologous-challenged poults immunized with the same Eimeria sp. (all challenges reported 

within a column in Table 4.5).  

With the exception of the AD-GALL, INN-AD, INN-GALL and INN-MD heterologous 

challenges, the mean BWG of poults following heterologous challenge were reduced numerically 

compared to the mean BWG of poults following homologous challenges (e.g., AD-AD versus 

DISP-DISP). For the four exceptions, the mean BWG of AD-GALL exceeded the mean BWG of 

Challenge 
species 

Mean %BWG by Immunizing Species (± SEM)1 
Immunizing Species 

AD 
(± 1.6%) 

DISP 
(± 2.8%) 

GALL 
(± 2.2%) 

INN 
(± 1.9%) 

MD 
(± 1.8%) 

MEL 
(± 2.6%) 

AD 128% A 124% B 125% A 127% AB 132% A 127% C 

DISP 125% A 138% A 124% AB 128% AB 133% A 135% ABC 

GALL 127% A 129% AB 128% A 130% A 137% A 134% BC 

INN 128% A 126% B 125% A 134% A 134% A 138% AB 

MD 126% A 122% B 126% A 130% A 138% A 135% ABC 

MEL 117% B 121% B 116% B 121% B 117% B 145% A 
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the AD-AD birds by 2% and the mean BWG of INN-AD, INN-GALL and INN-MD exceeded 

the mean BWG of the INN-INN poults by less than 9% (1%, 8% and 5%, respectively).  

Table 4.5. Mean body weight gain (post-challenge weight less pre-challenge 
weight) during the post-challenge period comparisons based on immunizing 
species (n = 5 per group). The mean body weight gain is shown in parentheses as 
a percent of homologous-challenged turkey poults within the same immunizing 
Eimeria species (column). 

1 Within each column, mean BWG with the same superscript letter are not significantly different when 
analysed statistically using pairwise comparisons of means assuming equal variances (Tukey-HSD Method, 
p < 0.1); 
2 BWG greater than homologous-challenged birds. 

4.4.3 Oocyst Output following Low Dose Challenge 

For all homologous challenges, poults had a 95% (DISP-DISP) to a 100% (AD-AD) 

reduction in oocyst output compared to SHAM-challenged poults (e.g., SHAM-DISP). The mean 

oocyst output during heterologous challenges was impacted numerically depending on whether 

the immunizing parasite infected the same or a different region of the intestinal tract. Three of 

the Eimeria spp. are considered ‘cecal’ species (i.e., E. adenoeides, E. gallopavonis and 

E. meleagridis) and the other three are considered ‘intestinal’ species (i.e., E. dispersa, 

E. innocua and E. meleagrimitis). For example, the cecal species cross-challenged with one or 

the other heterologous cecal species had a reduction in oocyst output compared to mean oocyst 

output in birds immunized with any of the three intestinal species. The reduction in oocyst output 

ranged from 31% (E. meleagridis) to 48% (E. adenoeides). Similarly, the intestinal species 

Challenge 
species 

Mean Body Weight Gain (g) by Immunizing Species (± SEM; n=5 per group)1 
Immunizing species 

AD 
(± 31.5) 

DISP 
(±58.4)  

GALL 
(±36.2) 

INN 
(±36.6) 

MD 
(±31.2) 

MEL 
(±37.7) 

AD 608 A 

(100%) 
562 AB 

(79%) 
532 AB 

(87%) 
630 AB 

(101%) 2 
644 BC 

(80%) 
516 B 

(76%) 
DISP 480 B 

(79%) 
710 A 

(100%) 
463 B 

(75%) 
528 AC 

(85%) 
542 C 

(67%) 
550 AB 

(82%) 
GALL 622 A 

(102%) 2 
646 A 

(91%) 
614 A 

(100%) 
676 A 

(108%) 2 
752 AB 

(93%) 
624 AB 

(92%) 
INN 528 AB 

(87%) 
487 AB 

(69%) 
470 B 

(77%) 
625 AB 

(100%) 
595 C 

(74%) 
557 AB 

(83%) 
MD 594 AB 

(98%) 
518 AB 

(73%) 
600 AB 

(98%) 
654 AB 

(105%) 2 
806 A 

(100%) 
648 AB 

(96%) 
MEL 292 C 

(48%) 
407 B 

(57%) 
303 C 

(49%) 
395 C 

(63%) 
297 D 

(37%) 
675 A 

(100%) 
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cross-challenged a heterologous intestinal species had oocyst output reduced by 31% 

(E. meleagrimitis) to 65% (E. innocua) when compared to oocyst output if previously 

immunized with a cecal species (see cross-challenge results in Table 4.6).  
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Table 4.6. Mean oocyst output per poult with percent reduction of SHAM-challenged poults displayed in parentheses. 
Homologous challenged poults share darker shaded boxes. Heterologous challenged poults share blue boxes 
representing cross-challenge of species infecting the same region of the intestinal tract (i.e., ‘intestinal species’). 
Heterologous challenged poults share green boxes representing cross challenge of species infecting the cecal region of 
the intestinal tract (“cecal” species).  

 
Immunizing species 

Mean Oocyst Output/ Poult (% reduction of SHAM) 
Challenge Species 

E. dispersa E. innocua E. meleagrimitis E. adenoeides E. gallopavonis E. meleagridis SHAM 

In
te

st
in

al
 S

pe
ci

es
 

E. dispersa 9,769,965 
(95.4%) 43,272,569 52,810,764 33,769,965 100,960,069 486,215,278  

E. innocua 177,078,125 38,194 
(99.9%) 48,138,889 56,305,903 67,719,618 336,335,938  

E. meleagrimitis 101,256,944 16,618,924 307,292 
(99.3%) 27,728,646 101,618,056 250,355,903  

“
C

ec
al

”
 s

pe
ci

es
 

E. adenoeides 174,618,924 116,741,319 63,928,819 0 
(100.0%) 69,250,000 184,733,507  

E. gallopavonis 184,188,368 66,685,764 58,206,597 18,227,083 19,097 
(99.9%) 309,092,882  

E. meleagridis 284,426,215 73,055,556 97,001,736 22,278,646 48,085,069 78,993 
(99.9%)  

 
SHAM-Challenge 212,578,993 53,523,438 46,888,889 92,505,208 124,935,764 514,305,556  

 SHAM       0 
 Cross-Challenge 

different region1 214,411,169 85,494,213 73,045,717 39,268,171 90,099,248 357,635,706  

 Cross-Challenge  
same region2 139,167,535 29,945,747 50,474,827 20,252,865 58,667,535 246,913,195  

 % Reduction in 
Oocyst Output 
c.f. Diff. Region 

35% 65% 31% 48% 35% 31%  

1 Mean oocyst output of all heterologous challenges from different regions of the intestine, i.e., the mean of cells above lacking shading. 
2 Mean oocyst output of all heterologous challenges from same region of the intestine, i.e., the mean of the cells above sharing the same colour shading excluding 
each homologous challenge (bolded numerals).  
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4.5 DISCUSSION 

