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Coccidiosis is a common disease of poultry caused by Eimeria species. Live Eimeria 

vaccination protects against coccidiosis through an initial vaccine dose of infective oocysts 

enhanced through low-level, fecal-oral transmission, termed “cycling”.  Vaccination is best 

accomplished with uniform vaccine administration and environmental conditions that promote 

cycling. Commercial vaccines are administered by spray cabinet using coloured droplets 

delivered to trays of chicks.  Uniformity of vaccine ingestion was tested following spray 

vaccination; 53 of 59 tested pullets were shedding oocysts (90% coverage) but the oocyst 

numbers each ingested was widely variable.  Hatchery-vaccinated pullets may not be placed for a 

day or more so delayed access to feed post-vaccination was examined.  Vaccinates prevented 

access to feed for 24hr had peak oocyst output two days later than immediately fed birds but the 

number of oocysts shed following vaccination were not impacted significantly.  Studies 

exploring environmental factors influencing vaccination success focused on replacement layer 

pullets in conventional cages.  Cage modifications were tested for their ability to enhance 

within-cage oocyst cycling and improve vaccine efficacy.  Pullets vaccinated by gavage were 

reared with 0%, 20%, 40% or 60% of the cage floors covered with biodegradable material 

(lasting ~5 weeks).  Covering 40% of the cage floor increased both intensity and duration of 

within-cage oocyst cycling and significantly improved live vaccine efficacy (comparing body 

weights, oocyst shedding and lesion scores post-challenge) with negligible impact on animal 

welfare.  Three experiments tested if 40% cage floor coverage could enhance cycling and 

vaccine efficacy with non-uniform vaccine dosing (by gavaging subsets of pullets or by using 

spray vaccination).  Covering 40% of the cage floors increased within-cage oocyst cycling and 



significantly enhanced vaccine efficacy even following non-uniform dosing.  Finally, one trial 

failure demonstrated unequivocally that appropriate relative humidity in the barn is critical for 

vaccination success.  Collectively, this research has demonstrated that live Eimeria vaccines can 

be used effectively with caged-reared pullets. Successful vaccination can be achieved by 

introducing a minor environmental modification (40% cage floor coverage with folded chick 

paper) and maintaining barn environments (adequate humidity) that support parasite cycling 

among pullets, even if initial vaccination was non-uniform. 
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INTRODUCTION 

The global chicken industry is a thriving enterprise containing many sectors, including 

meat and egg production, from which approximately 3.5 billion chickens are produced annually 

(Zhang et al., 2013).  Highly host-specific parasites of the genus Eimeria are ubiquitous in 

galliform birds and are the causative agent of coccidiosis, an enteric disease of poultry, which 

generates a continuous economic burden on the global chicken industry of approximately USD$2 

to 3 billion per annum (Shirley et al., 2005; Zhang et al., 2013).  Financial losses due to 

coccidiosis are because of clinical and sub-clinical disease as well as prevention costs (Shirley et 

al., 2005).  The eimerian parasite undergoes a life cycle that includes endogenous (in-the-host) 

and subsequent exogenous (in-the-barn) stages (Kheysin, 1972).  Poultry eimerian parasites and 

their hosts have a long co-evolutionary history (Barta, 2001).  Thus, Eimeria species have 

evolved to become infective and transmit in an environment suitable for the chicken.  Production 

of poultry and poultry products ensures that the chicken is reared in an environment favourable 

for the animal and, unfortunately, for the parasite.  The fecundity of Eimeria species in 

combination with the hardiness of the oocyst as it is shed and becomes infectious in the 

environment in addition to the favourable environment promotes rapid transmission during a 

disease outbreak (Barta, 2001). 

Prophylactic in-feed anticoccidial medication has been employed by the chicken industry as 

the prevention control method shortly after their discovery in the 1940s (Reid, 1990).  At 

preventative doses, prophylactic in-feed medication offered coccidiostatic (endogenous 

development halted but can resume after drug withdrawal) and, depending on the type of drug 

used, coccidiocidial activity (Eimeria species parasites are killed during endogenous 

development) (Chapman, 1999).  However, as these preventative medications increased in 

effectiveness, the reliance on these drugs provided an ideal environment in which the parasite 

could develop drug-resistance (Abbas et al., 2008).  For some anticoccidial drugs such as 

zoalene, once established, drug-resistance persisted despite the removal of the drug (Martin et al., 

1997) and changes had to be made to the prophylactic anticoccidial strategy to lengthen the 

effectiveness of the various drug programs (McDougald, 2003).  In addition to drug-resistance, 

increasing consumer concerns regarding drug-residues in poultry products generated a niche (and 

growing) market for antibiotic-free management of poultry (Vermeulen et al., 2001). 

Live Eimeria vaccines are a prophylactic alternative to anticoccidial medication which 
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provide a small, calibrated dose of mixed Eimeria species, enough to initiate the parasite life 

cycle and stimulate the immune system.  Live vaccines rely on uniform, synchronous 

administration (Danforth, 1998) as well as environmental control in the barn (Chapman, 2000).  

While administration of live vaccines initiates the endogenous phase of the life cycle, the 

exogenous life cycle phase must be adequately managed to generate trickle infections for the 

vaccine to be sufficiently successful (Chapman et al., 2005a).  Trickle infections (“cycling” of 

vaccine progeny oocysts) are the initiaton of subsequent low-grade infections which assist to 

enhance protection against a large challenge infection (Joyner and Norton, 1976).  The 

environmental control in the barn to manage the exogenous phase of the life cycle can be 

separated into the atmospheric environment (factors required for the oocyst to become infective – 

e.g. temperature, relative humidity, oxygen access) and the physical barn environment 

(management of housing, poultry and litter to promote low-level cycling). 

In both the broiler (meat bird) and layer (egg bird) market, coccidiosis and prevention 

methods are a concern in chicken production (Gingerich, 2013).  Each poultry production market 

has unique problems with regard to coccidosis prevention (e.g. housing and poultry management, 

nutritional requirments, etc.) despite the type of prevention program used (e.g. prophylactic 

anticoccidials or live vaccines).  Live vaccine use is increasing in poultry production with 

chickens reared on the floor with litter or in cages (Gingerich, 2013). 

Live vaccines require handling that must incorporate a basic understanding of the parasite 

life cycle, specifically the exogenous and transmission portion of the life cycle.  Despite 

coccidiosis vaccines being present since the 1950s, their recent use, coupled with dramatic 

changes in housing systems, has altered the ways in which methods of environmental 

management can be used to influence cycling in the barn and, if employed correctly, the success 

of the live Eimeria vaccine.  For effective oocyst transmission the oocyst must be infective 

(sporulated), ingested and the infective oocyst must be available over a period of time to be 

ingested.  Each poultry barn has the potential to provide an environment suitable for the oocyst to 

become infective and the chickens to ingest the infective oocyst.  However, not all poultry barns 

have equal potential for the availability and duration of availability of infective oocysts for the 

housed chickens.  When live Eimeria vaccines are the prevention method of choice, low-level 

oocyst cycling at an early age is needed to achieve enhanced protection against later challenge 

infections.  In general, for chickens reared on the floor, the floor covered with litter and manure 
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provides the needed access and duration of availability for infective vaccine progeny oocysts to 

be ingested.  However, for pullets reared in cages, the cage system provides reduced, but not 

eliminated, access and duration of availability of infective vaccine progeny oocysts.  

Consequently, achieving low-level oocyst cycling is more difficult in cages (Soares et al., 2004) 

and successful live Eimeria vaccine protection against later infections can be problematic 

(Gingerich, 2012). 

Innovations to enhance live Eimeria vaccine success in conventional caged reared pullets, 

in addition to transmission dynamics of Eimeria species in these environments, have been 

limited.  The present studies were designed to gain insight on live Eimeria vaccination from the 

hatchery to the pullet rearing conventional cage system, specifically to explore environmental 

influence.  The first hypothesis postulated that commercial spray vaccination will result in 

non-uniform initial vaccine oocyst ingestion at day of hatch.  The second hypothesis postulated 

that modification of the environment of caged pullets can enhance within-cage oocyst cycling and 

efficacy of the live Eimeria vaccine.  Follow-up studies hypothesized that partial coverage of the 

cage floor would enhance within-cage oocyst cycling and efficacy of the live Eimeria vaccine in 

the face of non-uniform initial vaccine oocyst ingestion.  Additionally, cage floor coverage was 

proposed to have minimal impact on animal welfare.  Finally, in an attempt to further explore the 

impact of commercial conditions on live Eimeria vaccine administration and resulting vaccine 

oocyst transmission, delayed access to feed post live vaccine administration at day-of-age was 

hypothesized to have an impact on oocyst output during pullet rearing. 
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CHAPTER 1 

Literature review 

This chapter is based on the following works of the author with minor modifications: 

 

Price, K.R. 2012. Use of live vaccines for coccidiosis control in replacement layer pullets. Journal of 

Applied Poultry Research 21:679-692. 

 

Price, K.R., B.M. Hargis, and J.R. Barta. 2014. From the wild red jungle fowl to domesticated 

chickens: Modification of eimerian-microbiome-host interactions. World’s Poultry Science Journal. 

In press, MS ID: WPSJ-OP-2014-067. 

 

Eimeria species are host-specific parasites in the phylum Apicomplexa that are important to 

the chicken industry because of their distribution, frequency and resulting economic losses (Ruff, 

1999).  Coccidiosis, an enteric disease caused by highly host-specific Eimeria species, is not 

commonly recognized in wild fowl despite the cosmopolitan distribution of these parasites 

(Barta, 2001; Abbas et al., 2008).  Coccidiosis usually manifests itself in modern, intensive 

rearing environments where large numbers of immunologically naïve hosts are housed in close 

confinement (Williams, 1999; Barta, 2001).  Prophylactic anticoccidial drugs permitted intensive 

poultry rearing to become profitable in the 1940s and continue to be used widely in commercial 

poultry production (Chapman et al., 2010).  However, these medication-based control measures 

are coming under scrutiny with respect to their potential risk as a food residue (Mortier et al., 

2005) as well as decreased effectiveness because of drug-resistance (Chapman, 1984; Abbas et 

al., 2008).  Consequently, the commercial chicken industry is moving towards immunological 

control techniques, specifically live Eimeria vaccines.  Since live Eimeria vaccines administer a 

small dose of live, infective parasites to the host, this control method is partly dependent on what 

the oocyst needs to become infective and how the vaccine progeny oocysts are transmitted in the 

field (Chapman et al., 2002).  Thus, live Eimeria vaccines are constrained by the atmospheric and 

physical barn environment to ensure the vaccine reaches its full protective potential. 

The eimerian life cycle 

Eimeria species are host-specifc, monoxenous parasites (i.e. they infect only a single host 

during their life cycle) (Fayer, 1980) and follow a typical coccidian lifecycle with both 

exogenous (in-the-environment) and endogenous (within-the-host) developmental stages as 

illustrated in Figure 1.1 (Barta, 2001).  Unsporulated oocysts are released to the environment via 
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the excreta (hereafter to be referred to as feces) of poultry.  The unsporulated oocyst is not 

infective; however, after approximately 22 to 77 hours, depending on the species (Norton and 

Chard, 1983; Al-Badri and Barta, 2012), at optimum temperature (around 29˚C), oxygen access 

and relative humidity, the oocysts sporulate to the infective form, a sporulated oocyst (Kheysin, 

1972; Reid and Long, 1979; Reyna et al., 1983; Parry et al., 1992; Waldenstedt et al., 2001).  The 

sporulated oocyst possesses four sporocysts that contain two infective sporozoites—the infective 

material—within them (Figure 1.1) (Fayer, 1980).  Under ideal conditions, the parasite may 

remain viable in the environment for an extended period of time (months to years); however, 

under industrialized commerical production conditions the rate at which oocysts lose their 

viability may increase due to ammonia levels, decreased access to oxygen or exposure to other 

pathogens (Reyna et al., 1983; Parry et al., 1992; Lunden et al., 2000).  Outbreaks of coccidiosis 

in susceptible birds are likely to occur whenever transmission and oocyst shedding produce 

oocysts faster than they are dying in or removed from the environment. 

The endogenous phase of the eimerian life cycle is initiated when a bird has ingested a 

sporulated oocyst (Fayer, 1980).  The grinding action of the gizzard releases the sporocysts from 

the oocyst, while enzymatic action of the upper intestinal tract releases the sporozoites from the 

sporocysts (Hammond, 1973; Allen and Fetterer, 2002).  Sporozoites penetrate directly into host 

intestinal epithelial cells in the gut lining in various regions depending on the Eimeria species 

(Reid and Long, 1979).  Within these host cells the sporozoite develops into a trophozoite (a 

growing stage that absorbs nutrients from the host) that grows larger and divides asexually to 

form numerous merozoites (known as merogony) (Hammond, 1973; Fayer, 1980).  Merozoites 

lyse out of the original infected host intestinal epithelial cell to infect new intestinal epithelial 

cells completing a second cycle of merogony (Innes and Vermeulen, 2006).  It should be noted 

that each Eimeria species has a predetermined number of cycles of merogony, ranging between 

two and four, that lead to characteristic, yet plastic (Jeffers, 1975), prepatent periods (Reid and 

Long, 1979; McDonald and Shirley, 2009).  At the conclusion of the last merogonic cycle the 

resulting merozoites enter new intestinal epithelial cells and initiate gametogony, the sexual 

phase of the lifecycle (Fayer, 1980).  During gametogony, some parasites develop into 

microgamonts that form multiple microgametes, male gametes, or they become macrogamonts 

that mature to female macrogametes (Hammond, 1973). 



6 

 

Figure 1.1.  The life cycle of a typical Eimeria species. Sporozoites (A) excyst from sporocysts in the 

intestinal tract of Gallus gallus domesticus.  Sporozoites infect a host intestinal epithelial cell and 

initiate merogony (B) to produce mature meronts (=schizonts).  Merozoites exit and infect 

neighbouring host intestinal epithelial cells for a genetically determined number of merogonic cycles 

(C-D).  After these merogonic cycles, merozoites initiate gametogony (E) to produce macrogametes 

(F) and microgametes that mature within a microgamont (=microgametocyte) (G).  Motile 

microgametes (H) locate and fertilize a mature macrogamete producing a zygote.  The zygote is shed 

in the feces as an unsporulated oocyst (I).  Sporogony (I-L) occurs in the environment to produce a 

sporulated, infective oocyst (L) that contains four sporocysts, each containing two infective 

sporozoites (From (Barta, 2001), with permission). 

Merozoites that form a microgamont undergo multiple divisions that ultimately result in the 

production of many biflagellate microgametes, whereas merozoites that form a macrogamont 

mature to a single large macrogamete (Hammond, 1973).  Macrogametes are not motile and are 

fertilized by a single microgamete within their host intestinal epithelial cell (Hammond, 1973).  

The now fertilized macrogamete (zygote) quickly forms an oocyst wall becoming an 

unsporulated oocyst that will be shed in the feces when its host cell is sloughed during normal 

epithelial turnover or through parasite-induced host cell death (Fayer, 1980). 
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The eimerian life cycle occurs over a genetically fixed timeline that differs for each species 

(and sometimes strains of a single species).  Three features of the life cycle have been measured 

with respect to time: 1) sporozoite excystation to infection of host intestinal epithelial cells; 2) the 

endogenous phase; and 3) the exogenous phase (Kheysin, 1972; Reid and Long, 1979; Parry et 

al., 1992; McDonald and Shirley, 2009).  The length of time needed for sporozoite excystation to 

infection of host intestinal epithelial cells ranges from minutes to hours (Parry et al., 1992).  

Conversely, the length of time needed for the prepatent period, full endogenous development 

from oocyst ingestion to shedding of unsporulated oocyst progeny, ranges between four to seven 

days or more depending on the Eimeria species and strain (Reid and Long, 1979; Parry et al., 

1992).  Reid and Long (1979) provided a detailed illustration of Eimeria species and 

corresponding prepatent periods.  The aforementioned exogenous phase occurs over a period of 

at least one to three days, depending on the species and environmental conditions); thus, a full 

life cyle may transpire over a maximum of approximately 14 days (depending on the Eimeria 

species) (Reid and Long, 1979; Norton and Chard, 1983; Chapman et al., 2002; Al-Badri and 

Barta, 2012).  

Many species of Eimeria have been described to infect Gallus gallus var. domesticus such 

as E. acervulina, E. brunetti, E. hagani, E. maxima, E. mitis, E. mivati, E. necatrix, E. praecox 

and E. tenella (Reid and Long, 1979).  Seven of these species are widely recognized as valid 

species and are found commonly associated with coccidiosis in commercial chicken production: 

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

1999).  These pathogenic species have a cosmopolitan distribution and can cause concurrent 

infections.  Thus, coccidiosis caused by Eimeria species better represents a disease complex 

(Williams, 1999). 

Differences among Eimeria species 

Eimeria species vary in fecundity – reproductive potential (Parry et al., 1992; Al-Badri and 

Barta, 2012), infection location – ranging from the duodenum to the cecum, and pathogenicity – 

from mild to severe (Reid and Long, 1979).  All Eimeria species are capable of causing 

coccidiosis with negative impacts on growth rate and feed efficiency in naïve chickens 

challenged with large numbers of oocysts; however, some species (notably E. acervulina, E. 

maxima, E. necatrix and E. tenella) are associated more frequently with clinical coccidiosis (i.e. 

diarrheal disease and obvious impacts on bird health and performance) with the formation of 



8 

macroscopic mucosal lesions typically seen during necropsy of affected birds.  Infections with E. 

brunetti, E. mitis, and E. praecox may impact growth and performance but rarely demonstrate 

such macroscopic lesions and infrequently cause mortalities.  In contrast, birds severely infected 

with E. necatrix or E. tenella will have bloody diarrhea, dramatic mucosal lesions (likely with 

obvious hemorrhage) and some mortalities are likely to result.  Other species, such as E. maxima 

and E. acervulina (and occasionally E. necatrix), more often may predispose chickens to other 

diseases, specifically necrotic enteritis (Al-Sheikhly and Al-Saieg, 1980; Williams et al., 2003; 

Williams, 2005).  Nonetheless, most birds suffering from coccidiosis survive the infection. 

Oocysts of the common pathogens can be categorized according to size into three groups: 

1) small (E. acervulina); 2) medium (E. necatrix, E. tenella); and, 3) large (E. maxima) (Reid and 

Long, 1979).  Oocyst sizes of some species (E. brunetti and E. praecox) range between medium 

and large.  Should only E. acervulina, E. maxima and E. tenella be present in a sample, as could 

be the case in some field samples of short-lived birds, these oocysts can be categorized into 

small, medium and large, respectively.  However, reliable determination of species cannot be 

accomplished using oocyst morphology alone (Reid and Long, 1979).  A tentative diagnosis can 

be made based on the general characteristics of any lesions and their location(s) regardless 

whether oocysts are being shed or not (Johnson and Reid, 1970; Reid and Long, 1979).  Such 

diagnoses are more difficult if two or more Eimeria species are contributing to the observed 

mucosal lesions. 

“Functional protective immunity” or “protective immunity” against infections with Eimeria 

species is generally regarded as the reduction or prevention of oocyst production and the absence 

of clinical signs in birds challenged by the parasites (Beattie, 1997).  Differences between the 

acquisiton of immunity for each Eimeria species have been noted (Rose and Long, 1962; Smith, 

2002).  For example, after a primary infection at three weeks of age with 500 E. maxima oocysts, 

the host acquired strong protective immunity, as measured by dramatically lowered total oocyst 

output after secondary infection at approximately 12 weeks of age (Rose and Long, 1962).  

Likewise, a primary infection with 500 E. necatrix oocysts in chickens of three weeks of age 

generated solid protective immunity; however, this protection was less in comparision to the 

protection produced by the same initial dose of E. maxima (Rose and Long, 1962).  Conversely, 

Chapman et al. (2005a) found that trickle infections allowed for better immunity against E. 

maxima to develop in day-of-age chicks than one single, large-dose inoculation as demonstrated 
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by decreased total oocyst output and increased weight gain following E. maxima challenge 

(Chapman et al., 2005b).  Complete protective immunity to an eimerian challenge usually 

develops following continuous low dose exposure (several cycles of low dose infection – “trickle 

infections”); yet, even protected birds may shed small numbers of oocysts without signs of illness 

(Williams, 1999). 

Generally, knowing the specific Eimeria species causing coccidiosis in chickens is of little 

practical significance because control measures in use for many years (management and 

medications) are identical for all species.  Different poultry industries are affected by specific 

Eimeria species; for this reason, management and vaccination against coccidiosis in short-lived 

broilers focus on E. acervulina, E. maxima and E. tenella whereas the focus in long-lived egg 

laying birds is on E. acervulina, E. brunetti, E. maxima, E. necatrix and E. tenella (and in some 

cases E. mitis and E. praecox) largely due to the difference in host lifespans. 

Coccidiosis 

Unlike many pathogens, the severity of coccidiosis in immunologically naïve chickens is 

directly related to the number of infective stages that are ingested; oocysts ingested in the 

thousands produce overt clinical signs in immunologically naïve chickens, whereas oocysts 

ingested in the hundreds may only produce subclinical infections (Reid, 1990).  Moreover, 

disease severity is affected by parasite-specific immunity and, to a lesser extent, by host genetics 

(Dalloul and Lillehoj, 2005).  Infections with Eimeria species in poultry can be categorized in 

one of three ways: 1) clinical coccidiosis demonstrating morbidity via bloody diarrhea and, less 

commonly, mortality; 2) subclinical coccidiosis that is not immediately obvious through overt 

clinical signs but manifests as decreased weight gain, higher feed conversion ratios, increased 

water consumption and decreased egg production in layer hens; and 3) coccidiasis, a term defined 

by Levine (1961), that represents a mild interaction between host and parasite with no detectable 

adverse affects on the host (Williams, 2002a).  Even in the latter case where no disease is evident, 

coccidiasis has been shown to have an overall energy cost to the growing chicken (Teeter et al., 

2008).  While it is unusual to find a commercial poultry flock not infected with coccidia, severe 

clinical coccidiosis with high morbidity and mortality is relatively rare but subclincal coccidiosis 

and coccidiasis are common (Williams, 1999). 
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A selection of diseases associated with coccidiosis in chickens 

Coccidiosis has been associated with secondary diseases with some bacteria, viruses and 

other protozoal parasites in addition to exacerbation of severity of some pathogens (Ruff and 

Rosenberger, 1985a; McDougald and Hu, 2001; Williams, 2005).  Coccidiosis has been reported 

to permit secondary infection or exacerbate infections with pathogens such as Clostridium 

perfringens (Al-Sheikhly and Al-Saieg, 1980), reoviruses (Ruff and Rosenberger, 1985a, b) and 

Histomonas meleagridis (McDougald and Hu, 2001). 

Necrotic enteritis, caused by the zoonotic bacterium C. perfringens colonizing the small 

intestine, is a common and economically significant disease in chickens (Cooper and Songer, 

2009).  Genomic analysis has shown that C. perfringens lacks the ability to produce 13 essential 

amino acids and must obtain these from the host; consequently, this bacterium is highly 

proteolytic (Dahiya et al., 2006; Cooper and Songer, 2009).  Generally, leakage of plasma 

proteins into the intestinal lumen offers a sufficient growth substrate for C. perfringens 

proliferation (Timbermont et al., 2011).  A perturbed gut, particularly sloughing of intestinal 

epithelial cells, may be needed to initiate leakage of plasma proteins into the intestinal lumen for 

virulent C. perfringens propagation (Timbermont et al., 2011).  Many predisposing factors have 

been proposed to stimulate necrotic enteritis; although the most important have been noted to be 

diet composition or mucosal damage due to coccidial infection (Williams, 2005; 

Gholamiandekhordi et al., 2006).  Certain Eimeria species that produce mucoid exudate and form 

lesions in the small intestine such as E. acervulina, E. maxima and E. necatrix (and sometimes E. 

brunetti) may play a role in necrotic enteritis development (Al-Sheikhly and Al-Saieg, 1980; 

Shane et al., 1985; Williams et al., 2003; Collier et al., 2008; Park et al., 2008).  Nevertheless, 

coccidial and clostridial lesions can be mutually exclusive (Williams, 2005).  Eimeria species are 

both self-limiting and immunogenic; thus should coccidiosis occur prior to necrotic enteritis, the 

coccidial lesions may precede and regress prior to observable clostridial lesion formation 

(Williams, 2005).  Converesly, necrotic enteritis probably does not act as a predisposing factor to 

coccidiosis infection as clostridial lesions and production of a dipthertitic membrane may impede 

Eimeria species asexual development (Williams, 2005).  Nevertheless, coccidiosis may not 

consistently be followed by necrotic enteritis and necrotic enteritis may occur subsequent to other 

predisposing factors (Williams, 2005). 

Reoviruses are a common disease of chicken and have been implicated in diseases such as 
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malabsorption syndrome or viral arthritis (Ruff and Rosenberger, 1985a, b).  Certain 

combinations of Eimeria species and reovirus isolates, pathogenicity levels of either disease 

organism as well as the time of coccidial infection may generate an additive or greater than 

additive effect (Ruff and Rosenberger, 1985a).  For example, when a mild dose of E. mitis was 

administered at one week of age to a broiler that was administered a highly pathogenic reovirus 

isolate or a mildly pathogenic reovirus isolate at day-of-age, it produced an additive effect on the 

depression of weight gain (Ruff and Rosenberger, 1985a, b).  Conversely, when a non-pathogenic 

reovirus was administered to broilers at day-of-age and a coccidial infection with E. mitis was 

administered at 10 days-of-age, additive pathogenic effects were ameliorated in one breed of 

chickens (Shaver-Arbor Acre) but not in another (Hubbard-Hubbard); whereas, both breeds of 

chickens demonstrated additive pathogenic effects with E. brunetti and non-pathogenic reovirus 

infections (Ruff and Rosenberger, 1985b).  The mechanism of interaction between coccidia and 

reoviruses remains unknown; however, it has been suggested that malabsorption of nutrients due 

to a coccidial infection may reduce the chickens’ ability to defend against a reovirus infection 

(Ruff and Rosenberger, 1985a). 

Blackhead disease, caused by H. meleagridis a protozoal parasite, is an important pathogen 

of turkeys and has been shown to infect chickens albeit with less pathogenicity (Lund, 1977; Hu 

and McDougald, 2003; McDougald, 2005; Hu et al., 2006).  H. meleagridis is usually transmitted 

via the ova of the cecal worm, Heterakis gallinarium (McDougald, 2005).  Consequently, a main 

entry route for H. meleagridis is through the ceca (McDougald and Hu, 2001).  In order to spread 

to the rest of the body, such as the liver, H. meleagridis must pass through the cecal mucosal 

tissues (McDougald and Hu, 2001).  Pathogenic organisms that disrupt the cecal mucosa, such as 

E. tenella in chickens or E. adenoides in turkeys, may have an impact on the development of 

blackhead disease (McDougald, 2005).  Concurrent infections with high doses of E. tenella and 

H. meleagridis in approximately two week old broiler birds were shown to increase the severity 

of liver lesions generated and the number of chickens that suffered from liver lesions 

(McDougald and Hu, 2001).  Cecal lesions were present but did not appear to be affected by this 

simultaneous infection (McDougald and Hu, 2001).  While administration of a live E. tenella 

vaccine significantly increased liver lesions, these lesions were dramatically lower than those 

birds infected with large coccidia challenge doses (McDougald and Hu, 2001).  Conversely, H. 

meleagridis can destroy the cecal intestinal epithelial cells needed for endogenous coccidial 
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growth (McDougald, 2005).  Thus, blackhead disease likely does not act as a predisposing factor 

to coccidiosis while coccidiosis may exacerbate the severity of blackhead disease. 

Thus, associations with different diseases are important to consider with coccidial infection.  

Intensive chicken production in North America 

Poultry provide a relatively inexpensive, high rate of production and adaptable global food 

source lending to the formation of one of the most intensive branches of livestock farming 

(Sainsbury, 2000; Marangon and Busani, 2006).  Around the 1940s, poultry production was 

revolutionized via intensive rearing when feed and labour costs were deemed too high in 

non-commercialized backyard housing to meet public demand (Sainsbury, 2000).  Intensive 

rearing improved productivity partially by controlling the environment (Sainsbury, 2000). 

In North America, litter and conventional cage rearing are two popular housing 

management methods (Bell, 2002; Lacy, 2002).  Broilers are commonly reared on floor with 

litter from day of hatch to day of slaughter (Lacy, 2002).  During brooding, chicks given a live 

vaccine are usually reared in a confined area of the house (e.g. a half to three quarters of the 

house) to conserve energy costs and then allowed access to the remainder of the house as they 

outgrow the confinement area (Chapman et al., 2002; Lacy, 2002).  Layers are commonly reared 

through to production in conventional cages (Suprenant et al., 2008); however, reliance on this 

type of caging is likely to change because of increased concern regarding animal welfare in such 

systems (Vanhonacker and Verbeke, 2009; Thompson et al., 2011).  This concern has led to the 

banning of conventional cages by the European Union (Van Horne and Achterbosch, 2008). 

While commercial broiler chicks are brooded and reared in the same facility in most cases 

during their relatively short life span (usually less than eight weeks), broiler breeder and layer 

pullets (sexually immature females) are commonly reared in one facility and then transferred to 

breeder or table egg production facilities (Bell, 2002).  Overall, the poultry industry has 

benefitted substantially from the intensive rearing process such that increased production has 

been able to meet increasing consumer demands (Suprenant et al., 2008). 

Coccidia and the chicken industry 

Increased density of chickens, without modification of management, does not correlate with 

increased production or profitability due, in part, to greater disease incidence (Sainsbury, 2000; 

Alders and Pym, 2009).  Despite the individual bird being infected with Eimeria species, 
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coccidiosis is usually considered a flock problem in the chicken industry due to several factors: 1) 

total economic losses; 2) effects of the fecundity of the parasite; and 3) the intensive nature of the 

chicken industry which permits rapid transmission between immunologically naïve birds (Ruff, 

1999; Williams, 1999; Velkers et al., 2010b). 

Economics of coccidiosis in the chicken industry 

Coccidiosis costs the global chicken industry as much as US$3 billion each year (Shirley et 

al., 2004; Dalloul and Lillehoj, 2005)–around US$70 million (1995 dollars) annually alone in the 

United Kingdom (Williams, 1999) and exceeding US$73 million (2013 dollars) annually alone in 

China (Zhang et al., 2013).  The economic losses due to this disease are the result of a variety of 

factors: 1) cost of coccidiosis control (i.e. medication, vaccination and equipment required for 

coccidiosis management); 2) predisposition to secondary disease; 3) morbidity (i.e. decreased 

performance as impaired growth rate, poor feed conversion or temporary reduction in egg 

production) and 4) mortality (less frequent in current chicken production) (Foster, 1949; 

Williams, 1999; Teeter et al., 2008; Zhang et al., 2013).  It is difficult to assign financial losses to 

a specific Eimeria species because some (e.g. E. mitis and E. praecox) will induce morbidity 

only, while others (e.g. E. necatrix and E. tenella) may induce both morbidity and mortality 

depending on the severity of infection (Mayhew, 1934; Fitz-Coy and Edgar, 1992; Ruff, 1999; 

Williams, 1999; Chapman, 2000; Williams, 2002b). 

Effect of confinement and artificial selection on transmission of Eimeria species 

Eimerian species have long been recognized as ubiquitous in galliform birds (Yabsley, 

2008).  The concentration of infective oocysts in a rearing environment, in addition to the number 

of infective oocysts ingested, can greatly impact the likelihood of coccidiosis.  Different types of 

rearing methods may have an influence on the eimerian-host interaction (Adene and Akande, 

1978). 

Under natural conditions Eimeria species may be widespread in the environment possibly 

as a result of mechanical vectors, definitive host movement or rain.  Generally, the ancestor of the 

domestic chicken, the red jungle fowl, will forage in forested areas for food and are free to roam 

most environments (Collias et al., 1966; Collias and Saichuae, 1967; Schutz et al., 2001).  This 

behaviour, in addition to the possible expansive range between infective parasites, may decrease 

the likelihood of infective oocyst ingestion or promote continuous ingestion of small numbers of 
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oocysts and elicit strong protective immunity in the host (Yabsley, 2008).  The lack of 

coccidiosis in the wild may be a result of a combination of the aforementioned conditions 

(Yabsley, 2008).  If coccidiosis should occur, this may be in one or a few generations per year 

where chicks may encounter a concentration of infectious oocysts. 

Intensification of poultry may increase the parasite transmission rate and parasite load 

ingested at any one time via a culmination of factors.  Firstly, chickens that were bred for 

performance have demonstrated less roaming behaviour (e.g. purposeful movement to scratch for 

feed) than their wild counterparts; thus, birds with reduced roaming activity may be more likely 

to ingest oocysts found in their immediate vicinity and therefore may have an increased chance of 

transmission (Schutz et al., 2001; Al-Nasser et al., 2007).  Secondly, different selected lines of 

chickens may have different susceptibilities to coccidiosis (Jeffers et al., 1970; Bumstead and 

Millard, 1992; Lamont, 1998; Kim et al., 2006).  Finally, broiler and egg production sectors rear 

large flocks in controlled environments that may enhance infective oocyst accumulation and 

transmission, but in ways that may be unique in each system (Bell, 2002; Lacy, 2002; Suprenant 

et al., 2008).  Taken together, these changes to the birds and their environments have altered the 

long-established eimerian-host relationship and turned a comparatively innocuous parasite into a 

serious pathogen. 

Intensive production of broilers provides a large number of densely packed, 

immunologically susceptible chicks walking on manure-laden litter that supports exogenous 

sporulation of coccidia.  Consequently, rearing birds in such conditions allows for transmission 

of Eimeria species and may give rise to subclinical and clinical coccidiosis depending on the 

numbers of infective oocysts ingested (Chapman, 2000). 

Layers can be reared either on litter or in cages.  In a typical conventional cage system, 

manure is captured below the cage using a conveyor belt.  In theory, birds have minimal access to 

fecal waste implying little opportunity for Eimeria species transmission; nevertheless, birds may 

still ingest oocysts through contaminated feed or water (McDougald, 2003), from the manure belt 

as it passes over birds, from the cage floor or from dirty feathers around the vents of cage-mates. 

Coccidiosis is not limited to conventionally reared poultry as commercial free-range 

poultry may also experience outbreaks of coccidiosis (Berg, 2001).  Replacement pullets for 

free-range layer farms are usually reared in a controlled indoor environment (Berg, 2001) and 

may experience similar Eimeria species exposure to conventionally reared pullets until 
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production begins.  Coccidia-infected birds may contaminate the pasture with oocysts; although, 

whether these oocysts are infective to the present or next flock is dependent on temperature 

variation (Table 1.1) (Horton-Smith, 1949).  Should the pasture not provide adequate cover to 

promote roaming behaviour, poultry may remain huddled in an area around the house, feeders or 

waterers thereby increasing the likelihood of parasite transmission (Hegelund et al., 2006). 

Table 1.1.  Effect of temperature variation on Eimeria species oocyst viability (Horton-Smith, 1949). 

Temperature How the Eimeria oocyst is affected 

Severe cold 

weather  

( << 4°C) 

Oocysts on the pasture surface experience high mortality over 24 hours.  Some oocysts 

embedded deep within the soil may survive until spring and when chickens peck at the soil 

these oocysts may infect the susceptible flock. 

Mild weather 

(~4°C) 

Oocysts passed at the end of the previous flock may remain viable yet non-infective as the 

external temperature falls within the dormancy range.  As soon as the temperature 

increases these oocysts will rapidly become infective.  Oocysts that are already infective 

may remain viable. 

Warm weather  

(4 - 37°C) 

Temperatures around the dormancy range will have a similar effect to mild weather 

whereas temperatures around 26-30°C are optimal for rapid sporulation.  If temperatures 

reach 37°C, sporulation rate and viability may decrease. 

Severe hot 

weather (>>37°C) 

Oocysts on the pasture surface experience high mortality over 24 hours.  Some oocysts 

embedded deep within the soil may survive and when chickens peck at the soil these 

oocysts may infect the susceptible flock. 

Methods of coccidiosis prevention employed in the chicken industry 

Due to the ubiquitous and fecund nature of the parasite, finding a commercial flock that is 

not shedding oocysts is rare (Ruff, 1999).  To combat coccidiosis in commercial poultry, 

biosecurity, house management and disease prevention methods must be followed (Scanes et al., 

2004; McDonald and Shirley, 2009).  Biosecurity may help to reduce contamination between the 

many facets of the poultry industry.  Proper house management may reduce the risk of 

contamination among birds or from pests (e.g. vermin or flying insects) in a single flock or 

between flocks due to carryover of used litter or an improperly cleaned poultry house (Reyna et 

al., 1983; Ruff, 1999; Williams, 2005).  Prevention of coccidiosis can rely on anticoccidial drugs 

or live vaccination or a combination of these approaches in an integrated rotational program. 