Using a rigorous biosecurity protocol, solid immunity against homologous challenge was 

generated against 6 well-characterized Eimeria spp. infecting turkeys. Immunological protection 

against homologous challenge can be assessed in various ways (Chapman et al., 2005a; Price and 

Barta, 2010; Price, 2012) but the most industrially relevant means would be through protection 

against lesion development in challenged poults, reduction in the impact of the parasites on 

growth, and reduction in oocyst output (i.e., reduced fecundity – Chapman, 1997; Chapman et 

al., 2005b). By all measures, solid protective adaptive immunity against homologous challenge 

infection was generated with all 6 Eimeria spp. examined herein. For example, immunized poults 

in 5 of 6 homologous-challenge groups had 3.6 to 4.0 point reductions in their mean LS 

compared with SHAM-challenged control birds. As with the other species, the GALL-GALL 

birds were protected against lesion development following homologous challenge; with the 

GALL-GALL birds only registering a mean LS of 0.4, GALL-GALL poults exhibited a 2.6 point 

LS reduction relative to SHAM-GALL positive controls. A higher challenge dose with 

E. gallopavonis may have been necessary to better illustrate the degree of protection against 

lesions scores during homologous challenge. Low dose challenges to assess parasite fecundity in 

immunized poults demonstrated significant protection against homologous parasite challenge. 

Oocyst output in homologous-challenge birds was reduced by more than 99% of naïve control 

birds challenged similarly. Such marked immunological control of parasite replication in a 

commercial production environment would be extremely beneficial and is the rationale for using 

live coccidiosis vaccines in such environments. Generation of protection against homologous 

challenge was expected because such protection had been documented repeatedly (e.g., Chapman 

et al., 2005a; Price, 2012) as measured by reduced oocyst output (Moore and Brown, 1951; 

Moore et al., 1954; Matsler and Chapman, 2006; Vrba and Pakandl, 2014) or protection from 

lesions (El-Sherry et al., 2014b). 
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Table 4.7. Body weight gains following Eimeria spp. challenge of 
immunologically naïve (i.e., SHAM-immunized) turkey poults (n=5 per 
challenge).  

Body Weight Gain post-challenge (g; n=5 per group) (±SEM)1 

SHAM-immunized 

Challenge Species (“Cecal” Species) 
SHAM 
(± 34.8) 

AD 
(± 34.8) 

GALL 
(±34.8) 

MD 
(± 34.8) 

BWG (Day 5)2 
(% reduction c.f. S-S)4 

567A 

(0%) 
520A 
(8%) 

500A 
(12%) 

550A 
(3%) 

SHAM-immunized 

Challenge Species (“Intestinal” Species) 
SHAM 
(± 29.2) 

DISP 
(± 29.2) 

INN 
(± 29.2) 

MEL 
(± 29.2) 

BWG (Day 6)3 

(% reduction c.f. S-S)4 
680A 

(0%) 
500B 

(27%) 
534B 

(22%) 
296C 

(57%) 
 

1 Mean BWG with the same superscript letter are not significantly different when analyzed statistically 
using pairwise comparisons of means assuming equal variances across a row (Tukey-HSD Method, 
p < 0.1); 
2 Mean BWG of SHAM-immunized birds challenged with a “Cecal” species and killed humanely day 5 
post-challenge (day of lesion scoring). BWG of SHAM-SHAM challenged poults for day 5 post-challenge 
were based on BWG of these birds at 6 days-post-challenge transformed by a factor of 5/6ths; see Section 
4.4.2). 
3 Mean BWG of SHAM-immunized birds challenged with an “Intestinal” species and killed humanely 
day 6 post-challenge (day of lesion scoring) 
4 Parentheses represents the percent reduction compared to SHAM-SHAM poults at day of lesion scoring. 

Challenge of age-matched, immunologically naïve poults with each of the 6 Eimeria spp. 

demonstrated that these parasites have substantially different impacts during a high dose 

challenge infection (Appendix 12). Eimeria meleagrimitis had a profound impact on weight gain 

following high dose infection of naïve birds (i.e., 57% reduction in BWG; Table 4.7) with severe 

lesion development. Even at comparatively modest challenge doses, E. meleagrimitis has been 

shown to produce similarly reduced BWG at challenges of 104 - 105 oocysts per bird with the 

highest impacts on growth resulting from the higher challenge doses (El-Sherry et al., 2014b). 

The remaining parasites, despite development of serious macroscopic lesions (Table 4.2), had 

more modest, but still commercially relevant, impacts on weight gain of high dose challenged 

naïve birds (3% to 27% reduction in BWG c.f. unchallenged controls; summarized in Table 4.7). 

Nonetheless, even the least virulent challenge species with respect to impact on BWG in the 

present study, E. meleagridis, has been shown to negatively impact growth of turkeys 

(e.g., Matsler and Chapman, 2006; Poplstein and Vrba, 2011).  However, variations in the 
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designs of these studies with respect to strains of parasites, lines of birds and the ages of the 

challenged poults make direct numerical comparisons impossible. Interestingly, two Eimeria 

spp. frequently considered only slightly pathogenic or non-pathogenic (e.g., Moore and Brown, 

1952; El-Sherry et al., 2017), E. dispersa and E. innocua, significantly reduced BWG of naïve 

birds following virulent challenge in the present study (27% to 22% BWG reduction, 

respectively, compared to SHAM-SHAM controls). These reduced BWG were surprising given 

the comparatively benign macroscopic lesions formed during infections with these intestinal 

species as observed in the present study and reported elsewhere (e.g., Moore and Brown 1952; 

El-Sherry et al., 2017). Histopathological changes documented by El-Sherry et al. (2018) for 

E. dispersa could certainly explain the poor growth performance of poults challenged with this 

parasite. 

The cecal lesions induced by E. meleagridis in the present study were consistent with those 

observed by El-Sherry et al (2018, in press) and earlier studies (Hawkins, 1952; 

Clarkson,1959b). The caseous material filling the cecal pouches was more friable compared to 

well-defined, rigid cecal cores formed during infections with E. adenoeides (see El-Sherry et al., 

2014a). The final species that impacts the cecal region, E. gallopavonis, has been shown to be 

pathogenic at modest doses (Wehr et al., 1962; Hein, 1969) with formation of caseous material in 

the digestive tract. Eimeria gallopavonis may infect the ceca but the caseous material has been 

shown to be generated in the lower ileum, cecal neck or upper rectum rather than within the cecal 

pouches (El-Sherry et al., 2018 in press; Appendix 6).  

From observations in both the present and previous studies (Tyzzer, 1929; Moore and 

Brown 1951; Hawkins 1952; Moore et al., 1954; Long and Millard 1977; Doran 1978; Matsler 

and Chapman, 2006; Chapman 2008; Vrba and Pakandl, 2014), all of the Eimeria spp. known to 

infect turkeys represent a threat to commercial operations if sufficient numbers of parasites are 

present to challenge naïve birds severely. Generating sufficient oocysts to produce a pathogenic 

challenge from the litter of a turkey flock is likely possible; certainly, the fecundity of the 

parasites documented in the present study would support this possibility. Fecundity of the 

parasites ranged from a low of 4.7×105 (E. meleagrimitis) to more than 5×106 (E. meleagridis) 

oocysts produced from each infective oocyst. Consequently, after passage through only a few 

birds in a susceptible flock most of these Eimeria spp. would be present in the litter at numbers 

sufficient to act as a pathogenic challenge to other birds in the flock. 
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Observations in the present and previous studies (e.g., Poplstein and Vrba, 2011; Vrba and 

Pakandl, 2014) on homologous-challenged birds strongly supports the conclusion that turkeys 

can develop strong protective adaptive immunity against homologous challenges. This immunity 

could be expected to reduce commercially relevant production losses that would otherwise have 

been experienced. This is exemplified by the growth parameters of the SHAM-challenged birds. 

The ability to protect against homologous challenge explains the utility of live coccidiosis 

vaccines for the control of coccidiosis (Min et al., 2004; Chapman et al., 2005b; Price 2012). The 

sole live coccidiosis vaccine licensed for use in turkeys in Canada, ImmucoxÒ-T, has only 2 of 

the 6 potentially pathogenic parasites that can infect turkeys (E. adenoeides and 

E. meleagrimitis) which raises the question as to whether or not this vaccine would protect 

against the full range of potential pathogens present. The cross-immunity that may or may not 

occur among known Eimeria spp. infecting turkeys has been examined infrequently, but it was 

recently suggested that considerable cross-protection was elicited by E. adenoeides against 

E. meleagridis, and vice versa (e.g., Poplstein and Vrba, 2011; Vrba and Pakandl, 2014).  

Cross-immunity studies have been employed commonly for the identification and 

characterization of poultry Eimeria spp. (e.g., Johnson and Reid, 1970). It is typically assumed 

that valid Eimeria spp. that infect the same host do not provide significant adaptive 

immunological cross-protection (e.g., Joyner, 1969; Joyner and Long, 1974; Long and Joyner, 

1984). Notably, however, a lack of cross-protection between two isolates does not automatically 

mean that the two isolates represent distinct species; immunologically non-cross-protective 

strains of a single species have been reported for some Eimeria spp. infecting chickens such as 

E. maxima (e.g., Joyner, 1969; Martin et al., 1997; Al-Badri and Barta, 2012). Previous 

heterologous-challenges of different Eimeria spp. isolates from turkeys suggested that substantial 

cross-protection was generated between E. adenoeides and E. meleagridis as measured by oocyst 

output (Poplstein and Vrba, 2011). Based on these observations, Poplstein and Vrba (2011) 

suggested that the two isolates actually represented two strains of the same species, 

E. meleagridis KR and E. meleagridis KCH. More recent molecular characterization of turkey 

Eimeria spp. (Ogedengbe et al., 2014; Hafeez et al., 2015; El-Sherry et al., 2015) demonstrated 

unequivocally that E. meleagridis KCH is E. adenoeides (as used throughout the present work). 

In a later study (Vrba and Pakandl, 2014), profound reductions in oocyst output in heterologous 

challenges between E. meleagridis KR and E. meleagridis KCH (= E. adenoeides) were reported 
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in several apparently independent cross-immunity experiments (Supplementary Table S2 

[“Supplementary data 3”] of Vrba and Pakandl, 2014). In one case, there was inexplicably 

greater protection against heterologous challenge than against homologous challenge with 

respect to oocyst shedding (92.1% versus 76.1% reduction in oocyst output, respectively). This 

unusual finding differs notably from prior cross-immunity studies (e.g., Moore and Brown, 1951; 

Moore et al., 1954) and observations reported herein. More typically, challenge infections in 

immune poults provide nearly complete reduction in oocyst shedding following homologous 

challenge but little or no decrease in oocyst shedding following heterologous challenge (Moore 

and Brown, 1951; Moore et al., 1954) as observed in the present study. It is difficult to reconcile 

these differing observations of Vrba and Pakandl (2014) with the results in the present study. The 

former study suffered from lack of uniformity among ages of poults during immunisation and 

challenge, timing of and doses used for immunization, and other variable challenge conditions 

and doses. Thus, it remains difficult to explain the reported apparent cross-immunity between 

E. adenoeides and E. meleagridis.  

In agreement with most previous cross-immunity studies (e.g., Moore and Brown, 1951) 

and with the molecular confirmation of distinct Eimeria spp. (e.g., El-Sherry et al., 2015), 

observations in the present research provide no evidence for any species-specific adaptive 

immunological protection against heterologous challenges. LS did not differ significantly from 

naïve-challenged poults for 28 of 30 tested heterologous challenges (see Table 4.2). Oocyst 

output in heterologous-challenged birds remained elevated and similar to the output of 

naïve-challenged birds (see Table 4.6). Finally, no heterologous-challenged birds had mean 

%BWG numerically larger than the mean %BWG of the homologous-challenged birds 

immunized with same Eimeria sp. (see Table 4.4). 

The present study has established that there is no clinically meaningful adaptive, 

memory-dependent, immunological cross-protection among the 6 documented Eimeria spp. of 

turkeys. Results of both Vrba and Pakandl (2014) and the present study carefully controlled for 

cross-contamination during vaccination and yet oocyst shedding in both studies suggests some 

non-memory dependent (innate) factor was conferring apparent cross-protection. It is possible 

that non-specific immune effectors, perhaps combined with alterations to the architecture and 

cellularity of the mucosa following the immunizing trickle infections, were responsible for 

apparent non-specific, innate cross-immunity between E. adenoeides and E. meleagridis reported 
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by Vrba and Pakandl (2014). In the present work, cross-challenged birds immunized with one 

cecal parasite and subsequently challenged with either of the other cecal species 

(i.e., “same-zone” challenges) had reduced oocyst output compared to similarly challenged birds 

previously immunized with an Eimeria sp. that infects a different region of the intestine 

(i.e., “cross-zone” challenges). For example, poults immunized with one cecal Eimeria spp. 