History of anticoccidial use in the chicken industry 

Anticoccidial drugs are the treatment of choice in the poultry industry as large volume 

manufacturing methods and market competition brought the cost of treatment to less than 

US$0.01 per bird and allowed for more birds to be reared in a single house (McDougald, 2003).  

Anticoccidial drugs can have a coccidiostatic (Eimeria species endogenous development halted 

but can resume after drug withdrawal), coccidiocidal (Eimeria species are killed during 



16 

endogenous development) or both effects during infections with Eimeria species (Figure 1.2) 

(Reid et al., 1969; Chapman, 1999; Raether and Hanel, 2008).  A range of anticoccidial drugs 

have been used prophylacticly throughout the years including: 1) ionophores that have an effect 

on membrane function of the parasite and act as both coccidiocides and coccidostats (e.g. 

monensin); 2) quinolines that have an effect on energy metabolism of the parasite and act as both 

coccidiocides and coccidostats (e.g. buquinolate); and 3) coccidiostatic thiamine analogues that 

have an effect on co-factor synthesis for the parasite (e.g. amprolium) [see (Reid et al., 1969; 

Chapman, 1997, 1999; Abbas et al., 2008; Chapman et al., 2010; Peek, 2010; Abbas et al., 2011) 

for a detailed descriptions]. 

As drugs became increasingly effective, the heavy reliance on the most effective drugs 

(frequently a single drug or class of drugs) provided the ideal environment for selection of 

drug-resistance which remains a common global problem (Chapman and Hacker, 1994; Peeters et 

al., 1994; Abbas et al., 2008; Lee et al., 2009).  Although the parasite has three independently 

changing functional genomes, nuclear, mitochondrial and plastid, the latter two may be less 

important to development of resistance to anticoccidials (Shirley, 2000).  The life cycle of 

Eimeria species contributes directly to the rapidity of the development of drug-resistance.  The 

life cycle alternates between an asexual replicative phase (essentially mitotic division) followed 

by sexual reproduction (essentially meiotic division) that leads to the production of oocysts 

(Barta, 2001).  The sexual reproduction of the nuclear genome of coccidia, providing a means of 

rapid genetic recombination, coupled with its immediate meiosis to haploid infectious 

sporozoites, ensures that any advantageous genetic polymorphism can be quickly amplified and 

fixed in the population of coccidia (Greif et al., 1996; Chapman, 1997). 

Initiation of drug-resistance depends on the number and duration of parasites subjected to a 

particular drug, but an accurate estimate of the time required for drug-resistance has not been 

determined (Chapman, 1984; Abbas et al., 2008).  Large numbers of parasites subjected to drug 

pressure provide more chances that an Eimeria strain with genetic resistance against a particular 

anticoccidial is present in the population.  Additionally, prolonged drug pressure provides more 

opportunities for selection of drug-resistance from such a population and, as mentioned above, 

recombination may provide a novel genotype that can be quickly selected.  Drug-resistance, once 

developed, will generally remain a characteristic of the specific Eimeria strain but development 

of this trait may be geographically specific (Chapman, 1984; Abbas et al., 2008).  For some 
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anticoccidials, selection for drug resistance does not appear to affect the survival of the parasite.  

Consequently, this trait can persist in the parasite population after the selective pressure (i.e. the 

drug) has been removed because survival is not impacted.  One example of such an anticoccidial 

is zoalene for which drug resistance remained many years following its regular use in production 

(Martin et al., 1997).  In contrast, resistance to ionophorous anticoccidials is usually only 

maintained when selective pressure (i.e. anticoccidial usage) is maintained; otherwise, 

drug-susceptible strains tend to outcompete drug-resistant strains in the field indicating reduced 

survival (Chapman et al., 2010). 

 

 

Figure 1.2.  A summary of different types of anticoccidial drugs and their effect and mechanism of 

action towards certain Eimeria species.  Anticoccidial drugs can be categorized as a coccidiostat or a 

coccidiocide based on their effect on Eimeria species.  Some drug types can act as both a coccidiostat 

and a coccidiocide depending on the species of Eimeria being acted against.  The mechanisms of 

action for some drug types are known, although the process for selective effects against certain 

Eimeria species is poorly understood. (Reid et al., 1969; Chapman, 1999; Raether and Hanel, 2008; 

Chapman et al., 2010; Peek, 2010; Abbas et al., 2011). 
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Strategies have been implemented in the poultry industry to combat development of 

anticoccidial drug-resistance including shuttle and rotation systems (McDougald, 2003).  In the 

shuttle program different drugs are used during each period of juvenile growth to market size 

(grow-out); whereas, in the rotation program the type of drug is switched after one or several 

grow-outs or seasonally (De Gussem, 2007).  However, careful use of a shuttle or rotation 

program does not fully prevent drug-resistance but does increase the useful life of the drug (Lee 

et al., 2009). 

Certain anticoccidial drugs, such as monensin, have withdrawal periods, especially in the 

European Union (Chapman et al., 2010), due to concerns regarding drug-residue in food products 

destined for human consumption (Vermeulen et al., 2001).  The withdrawal periods require 

inclusion of the in-feed drug to cease during a defined period before slaughter for meat birds 

(specific to each drug) and likewise before egg production commences for layer birds 

(McDougald, 2003).  However, should the drug be removed then the bird is susceptible to 

infection as there may be no or limited protective immunity acquired while the bird is on certain 

anticoccidial drugs; any available infective oocysts may thus cause disease (Reid, 1990).  

Consequently, drug withdrawal periods may have created a period during which there is an 

enhanced risk of a coccidiosis outbreak. 

Consumers and governments have become increasingly opposed to the use of antimicrobial 

growth promoters in food production animals because of the possibility of drug-residues in the 

food product as well as the possibility of drug-resistance being transferred from flora in 

production animals to human or animal pathogens (Dibner and Richards, 2005).  Consequently, 

recent government legislation has been enacted in a number of countries to increase drug 

withdrawal periods or greatly restrict use (i.e. partial or total bans on in-feed drug use) in food 

production animals including poultry (Williams, 1998; Mortier et al., 2005; Lillehoj et al., 2007).  

Development and commercialization of new anticoccidial drugs has declined dramatically 

(Stephan et al., 1997; Williams, 1998), in part due to cost and stringent testing requirments 

(Dalloul and Lillehoj, 2005), and this trend is unlikely to reverse in the face of increasing 

opposition to the use of such medications.  The combination of strict legislation with decreased 

novel drug development has fueled the search for effective alternative coccidiosis prevention 

measures (Stephan et al., 1997; Barta, 2001) and increased use of live vaccines (Vermeulen et al., 

2001). 
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Live Eimeria vaccination 

Immunological control of coccidiosis is a practical alternative to prophylactic medication as 

the eimerian life cycle and resultant immune response permits exploitation by vaccine 

manufacturers.  There are three main features of coccidial infections in chickens that support the 

use of live vaccination for the control of coccidiosis in large commercial chicken operations 

(McDonald and Shirley, 2009).  Firstly, infection with Eimeria species is self-limiting such that a 

defined number of asexual cycles limits infectivity and only cycling of large numbers of oocysts 

can produce severe infection (McDonald and Shirley, 2009).  Secondly, day-of-age chicks are 

less susceptible to infection thus, soon after hatching, the birds can be inoculated and immunity 

can develop with less risk of severe pathogenesis (McDonald and Shirley, 2009).  Thirdly, 

acquired immunity can be generated for a homologous Eimeria species, similar to that elicited by 

a trickle infection, with limited-to-no pathogenesis (McDonald and Shirley, 2009).  Properly 

executed, vaccination could confer long-term protective immunity by three to four weeks of age 

that would persist until broiler slaughter or layer placement (Long and Millard, 1979).  

Vaccination as a means of coccidiosis control is a long-term solution that can be used on a wide 

commercial scale and is not limited by drug-resistance. While there is the risk of the appearance 

of antigenically distinct strains of Eimeria species that will not be controlled by the vaccine 

strains of these parasites, vaccines using wild type oocysts can be modified by incorporating any 

immunological variants into updated vaccine formulations. 

Currently, the vaccine market is mostly composed of live vaccines (Table 1.2) and a single 

recombinant vaccine. 

Recombinant vaccination 

The production of genetic (recombinant) vaccines for coccidiosis was a recent discovery as 

both the eimerian genome (Procunier et al., 1993; Reid et al., 2014) and genes encoding the 

chicken immune system (Kaiser, 2010) have only been investigated in the modern era.  The 

concept of utilizing recombinant technology to provide antigens for vaccination arose from 

research conducted with bacteria and the murine immune system (Min et al., 2004; Kitandu and 

Juranova, 2006b).  While the mouse-prokaryotic pathogen system has been studied extensively, 

identification of the genes and specific antigens of the numerous Eimeria species and life cycle 

stages that are responsible for inducing protective immunity in chickens have acted as the rate 

limiting step in recombinant coccidiosis vaccine discovery (Min et al., 2004; Kitandu and 
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Juranova, 2006b).  Recombinant coccidiosis vaccines hold the promise of delivering antigens 

effective in inducing protective (possibly complete) immunity in a safe, sustainable, 

cost-effective form suitable for mass application without resorting to live oocyst use 

(Lightowlers, 1994; McDonald and Shirley, 2009; Sharman et al., 2010).  Two main targets of 

recombinant vaccine development are being pursued: 1) sporozoites; and 2) gametocytes 

(gamonts) (Wallach, 1997; Min et al., 2004).  The former may be the natural choice for vaccine 

development because sporozoites initiate infection, therefore blocking this stage should halt an 

infection prior to any damage to the host (Min et al., 2004).  The latter has been targeted in the 

commercial vaccine CoxAbic
®
 as a means to block oocyst wall formation during gametogony 

thus reducing oocyst formation and shedding (Ziomko et al., 2005).  CoxAbic
®
 is registered in 

few countries (not for Canada or the United States) and is meant to be given to broiler breeders 

prior to lay as a means to induce maternal passive transfer of immunity to chicks that may last for 

about three weeks.  This passive immunity provides partial protection from immediate clinical 

infection and thereby reduces oocyst production and subsequent in-barn challenge (Wallach, 

1997; Ziomko et al., 2005).  While it is possible that with reduction of oocyst shedding the bird 

may generate functional, protective immunity from low-level oocyst cycling (Wallach, 2010); the 

main vaccine characteristic of maternal immunity transmission as a means of coccidiosis 

prevention may be lost on a longer-lived layer hen.  Use of recombinant vaccination to immunize 

chicks provides moderate and often inconsistent protection, due to a lack of an optimal 

mechanism of antigen delivery to the immune system; in addition, manufacture is laborious and 

costly (Allen and Fetterer, 2002; McDonald and Shirley, 2009).  Inclusion of Eimeria species 

antigens is limited by discovery and, since cross-immunity among Eimeria species is rare and 

incomplete, should certain field strains appear that are not included in the vaccine the bird is 

highly susceptible to coccidial infection with that strain (Beattie, 1997).  Despite recombinant 

vaccines being advertised as the future of coccidial vaccination, currently CoxAbic
® 

is the only 

commercialized recombinant vaccine and market penetration is constrained by the 

above-mentioned limitations (Lightowlers, 1994; Sharman et al., 2010). 
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Table 1.2.  Live attenuated and non-attenuated live Eimeria vaccines developed for commercial 

broilers, layers and breeders (Vermeulen et al., 2001; Williams, 2002a; Anonymous, 2011a, b; 

Shivaramaiah et al., 2014). 

Trade Name Bird Type Species Attenuated Administration Route Age of chicks 

Coccivac
®
-B

A, B, 

C
 

Heavy 

broilers 

E. acervulina, E. maxima,  

E. mivati, E. tenella 
No 

Hatchery spray, ocular, 

drinking water, feed spray 

Single dose at 1 

to 14 days 

Coccivac
®
-D

A, B, 

C
 

Breeders/ 

layers 

E. acervulina, E. brunetti,  

E. hagani, E. maxima,  

E. mivati, E. necatrix,  

E. praecox, E. tenella 

No 
Hatchery spray, ocular, 

drinking water, feed spray 

Single dose at 1 

to 14 days 

Coccivac
®
-D2

A, 

B, C
 

Breeders/ 

layers 

E. acervulina, E. brunetti,  

E. maxima, E. mivati, E. necatrix, 

E. tenella 

No 
Hatchery spray, ocular, 

drinking water, feed spray 

Single dose at 1 

to 14 days 

Immucox
® 

C1
A, B, 

C
 

Broilers, 

roasters 

E. acervulina, E. maxima,  

E. necatrix, E. tenella 
No Drinking water, oral gel 

Single dose 1 to 

4 days 

Immucox
® 

C2
A, B, 

C
 

Breeders, 

layers 

E. acervulina, E. brunetti,  

E. maxima, E. necatrix,  

E. tenella, E. mivati, E. praecox 

No Drinking water, oral gel 
Single dose 1 to 

4 days 

Inovocox
®B

 Broilers 
E. tenella, E. acervulina, two 

strains of E. maxima 
No in ovo 

Single dose in 

ovo 

Inovocox
®
 EM1

B
 Broilers 

E. tenella, E. acervulina, one 

strain of E. maxima 
No in ovo 

Single dose in 

ovo 

Advent
®B

  Broilers 
E. acervulina, E. maxima,   

E. tenella 
No 

Hatchery spray, feed 

spray 

Single dose at 

day of hatch 

(for hatchery 

spray) or on 

first feed (for 

feed spray) 

Livacox 
®
 T

C
 

Broilers, 

breeders 

E. acervulina, E. maxima,  

E. tenella 
Yes Drinking water, ocular 

Single dose at 1 

to 10 days 

Livacox
®
 Q

C
 broilers 

E. acervulina, E. brunetti,  

E. maxima, E. tenella 
Yes Drinking water, ocular 

Single dose at 1 

to 10 days 

Paracox
®C

 

Broilers, 

breeders, 

layers 

E. acervulina, E. brunetti,  

two antigenically different strains 

of E. maxima, E. mitis,  

E. necatrix, E. praecox,  

E. tenella 

Yes 
Drinking water, feed 

spray 

Single dose at 1 

to 9 days 

Paracox
®
-5

C
 Broilers 

E. acervulina, E. maxima (two 

antigenically different strains), E. 

mitis, E. tenella 

Yes 

Hatchery spray, drinking 

water,  

feed spray 

Single dose at 1 

or 3 days 

Hatchpak
®
 Cocci 

III
B
 

Broilers 
E. acervulina, E. tenella,  

E. maxima and a live culture 
Yes Hatchery spray 

Single dose at 1 

day old 

Hipracox
®C

 Broilers 
E. acervulina, E. maxima, E. 

mitis, E. praecox, E. tenella 
Yes Hatchery spray 

Single dose at 1 

day old 
A 

Currently approved for use in Canada; 
B
 Currently approved for use in United States of America; 

C 
Currently approved for use in countries outside of Canada and the United States of America. 

Comparison of live vaccine types 

There are many types of coccidiosis vaccines being formulated; however, two variations 

are commonly used in commercial houses: live non-attenuated and live attenuated (Table 1.2). 

Live attenuated vaccination is a more recent innovation, with some vaccines on the market 

since the 1980s (Chapman et al., 2002).  Asexual stages in the eimerian life cycle showcase 

plasticity and can be manipulated (McDonald et al., 1986).  Live attenuated vaccination contains 

in vivo laboratory derived, modified oocysts that have reduced proliferative capacity (decreased 

pathogenicity) and early maturation (precociousness) (Long, 1965; Jeffers, 1975; McDonald et 
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al., 1986).  Oocysts can be obtained by serial passage through embryonated eggs (reduction in 

size and invasiveness of second generation schizonts) (Long, 1974) or repeated selection for early 

maturation (age from sporozoite to oocyst about 30 hours faster than wild-type parasite) (Tyzzer 

et al., 1932; Jeffers, 1975).  Usually selection for precociousness is used, as all parasites have this 

trait and it has higher attenuation predictability (McDonald et al., 1986; McDonald and Shirley, 

2009), whereas not all parasites are able to complete in ovo development (Gore et al., 1983).  

Industry attraction to live attenuated vaccination is for the reason that protective immunity can be 

induced with minimal potenial for the occurrence of clinical disease (McDougald, 2003; 

McDonald and Shirley, 2009).  Currently, live attenuated vaccination has monopolized the 

European Union whereas live attenuated vaccine use in North America is minimal due to lack of 

vaccine registration (Merck Animal Health, 2009) except for Hatchpak
®
 Cocci III registered in 

the United States.  Production costs of live attenuated vaccines are high due to the lower 

fecundity of the precocious parasites; additionally, these vaccines may not consistently provide a 

satisfactory combination of immunogenicity and attenuation of virulence (Dalloul and Lillehoj, 

2005; McDonald and Shirley, 2009).  The lower reproductive potential of attenuated lines of 

coccidia used in the manufacture of attenuated vaccines make these products more susceptible to 

shortages should demand exceed existing production capacity.  Additionally, the lower fecundity 

of attenuated live Eimeria vaccine species will decrease the number of infective oocysts for 

cycling in the environment; thus, forming flock immunity can either be delayed or only partial 

compared to non-attenuated vaccine counterparts. 

The first commercial live non-attenuated vaccine was launched in North America in 1952 

(Williams, 2002b).  Live non-attenuated vaccination introduces a controlled number of oocysts of 

one or more wild type Eimeria species to induce protective immunity (Innes and Vermeulen, 

2006).  Like all live vaccines, this form of vaccine has a limited shelf-life; however, should live 

non-attenuated vaccines be in steady demand shelf-life becomes less of an issue and a relatively 

modest number of chickens could provide enough live non-attenuated vaccine material to 

inoculate 40 billion birds per year with a similar cost of production and performance to that of 

anticoccidial drugs (Innes and Vermeulen, 2006; Lee et al., 2009).  Despite the complexity of 

generating live Eimeria vaccines, studies are still being conducted to optimize this strategy 

through production of a vaccine with a long shelf-life that addresses antigenic variation yet 

remains relatively inexpensive to manufacture (Dalloul and Lillehoj, 2005; McDonald and 
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Shirley, 2009). 