(i.e., AD, GALL or MD) and subsequently challenged with another cecal species demonstrated 

some non-specific, non-memory dependent, innate protection measured by oocyst output (low 

dose challenge). This was a general trend in which parasites found in the same region of the 

intestinal tract (i.e., “cecal” species AD, MD, GALL; “intestinal” species DISP, INN, MEL) 

reduced the fecundity of the other parasites in the same region to varying degrees (see 

Table 4.6). This regional effect appeared to be reflected, albeit less dramatically, in LS; 

heterologous challenge infections with 5 of 6 Eimeria spp. had lower mean LS in same-zone 

challenges versus cross-zone heterologous challenges. Interestingly, same-zone 

heterologous-challenged groups had a mean LS of 3.4 versus mean LS of 3.6 for the cross-zone 

heterologous-challenged groups which were not statistically different but likely biologically 

relevant. Notably, 10 of 18 of the numerically lowest mean LS for heterologous-challenged or 

sham-challenged groups were recorded in same-zone challenges whereas only 2 of the top 18 

mean LS were recorded in same-zone challenges. 

This is not the first time this “same zone” non-specific protective effect has been detected. 

Using repeated inoculations of chickens with turkey Eimeria spp., they observed some protection 

was elicited against subsequent challenge with modest numbers (3.3 × 104) oocysts of E. tenella 

as measured by body weight gain (significantly different from unimmunized birds) and 

feed-conversion ratio (no statistics were performed) (Augustine et al., 1991). This non-specific 

effect could be overwhelmed with larger numbers of E. tenella oocysts and the non-specific 

protection could not be improved by the doses of E. adenoeides used to elicit the protection in 

the first place. The limited nature of the non-specific effect agreed with observations in the 

present study where impact on the challenge parasite was greatest against low challenge doses 

(i.e., 100 oocysts to measure oocyst output); higher challenge doses (i.e., to measure LS or BWG 

effects) showed little or no non-specific protection (see Chapter 4). 

This modest impact on parasite fecundity and lesion development can be explained as a 

region-specific effect (innate, non-specific immunological cross-protection); one region of the 
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intestine may be less amenable to infection with any parasite following extended immunization 

in the same region with a different species. This effect may be explained by a mechanism similar 

to premunition (Long and Millard, 1976) in which small numbers of parasites provide for 

maintenance of elevated immunity, both specific and innate. The impact on subsequent parasite 

development may reflect changes to the mucosa induced by previous coccidial infection in that 

location. For example, inflammation within the mucosa could be expected in the cecal region 

from endogenous development of any cecal species (performed in multiple “vaccinations” over 3 

weeks) (Barker, 1993; Gadde et al., 2011). Later challenge in the same region may be affected by 

the inflammation present in the previously infected region. In the present study, birds were kept 

on contaminated litter until redistribution for challenge. Consequently, birds likely underwent 

continuous challenge via environmental oocysts before being re-sorted into challenge groups. 

Oocyst checks confirmed that birds were solidly immune to the parasite against which they were 

originally immunized; the ongoing trickle challenge from the litter would not likely produce 

macroscopic lesions, although may have some slight alterations from normal (although not 

something that would likely be scored). In addition, a local inflammatory response would likely 

persist. Such a local response could include local leukocyte infiltration, for example in cecal 

sections infected with E. adenoeides (Gadde et al., 2011), as well as an increased local 

lymphocyte population, and chemokine and cytokine expression changes (Gadde et al., 2011). 

Heterophils could be involved in the innate immune response by accumulating at the site of 

infection to assist in destruction of the pathogen (McDougald and Fitz-Coy, 2008). 

Some innate, non-specific immunological responses or physical alterations to regions of 

the intestinal mucosa infected by one Eimeria sp. appeared to impact later infection by a second 

Eimeria sp. in the same region. In the present study, the observed impact may have been more 

pronounced if a larger heterologous challenge dose had been used. The already altered mucosa in 

the region may not adequately support the endogenous development of more numerous parasites.  

Recognition that there are at least 6 immunologically distinct Eimeria spp. infecting 

commercial turkey and knowledge that these parasites are found circulating within commercial 

flocks (Chapter 3) suggests that the single registered live coccidiosis vaccine for use in turkeys 

(ImmucoxÒ-T) may not completely protect against all field challenges. That said, no commercial 

live coccidiosis vaccine presently marketed for use in poultry addresses all potential field 

challenges in the host. Even a vaccine containing 8 different Eimeria species/strains 
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(e.g., CoccivacÒ-D) for use in chickens does not cover all reported Eimeria spp. known to infect 

that host (e.g., Morgan and Godwin, 2017). If further testing confirms the observation of 

‘same-zone’ premunition (persistence of small numbers of parasites that maintains immunity; 

Long and Millard, 1976) during coccidiosis in turkeys, perhaps part of the field efficacy of 

ImmucoxÒ-T during meat turkey production is the result of such partial, non-specific protection. 

ImmucoxÒ-T has one “intestinal” and one “cecal” Eimeria sp. (E. meleagrimitis and 

E. adenoeides, respectively) that, together, may alter the mucosa in such a way that all Eimeria 

sp. capable of infecting turkeys are impacted, albeit in a modest way, during heterologous 

challenges. Only by improving our understanding of the nature and impact of coccidiosis in 

commercial turkey production can this ongoing coccidiosis threat be managed successfully 
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5. General Discussion and Conclusions 

The research in this thesis highlights the importance and need for further research 

regarding Eimeria spp. infecting commercial turkeys. The poultry industry is estimated to lose 

billions of dollars a year due to the burden of coccidiosis (Williams, 1999). In Canada alone, the 

commercial turkey production industry produced $412 million worth of turkey meat and egg 

products in 2016 (Agriculture and Agri-Food Canada, 2017). The data generated for this thesis 

suggest that this agricultural sector faces an ongoing threat of coccidiosis wherever commercial 

turkeys are produced in Canada.  

The work presented in Chapter 3 of this thesis provides baseline information regarding the 

diversity and distribution of 6 Eimeria spp. that infect turkeys using both classical and recently 

developed molecular methods to enumerate and then speciate parasites, respectively. As of 2016, 

there were 551 registered commercial turkey farms in Canada (Agriculture and Agri-Food 

Canada, 2017) with 176 of these farms located in Ontario. A total of 39 fecal samples were 

obtained from 27 farms across Canada (representing about 5% of all turkey farms in Canada) so 

only a limited view of the overall diversity and distribution of the parasites was obtained. Even 

this limited view suggests that coccidiosis in turkey flocks warrants additional study. 

In Chapter 4 of this thesis, the potential of the 6 Eimeria spp. identified in field samples 

(Chapter 3) were tested for their ability to generate adaptive cross-immunity in turkey poults. 

This large in vivo cross-immunity trial involved simultaneous immunization of poults by trickle 

infections of one Eimeria spp. followed by challenge with a homologous species or one of the 

remaining five heterologous species. With naïve controls included, 43 distinct treatments were 

tested with three groups of birds required for each distinct immunization/challenge combination 

(1 group of 5 birds to assess lesion scores; 2 groups of 3 birds each for oocyst enumeration). 