Live non-attenuated vaccination in North America 

Live vaccination, while effective, is highly dependent on synchronous, uniform 

administration (Danforth, 1998) as well as vaccine progeny oocyst cycling in the barn 

environment (low-level oocyst cycling) (Chapman, 2000).  Live-vaccinated birds shed oocysts in 

the feces; hence, a technique to enhance cycling may provide the improvement needed to 

optimize the use of live vaccination.  Failure to produce satisfactory protective immunity may be 

due to a failure to ingest a sufficient number of vaccine oocysts or poor oocyst cycling 

management in the barn; as a result, a bird may be subjected to a high challenge dose of virulent 

oocysts that correlates with high pathogenicity (Reid, 1990; Lightowlers, 1994).  Thus, the 

efficacy of this vaccine is limited by the administration methods and environmental management 

techniques to promote oocyst cycling. 

Administration methods of live vaccines  

Administration methods of live vaccines must be user-friendly and efficient, while 

simultaneously exposing each chick to a uniform number of oocysts (Danforth, 1998).  The level 

of oocyst uptake in vaccine administration will determine the level of cycling and subsequent 

development of protective immunity.  Commercial vaccine administration methods are 

summarized in Table 1.3.  The use of intra-ocular administration, in the USA, has declined due 

to logistical reasons (Williams, 2002a).  Danforth et al. (1997) found roaster birds, given a live 

vaccine via edible gel administration, had better weight performance after vaccination as opposed 

to hatchery spray, spray-on-feed or oral-gavage methods (although each administration technique 

provided significant primary immunity).  However, the study did not analyze administration 

efficacy for repeated cycling of the parasite, as is needed for functional, protective immunity.  

Users of the spray-on-feed method must pay meticulous attention to manufacturers’ instruction 

on timing of the spray onto feed to prevent oocyst death by desiccation (Williams, 2002a; Jenkins 

et al., 2013).  Currently, the most common method of administration of live Eimeria vaccines in 

commercial houses of the USA is via hatchery spray (Williams, 2002a) with water or gel 

droplets.  In this form of administration the oocysts are suspended in coloured water or gel and 

sprayed over chicks in open crates at a calibrated dose per chick (Dalloul and Lillehoj, 2005).  

The colour promotes preening (indirect oocyst ingestion) as well as the ability to visually 
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evaluate the success of coloured spray ingestion (Dalloul and Lillehoj, 2005).  Despite the 

number of live vaccine oocysts to be administered per bird being calibrated, when the hatchery 

spray method is employed there is an inherent potential for natural variation in oocyst ingestion 

due to the direct and indirect oocyst ingestion pathways (Caldwell et al., 2001b). 

Table 1.3.  Various administration methods and their descriptions for live Eimeria vaccines delivered 

to chickens (Danforth et al., 1997; Islam et al., 2001; Williams, 2002a). 

Administration 

Method 
Description 

Intra-ocular 
Sprayed into the eye of a chicken and oocysts pass down the nasolachrymal duct to reach the intestine via the 

buccal cavity. 

Hatchery Spray 
Coloured vaccine formulation is sprayed over trays of chicks in the hatchery and oocysts taken up by direct oral 

routes, ocular routes and indirectly through preening. 

Edible gel-puck Coloured gel trays that can be placed on the feed or in the water. 

Spray-on-feed 
Aqueous suspension of vaccine oocysts that can be sprayed onto the first feed that chicken receives after placement. 

Intra-yolk sac A device delivers live vaccine by intra-yolk sac injection of hatchling chicks. 

In ovo 
A device delivers live vaccine by injection either extra-embryonically (into sacs surrounding the embryo) or intra-

embryonically (into the body of the embryo) into the fertilized egg, usually at 18 days in the embryo development. 

Oral-gavage 
Aqueous suspension of vaccine oocysts are applied via a syringe directly down the esophagus of the bird (mostly 

used in research studies). 

Early induction of immunity, prior to critical susceptibility times, is essential to have an 

economic and influential health benefit for commercialized poultry (Chapman et al., 2005a).  

Chicks have been shown to be more resistant to coccidial infection, and have infective oocysts 

excyst slower and less efficiently than older birds, perhaps due to: 1) an immature gizzard, 

needed for oocyst wall degradation; 2) low concentration of bile salts, needed for sporozoite 

excystation; 3) presence of yolk sac material, containing an enzyme inhibitor which may prevent 

excystation; and 4) high maternal antibodies (Doran and Farr, 1965; Rose, 1967; Beattie, 1997; 

McDonald and Shirley, 2009).  Accordingly, the effective dose of oocysts given to day-of-age 

chicks is lower than the actual number of oocysts administered.  This occurrence is reflected in 

reduced parasite reproduction as measured via oocysts shed by chickens of different ages 

administered the same dose of oocysts, in addition to higher numbers of unexcysted (sporulated) 

oocysts that pass unchanged through the digestive tract (Doran and Farr, 1965; Rose, 1967).  

Consequently, early vaccination was once thought to be impractical due to inefficient infection of 

chicks (Williams, 2002a).  Despite being less easily infected at a young age, chicks are capable of 

mounting an immune response at day-of-age (Williams, 2002a). 

Considerable savings accrue from vaccinating at the hatchery because of efficiencies of 
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vaccine delivery to chicks that are already being handled and usually vaccinated against other 

agents (Chapman, 2000).  Hence, day of hatch vaccination has become standard (Chapman, 

2000).  If a chick is dosed with a live Eimeria vaccine then the chick could “seed” the 

environment with unexcysted, sporulated oocysts (Williams, 1995a; Williams, 2002a).  Should 

the brooding facility promote parasite cycling from the environment, these “seeded” (passed) 

oocysts would act as the first of many vaccine progeny oocysts making up a trickle infection.  

Thus, with the additional spread and cycling of parasites, functional and protective immunity 

may develop in the growing chicken.  Ultimately, immunity generated by a well-managed live 

vaccine delivery system may only be as good as the cycling potential at the farm (Innes and 

Vermeulen, 2006). 

Environmental control in the barn: Cycling of vaccine progeny oocysts 

Oocysts are available for cycling in the poultry barn via two paths: 1) endogenous 

replication in infected chickens followed by exogenous sporulation in the environment; or 2) 

passage of a small proportion of intact vaccine oocysts through vaccinated chickens (Williams, 

2002a).  In both cases, infective oocysts within the barn environment are available for ingestion 

by the flock.  Nakai et al. (1992), Stiff and Bafundo (1993), and Chapman et al. (2005a) among 

others have shown that this cycling is crucial to the generation of protective immunity.  However, 

the actual number of oocyst re-ingestion cycles required for strong immunity development via 

attenuated and non-attenuated vaccination has yet to be defined.  Since live vaccines utilize 

infective oocysts and are critically dependent on in-barn cycling to provide an optimal trickle 

infection, factors that influence oocyst reproduction, sporulation and transmission may either 

have positive or negative effects (Williams, 1998; Chapman et al., 2002).  A detailed description 

of factors that influence oocyst reproduction and oocyst accumulation in the field has been 

described by Chapman et al. (2002). 

Environmental control in the barn can be separated into the atmospheric and physical barn 

environment.  The atmospheric barn environment consists of factors required for oocyst 

sporulation such as barn temperature, relative humidity and oocyst oxygen access.  In order for 

proper transmission to occur the oocyst must have adequate exogenous conditions to become 

infective.  The physical barn environment consists of the housing and management of poultry to 

promote low level oocyst cycling. 

There is a triad of factors that are involved in transmission of oocysts in the barn: 1) 
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sporulation (atmospheric barn environment); 2) availability and duration of availability of 

sporulated oocysts for ingestion (physical barn environment); and 3) ingestion of sporulated 

oocysts.  The availability and duration of availability of sporulated oocysts are important for 

controlled low-level oocyst cycling, as this stage can determine how long the chickens are 

exposed to the parasites and the concentration of sporulated oocysts.  In Ontario (Canada) 

broilers may be (especially if live-vaccinated) housed in a certain area of the house with brooder 

guards for the first week of life (Lacy, 2002).  The number of days in which birds are held in 

confinement may have an impact on coccidiosis control.  If the birds were given access to 

non-attenuated coccidial oocysts at hatch and then held in confinement for a short period of time, 

it is possible that no oocysts would be excreted in the brooder area, because endogenous 

development was not yet completed, or only minimal uninfective oocysts would be excreted.  In 

the latter case, once birds were released from confinement they would further shed unsporulated 

oocysts, which have the potential to become infective, to the entire barn.  Due to the lack of early 

trickle infection, birds may only be partially immune and be susceptible to challenge should 

oocysts be ingested from the contaminated litter.  Conversely, if these birds were held in 

confinement for a longer duration of time to allow for endogenous development of the parasite, 

shedding of oocysts, and at least one trickle infection, would occur which likely would allow for 

functional and protective immunity to develop.  In the case of chickens reared on litter, the floor 

acts to achieve the availability and duration of availability for oocyst ingestion (Figure 1.3).  

However, finding the balance between enough time to allow for trickle infection and strong 

immunity versus too long a confinement on litter that coccidiosis outbreak occurs (due to 

increased bird density) is a delicate process.
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Figure 1.3.  Diagrammatic illustration of estimated oocyst output in a litter floor barn with chicks administered in-feed prophylactic anticoccidials, 

such as a chemical anticoccidial (A) or live Eimeria vaccinated (B) (Williams, 1998).  Since the prepatent period of Eimeria species takes 

approximately six days the first vaccine progeny oocysts for live Eimeria vaccinated chickens are noted at approximately one week of age (B).  

Cycling of vaccine progeny oocysts, if properly managed, may continue for several weeks following initial vaccine inoculation.  At this stage, 

immunity will start to develop to those Eimeria species found in the vaccine inoculum.  Conversely, from one to three weeks of age no oocyst shed 

is noted for the flock given a prophylactic anticoccidial at day-of-age (A).  A spike in oocyst output may be noticed at the time of anticoccidial 

drug withdrawal (as represented at three to four weeks of age in in diagram B) or if the oocysts in the field are drug-resistant.  In the case of the 

naïve chickens given preventative doses of anticoccidial drugs a moderate number of infectious oocysts (either drug-resistant or if the anticoccidial 

has been withdrawn) could result in a large amplification of progeny oocysts (B).  On the other hand, the live Eimeria vaccinated flock may still 

undergo low-level oocyst cycling between three to four weeks of age and then minimal to no oocysts would be detectable (A).
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Complete cleaning between flocks is the recognized standard practice in Canada, whereas 

in the USA litter is often reused for chickens housed on the floor.  In the latter situation, a new 

top dressing of wood shavings or straw would be added to the reused litter; thus, when birds 

scratch or peck at the top dressing, oocysts produced by the previous flock housed in that barn 

may be inhaled and ultimately ingested (Chapman, 2000; Barta, 2001).  Graat et al. (1996) 

explored the impact of contaminated litter with E. acervulina at low (one oocyst per broiler bird), 

intermediate (100 oocysts per broiler bird) and high (10,000 oocysts per broiler bird) levels on 

immunologically naïve day of hatch chicks.  The average body weight gain for these birds was 

highest when reared on an intermediate level of litter contamination; however, correlation 

between immunity development and oocyst ingestion was unable to be successfully determined 

(Graat et al., 1996).  Conversely, Chapman and Rayavarapu (2007) found rearing day of hatch 

broiler birds inoculated with 100 E. maxima oocysts on reused litter did not have any significant 

impact in the acquisition of immunity.  The difference in the immunogenicity of the species 

investigated as well as the vaccination, or lack thereof, may be a reason for difference in the 

study outcomes.  As the litter is reused and “built-up” for successive flocks, the conditions may 

become less permissive for oocyst sporulation or survival (Williams, 1995b), perhaps due to 

increased ammonia levels (McDougald, 2003; Carey et al., 2004), especially for those oocysts 

deep in the litter; thus, the built-up litter may have a suppressive effect on oocyst transmission. 

Conventional cages were developed for light-weight chickens (e.g. pullets and layers) to 

allow for more direct control of the environment in an attempt to reduce disease and losses from 

predatory animals, as well as increase overall efficiency (Sainsbury, 2000).  Production of table 

eggs by layer hens is divided into two phases: 1) replacement layer pullets (brooding and rearing 

chicks from 0 to ~19 weeks of age); and 2) production of eggs (housing hens from ~19 to 

~72 - 92 weeks of age) (Bell, 2002).  Normally, layers move from pullet to separate layer housing 

as a means to reduce incidence of infectious disease (Scanes et al., 2004).  To lessen the amount 

of stress placed on the bird and minimize risk of parasitic disease, such as coccidiosis, poultry 

producers are recommended to maintain similar housing systems for the birds (i.e. cage to cage or 

floor to floor) (Scanes et al., 2004).
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Figure 1.4.  Diagrammatic illustration of estimated oocyst output in a conventional cage barn with chicks administered in-feed prophylactic 

anticoccidials, such as a chemical anticoccidial (A) or administered a live Eimeria vaccine (B).  Since the prepatent period of Eimeria species takes 

approximately six days the first vaccine progeny oocysts for live Eimeria vaccinated chickens are noted at approximately one week of age (B) 

(Williams, 1998).  Cycling of vaccine progeny oocysts, if properly managed, may continue for several weeks following initial vaccine inoculation 

(B).  If pullets are reared on the mesh floor with no additional management to assist cycling there may only be minimal oocyst cycling.  

Nevertheless, at this stage immunity will start to develop to those Eimeria species found in the vaccine inoculum.  Conversely, no oocyst shed is 

noted for the flock given a prophylactic anticoccidial at day-of-age (A) until a coccidiosis outbreak occurs.  If an outbreak occurs, a spike in oocyst 

output may be noticed if there is a drug-resistant field strain present especially around the time when pullets are moved from brooder to grower 

cages (e.g. around 6 weeks of age) (A).  For live Eimeria vaccinated pullets this field strain may provide some additional low-level oocyst cycling.  

An additional time when a spike in oocyst output may be noticed for the prophylactically medicated pullets could be at the time of drug withdrawal 

prior to movement to the layer barn (A).  At approximately 19 weeks of age when the pullets are moved to the layer barn and potentially 

challenged with higher numbers of oocysts, the prophylactically medicated pullets during pullet rearing (0 to ~19 weeks of age) are still mostly 

immunologically naïve and could have a larger outbreak of clinical coccidiosis (A); whereas, the vaccinated and partially or solidly immune 

(depending on the management strategy during rearing) may demonstrate subclinical coccidiosis or no coccidiosis outbreak (B), respectively 

(McDougald et al., 1990; Soares et al., 2004). 
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In North America, replacement layer pullets are commonly housed in elevated, wired, 

tiered cages with a wire mesh floor that has 1cm or larger spacing to allow feces to fall out of 

reach of the pullets onto manure conveyor belts (Sainsbury, 2000).  As stated previously, the 

caging system reduces but does eliminate oocyst cycling (McDougald, 2003) (Figure 1.4).  

Regardless, complete sterility from the infective coccidial parasites may be counterproductive 

because protective immunity may be under- or non-developed; thus, upon transfer to the layer 

house (where natural exposure to infective oocysts occurs) pullets are at risk for coccidiosis, a 

condition termed “new house syndrome” (McDougald et al., 1990; Reid, 1990).  Anecdotal 

evidence exists for late breaking coccidiosis following transfer to a new house (McDougald et al., 

1990; Soares et al., 2004).  For example, a group of approximately 9,000 healthy broiler breeder 

pullets, when moved to the breeder house for egg production, experienced a surge in mortalities 

around 18 weeks of age (McDougald et al., 1990).  Laboratory diagnostics confirmed the 

increased death rate was due to coccidiosis and an economic analysis concluded the outbreak cost 

the farm approximately US$28, 000 (US$51,747.60 adjusting for inflation) due to mortality, 

increased cost of egg production and replacement of birds (McDougald et al., 1990).  Therefore, 

wire caging may present benefits for pullet production, yet pullets may still be at risk for 

coccidiosis. 

Methods to enhance live vaccination for wire managed replacement layer pullets 

While wire caging may present hygienic and economic benefits, live vaccination 

application to promote long-term protective immunity will be ineffective without proper 

management of the barn environment (atmospheric and physical) to induce low-level cycling of 

the parasite (Soares et al., 2004). 

Relative humidity is one factor of the atmospheric barn environment that is variable 

depending on climatic conditions and barn ventilation (Farr and Wehr, 1949; Edgar, 1955; Reyna 

et al., 1983; Graat et al., 1994; Waldenstedt et al., 2001; Awais et al., 2012; Lal et al., 2013).  

For example, brooding periods in the winter (especially the Canadian winter) may be complicated 

by low outdoor temperature and high indoor barn temperature.  Heating of the incoming air will 

result in low relative humidity unless humidity controls within the house environment are 

employed.  Maintenance of adequate relative humidity for sporulation (Marquardt et al., 1960) 

can be difficult.  Relative humidity can have an effect on the efficacy of live vaccination as this 

factor may affect onset of sporulation and survivability of infective oocysts to varying degrees 
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depending on the Eimeria species present (Edgar, 1955; Marquardt et al., 1960; Reyna et al., 

1983; Graat et al., 1994; Waldenstedt et al., 2001; Fricke and Inglis, 2011).  In dry production 

environments during the critical live vaccination cycling period, spraying minimal amounts of 

water over the feces to increase moisture has been recommended; however, care must be 

employed so as to not overspray feces because high manure moisture content may induce 

excessive sporulation, resulting in clinical coccidiosis or other health problems (Chapman, 2000; 

Fricke and Inglis, 2011). 

The physical cage environment may be altered to manipulate and promote low-level oocyst 

cycling.  Soares et al. (2004) conducted a study with two flocks of 42,000 day-of-age 

replacement layer pullets in which pullets were administered a live non-attenuated vaccine via the 

gel immunization system and reared with one gel-puck on one 15 cm diameter paper plate at a 

ratio of 50 chicks per puck, in a wire cage, for two weeks.  Subsequently, these pullets had higher 

egg production than expected (Soares et al., 2004).  Despite the anecdotal nature of this study, it 

corroborates the trickle infection theory.  This information suggests that pullets reared in a wire 

cage system can be vaccinated successfully with a live Eimeria vaccine when a 

“cycling-friendly” environment is provided.  This environment would promote trickle infections 

succeeding the initial vaccine dose of sporulated oocysts (Reid, 1990).  For pullets vaccinated via 

spray cabinet and reared in cages, paper over some of the cage floor area has been adopted by 

some producers.  The thin paper quickly disintegrates, as a result of pullet activity, so adequate 

duration of cycling may not be achieved.  Without the suitable time needed for cycling, at least 

four weeks to achieve immunity against all the species of parasites in pullet live vaccination, poor 

protective immunity may result (L. Newman, personal comm.).  While a second round of 

vaccination may assist with the cycling problem in conventional caged flocks, this process is 

expensive and impractical.  Hence, a user-friendly, economic solution must be established to 

further promote drug-free coccidiosis prevention. 