Cross-immunity trials in turkeys have been previously conducted (Vrba and Pakandl, 2014); 

however, a cross immunity trial of the comprehensiveness of the present study, with its 

associated complexities, had not been undertaken in turkeys previously. Acquiring, purifying 

(single-oocysts isolation) and confirming species identity (morphometric and molecular means), 

of all widely recognized turkey Eimeria spp. was a prerequisite for this cross-immunity trial. 

Successfully completing this trial required appropriate BL2 animal care facilities (CAF Animal 

Isolation, University of Guelph) and enhanced biosecurity procedures (see Appendix 4) to ensure 

that each group of poults infected with different Eimeria spp. remained completely isolated from 
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one another. The demonstrated complete lack of adaptive immunological cross-protection among 

any of the treatment groups confirms that these essential elements were all achieved.  

Not surprisingly with such a logistically challenging experimental design, there were some 

complications during the trial but were minor and did not invalidate the observations. 

Unexpectedly, vaccinated groups of birds (each being housed within separate rooms by necessity 

to keep all live vaccinations isolated) grew at different rates during the vaccination phase of the 

trial (5 to 36 days-of-age) despite the low vaccination dose. Poults immunized with MEL or MD 

demonstrated significantly lower mean body weights following the vaccination portion of this 

trial compared with the other vaccinated birds and the SHAM-vaccinated birds. Nonetheless, all 

vaccinated birds retained normally distributed BW’s within each vaccination group at the end of 

the vaccination portion of the trial. The MEL-vaccinated birds had mean pre-challenge BW 

(1843g) that were significantly lower than most other groups (mean pre-challenge BW of 2064 to 

2377g) (Appendix 11). Due to their depressed BW prior to the various challenges, the 

MEL-vaccinated birds also had the highest BWG and %BWG following homologous challenge; 

this change suggests that so-called ‘compensatory growth’ (Voeten et al., 1988) may have been a 

factor contributing to the changes in BW during the challenge period with the MEL-vaccinated 

poults. It is not clear whether the significant differences in mean pre-challenge BW among 

groups vaccinated with different parasites were related to vaccination (i.e., negative impact of 

parasite growth during the vaccination) or other abiotic factors of the animal room unrelated to 

the immunizing parasite, such as litter moisture, bird density, food or water arrangements, etc. 

Consequently, statistical analyses of post-challenge BW (either raw or transformed into %BWG) 

in association with responses to challenges by different parasites can only be compared reliably 

among groups immunized with a single species or SHAM-vaccinated (i.e., Table 4.4 and 

Table 4.7). Unfortunately, there were insufficient birds in each vaccinated group to permit 

immunized-SHAM challenged birds for each vaccination species. Prior to this trial, there was 

little expectation that the vaccination period could have had such a significant impact on 

pre-challenge BW in some groups (Appendix 11). Had this been anticipated, a more extensive 

collection of treatment controls would have been incorporated into the study design. The lessons 

of the present cross-immunity trial have presented information that will greatly improve future 

work of this nature. 
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The small size of the challenge groups (n=5) and typical bird to bird variability in BWG 

over a short post-challenge growth period (5 or 6 days depending on challenge species) may 

have impacted the utility of the mean BWG post-challenge. Although not significant, mean 

BWG of all homologous-challenged poults were numerically higher than all 

heterologous-challenged poults, regardless of vaccinating species. For example, despite the lack 

of statistical significance between INN-INN and INN-GALL with respect to mean BWG, there 

was a 9.9% numerical difference in BWG between these groups suggesting that the 

heterologous-challenged poults (INN-GALL) were impacted at an economically relevant level. 

For comparison, the US Food and Drug Administration (FDA) recommends oocysts be given at 

sufficient doses to cause a 20% reduction in BWG when testing anticoccidials (Chapman, 1998). 

In the present study, LS, BWG and oocyst output were recorded. Chapman (1998) has 

explained that LS may not always correlate with BWG and although LS may be present, weight 

gain may not be depressed. The disconnect between LS and performance (particularly in 

immunized birds; see Chapman et al., 2005b) may have similarly confounded interpretation of 

BWG post-challenge in the present study where profound lesion formation was not associated 

with significantly depressed BWG during the challenge period. In future experiments, the period 

over which BWG is to be collected should be extended by including additional birds in the 

challenge groups that are not necropsied for observation of optimal LS but rather retained for 7 

to 14 days post-challenge to better assess the impact on BWG of a virulent challenge infection 

(e.g., Poplstein and Vrba, 2011). 

Despite the identified limitations of the studies outlined above, it is clear that: 1) Eimeria 

spp. are widely distributed in commercial turkey flocks in Canada; 2) Canadian commercial 

turkey flocks exhibit surprising species diversity within individual flocks; and, 3) there is a 

complete lack of significant adaptive, memory-dependent, cross-immunity among the 6 Eimeria 

spp. examined in the present work. The survey of commercial turkey flocks from across Canada 

documented that a high proportion of flocks were infected with coccidia (33/39 flocks) and more 

than 10% of these flocks (4/39) were shedding oocysts from all 6 Eimeria spp. These parasites 

could pose significant threats to commercial producers that may not be fully addressed through 

the use of the single available live coccidiosis vaccine licensed for use in turkeys. In commercial 

poultry production, live coccidiosis vaccines are undergoing increased usage while the use of 

in-feed anticoccidial drugs declines. With the exception of two poorly described Eimeria spp. 
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reported from turkeys (E. subrotunda and “E. edgari”; see Chapman 2008; Fitz-Coy et al., 

2008), all widely recognized species were tested for adaptive immunological cross-protection in 

a controlled cross-challenge experiment in vivo (Chapter 4) and no meaningful specific, 

memory-dependent, adaptive cross-immunity was evident. Non-specific (innate) immunity that 

had limited impact on some challenge infections was noted when the challenge species occupied 

the same region of the intestinal tract infected by the immunizing species. The consequence, if 

any, of such a minor impact on parasite replication (modestly decreased oocyst output) on the 

health and performance of turkey poults in a field environment remains unknown. 
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APPENDICES 

APPENDIX 1: REQUEST LETTERS 
 

 

 

 
ONTARIO VETERINARY COLLEGE 

Department of Pathobiology 

21 January 2018 
For Distribution. 

 

 

Attention: Canadian Turkey Producers wanted 

 

University of Guelph researchers are looking for turkey producers to participate in a field 
research study. We are investigating the presence of coccidiosis-causing parasites in turkey 
flocks in Canada. We are looking for turkey farmers to make a single collection of fecal samples 
with kits provided that they will return pre-paid to the University for processing. Samples are to 
be collected from turkeys aged 4-10 weeks (in May/June 2017); specific collection instructions 
will be provided with the collection kit. No personal information (i.e. specific location, quota 
number etc.) will be reported. Contact information will be used only for communication and 
collection kit shipment. The facility-specific results will be provided to each contributing 
producer at their request. If interested in participating, please contact us as soon as possible (and 
preferably no later than June 5th) so that collection kits can be shipped to you. To participate, or 
to obtain more information before participating, please contact Rachel Imai by phone at 647-472-
7774 or email rimai@uoguelph.ca, or Dr. John Barta by email at jbarta@uoguelph.ca. 
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ONTARIO VETERINARY COLLEGE 

Department of Pathobiology 

21 January 2018 

Re. Turkey fecal sample collection from commercial farms 

Dear Turkey Farmers of Canada: 

As you are aware, coccidiosis remains a significant threat to broiler and laying chickens, as well as turkeys. 
As part of a longer term project studying coccidiosis in domestic poultry, our laboratory is interested in obtaining 
fecal samples from commercial turkey farms. We are contacting you to inform you and solicit your help in 
publicizing this initiative, particularly to turkey farmers so that they are aware of our project. This letter will outline 
the goals of the project, the potential outcomes, and how we hope you can help make this project a success. 