Conclusion 

Although anticoccidial drugs once provided a reliable means to prevent coccidiosis, 

development of resistance and drug-residue concerns have challenged the industry to find an 

alternate means of coccidiosis prevention and control.  While there is no effective means to 

completely eradicate Eimeria from poultry houses, live vaccination may deliver a realistic 

long-term solution to the coccidiosis problem.  Live vaccination success is dependent on vaccine 
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administration methods that provide synchronous, uniform exposure to oocysts linked 

inextricably to environmental control in the barn that consistently balance oocyst cycling with 

moderate numbers of infective oocysts (Vermeulen et al., 2001).  The consequence of insufficient 

low-level Eimeria species cycling in any poultry housing system, especially cage-reared pullets, 

may lead to a later coccidiosis outbreak and economic losses further perpetuating the global 

burden of this disease.  Relatively inexpensive modification of the poultry environment in 

combination with good poultry management practices can ensure successful live vaccination 

against coccidiosis and can significantly decrease the overall damage from these parasites.  

Future research on complementary managerial techniques for commercial housing that favours 

sufficient cycling with live vaccination in addition to oocyst transmission dynamics within the 

barn environment may be a productive area of study. 
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STATEMENT OF RATIONALE 

Coccidiosis, an enteric disease of poultry caused by Apicomplexan parasites in the genus 

Eimeria has continued to be an economic burden on the poultry industry.  Prophylactic in-feed 

medication, via chemical or ionophorous drugs, has been the prevention method of choice in the 

industry.  With increased prophylactic drug-use concerns, alternate methods of coccidiosis 

control have been developed such as live Eimeria vaccination.  Despite live Eimeria vaccines 

being available since the 1950s, only recently has live vaccination for coccidiosis control been 

increasingly adopted in the commercial poultry industries.  Recent live vaccination use, coupled 

with changes in housing systems, has altered the ways in which environmental management can 

be used to influence live Eimeria vaccine success in poultry rearing. 

Replacement layer pullets are commonly housed in conventional cage systems with the 

false presumption that this housing method will stop coccidiosis infection.  Consequently, 

innovations to control coccidiosis infections in this environment have been limited.  Field 

experience, however, indicates that coccidiosis infections can indeed be a problem in 

conventional caged systems, particularly in older pullets.  Therefore, development of effective 

long-term coccidiosis control methods in conventional caged pullets has become important.  Live 

Eimeria vaccination can be an effective tool, but it depends upon the establishment of immunity 

early in the life of pullets, when the cage systems present a harsh environment for a live Eimeria 

vaccine.  For a live Eimeria vaccine to reach its full potential for mixed Eimeria species 

infection, management techniques must allow for prolonged low-level oocyst transmission 

(“cycling”) with the minimum numbers of infective oocysts required to elicit this immunity.  

Understanding how transmission of oocysts in the caged environment can be impacted and 

manipulated to decrease clinical outcomes of disease upon challenge infections is fundamental to 

enhance live vaccination success. 
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STATEMENT OF HYPOTHESES AND RESEARCH OBJECTIVES 

In the studies highlighted in this thesis, several hypotheses surrounding live Eimeria 

vaccination, including administration and environmental control, were tested experimentally.  

These hypotheses explored various aspects in the use of commercial live Eimeria vaccines for 

conventionally cage-reared replacement layer pullets that could be expected to affect vaccination 

success and their health.  Vaccine delivery, vaccine oocyst ingestion, within-cage cycling and 

efficacy (measured as protection against virulent challenge infections) were all examined as these 

hypotheses were tested. 

Hypothesis 1:  Commercial spray vaccination will result in non-uniform initial vaccine 

oocyst ingestion. 

Objective for Hypothesis 1: 

Determine variation in live vaccine oocyst ingestion when pullets have been inoculated with live 

Eimeria vaccine using a commercial spray cabinet system. 

This hypothesis was tested in the study reported in Chapter 3. 

Hypothesis 2:  Modification of the environment of caged pullets will enhance within-cage 

oocyst cycling and efficacy of live Eimeria vaccines. 

Objective 1 for Hypothesis 2: 

Observe the oocyst output shedding pattern of pullets reared with 0, 20, 40 or 60% cage floor 

coverage inoculated with mixed Eimeria species and subsequently quantify clinical signs post 

mixed Eimeria species homologous challenge infection to determine level of protection with and 

without cage floor coverage modifications. 

This hypothesis was tested in the studies reported in Chapters 2, and 3. 
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Hypothesis 3:  Partial coverage of the cage floor will enhance within-cage oocyst cycling and 

efficacy of  live Eimeria vaccines in the situation of non-uniform initial vaccine oocyst 

ingestion. 

Objective 1 for Hypothesis 3: 

Observe the oocyst output shedding pattern of pullets reared with 0 or 40% cage floor coverage 

that have been spray-inoculated with mixed Eimeria species and subsequently quantify clinical 

signs post single and mixed Eimeria species homologous challenge infection. 

Objective 2 for Hypothesis 3: 

Artificially provide non-uniform live vaccination with mixed Eimeria species and observe oocyst 

output shedding patterns of pullets reared with 0 or 40% cage floor coverage and subsequently 

quantify clinical signs post single and mixed Eimeria species homologous challenge infection. 

This hypothesis was tested in the studies reported in Chapters 4 (objective 1) and 5 (objective 2). 

Hypothesis 4:  Partial coverage of the cage floor will have minimal impact on animal 

welfare. 

Objective 1 for Hypothesis 4: 

Observe selected animal welfare measures (i.e. plumage cleanliness, foot pad dermatitis, bumble 

foot, hock burn) of pullets reared with 0, 20, 40 or 60% cage floor coverage at the end of the 

treatment period to assess the impact on animal welfare. 

This hypothesis was tested in the studies reported in Chapters 2 and 3. 

Hypothesis 5:  Delayed access to feed post live Eimeria vaccine administration at day of age 

will impact within-cage cycling of vaccine progeny oocysts during pullet rearing 

Objective 1 for Hypothesis 5: 

Observe the oocyst output shedding pattern of pullets that have been spray-inoculated with mixed 

Eimeria species reared on 0 or 40% cage floor coverage with a delay in feed access of 0, 6, 12 or 

24 hours post vaccine inoculation. 

This hypothesis was tested in the study reported in Chapter 6. 
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CHAPTER 2 

Examination of a novel poultry management method to enhance the effect of live Eimeria 

vaccination for conventionally housed replacement layer pullets 

 
This chapter is based on the following published work of the author with minor modifications: 

 

Price, K. R., Guerin, M. T., Newman, L., Hargis, B. M., and Barta, J. R. 2013. Examination of a novel 

poultry management method to enhance the effect of live Eimeria vaccination for conventionally housed 

replacement layer pullets. International Journal of Poultry Science, 12: 175-184. 

Abstract 

Coccidiosis, an enteric disease caused by Eimeria species, continues to be a substantial 

economic burden on the global chicken industry.  With increased concerns regarding prophylactic 

antimicrobials to control coccidiosis, alternate methods of preventative control have been 

developed, yet innovation to strengthen these methods has been limited.  Live Eimeria 

vaccination stimulates immunity from the first small dose of vaccine oocysts and is enhanced 

through low dose fecal-oral transmission (“cycling”) of these oocysts.  This protective immune 

response manifests as no pathogenic effects with minimal parasite reproduction.  The success of a 

live Eimeria vaccine is inextricably linked to poultry management techniques that successfully 

balance oocyst cycling with modest numbers of infective oocysts.  The breadth of cage floor 

coverage using a durable fibre tray (lasting ~5 weeks) to improve oocyst cycling in caged pullets 

administered a live vaccine was investigated.  Pullets were inoculated via oral gavage with mixed 

vaccine Eimeria species and reared under simulated commercial conditions with 0, 20, 40 or 60% 

tray coverage from hatch to 42 days of age, then subsequently challenged with homologous 

Eimeria species.  Mean total oocyst shed (output) between birds housed with or without coverage 

differed significantly after challenge infection.  Pullets reared on 40% coverage had significantly 

lower mean oocyst output than the other treatment groups (>99% compared to no coverage).  No 

difference in mean total oocyst output was found between the 20 and 60% treatment groups.  

Lesion scores mirrored oocyst shed results.  Increased access to oocysts using 40% cage floor 

coverage with fibre trays over five weeks allowed for improved vaccine success in live Eimeria 

vaccinated caged pullets. 
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Introduction 

Parasitic diseases, such as coccidiosis, differ from viral and bacterial infections due to 

several factors including a complicated life cycle, methods of transmission, and means of control 

(McDougald, 2003).  Coccidiosis, a disease complex produced by host-specific Eimeria species, 

has profound negative economic impact on global chicken production due to the cost of coccidial 

control (i.e. medication and vaccination), predisposition to secondary disease, morbidity (i.e. 

decreased performance due to impaired growth rate, poor feed conversion or temporary reduction 

in egg production), and, even though less common in current chicken production, some mortality 

(Foster, 1949; Williams, 1999; Dalloul and Lillehoj, 2006; Kitandu and Juranova, 2006a; Lee et 

al., 2009; Sharman et al., 2010).  The direct impact on the global layer industry has yet to be 

adequately realized, but has been noted to be important in modern rearing (Soares et al., 2004).  

While nine species of Eimeria infecting Gallus gallus var. domesticus have been described (Reid 

and Long, 1979), only seven species (E. acervulina, E.brunetti, E.maxima, E.mitis, E.necatrix, 

E.praecox and E. tenella) are commonly associated with coccidial infections in long-lived 

commercial chickens such as layer birds (Williams, 1999).  These distinct species can infect the 

host simultaneously or sequentially, hence the need for coccidiosis to be regarded as a disease 

complex in commercial production (Williams, 1999).  Environmentally resistant oocysts 

transmitted via the fecal-oral route (“cycling”) are the only means of transmission among birds in 

a flock (McDougald, 2003). 

Poultry are capable of developing long-lasting species/strain-specific immunity to Eimeria 

species with minimal cross-immunity (Long and Millard, 1979; Allen and Fetterer, 2002).  In the 

face of a disease challenge, manifestation of the immune response can be best represented by a 

spectrum of disease reduction.  At one end of the spectrum is partial immunity, when challenged 

birds may demonstrate reduced infection severity compared with naïve birds but still shed 

oocysts (Chapman, 1978, 1999).  The opposite end of the spectrum is complete immunity in 

which birds are able to fully block endogenous parasite development and no excretion of oocysts 

occurs.  Complete immunity can be achieved after a single exposure with E. maxima (Schnitzler 

and Shirley, 1999; Williams, 1999).  For coccidiosis generated by any species other than E. 

maxima or by simultaneous infections with multiple species, protective immunity, defined 

functionally by the absence of pathogenic effects with limited parasite reproduction and minimal 

oocyst output, is a realistic target to combat coccidiosis (Joyner and Norton, 1976).  Daily 
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inoculations of low levels of oocysts over a minimum of two to four weeks have been shown to 

establish protective immunity (Joyner and Norton, 1976; Nakai et al., 1992; Parry et al., 1992; 

Stiff and Bafundo, 1993; Chapman et al., 2005a).  Live Eimeria vaccines initiate generation of 

protective immunity by providing the first low-level dose of oocysts (Reid, 1990; Chapman et al., 

2002). 

Contrary to the belief that rearing pullets in wire cages throughout production eliminated 

coccidiosis in these pullets (Bell, 2002), coccidiosis in combination with necrotic enteritis has 

been recorded as a recent problem in conventionally reared pullets and layers (Gingerich, 2012).  

Layer and broiler breeder birds at approximately 18 to 24 weeks of age have been involved in 

coccidiosis outbreaks shortly after movement to the egg production barn (McDougald et al., 

1990; Soares et al., 2004).  This phenomenon is known in the chicken industry as “new house 

syndrome” (McDougald et al., 1990; Chapman, 2000; Soares et al., 2004).  A reason for this 

condition developing in a flock is a lack of protective immunity that should have been generated 

at an earlier age (Chapman, 2000). 

Replacement layer pullets are frequently reared in a tiered cage system with wire mesh 

floors that have 1 cm or larger spacing to allow feces to fall into a manure disposal system (Price, 

2012).  In this situation, pullets have minimal access to feces so little oocyst cycling may occur 

(Price, 2012).  Some commercial pullet producers had used thin paper from day-of-age to cover a 

portion of the cage floor to help with oocyst cycling in pullets administered a live Eimeria 

vaccine; unfortunately, these birds still showed signs of coccidiosis once moved to the layer barn.  

It was postulated that the paper degraded too quickly (approximately 10 to 14 days) to permit 

adequate oocyst cycling for the pullets administered a live vaccine.  Previous workers have 

suggested durable trays to be used for cage floor coverage to enhance oocyst cycling, but such 

trays have not been tested in laboratory controlled settings (Soares et al., 2004; Morgan et al., 

2009).  A preliminary study demonstrated that live Eimeria vaccinated caged pullets reared on a 

moulded fibre tray that covered 10% of the cage floor and lasted approximately five weeks had 

improved protective immunity compared to similar birds reared on thin paper (Price, 2012). 

The objective of the present study was to determine the effect, if any, of different 

percentages of cage floor coverage by moulded fibre trays on the cycling of vaccine oocysts in 

cage-reared pullets.  Subsequent protection against homologous coccidial challenge was then 

assessed at 42 days of age to determine any differences in vaccine success within the modified 
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cage environments. 

Materials and methods 

Vaccination 

Coccivac
®
-D (Merck Animal Health, Summit NJ) was used as the live Eimeria vaccine in 

this trial.  On day of hatch, each chick was inoculated via oral-gavage with 250 oocysts of mixed 

Eimeria species as found in Coccivac
®

-D (contains proprietary numbers of each E. acervulina, E. 

brunetti, E. hagani, E. maxima, E. mivati, E. necatrix, E. praecox, and E. tenella) diluted in 1 mL 

distilled water.  Vaccine was delivered via oral-gavage directly into the crop of birds receiving 

vaccine to minimize dose variability. 

Experimental design: Treatment stage 

A total of 280 commercial White Lohmann-LSL Lite day-of-age chicks (Archer’s Poultry 

Farm Ltd., Brighton, Ontario, Canada) were vaccinated as per standard protocol against Marek’s 

disease virus and infectious bursal disease virus in the hatchery, then inoculated as described 

above, wing tagged, and randomly assigned into Hellmann
®
 Poultry GmbH & Co. (London, 

Ontario, Canada) rearing cages (previously disinfected to be coccidia-free) at a bird density of 

200 cm
2
 per bird (approximately 35 birds per cage unit) from 0 to 42 days of age, as per 

Canadian Agri-Food Research Council (Anonymous, 2003b) and institutional Animal Care 

Committee recommendations within the Central Animal Facility’s Animal Isolation Unit 

(University of Guelph) in accordance with Canadian Council on Animal Care guidelines 

(Tennessen et al., 2009).  These cages and bird densities were used to simulate typical Canadian 

commercial replacement layer pullet brood conditions (Anonymous, 2003b).  The cage 

environment had 0%, 20%, 40% or 60% CFC provided by the moulded fibre trays (Huhtamaki, 

Franeker, The Netherlands), and each treatment group was replicated for a total of eight isolated 

cages (Figure 2.1).  Cages were set up to prevent cross-contamination with oocysts among 

groups during the treatment phase.  Positions of cages in the research treatment room were 

assigned randomly.  Light intensity, temperature and relative humidity levels were monitored to 

replicate standard commercial production conditions as outlined by the Lohmann-LSL 

management guide (Anonymous, 2005) and the Canadian Agri-Food Research Council 

(Anonymous, 2003b).  Pullets were provided a standard replacement layer pullet diet and water 

ad libitum.  Brown paper (Fisher Scientific, Canada) was placed on the cage floor beneath the 
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tray coverage for the first 13 days of life to prevent chicks’ feet from falling through the mesh 

cage floor.  This paper was changed daily to remove any feces that would have otherwise 

dropped through the cage floor (feces landing on the fibre trays were not disturbed).  All feces on 

the removed papers (6, 9, and 12 days post inoculation [DPI]) or dropping through the wire 

flooring (15 DPI) was collected for a 24 hour period every three days from six to 41 DPI to 

assess cycling of the parasite (see Oocyst Output, below).  At 42 days of age all birds were 

weighed individually (XL-1810, Denver Instrument Company, Aravada, CO) and assessed for 

animal welfare as described in Animal Welfare Assessment, below (Welfare Quality
® 

Consortium, 

2009). 

 

Figure 2.1.  Treatment cages with 0% (A), 20% (B), 40% (C) and 60% (D) wire cage floor coverage.  

The fibre trays were organized to avoid the nipple drinkers to prevent early degradation; however, 

pullets moved the trays around during the treatment stage of the experiment. 

Experimental design: Challenge infection 

At the conclusion of the six week period, all pullets were given a homologous challenge 

dose of 13,000 oocysts of mixed Eimeria species as found in Coccivac
®
-D via oral gavage to 

assess the manifestation of the immune response of birds within each treatment group.  The 

number of parasites given in the challenge dose was established by a pre-challenge titration 

experiment on age and strain matched immunologically naïve birds that maximized host oocyst 

excretion without generating confounding severe disease (see Appendix 1).  From 1 to 5 days 
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post-challenge infection, pullets were placed into clean cages.  At six days post-challenge 

infection all pullets were weighed (XL-1810, Denver Instrument Company, Aravada, CO) and 

half of the pullets (133 total accounting for deaths not associated with treatment) were randomly 

selected vaccinated and challenged pullets were killed humanely by cervical dislocation 

(Charbonneau et al., 2010) for lesion score analysis of the intestinal tract as described by Johnson 

and Reid (1970).  The remaining vaccinated and challenged pullets (128 total accounting for 

deaths not associated with treatment) were kept to enumerate oocyst output.  The latter pullets 

were randomly distributed into cages within randomly allocated rooms at one bird per cage. 

Oocyst output 

Total fecal oocyst output per bird during the rearing treatment phase (6-41DPI) had to be 

transformed to account for the loss of cage floor area (0% - ×1; 20% - ×1.25; 40% - ×1.66; 60% - 

×2.5).  Total fecal output from each bird was collected from metal trays below each cage for 24 

hours each day from six to 11 days post-challenge infection (DPCI) to determine the total number 

of oocysts shed per bird during this period.  Samples were stored at 4ºC.  Total oocyst output 

from blinded samples was determined by the McMaster counting chamber technique using 

saturated NaCl as the flotation medium (Long et al., 1976).  Each sample was counted twice, 

blindly, and the two counts were averaged to provide a single mean total oocyst count for each 

sample. 