 
The poultry industry relies largely on in-feed anticoccidial medications to control the parasites from causing 

clinical and sub-clinical problems. The parasites are beginning to develop resistance against one or more 
anticoccidials and consequently some of the in-feed medications are losing their effectiveness. Live coccidiosis 
vaccines are being used increasingly for parasite control. In turkeys, there are several different parasite species that 
can cause the disease but vaccinating against one species does not provide protection against others. In this study, 
we wish to determine which species are present on commercial turkey farms in Canada because this information has 
not been examined systematically. Any parasites that are found will be included as part of a global study being 
conducted to determine presence of these Eimeria parasites in turkey flocks globally. A controlled experiment after 
the sample collection will determine cross immunity generated by parasites isolated from around the world, 
including from Canadian farms. 

 
Due to logistics and biosecurity concerns of on-farm visits, we hope that producers can collect samples for us 

and then ship to the University at our cost; only a single collection per farm is required.  We need about 20 fresh 
droppings from a flock of 4-10 week-old poults. We will supply the materials for collection (instructions, gloves, 
container with preservative), and the shipping material (box, pre-paid courier shipping, internal packaging). Samples 
only need to be taken once per farm and since this is determined by placement dates, we understand some producers 
will not have the specific age of bird for a couple of months.  

 
We are hoping to distribute our request for samples to all producers in each province with the support of the 

various turkey boards. We can provide a brief overview of the study and our contact information so that interested 
producers can contact us directly; we can then forward the specimen collection kit to the producer directly.  No 
farm-specific data will be published; if desired, we will forward farm-specific results of our fecal analysis to each 
participating farm confidentially.  

 
We look forward to your support for this project. Thank you for your consideration of this request. 
 

Sincerely yours, 
 
 
 
 
Rachel Imai Ryan Snyder John R. Barta BSc PhD 
MSc Candidate PhD Candidate Professor (Parasitology) 
 
rimai@uoguelph.ca snyderr@uoguelph.ca  jbarta@uoguelph.ca  
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 GUELPH · ONTARIO · CANADA · N1G 2W1 · (519) 824-4120 · FAX (519) 824-5930 

 
ONTARIO VETERINARY COLLEGE 

Department of Pathobiology 
 

9 May 2017 
 
 
 
Attention: Canadian Turkey Producers Wanted 
 
 
 
University of Guelph researchers are looking for turkey producers to participate in a field study 
on the presence of coccidiosis-causing parasites in turkey flocks in Canada.  
 
The use of in-feed anticoccidial medications traditionally used to control the parasites are 
becoming less effective due to developing resistance. While live coccidiosis vaccines are being 
used increasingly for parasite control in turkeys, there are several different parasite species that 
can cause the disease but vaccinating against one species does not provide protection against 
others. The results of the study aim to provide a better understanding of the parasites causing 
coccidiosis in turkeys and provide insight into control of the disease.   
 
We are looking for turkey farmers to make a single collection of fecal samples. We will supply 
the materials for collection (gloves, container with preservative), and the shipping material (box, 
pre-paid courier shipping, internal packaging). Samples are to be collected from turkeys aged 4-
10 weeks (in May/June 2017); specific collection instructions will be provided with the 
collection kit. No personal information will be reported and contact information will be used 
only for communication and collection kit shipment. The facility-specific results will be 
provided to you at your request.  
 
If interested in participating, please contact us as soon as possible (and preferably no later than 
June 5th) so that collection kits can be shipped to you. To participate, or to obtain more 
information before participating, please contact Rachel Imai by phone at 647-472-7774 or email 
rimai@uoguelph.ca, or Dr. John Barta by email at jbarta@uoguelph.ca. 
 
Sincerely yours, 
 
 
 
 
Rachel Imai John R. Barta BSc PhD 
MSc Candidate Professor (Parasitology) 
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 GUELPH · ONTARIO · CANADA · N1G 2W1 · (519) 824-4120 · FAX (519) 824-5930 

 

 
ONTARIO VETERINARY COLLEGE 

Department of Pathobiology 
 

24 May 2017 
 
Attention: Nous cherchons des éleveurs de dindons canadiens 

Des chercheurs de l’Université de Guelph cherchent des éleveurs de dindons pour 
participer dans une étude sur la présence des parasites qui causent la coccidiose 
dans les lots de dindes canadiens. 

Les traitements anticoccidiens en additifs traditionnels deviennent moins efficaces 
en raison de l’apparition de résistance. Bien que les vaccins vivants soient utiliser 
plus fréquemment pour le contrôle de coccidie dans les dindes, il n’existe pas de 
protection croisée contre les différentes espèces de coccidie. Les résultats de 
l’étude donneront une meilleure compréhension des parasites qui causent la 
coccidiose dans les dindes et produira perspicacité au contrôle de la maladie.  

Nous cherchons des éleveurs de dindons pour faire une seule collection 
d’échantillons des fèces. Nous fournirons les matériaux pour la collection (gants, 
récipient en plastique avec des conservateurs), et pour le transport (frais de port et 
d’emballage). Les échantillons doivent être ramasser de dindes âgées 4 à 10 
semaines (en mai/juin 2017); des instructions spécifiques seront fourni avec la 
trousse de collection. Les résultats pour votre ferme seront disponibles sur 
demande.  

Si vous voulez participer, veuillez nous contacter dès que possible (de préférence 
en avance du 5 juin) pour que nous puisions vous envoyer la trousse. Pour 
participer, ou pour obtenir d’information additionnelle veuillez contacter Rachel 
Imai par téléphone à 647-472-7774 ou courriel à rimai@uoguelph.ca, ou Dr. John 
Barta par courriel à jbarta@uoguelph.ca. 

Sincères salutations, 

 
 
 
Rachel Imai John R. Barta BSc PhD 
MSc Candidate Professor (Parasitology) 
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APPENDIX 2: FECAL COLLECTION SOP FOR FARMERS 
 

 
  

Fecal Material Collection 
 

Purpose: This procedure is to be followed when collecting feces from turkey houses (4-10 
weeks old) for Eimeria species presence and identification and concentration analyses.  

Materials Required (Provided): 

1) disposable gloves 
2) screw-cap sample container (white) 
3) conical tube with dilute bleach (blue capped) 

Additional Materials (Not provided):  

1) biosecurity supplies (if applicable) 
2) head lamp or extra source of light may be helpful  

 

Questions? 
 

Feel free to contact me by text (647-472-7774) or email (rimai@uoguelph.ca). 
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Procedure:  For each barn you will be collecting up to 20 droppings into a sample container and then 
adding preservative prior to shipping. 

1) For each barn, bring one sample container (white lid) and one tube of preservative (blue 
lid); fill in the label details at this time (pencil/ballpoint/permanent marker). 

2) Open the sample container (keep lid with preservative).  
3) Walk the length of the barn in 2-4 passes with an equal amount of space between the passes 

to get a representative sample. See diagram below: 

 
 

4) Collect fresh fecal droppings from on top of the litter.  
a. Avoid bedding material (shavings or straw) stuck to the feces if possible. 
b. Droppings must be moist, squishable, yet intact.  
c. Collecting both cecal and fecal droppings is encouraged, but not required.  

 
 

5) Continue to collect fecal dropping samples until the material roughly reaches the fill line 
labelled on the container, or until 20 droppings have been collected. Attempt to keep the 
outside of the sample container free of feces if possible. 

6) Open the blue-capped preservative tube and pour all the dilute bleach on top of the feces in 
the screw-cap sample container. There should be a few centimetres of air space once 
completely full. Close up both containers and ensure the lids are on tight. Invert the sample 
container several times to mix the preservative.  

7) Gloves should be discarded after use.  
8) Store the sample container at room temperature, refrigeration is not required.  

Important: DO NOT FREEZE. 
9) Repeat Steps 1-8 if you have more than one age group or barn. 
10) After final sample is collected, place screw-cap containers and all materials provided inside 

shipping box, and replace internal packaging. Apply the courier shipping documents, and 
ensure any old shipping documents are removed and destroyed. Contact the courier to 
come pick up the package at earliest convenience. (Let the researcher know when the 
shipment is picked up by courier). 

Thank you for your interest and participation in this study! 



96 

APPENDIX 3: MCMASTER COUNTING METHOD 

The McMaster counting technique depends on floating and counting oocysts within a 

scribed grid area (1 cm2, subdivided into 6 lanes) of a specifically manufactured counting 

chamber from which the concentration of the original sample can be determined. Each McMaster 

slide has 2 identical scribed chambers that each hold 0.15 mL within the counting area. 

For slurry samples (see Chapter 4), 1 mL of fecal homogenate was mixed with 9 mL 

saturated NaCl (aqueous) and immediately loaded into a McMaster counting chamber. The 

chamber was left undisturbed for 5 minutes to allow the oocysts to float. The oocysts within the 

scribed region were then counted; if less than 20 oocysts were counted in the 1st lane, all 6 lanes 

were counted, if more than 20 oocysts were counted in the first lane, the sample was washed 

from the slide and a further dilution of the original sample was made with saturated NaCl 

(aqueous) before the McMaster chamber was reloaded. Once the oocyst concentration was 

diluted to the desired concentration for accurate counts, the number of oocysts within both of the 

scribed grids on a slide were recorded. 

The total number of oocysts in a sample were calculated as follows: 

 

!"!#$	""&'(!( = (&"+,!	1 + &"+,!2) ∗ 23$+!3",
0.3	78 ∗ 9"$+7:	(78) ∗ 1.25 
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APPENDIX 4: STANDARD OPERATING PROCEDURE – ANIMAL ROOM 
PERSONAL PROTECTIVE EQUIPMENT (PPE) AND PROCEDURES 
 
Equipment Required: 
 
Deluxe disposable polypropylene coverall (Uline) 
Latex-free Gloves 
Isolation gown 
Hairnet 
Face mask 
 
Methodology: 
 
To ensure no cross infection occurred between single species rooms, a strict PPE regimen was 
implemented.  

1.) Scrubs were worn prior to entering any room 
2.) Basic PPE was worn on top of scrubs (Isolation gown, hairnet, face-mask and 2 pairs of 

gloves) 
3.) Rubber boots were stepped into when entering the ante-room 
4.) Once inside the ante-room, a disposable polypropylene suit was put on overtop of the 

rubber boots. 
5.) Once fully suited up, entrance into the animal room was permitted. 
6.) When finished in the animal room, the polypropylene suit was taken off in the animal 

room and stepped directly out of the suit into the ante-room leaving the discarded suit on 
the floor of the animal room. 

7.) Basic PPE was removed in the ante-room and discarded in the garbage. 
8.) Once de-gowned, a pre-made mixture of 200 mL ammonium hydroxide (28.0 to 30.0% 

w/w; CAS 7664-41-7,7732-18-5) and 4L windshield washer fluid (1.5%[w/w] 
ammonium hydroxide) was sprayed on the bottom of the rubber boots. 

9.) Boots were removed in the ante-room and then entrance into the clean hallway was 
permitted and outdoor shoes were put on. 

10.) The floor of the ante-room was sprayed and the area around the door (between the ante-
room and the animal room) was sprayed with the ammonium hydroxide solution. 
11.) The door was closed and the solution was left to sit for at least 20 minutes prior to 
entering the room again.  
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APPENDIX 5: PRE-TRIAL TITRATION EXPERIMENT OF 4 EIMERIA SPECIES 
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APPENDIX 6: DESCRIPTION OF MACROSCOPIC LESION SCORES APPLIED TO SIX EIMERIA SPECIES 
INFECTING THE INTESTINAL TRACT OF TURKEYS (PARTIALLY BASED ON OBSERVATIONS OF EL-SHERRY 
ET AL., 2014A; 2014B; 2018). 

Score AD DISP GAL INN MD MEL 
4 Serosal surface of cecal 

pouches may have 
corrugated appearance; cecal 
mucosa has coalesced lesions 
(stripped and/or edematous); 
large, cohesive, caseous 
cecal cores occupying the 
entire cecal pouch. No 
involvement of the cecal 
necks or elsewhere in the 
intestinal tract.  

Profound bleaching of the 
entire duodenal loop to 
Meckel’s diverticulum with 
maximum involvement of 
the. Mucosa watery, flaccid 
(thinned), epithelium 
stripped completely in 
heavily affected areas; 
severe sloughing in other 
infected regions; raised 
regions of whitened mucosa 
in many areas. 