Animal welfare assessment 

Foot pad dermatitis, hock burn and plumage cleanliness were evaluated using the Welfare 

Quality
®

 Assessment Protocols for Poultry (Welfare Quality
® 

Consortium, 2009).  These scores 

are normally assessed for chickens reared on the floor; however, by placing trays covering a 

portion of the cage floor these pullets may share similar welfare issues.  Additionally, foot pad 

dermatitis associated with cages (“wire floor foot pad dermatitis” or bumble foot) was considered 

because this may, in part, be generated by hygiene problems.  All pullets were assessed, blindly, 

using recording and analysis guidelines from the Welfare Quality
®

 Assessment Protocols for 

Poultry (Welfare Quality
® 

Consortium, 2009). 

Statistical analyses 

All statistical analyses were performed using the analytical software SAS (SAS 9.2, Cary, 

NC).  The PROC MIXED general linear mixed model generated standard error values, upper and 
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lower 95% confidence intervals and p-values.  The PROC GLIMMIX model was used for 

categorical data (lesion scores and animal welfare) in addition to the PROC MIXED model.  

Comprehensive residual analysis was used to examine Analysis of Variance (ANOVA) 

assumptions. The residual analysis was conducted as it may suggest the use of transformations, 

the presence of outliers, unequal variance or other patterns suggesting problems with the 

ANOVA assumptions.  For all experimental tests p ≤ 0.05 was deemed significant. 

Body weight data statistical analyses 

The means of the BW prior to challenge were calculated to determine whether there were 

any significant differences between treatment groups at the end of the treatment period.  The 

difference between BW after challenge and the BW prior to challenge (treatment by time 

interaction), accounting for differences in BW prior to challenge, were assessed for any 

significant changes using a t-statistic test for pairwise contrast comparisons.  All statistically 

significant differences reported for mean post-challenge BW will have been controlled with 

respect to pre-challenge BW whether stated or not. 

Total fecal oocyst output per bird data statistical analyses 

Residual analysis was performed to determine the necessity of a natural log transformation 

to account for large variances; lack of normal distribution in the raw oocyst output per bird data 

during the treatment and challenge phase indicated that natural log transformation was required 

and this was applied before all statistical tests.  The oocyst count was used as the dependent 

variable. 

During the treatment phase random effects were used to control for potential clustering 

(room, cage, and replication).  To account for repeated cage measures an autoregressive(1) 

covariance structure was used.  A t-statistic test was used to establish significant differences 

between coverage groups at a single DPI. 

During the challenge period, cage and room (random) effect analysis was conducted to 

determine whether the oocyst output from a treatment group over each day could be totaled and 

averaged.  Least squares means were calculated to determine which group had the lowest average 

total oocyst output.  Differences of least squares means were calculated and compared using 

Duncan’s test to establish any significant differences between coverage groups. 

  



43 

Animal welfare and lesion score data statistical analyses 

Both a PROC MIXED ANOVA and a PROC GLIMMIX analysis were performed on these 

categorical data.  For the PROC MIXED ANOVA model, the assumption was made that the 

difference in severity between a score of 0 and 1 was similar to the difference in severity between 

a score of 1 and 2, and so on.  Under this assumption, score means may be analyzed for the 

PROC MIXED ANOVA analysis.  Lesion scores range from 0 to 4 (Johnson and Reid, 1970), 

while the animal welfare qualities assessed had different score ranges: plumage cleanliness scores 

range from 0 to 3; foot pad dermatitis scores range from 0 to 4; hock burn scores range from 0 to 

4; and wire floor foot pad dermatitis scores range from 0 to 2 (Welfare Quality
® 

Consortium, 

2009).  Tests of random and fixed effects were performed.  The differences of means were 

calculated and t-statistic tests were used to determine any significant differences between 

pairwise comparisons of lesion scores among separate intestinal regions (upper intestine, middle 

intestine, lower intestine and cecum).  The PROC GLIMMIX model directly analyzes categorical 

data without any assumptions regarding the nature of the scoring data.  The data was determined 

to have a Poisson distribution and a t-statistic test was used to determine whether there were any 

statistically significant differences between treatment groups.  Some categorical data was not 

suitable for analysis using the PROC GLIMMIX model because of score distribution.  In these 

cases no PROC GLIMMIX analysis was performed. 

Results 

Treatment 

Chicks exhibited normal activity upon the fibre trays and defecated freely on them (Figure 

2.2).  The mean total oocyst output per bird for each cage floor coverage treatment over days post 

inoculation, with noted significant differences between coverage groups on each DPI, is shown in 

Table 2.1.  Pullets reared with 40% CFC had significantly higher total oocyst output per bird 

compared to pullets reared with 0% CFC at 12, 15, 21, 24, 27, and 30 DPI.  Pullets reared with 

60% CFC had significantly higher total oocyst output per bird compared to pullets reared with 

0% CFC at 21, 24, 27 and 30 DPI. 
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Figure 2.2.  Pullets on the moulded fibre trays, with temporary paper below, at one week of age.  

Pullets actively used and defecated on the fibre trays. 

Table 2.1.  The mean total oocyst output numbers per bird
1
 for each cage floor coverage (CFC) group 

over days post-inoculation (DPI) and significant differences
2
 between CFC groups on each DPI to 

provide the temporal pattern of oocyst shedding for live Eimeria vaccinated Lohman-LSL pullets. 

CFC 

(%) 
6 DPI 9 DPI 12 DPI 15 DPI 18 DPI 21 DPI 24 DPI 27 DPI 30 DPI 

33 

DPI 

36 

and 

39 

DPI 

0 3,739,489
A,B

 1,437,174
A,B

 3,966,752
B
 2,661,864

B
 5,441,239

A
 314,337

B
 54,207

B
 TFTC

3
 TFTC TFTC TFTC 

20 2,548,617
B
 660,955

B
 3,609,343

B
 3,422,355

B
 2,004,504

B
 351,016

A,B
 102,437

B
 TFTC TFTC TFTC TFTC 

40 5,954,388
A
 2,238,996

A
 10,253,872

A
 5,816,825

A
 2,442,300

A,B
 565,810

A
 401,476

A
 51,330

A
 22,861

A
 TFTC TFTC 

60 3,037,401
A,B

 1,768,450
A
 7,484,236

A,B
 3,709,522

A,B
 2,977,144

A,B
 603,371

A
 220,023

A
 76,784

A
 8,180

B
 TFTC TFTC 

1
Total fecal oocyst output per bird had to be transformed to account for the loss of cage floor area (0% - ×1; 

20% - ×1.25; 40% - ×1.66; 60% - ×2.5). 
2
Significant differences are based on natural log transformed mean total oocyst output per bird.  Groups 

displaying the same letters are not significantly different (p > 0.05).  A t-statistic test was used to 

establish significant differences between coverage groups at a single day post-inoculation. 
3
TFTC (too few to count) was used when no oocysts can be detected from a NaCl flotation. 

Table 2.2 summarizes the animal welfare scores (plumage cleanliness, foot pad dermatitis, 

hock burn, and bumble foot) for each coverage group for the PROC MIXED ANOVA analysis.  

Animal welfare scores in all categories and all coverage groups were modest.  No significant 

differences were found between coverage groups for the hock burn scores.  Pullets housed with 
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40% CFC had significantly higher (p≤0.05) foot pad dermatitis scores (0.3 ± 0.07) than pullets 

housed with 0% (0.0 ± 0.07), 20% (0.0 ± 0.07), or 60% (0.0 ± 0.07) CFC.  Pullets reared with 0% 

CFC experienced significantly higher (p≤0.05) bumble foot mean scores than pullets reared with 

40% or 60% CFC (0.3 ± 0.07 compared to 0.0 ± 0.07 for both the 40% and 60% CFC treatment 

groups, respectively).  Pullets reared with any CFC had significantly worse (p≤0.05) mean 

plumage cleanliness scores than pullets reared with no CFC. 

Table 2.2.  The mean
1

 

 
scores (± standard error for least squares means) for the plumage cleanliness, 

foot pad dermatitis, hock burn, and bumble foot animal welfare parameters for live Eimeria 

vaccinated Lohman-LSL pullets housed on wire cage floor with different portions of the cage floor 

covered with resilient fibre trays. 

Cage Floor 

Coverage (%) 

Plumage 

Cleanliness ± SE 

(score 0-3) 

Foot Pad 

Dermatitis ± SE  

(score 0-4) 

Hock Burn ± SE  

(score 0-4) 

Bumble Foot ± 

SE (score 0-2) 

0 0.1 ± 0.07

a

 0
+ 

± 0.07

a

 0
+ 

± 0.07

a

 0.3 ± 0.07

a

 

20 0.2 ± 0.07

b

 0
+ 

± 0.07

a

 0
+ 

± 0.07

a

 0.1 ± 0.07

a, b

 

40 0.6 ± 0.07

c

 0.3 ± 0.07

b

 0
+ 

± 0.07

a

 0
+ 

± 0.07

b

 

60 0.7 ± 0.07

c

 0
+ 

± 0.07

a

 0
+ 

± 0.07

a

 0
+ 

± 0.07

b

 

0
+ 

indicates a non-zero average lesion score that rounds to 0 at 1 significant decimal place. 

Groups displaying the same letters within a column only do not differ significantly (p>0.05). 
1
 For the purpose of ANOVA analysis, the difference in severity between a score of 0 and 1 was 

considered similar to the difference between a score of 1 and 2 and so on (SAS 9.2); where the higher 

the score the worse the welfare condition. 

Challenge: Total oocyst output, lesion score and weight data 

Total oocyst output was assessed from six to 11 days following the challenge infection 

initiated at 42 days of age (Figure 2.3).  The mean total oocyst output from pullets reared with no 

CFC during treatment after challenge with 13,000 mixed Eimeria species oocysts was 2.17×10
7 

oocysts per bird.  Pullets reared with trays covering a portion of the cage flooring shed fewer 

oocysts after challenge: for pullets reared with 20% CFC, mean total oocyst output per bird was 

reduced 96.9% to 6.73×10
5
; for pullets reared with 40% CFC, mean total oocyst output per bird 

was reduced 99.7% to 6.83×10
4
; and, for pullets reared with 60% CFC, mean total oocyst output 

per bird was reduced 97.6% to 5.13×10
5
.  Pullets reared during treatment with 40% CFC had a 

significantly lower (p≤0.05) natural log transformed mean total oocyst output (10.6 ± 0.1) than 

pullets reared with 0% CFC (16.4 ± 0.1), 20% CFC (12.1 ± 0.2), or 60% CFC (11.7 ± 0.2). 
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Figure 2.3.  The natural log transformed mean total oocyst output per bird, with standard error bars 

for least squares means, following challenge for each cage floor coverage group of live Eimeria 

vaccinated Lohman-LSL pullets.  Percent reduction of mean total oocyst output numbers compared to 

pullets reared with 0% cage floor coverage is given within the graph bars.  Groups displaying the 

same letters do not differ significantly (p > 0.05). 

Means of lesion scores for each treatment group for each scoring region (upper intestine, 

middle intestine, lower intestine, and cecum) are presented in Table 2.3.  No statistically 

significant differences between the coverage groups were found for the middle and lower 

intestinal regions for the PROC MIXED ANOVA analysis.  The PROC GLIMMIX model was 

unable to converge for the two aforementioned regions.  Statistically significant differences 

(p≤0.05) between coverage groups were only detected in the upper intestinal and cecal regions 

for both the PROC MIXED ANOVA and PROC GLIMMIX analyses (Table 2.3).  In the upper 

intestinal region, pullets reared with 40% CFC had the lowest mean lesion score of 0.2 ± 0.1 

compared to 1.3 ± 0.1, 0.6 ± 0.1, and 1.1 ± 0.1 for the 0, 20, and 60% CFC groups, respectively, 

for both the PROC MIXED ANOVA and PROC GLIMMIX analyses.  In the cecal region, 

pullets reared with CFC had statistically significant lower mean lesion scores than birds reared 

with no coverage for both the PROC MIXED ANOVA and PROC GLIMMIX analyses (Table 

2.3).  However, there were no statistically significance differences among the 20, 40 and 60% 

treatment groups.  The overall lesion score frequencies for each coverage group (Figure 2.4) 

illustrate that pullets housed with 40% CFC had more lesions scores of 0 (95.1%) compared to 
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the 0, 20, and 60% treatment groups (54.7%, 83.6%, and 75.0%, respectively). 

Table 2.3.  The mean
1,2

 lesion scores (± standard error for least squares means) for the upper, middle, 

lower and cecal intestinal region for live Eimeria vaccinated Lohman-LSL pullets housed on wire 

cage floor with different portions of the cage floor covered with resilient fibre trays.  

Cage Floor 

Coverage (%) 

Upper Intestine 

± SE 

Middle Intestine
3
 

± SE 

Lower Intestine
3
 

± SE 

Cecum  

± SE 

0 1.3 ± 0.11A

a

 0.1 ± 0.11

a

 0.1 ± 0.11

a

 0.9 ± 0.11A

a

 

20 0.6 ± 0.11A

b

 0
+ 

± 0.11

a

 0.1 ± 0.11

a

 0.2 ± 0.11B

b

 

40 0.2 ± 0.10B

c

 0
+ 

± 0.10

a

 0 ± 0.10

a

 0.1 ± 0.10B

b

 

60 1.1 ± 0.10A

a

 0.1 ± 0.10

a

 0
+ 

± 0.10

a

 0.1 ± 0.10B

b

 

Lesion scores for each region can range between 0 and 4. 

0
+ 

indicates a non-zero average lesion score that rounds to 0 at 1 significant decimal place. 

Groups displaying the same letters within a column only do not differ significantly (p>0.05). 
1
For the purpose of ANOVA analysis, the difference in severity between a score of 0 and 1 was considered 

similar to the difference between a score of 1 and 2 and so on (SAS 9.2); where the higher the score the 

more severe the intestinal lesion. 
2
Lower case superscript letters represent ANOVA analysis and upper case subscript letters represent 

GLIMMIX analysis (SAS 9.2). 
3
For the middle and lower intestinal region GLIMMIX analyses did not converge. 

 

Mean BW at the end of the treatment phase (immediately prior to challenge) at 42 

days of age (Table 2.4) showed significant differences between some coverage groups.  

Birds reared with 0% CFC had the highest mean body weight pre-challenge (530.6 ± 5.2g) 

but this mean weight was not significantly different from the weight of pullets reared with 

20% CFC (519.2 ± 5.2g).  Pullets reared with 40% or 60% CFC had significantly lower 

weights (506.4 ± 4.9g and 502.4g ± 5.1g, respectively) than pullets reared with 0% CFC.  

Mean post-challenge BW for all treatment groups were at the upper end of the normal BW 

range for a pullet at 48 days of age (Anonymous, 2005) and were not biologically different. 
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Table 2.4.  The mean body weights (in grams) of live Eimeria vaccinated Lohman-LSL pullets at the 

end of the treatment phase prior to challenge (pre-challenge) at six weeks of age (± standard error for 

least squares means), body weight gain post-challenge and weight gain (in grams) post-challenge 

infection for pullets housed on wire cage floor with different portions of the cage floor covered with 

resilient fibre trays. 

Cage Floor 

Coverage (%) 

Body Weight 

post-treatment 

(pre-challenge) 

(g) ± SE 

Body Weight 

post-challenge 

(g) ± SE
1
 

Weight Gain 

Post-Challenge 

(g) ± SE
1
 

0 530.6 ± 5.2
a
 630.9 ± 5.2 100.3 ± 1.9 

20 519.2 ± 5.2
a, b

 613.8 ± 5.2 94.6 ± 1.9 

40 506.4 ± 4.9
b, c

 606.2 ± 4.9 99.8 ± 1.8 

60 502.4 ± 5.1
c
 594.3 ± 5.1 91.9 ± 1.9 

Groups displaying the same letters do not differ significantly (p>0.05). 
1
Differences between weight gains post-challenge infection were not biologically significant. 

Discussion 

Efficacy of live Eimeria vaccination is inextricably linked to poultry management.  There 

are two main management factors that impact successful vaccination with live Eimeria vaccines: 

1) vaccine administration (usually at the hatchery) —synchronous, uniform exposure to a small 

controlled dose of vaccine oocysts; and 2) environmental control in the barn—encouraging 

cycling of vaccine oocysts through several low-level trickle infections until protective immunity 

is elicited (Long and Millard, 1979; Reid, 1990; Shirley, 1993). 

A common method of live Eimeria vaccine administration is the hatchery spray cabinet 

delivery method (Chapman, 2000; Vermeulen et al., 2001; Chapman et al., 2002).  This delivery 

method largely bypasses the flock hierarchy as oocyst uptake may occur through the intra-ocular 

route, direct ingestion or ingestion via preening (as promoted by coloured dye) (Chapman, 2000; 

Caldwell et al., 2001c; Vermeulen et al., 2001; Chapman et al., 2002).  However, the actual 

uniformity of vaccine oocyst uptake may not be reliable as only ingestion of the coloured dye, 

not the number of oocysts, can be practically assessed after each vaccination at the hatchery.  

This shortcoming of hatchery spray vaccination can be addressed through environmental 

transmission of parasites from infected (vaccinated) to uninfected (missed during vaccination) 

birds in the barn (Velkers et al., 2012b). 
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Figure 2.4.  The overall lesion score frequency percentage for live Eimeria vaccinated Lohman-LSL 

pullets reared with different cage floor coverage percentages at six days post-challenge infection at six 

weeks of age.  Lesion scores are measured on a scale from 0 to 4. 

A live Eimeria vaccine administered to the flock, without additional management in the 

barn, may provide a “protective base” to initiate control of endogenous parasite development and 

generate partial immunity (Chapman, 1978, 1999).  To achieve successful protective immunity 

for mixed Eimeria species infection, management techniques must allow for prolonged oocyst 

cycling with the minimum numbers of infective oocysts required to elicit this immunity (Joyner 

and Norton, 1976; Nakai et al., 1992; Parry et al., 1992; Stiff and Bafundo, 1993; Williams, 

2002a; Chapman et al., 2005a; Chapman et al., 2005b).  Once the bird has developed protective 
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immunity to a particular Eimeria species/strain it is assumed to persist for the bird’s lifetime; 

protective immunity against multiple Eimeria species lasting at least 18 weeks has been 

demonstrated experimentally (Long and Millard, 1979). 

A combination of fecundity of the ingested species (Chapman et al., 2002), exposure to 

oocysts (via contaminated feces or other vectors) (Reyna et al., 1983), and the environment 

(including housing) (Chapman et al., 2002; Price, 2012) may impact the transmission rate in field 

conditions (Velkers et al., 2010b; Velkers et al., 2012a).  Live Eimeria vaccine administration 

determines which parasite species infect the birds; in-barn management affects the environment 

indirectly controlling the fecal-oral cycling and subsequent re-exposure of birds to oocysts.  For a 

particular bird in a flock or cage, a suboptimal dose of vaccine may be sufficient for protective 

immunity if adequate cycling of oocysts in the barn environment among birds is maintained 

(Velkers et al., 2012b).  Thus, the method of housing must be taken into account because 

chickens reared on the floor would have increased access to cycling vaccine progeny oocysts 

compared to pullets reared in a conventional cage system (Price, 2012).  The means of achieving 

low-level, repeated prolonged exposure to vaccine progeny oocysts to confer long-lasting 

immunity against homologous challenge in cage-reared pullets has not been well defined but 

covering a portion of the cage flooring with resilient fibre trays appears to achieve this goal. 

Previous studies have noted that the use of a flat material can assist with oocyst cycling in 

caged pullets (Soares et al., 2004); however, the breadth of coverage most efficient at enhancing 

protective immunity in cage-reared pullets administered a live Eimeria vaccine had not been 

explored systematically until now.  The current study controlled for variation of live Eimeria 

vaccine uniformity by using oral-gavage as the vaccine administration method.  In this way, the 

effect of area of CFC with the trays on resultant oocyst cycling and protective immunity could be 

tested independently.  Oocyst output was enumerated for pullets administered a live vaccine and 

reared with different percentages of the cage floor covered to discover the temporal oocyst 

shedding patterns.  Interestingly, pullets reared in cages with 40% and 60% CFC shed detectable 

oocysts for at least six days longer than pullets reared with 0% or 20% CFC; these data suggest 

that the parasites are cycling for longer in these groups compared with the 0% and 20% CFC.  

Pullets reared with 40% CFC had significantly higher natural log transformed total oocyst output 

at six separate time points during the treatment period (12, 15, 21, 24, 27, and 30 DPI – Table 

2.1) compared to pullets reared with 0% CFC.  Conversely, pullets reared with 60% CFC had 
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significantly higher natural log transformed total oocyst output at four separate time points during 

the treatment period (21, 24, 27, and 30 DPI) compared to pullets reared with 0% CFC.  The 

significantly higher oocyst shedding at many time points from 12 to 30 DPI suggest that oocyst 

cycling was increased for these pullets, especially for pullets reared with 40% CFC compared to 

0% CFC.  Nevertheless, oocyst output per bird did not seem to differ, in general, between pullets 

reared with 40% CFC compared to 60% CFC.  Perhaps, introducing a tray into the cage 

environment increases the probability of a pullet ingesting contaminated infectious oocysts from 

feces; however, the dynamics of parasite transmission among caged birds with and without 

coverage has yet to be explored. 

Although mean BW post-treatment decreased as CFC increased, post-treatment weights for 

all treatment groups were at the upper end of the normal BW range for a pullet at 42 days of age 

(see Lohmann-LSL management guide - Anonymous (2005)).  Body weights were last measured 

at 48 days of age and therefore compensatory growth previously demonstrated in birds following 

coccidial infections (Fitz-Coy and Edgar, 1992; Chapman, 2000; Chapman et al., 2002; 

Williams, 2002a; Nollet et al., 2007; Lee et al., 2009) could not be measured. 

Challenge infections with a modest homologous oocyst inoculation at 42 days of age were 

used to assess the relative protective immunity elicited during the various treatments.  Pullets 

vaccinated by oral-gavage and reared on 40% CFC with the durable fibre trays over five weeks 

allowed for significantly reduced total oocyst output (Figure 2.3) as well as lower mean lesion 

scores for the upper and cecal intestinal regions (Table 2.3) after challenge infection compared to 

similarly vaccinated pullets reared without CFC.  Notably, inoculated pullets reared with 40% 

CFC experienced a 99.7% reduction in oocysts shed relative to inoculated pullets reared with 0% 

CFC after challenge.  Although use of lesion scores as a measure of the effectiveness of 

anticoccidial drugs is well-established (Chapman, 1998), use of lesion scores to assess protective 

immunity is controversial (Williams and Catchpole, 2000; Chapman et al., 2005b).  Lesion 

scores obtained in immunized birds following challenge can be unreliable because 

immunopathological (inflammatory) changes to the mucosa can mimic, and be confused with 

lesions associated with parasite development (Chapman et al., 2005b).  Nonetheless, the lesion 

scores after challenge, specifically in the upper intestinal region, had a similar pattern to the mean 

total oocyst output during challenge results in the present study (Table 2.3). 

The modest challenge dose may not have been large enough to impact the pullets’ weight 
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gain; thus, post-challenge BW gains were an unreliable measure of protective immunity in this 

study. 

Preventing or controlling clinical coccidiosis may become a bigger challenge in intensive 

poultry production in the face of legislation limiting prophylactic anticoccidial use; avoiding 

coccidiosis in such conditions will require a long-term solution for coccidiosis control.  For these 

reasons, further research is needed to develop practical methods that will expand the utility of 

live Eimeria vaccination in a wide range of poultry production environments.  The findings of the 

present study demonstrate that proactive poultry environmental management can be used to 

enhance the success of live Eimeria vaccination in caged birds.  The data demonstrate that 40% 

CFC with durable fibre trays for an extended duration (approximately five weeks) had a 

significant and beneficial impact on the success of live Eimeria vaccination with cage-reared 

pullets.  Pullets housed with 40% CFC had the largest number of time points during the treatment 

phase that had total oocyst output per bird significantly higher than pullets reared with 0% CFC.  

Additionally, pullets reared with 40% CFC developed the strongest protective immunity against 

challenge.  Animal welfare scores post-treatment were modest suggesting that the direct impact 

on the pullets reared with CFC was clinically irrelevant.  This “easy to use”, relatively 

inexpensive, and environmentally friendly modification requires no additional labour after the 

day of pullet placement because the fibre trays disintegrate and fall through the wire floor into the 

manure disposal system after approximately five weeks.  Adoption of this environmental 

management tool may enhance the success of live vaccination against coccidiosis in cage-reared 

poultry.  
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CHAPTER 3 

Success and failure: the role of relative humidity levels and environmental management in 

live Eimeria vaccine success in conventionally reared replacement layer pullets 

 

This chapter is based on the following published work of the author with minor modifications: 

 

Price, K. R., Guerin, M. T., and Barta, J. R. 2014. Success and failure: The role of relative humidity 

levels and environmental management in live Eimeria vaccine success in conventionally reared 

replacement layer pullets. Journal of Applied Poultry Research, 23: 523-535. 

 

Abstract 

Contrary to the traditional view that layer flocks housed in conventional cages are unlikely 

to suffer coccidiosis caused by Eimeria species, this enteric disease has become an emergent 

issue.  Coccidiosis outbreaks in layers are frequently associated with the failure to develop 

protective immunity at a young age.  Layer hens housed in cages are usually sourced from 

replacement layer pullet farms using similar cages.  Live Eimeria vaccines administered to young 

chicks provide a small dose of vaccine oocysts that infect and replicate within the vaccinated 

birds, resulting in the release of progeny oocysts into the rearing environment; these oocysts must 

become infective (i.e. sporulate) and then re-infect the partially immune birds in order for the 

vaccine to generate complete protective immunity.  Three factors are needed for successful 

oocyst sporulation: temperature (4 to 37°C; optimal 29°C), oxygen access, and adequate relative 

humidity.  The purpose of this study was to assess the degree of protective immunity elicited by 

pullets spray-inoculated with a live Eimeria vaccine at the hatchery.  During the critical period 

for oocyst sporulation and cycling, relative humidity levels decreased to 13 to 19%, resulting in 

inadequate oocyst cycling and minimal protection against homologous challenge at six and 

twelve weeks of age.  This vaccination failure highlights the need to monitor relative humidity in 

the barn and modify the barn environment so that conditions promote, rather than impede, the 

success of live Eimeria vaccines. 

Introduction 

Coccidiosis, caused by highly host-specific parasites in the genus Eimeria, has plagued the 

chicken industry since intensification of commercial poultry production in the 1940s (Reid, 

1990).  This enteric disease can manifest in subclinical or clinical forms that impacts production 
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(e.g. decreased weight gain, poorer feed conversion ratio, decreased egg production, and 

increased mortality) (Dalloul and Lillehoj, 2005; Dalloul and Lillehoj, 2006; Kitandu and 

Juranova, 2006a; Lee et al., 2009; Sharman et al., 2010).  Clinical coccidiosis arises in a flock 

when immunologically naïve birds ingest large numbers of sporulated oocysts (Reid, 1990).  

Coccidiosis outbreaks in a flock are frequently associated with the failure to develop sufficient 

protective immunity at an appropriately young age (Chapman, 2000).  Traditionally, in-feed 

anticoccidial drugs have been used to prevent the disease.  However, live Eimeria vaccines have 

been in continuous use since the 1950s (Williams, 2002b) and these vaccines have been gaining 

acceptance, albeit to varying degrees, for different chicken production systems and countries.  

Changes in production methods and housing systems have altered the ways in which 

environmental management can influence live vaccine success in poultry rearing. 

Conventional cages are still used in the commercial egg laying industry in most parts of the 

world.  Layer hens housed in conventional cages are usually sourced from replacement layer 

pullets housed in similar cages in the rearing barn.  Layer hens housed in cages can be infected by 

a number of Eimeria species, including E. acervulina, E. brunetti, E. maxima, E. mitis, E. 

necatrix, E. praecox, and E. tenella.  Contrary to the traditional view that layer hens housed in 

conventional cages are unlikely to suffer clinical coccidiosis (Bell, 2002), the disease (sometimes 

complicated by necrotic enteritis caused by Clostridium perfringens) has become an emergent 

issue (McDougald et al., 1990; Soares et al., 2004; Gingerich, 2010).  Observed coccidiosis in 

layer hens housed in conventional cages suggests that these birds can ingest sufficient numbers of 

oocysts to induce clinical disease even when housed on mesh flooring.  Coccidiosis outbreaks 

often occur when the pullets are moved to the layer production barn at 18 to 19 weeks of age—so 

called “new house syndrome” (McDougald et al., 1990; Soares et al., 2004).  Live vaccination of 

replacement layer pullets and proactive management of the rearing environment can be used to 

prevent clinical coccidiosis in layer hens. 

Live Eimeria vaccines exploit the ability of the bird to generate species-specific immunity 

against these parasites after infection (Reid, 1990; Chapman et al., 2002).  Live Eimeria vaccines 

administered to young chicks provide a small dose of vaccine oocysts that infect and replicate 

within the vaccinated birds, ultimately resulting in the release of many progeny oocysts into the 

rearing environment; these oocysts must successfully become infective (sporulate to infectivity) 

in the environment and then re-infect the partially immune birds (via fecal-oral transmission) at 
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an early age in order for the vaccine to generate strong protective immunity in the vaccinated 

birds (Chapman et al., 2002; Williams, 2002a; Price, 2012).  Strong protective immunity is 

defined functionally as the absence of pathogenic effects with limited parasite reproduction and 

minimal oocyst output (Chapman et al., 2005b). 

Less efficient oocyst cycling among pullets reared in cages following live vaccine 

administration has been shown to affect vaccine performance adversely (Soares et al., 2004; 

Price, 2012).  A preliminary study found that modification to the cage floor environment at one 

day-of-age with a biodegradable, durable fiber tray that lasted approximately five weeks allowed 

for better protection of vaccinated pullets against a homologous challenge infection six weeks 

later compared to pullets reared with a material that lasted only two weeks (Price et al., 2011).  A 

subsequent study determined that when this durable fiber tray covered 40% of the cage floor, 

oral-gavaged live-vaccinated pullets had lower mean total oocyst output and lesion scores 

compared to pullets reared with 0, 20, or 60% CFC (Price et al., 2013).  The latter study 

mimicked commercial conditions with standard bird densities; however, commercial vaccine 

administration techniques were not followed and the replacement layer pullets were only 

challenged at six weeks of age (Price et al., 2013).  Previous experimental work demonstrated 

that immunity to multiple Eimeria species can last as long as 18 weeks (Long and Millard, 1979). 

The purpose of this study was to assess live Eimeria vaccination success in layer pullets 

housed in conventional cages with modifications to the cage environment following standard 

commercial spray vaccination with a multi-species, non-attenuated live Eimeria vaccine.  

Vaccine oocyst cycling within cages with different cage floor coverage (0, 20, 40, or 60% 

coverage with fiber trays) and resultant protection against homologous challenge infection at 6 or 

12 weeks of age was assessed. 

Materials and Methods 

Birds, standard commercial vaccination, and study location 

A total of 2,340 Lohmann LSL Lite day-of-age chicks were obtained from a commercial 

hatchery (Archer’s Poultry Farm Ltd., Brighton, Ontario, Canada); the chicks were vaccinated at 

the hatchery against Marek’s disease and infectious bursal disease using standard protocols. 

A label dose of a non-attenuated live Eimeria vaccine was used in this trial.  Coccivac
®
-D

 

(Merck Animal Health, Summit, New Jersey, USA) is a multi-species live Eimeria vaccine 
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containing a proprietary mix of sporulated oocysts of E. acervulina, E. brunetti, E. hagani, E. 

maxima, E. mivati, E. necatrix, E. praecox, and E. tenella.  At the hatchery, chicks were placed in 

transport boxes at a standard density of 100 chicks per box and then administered Coccivac
®

-D 

via a hatchery spray cabinet system using a water spray (Merck Animal Health) at the 

recommended dose prior to transport to a brooder barn within the Poultry Research Facility 

(Arkell Research Station, University of Guelph, Ontario, Canada). 

Upon arrival at the brooder barn, all chicks were individually identified using neck tags 

(Ketchum Manufacturing Inc., Brockville, Ontario, Canada) before experimentation.  Pullets 

were housed in rearing cages of 50.80 cm × 60.96 cm (Ford Dickison Inc., Mitchell, Ontario, 

Canada) at a density of 20 birds per cage (155 cm
2
 per bird) from 0 to 6 weeks of age.  Pullet 

housing and density during challenge infection are described below (see Experiment two: 

Challenge infection phase).  Bird densities were in accordance with Canadian Agri-Food 

Research Council (Anonymous, 2003b) and institutional Animal Care Committee 

recommendations.  These cages and bird densities were used to simulate typical Canadian 

commercial replacement layer pullet brooding and growing conditions, respectively 

(Anonymous, 2003b). 

Newspaper was placed on the cage floor from 0 to 13 days of age to prevent chicks’ feet 

from falling through the mesh floor.  Light intensity and room temperature were set to standard 

commercial production conditions as outlined by the Lohmann-LSL management guide 

(Anonymous, 2005) and the Canadian Agri-Food Research Council (Anonymous, 2003b) and 

maintained automatically; lighting and temperature was checked manually at least twice daily.  In 

addition to automated controls, portable temperature/relative humidity monitors (Heaters, 

Controls & Sensors Ltd., London, Ontario, Canada) were fitted in all experimental rooms; these 

monitors recorded room conditions once every five minutes throughout the trial.  All bird 

housing and handling was approved by the University of Guelph’s Animal Care Committee and 

completed in accordance with the Canadian Council on Animal Care guidelines (Tennessen et al., 

2009).  A standard layer pullet diet and water were provided ad libitum to the birds. 

Experiment one: Success of vaccine administration 

One hundred day-of-age chicks were randomly selected from the 2,340 chicks provided by 

the hatchery.  The chicks were randomly assigned to one of five cages (20 chicks per cage).  To 

determine the relative uptake of vaccine oocysts, all 100 chicks were placed individually into 
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small paper boxes (Velkers et al., 2012b) lined with aluminum foil at 6 DPI for approximately 2 

hours.  At the end of 2 hours, fecal material, if any, from each bird was collected and weighed, 

and the chicks were returned to their communal cages.  The number of OPG of wet feces was 

determined from each weighed (XP1202S, Mettler Toledo, Mississauga, Ontario, Canada) fecal 

sample (see Oocyst output, below). 

Experiment two: Comparison of the level of protective immunity between treatment groups 

Experiment two consisted of two phases (Figure 3.1).  The treatment phase encompassed 

the period of time from one to 42 days of age, during which the pullets were reared with different 

treatments.  The challenge infection phase covered the period of time from challenge with mixed 

Eimeria species at either 42 or 84 days of age to 54 or 96 days of age, respectively, during which 

the level of protective immunity was assessed. 

Experiment two: Treatment phase 

Durable fiber trays (Pactiv LLC, Lake Forest, Illinois, USA) covering different percentages 

of the cage floor were compared: 1) 0% CFC; 2) 20% CFC; 3) 40% CFC; and 4) 60% CFC.  In 

total, 2,240 pullets (20 pullets per cage × 4 coverage groups × 28 cages per treatment) distributed 

into two separate rooms were included in this phase of the experiment.  At 1, 31, 72, and 105 

days of age, all pullets within each cage were weighed and the average weight per bird for each 

cage was determined (Pennsylvania Model 7500 Scale, Pennsylvania Scale Company, Lancaster, 

PA). 

On 6, 9, and 12 DPI, brown paper (Fisher Scientific Company, Ottawa, Ontario, Canada) 

was placed over the newspaper and under the trays to collect feces.  From 15 to 27 DPI, 

aluminum foil was placed beneath the cages to collect feces that dropped through the wire floor.  

From 6 to 27 DPI, feces were collected for four hours each collection, and from 30 to 60 DPI, a 

sample of feces was collected every three days to assess cycling of the parasite (see Oocyst 

Output, below). 
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Figure 3.1.  A general timeline describing the phases, pullet numbers per cage and timing of 

measurements in experiment two for one treatment group replicate.  A total of 28 replicates in each of 

4 treatments followed this scheme. 

At 42 and 84 days of age, two pullets were randomly selected from each cage and weighed 

(Pennsylvania Model 7500 Scale, Pennsylvania Scale Company, Lancaster, PA) individually 

(pre-challenge body weight (BW)) and assessed for animal welfare using four welfare parameters 

as described by Price et al. (2013): 1) plumage cleanliness; 2) food pad dermatitis; 3) hock burn; 

and 4) bumble foot (Welfare Quality
® 

Consortium, 2009). 