Substantial petechial 
haemorrhage from Meckel’s 
diverticulum through to rectum 
including cecal neck but never 
cecal pouches; mucosa congested 
with excess clear mucus; contents 
in affected areas contain bright 
white caseous cores (some 
fragmented cores may be found 
in cecal contents) 

Profound bleaching of the lower 
duodenal loop to around Meckel’s 
diverticulum with maximum 
impact on jejunum; ballooning of 
jejunum may occur. Mucosa 
watery and thickened, flaccid, 
small regions of haemorrhage; 
individual villi swollen and pale 
forming horizontal banding pattern; 
epithelium may be stripped 
completely in heavily affected 
areas. Digesta watery sometimes 
flecked with watery blood. 

Clusters of petechial 
haemorrhages forming 
coalescing haemorrhagic lesions 
throughout the ceca with intense 
haemorrhage in the cecal necks 
and lesser involvement of the 
rectum; cecal and rectal mucosa 
highly edematous and bleached 
with localized epithelial 
sloughing; loose or compact 
caseous/greyish cecal cores. 

Extensive necrosis, 
ulceration, mucosal 
thickening and extensive 
haemorrhage on the 
mucosa surface; most 
severe in the ascending 
duodenum with lesions 
extending distally in 
severe infections to 
include the cecal necks 
and rectum. 

3 Lesions largely coalesced; 
serosal surface of cecal 
pouches may have 
corrugated appearance; cecal 
mucosa stripped and/or 
edematous; large, cohesive, 
caseous cecal cores 
occupying the entire cecal 
pouch. No involvement of 
the cecal necks or elsewhere 
in the intestinal tract. 

Mucosa thickened and 
congested, edematous; 
superficial epithelium 
irregularly raised with 
individual villi swollen and 
pale; affected region from 
the duodenal loop to mid-
jejunum; digesta yellowish 
and slimy (excess mucus) 

Lesions from mid-ileum through 
to rectum including cecal neck 
but never cecal pouches; mucosa 
congested with excess clear 
mucus; regions of petechial 
haemorrhage in the cecal necks 
and rectum, sometime coalesced 
into larger haemorrhagic lesions; 
contents in affected areas may 
contain scattered caseous 
material (some fragmented cores 
may be found in cecal contents) 

Bleaching distal to the duodenal 
loop to Meckel’s diverticulum with 
maximum impact on mid-jejunum. 
Mucosa watery and thickened, 
flaccid; individual villi swollen and 
pale forming horizontal banding 
pattern. Digesta watery but with 
usual mucus. 
 

Petechial haemorrhages in the 
cecal pouch; more numerous 
petechiae in the cecal necks 
where they coalesce into 
haemorrhagic lesions; cecal and 
rectal mucosa edematous and 
bleached; mucosa both 
thickened and roughened; loose 
or compact caseous/greyish 
cecal core. 

Marked thickening of the 
mucosa surfaces with the 
presence of cheesy caseous 
material but limited 
haemorrhage; lesions most 
severe in duodenum with 
involvement of the 
jejunum posteriorly as far 
as Meckel’s diverticulum 

2 Mucosa congested over 
two-thirds of the cecal pouch 
with excess mucous; more 
numerous but no coalesced 
petechial haemorrhages.  

Mucosa somewhat 
thickened and congested, 
edematous; superficial 
epithelium show some villi 
swollen and pale; affected 
region includes duodenal 
loop to upper jejunum; 
digesta yellowish and slimy 
(excess mucus) 

Lesions from mid-ileum through 
to rectum including cecal neck 
but never cecal pouches; mucosa 
congested with excess clear 
mucus; regions of scattered 
petechial haemorrhage in the 
cecal necks and upper rectum 

Bleaching of the mid-jejunum. 
Mucosa watery and thickened; 
some regions flaccid; digesta 
watery but with usual mucus. 
 

Cecal and rectal mucosa 
edematous; cecal pouch, cecal 
neck and rectum bleached; 
mucosa somewhat thickened and 
roughened with excess mucus; 
scattered petechial haemorrhage 
restricted mainly to the cecal 
necks. 

Yellow mucoid exudate 
with more numerous but 
not coalesced petechial 
haemorrhages; lesions 
extend distally from the 
duodenal loop 

1 Mucosa congested in the 
middle one-third of the cecal 
pouch with excess mucous; 
widely scattered petechial 
haemorrhages; normal cecal 
architecture (longitudinal 
ridges in cecal pouch)  

Mucosa watery with slight 
thickening of the 
epithelium; no discrete 
lesions visible; digesta has 
excess mucus; restricted to 
duodenal loop 

Mucosa of lower ileum to 
rectum, including cecal necks, 
modestly congested and bleached 
with excess clear mucus; a few 
scattered petechial haemorrhage 
in the cecal necks. 

Modest bleaching of the 
mid-jejunum. Mucosa somewhat 
thickened; digesta watery but with 
normal mucus. 
 

Cecal and rectal mucosa 
somewhat edematous; cecal 
pouch, cecal neck and rectum 
somewhat bleached with slight 
thickening and excess mucus 

Mucosa congested with 
scattered petechial 
haemorrhage on the 
mucosa surface; lesions 
primarily in the duodenal 
loop 

0 No Visible Lesions No Visible Lesions No Visible Lesions No Visible Lesions No Visible Lesions No Visible Lesions 



100 

APPENDIX 7: STATA STATISTICAL ANALYSIS OF LESION SCORES USING 
PAIRWISE COMPARISONS OF MEANS WITH EQUAL VARIANCES (EIMERIA 
MELEAGRIDIS)  
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APPENDIX 8: STATA STATISTICAL ANALYSIS OF %BWG BY CHALLENGE 
SPECIES USING PAIRWISE COMPARISON OF MEANS WITH EQUAL VARIANCES 
(INCLUDING SHAM-CHALLENGED AND SHAM-SHAM POULTS) (EIMERIA 
MELEAGRIDIS)  
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APPENDIX 9: STATA STATISTICAL ANALYSIS OF MEAN %BWG USING 
PAIRWISE COMPARISON OF MEANS WITH EQUAL VARIANCES (NO SHAM-
CHALLENGED AND NO SHAM-SHAM) (EIMERIA GALLOPAVONIS) 
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APPENDIX 10: STATA STATISTICAL ANALYSIS OF MEAN BWG USING PAIRWISE 
COMPARISON OF MEANS WITH EQUAL VARIANCES (EIMERIA 
MELEAGRIMITIS)  
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APPENDIX 11: STATA STATISTICAL ANALYSIS OF PRE-CHALLENGED BODY 
WEIGHTS USING PAIRWISE COMPARISONS OF MEANS WITH EQUAL 
VARIANCES AND TESTING FOR MULTIVARIATE NORMALITY OF WEIGHTS 
WITHIN A GROUP 
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APPENDIX 12: STATA STATISTICAL ANALYSIS OF BODY WEIGHT GAIN OF 
SHAM-IMMUNISED BIRDS FOLLOWING EIMERIA SPECIES CHALLENGE 
(“INTESTINAL” SPECIES) USING PAIRWISE COMPARISONS OF MEANS WITH 
EQUAL VARIANCES  

 