Experiment two: Challenge infection phase 

At 42 (“post-brood challenge”) and 84 (“mid-growth challenge”) days of age, the two 

randomly selected pullets described above were challenged.  One pullet was given a high dose 

challenge (220,000 oocysts) and the other was given a low dose challenge (13,000 oocysts) of 

mixed Eimeria species as found in Coccivac
®
-D via oral gavage.  The number of parasites in the 

challenge dose was established by two separate pre-challenge titration experiments on age- and 

strain-matched, immunologically naïve pullets that maximized lesion score values and oocyst 

excretion without causing mortalities (high dose challenge - lesion scores) or epithelial cell 

crowding (low dose challenge - oocyst output) (Williams, 2001), (Appendix 2).  After 
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oral-gavage, the pullets were randomly allocated to individual cages.  The pullets not selected for 

challenge were housed in grower cages at a density of 8 birds per cage (387 cm
2
 per bird) from 

day 42 to 84, and then 6 birds per cage (516 cm
2
 per bird) from day 84 until the end of rearing, 

after which they were placed into layer production at the Arkell Research Station (University of 

Guelph, Ontario, Canada) as per standard commercial protocol. 

At 6 DPCI, the challenged pullets were re-weighed (Pennsylvania Model 7500 Scale, 

Pennsylvania Scale Company, Lancaster, PA) individually (post-challenge BW).  After 

re-weighing, the high dose challenged pullets were killed humanely by cervical dislocation 

(Charbonneau et al., 2010).  The low dose challenged pullets were returned to their assigned 

cages for an additonal six days (i.e. until 12 DPCI) and then removed from the experiment.  The 

outcomes of interest for the high dose challenge pullets were post-challenge BW (controlling for 

pre-challenge BW), and coccidia-induced lesions of the intestinal tract that were assigned a value 

of 0 to 4 using the scoring system of Johnson and Reid (1970).  The individual performing the 

lesion scoring was blinded because they received the isolated intestinal tract and a tag number 

that was not indicative of treatment.  The outcomes of interest for the low dose challenge pullets 

were post-challenge BW (controlling for pre-challenge BW), and total oocyst output values (see 

Oocyst Output, below).  In total, for each challenge dose, 112 pullets (4 CFC groups × 28 cages 

per CFC group) were included in this phase of the experiment at each challenge time (i.e. 

post-brood and mid-growth). 

Oocyst output 

Fecal samples were stored at 4ºC.  For experiment one, and for the treatment phase of 

experiment two from 6 to 27 DPI, OPG counts were determined. To do so, the number of oocysts 

in a fecal sample was determined by the McMaster counting chamber technique using saturated 

NaCl as the flotation medium (Long et al., 1976).  Each sample was counted twice and the two 

counts were averaged to provide a single mean count; the mean count was then divided by the 

fecal weight in grams to calculate the OPG for the sample.  For the treatment phase of experiment 

two from 30 to 60 DPI, oocyst output was determined by the sedimentation-floatation procedure 

with NaCl as the flotation medium (Long et al., 1976). 

During the post-brood challenge (commencing at 42 of age), total oocyst output was 

measured individually from each bird given a low dose challenge from 6 to 12 DPCI through 

sequential 24 hour collections.  The total number of oocysts in each sample was determined using 
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a McMaster counting chamber technique with saturated NaCl as the flotation medium (Long et 

al., 1976).  For the mid-growth challenge, samples were collected as described above and then 

pooled within a treatment group prior to determining total oocyst counts for each pooled sample. 

Statistical analyses 

The PROC MIXED ANOVA program within the statistical software SAS (SAS 9.2, Cary, 

NC) was used to compare the mean welfare scores, lesion scores, post-challenge BW (controlling 

for pre-challenge BW), and total fecal oocyst counts between treatment groups as per Price et al. 

(2013).  For all tests random effects were used to control for potential clustering (room, cage, and 

replication).  During the treatment phase for the OPG data and during the challenge phase for the 

total fecal oocyst output per bird a residual analysis was performed to determine the necessity of 

a natural log transformation to account for large variances; lack of normal distribution in the raw 

OPG data indicated that natural log transformation was required and this was applied before all 

statistical tests. 

For OPG during the treatment phase, a t-statistic test was used to establish significant 

differences between coverage groups at a single DPI.  For total fecal oocyst output per bird 

during the challenge phase, Duncan’s tests were used to make pairwise comparisons between 

coverage groups; for post-challenge BW, t-statistic tests were used for pairwise contrast 

comparisons.  For mean welfare scores as well as lesion scores t-statistic tests were used to make 

pairwise comparisons between treatment groups.  For all tests, p-values ≤ 0.05 were deemed 

significant. 

Results and discussion 

Live Eimeria vaccines are critically dependent on environmental fecal-oral cycling of 

vaccine organisms for development of protective immunity.  When live Eimeria vaccines are 

administered to a flock in which insufficient low-level fecal-oral cycling occurs in the barn, 

functional protective immunity against a mixed Eimeria species infection is unlikely to develop 

(Joyner and Norton, 1976).  Two main factors are needed for a live vaccine to elicit functional, 

protective immunity against a mixed Eimeria species challenge infection: 1) vaccine 

administration—synchronous, uniform exposure to a small controlled dose of vaccine oocysts; 

and 2) optimal environmental conditions in the barn—cycling with the minimum numbers of 

infective vaccine oocysts (Price et al., 2013).  Environmental factors that could limit oocyst 
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infectivity, survivability, and transmission dynamics (such as temperature, relative humidity, 

oxygen access, and bird density) can impact live vaccination success (Edgar, 1954, 1955; 

Marquardt et al., 1960; Reyna et al., 1983; Graat et al., 1994; Williams, 1995b; Williams et al., 

2000; Waldenstedt et al., 2001). 

Experiment one 

The use of spray vaccination—spraying chicks with a pre-measured volume of a coarse 

spray—has been the administration method of choice for live vaccines (Williams, 2002a).  

Despite the inoculum being calibrated to give a specific number of oocysts per chick, this method 

relies on direct and indirect (e.g. preening) ingestion of the proper dose of parasites (Caldwell et 

al., 2001c; Chapman et al., 2002).  Consequently, there is an inherent risk for natural variation in 

vaccine oocyst ingestion.  Directly measuring the oocysts ingested while accounting for those 

parasites that will infect the host is a complex process; thus in experiment one, vaccine oocyst 

ingestion was indirectly measured by determining the number of OPG of feces at 6 DPI when 

chicks would be shedding oocysts of most Eimeria species resulting from the mixed species 

vaccine inoculum (Reid and Long, 1979; Al-Badri and Barta, 2012). 

For each of the five communal cages in the current study, some chicks did not produce 

enough wet fecal material ( 1 g) during the two hour collection period for the OPG counting 

technique to be applied.  Fecal samples from 59 water spray inoculated chicks were counted; the 

oocyst output ranged from 0 to 439,013 OPG.  The frequency distribution of the number of OPG 

of feces per chick is shown in Figure 3.2.  The mean number of OPG of feces from 59 chicks 

was 35,065.4 ± 8,105.6 (mean ± SE).  Oocyst shedding was not uniform: 6 chicks shed no 

detectable oocysts; 17 chicks shed ≤ 10,000 OPG; and, at the other extreme, 3 chicks shed > 

100,000 OPG with a single chick shedding more than 10 times the mean output of all birds.  

Despite the range in oocyst output when birds are spray-inoculated, studies have found that 

susceptible naïve birds on either litter (Velkers et al., 2010a; Velkers et al., 2012a) or in a cage 

environment (Price, K.R., Bulfon, J., Barta, J.R., 2012 personal comm.) can ingest oocysts from 

an infected cage or pen mate and, under controlled management conditions, become protected 

against challenge infections. 
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Experiment two 

Three factors are needed for successful oocyst sporulation: 1) appropriate temperature (4 to 

37°C; optimal at 29°C); 2) oxygen access; and 3) adequate relative humidity (Marquardt et al., 

1960; Al-Badri and Barta, 2012).  The temperature inside most poultry barns is usually close to 

the optimal oocyst sporulation temperature depending on the age of the birds being housed 

(Anonymous, 2005).  The standard bird density (Williams, 2002a) and natural structure of the 

cages would provide the oxygen access needed for the parasite to become infective. 

 

Figure 3.2.  The frequency distribution of the number of oocysts per gram of feces in thousands 

measured six days post-inoculation for Lohman-LSL pullets inoculated with Coccivac
®
-D via the 

hatchery spray cabinet technique at one day-of-age for experiment one.  Oocyst per gram of feces 

(OPG) count ranged from 0 to 439,013 OPG with a mean of 35,065.4 ± 8,105.6 OPG (mean ± 

standard error) and a median of 22,093.3 OPG. 

The average temperatures within the rooms for the current study were in accordance with 

the Lohmann-LSL management guidelines (Anonymous, 2005).  However, the average relative 

humidity levels in the rooms (Figure 3.3) during the first two weeks of the treatment phase were 

consistently low (e.g. 19, 16, and 13% RH at 6, 9, and 12 days DPI, respectively).  The 

Lohmann-LSL management guide recommends a relative humidity in the poultry house of 60 to 

70% RH (Anonymous, 2005); however, anecdotally, the relative humidity levels in the barn are 

dependent on local weather conditions, barn set-up (e.g. cages versus litter), and barn ventilation.  
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As a result, seasonal and geographical variances can impact oocyst sporulation (Graat et al., 

1994; Waldenstedt et al., 2001), survivability (Edgar, 1955; Reyna et al., 1983), and parasite 

transmission (Farr and Wehr, 1949; Awais et al., 2012; Lal et al., 2013) markedly. 

 

Figure 3.3.  The mean temperature (°C) inside the barn room (long dashed line), mean relative 

humidity (%) inside the barn room (solid line), the mean outside temperature (°C; dotted line) and the 

mean outside dew point (°C; short dashed line) recorded from an Environmental Canada weather 

station 4 km from the Arkell Research Station (University of Guelph, Guelph, Ontario, Canada) over 

days post-inoculation during the treatment phase. 

During the treatment stage, the mean oocyst output for each CFC group—expressed as 

OPG of feces—are recorded in Table 3.1 with noted significant differences between coverage 

groups on each DPI.  For each CFC group, the average OPG of feces numerically decreased from 

6 to 15 DPI and the oocyst output was below the limit of detection for the technique from 18 to 

60 DPI.  However, at 12 and 15 DPI pullets reared with 60% CFC had significantly higher OPG 

compared to pullets reared with 0% CFC.  The average BW of the pullets from each CFC group 

matched expected average weights for Lohmann-LSL pullets at various ages (1, 31, 72, and 105 

days of age) as described in the breed management guide (Anonymous, 2005). 
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Table 3.1.  The mean number of oocysts per gram (OPG) of feces from 6 to 60 days post-inoculation 

(DPI) for Lohmann-LSL pullets spray-inoculated with Coccivac
®

-D at one day-of-age and housed in 

conventional brooder cages (20 birds per cage) with different percentages of the cage floor covered 

with fiber trays until six weeks of age and then in conventional grower cages (8 birds per cage × 28 

cages per CFC group × 4 CFC groups). 

Cage Floor 

Coverage 

(%) 

6 DPI 9 DPI 12 DPI 15 DPI 18-27 DPI 30-60 DPI 

0 218,210 13,423 406 31 TFTC
1
 NFF

2
 

20 54,468 14,845 307 31 TFTC
1
 NFF

2
 

40 82,695 19,605 583 192 TFTC
1
 NFF

2
 

60 178,705 31,656 716
*
 264

*
 TFTC

1
 NFF

2
 

1
TFTC (too few to count). 

2
NFF(negative fecal float). 

Coccivac
®

-D (Merck Animal Health, Summit, New Jersey, USA). 
*
OPG count significantly higher (p ≤ 0.05) than 0% floor coverage.  Significant differences are based on 

natural log transformed mean OPG.  A t-statistic test was used to establish significant differences between 

coverage groups at a single DPI. 

 

In general, the scores for each welfare parameter were minor at 42 and 84 days of age.  

However, significant differences between treatment groups were identified (Tables 3.2 and 3.3).  

At 42 days of age, pullets reared with increasing CFC percentage had significantly higher mean 

plumage cleanliness scores, indicating that feathers were dirtier as the percentage cage floor 

covering increased from 0 to 60%.  Pullets reared with 60% CFC had significantly higher foot 

pad dermatitis and hock burn scores than pullets reared with 0 or 20% CFC.  Conversely, bumble 

foot scores of pullets reared with any CFC were significantly lower than pullets reared with no 

CFC.  At 84 days of age, pullets reared with 60% CFC had significantly dirtier feathers (higher 

plumage cleanliness scores) than pullets reared with 0, 20, or 40% CFC.  Pullets reared with 60% 

CFC had significantly higher foot pad dermatitis scores than pullets reared with 0, 20, or 40% 

CFC.  There were no significant differences between CFC groups for hock burn and bumble foot 

scores. 
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Table 3.2.  The mean

 

 
scores (± standard error of least squares means) of welfare parameters at 42 

days of age for Lohmann-LSL pullets spray-inoculated with Coccivac
®

-D at one day-of-age and 

housed in conventional brooder cages (20 birds per cage) with different percentages of the cage floor 

covered with fiber trays (2 pullets per CFC group × 4 CFC groups × 28 cages per CFC). 

Cage Floor 

Coverage 

(%) 

Plumage 

Cleanliness 

(score 0-3)1,2 

Foot Pad Dermatitis 

(score 0-4) 1,2 
Hock Burn 

(score 0-4) 1,2 
Bumble Foot 

(score 0-2) 1,2 

0 0.1 ± 0.0
+
 
A
 0 ± 0

 A
 0 ± 0 

A
 0.3 ± 0.1

 A
 

20 0.4 ± 0.1
 B

 
3
0.0

+
 ± 0.0

+ A
 

3
0.0

+
 ± 0.0

+ A
 0.1 ± 0.0

+ B
 

40 0.8 ± 0.1
 C

 0.1 ± 0.0
+ A,B

 
3
0.0

+
 ± 0.0

+ A,B
 

3
0.0

+
 ± 0.0

+ B
 

60 1.2 ± 0.1
 D

 0.2 ± 0.1
 B

 0.1 ± 0.0
+ B

 0 ± 0
 B

 

1
Groups displaying the same letters within a column do not differ significantly (p > 0.05). 

2
For the purpose of statistical analyses for ANOVA values (capital letters), the difference in severity 

between a score of 0 and 1 was assumed to be the same as the difference between a score of 1 

and 2 and so on (SAS 9.2); where the higher the score the worse the welfare condition. 
3
0.0

+ 
indicates a non-zero number that rounds to 0 at 1 decimal place. 

Coccivac
®

-D (Merck Animal Health, Summit, New Jersey, USA). 

 

Previously, a small scale trial (a total of 280 pullets) was conducted using a low dose 

Coccivac
®
-D inoculum, in which age- and strain-matched pullets were reared on the same CFC 

configurations (Price et al., 2013) as in the present study.  Pullets reared on 40% CFC, when 

given a homologous challenge at six weeks of age, demonstrated a significantly lower total 

oocyst output per bird compared to the other treatment groups (Price et al., 2013).  The results of 

the present study varied greatly compared to the previous trial, despite the similar experimental 

design, in that the total mean oocyst output data for the low dose post-brood challenge 

demonstrated no significant differences between treatment groups in mean oocyst output at the 

post-brood or mid-growth periods.  One variable that differed considerably between these studies 

was the atmospheric relative humidity in the study barns, especially immediately 

post-vaccination.  In the present study, the relative humidity remained below 20% (and reached a 

low of 12.5% at 12 DPI) during the first two weeks, whereas the relative humidity was 

approximately 30% during the same period in the previous study (Price, K.R., 2012, personal 

obs.).  The present study was conducted in the winter (outside temperatures below 0°C – Figure 

3.3), whereas the previous study was conducted in the summer (outside temperatures between 12 

and 25°C – recorded at a local Environment Canada weather station). 
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Table 3.3.  The mean

 

 scores (± standard error of least squares means) of welfare parameters at 84  

days of age for Lohmann-LSL pullets spray-inoculated with Coccivac
®

-D at one day-of-age and 

housed in conventional brooder cages (20 birds per cage) with different percentages of the cage floor 

covered with fiber trays until six weeks of age (2 pullets per CFC group × 4 CFC groups × 28 cages 

per CFC). 

Cage Floor 

Coverage 

(%) 

Plumage 

Cleanliness 

(score 0-3) 1,2 

Foot Pad Dermatitis 

(score 0-4) 1,2 
Hock Burn 

(score 0-4) 1,2 
Bumble Foot 

(score 0-2) 1,2 

0 
3
0.0

+
 ± 0.0

+ A
 0 ± 0

 A
 0 ± 0

 A
 0 ± 0

 A
 

20 0.1 ± 0.0
+ A

 0 ± 0
 A

 0 ± 0
 A

 0 ± 0
 A

 

40 0.1 ± 0.0
+ A

 0 ± 0
 A

 0 ± 0
 A

 0 ± 0
 A

 

60 0.4 ± 0.1
 B

 0.2 ± 0.1
 B

 0 ± 0
 A

 0 ± 0
 A

 

1Groups displaying the same letters within a column do not differ significantly (p > 0.05). 
2For the purpose of statistical analyses for ANOVA values (capital letters), the difference in severity between a 

score of 0 and 1 was assumed to be the same as the difference between a score of 1 and 2 and so on (SAS 

9.2); where the higher the score the worse the welfare condition. 
30.0+ indicates a non-zero number that rounds to 0 at 1 decimal place. 

Coccivac®-D (Merck Animal Health, Summit, New Jersey, USA). 

 

The low relative humidity immediately following vaccination in the present study was 

likely responsible for the observed poor vaccine oocyst cycling during the treatment phase (Table 

3.1).  The low oocyst output observed during the treatment phase following the initial shedding 

of vaccine oocysts (i.e. from 12 DPI onward) strongly suggests that within-cage cycling of the 

oocysts was not sufficient to elicit complete protective immunity in the vaccinated pullets. 

While there were no significant differences between CFC groups in mean lesion scores at 

the post-brood or mid-growth periods for the high dose challenged pullets, some differences in 

BW between CFC groups were noted during the post-brood and mid-growth periods.  

Post-challenge BW for the post-brood challenge are shown in Table 3.4.  For the low dose 

challenge, there were no significant differences between CFC groups in mean post-challenge BW 

after controlling for the pre-challenge BW.  For the high dose challenge, the mean post-challenge 

BW of pullets reared with 40% CFC was significantly higher than pullets reared with 60% CFC 

after controlling for the pre-challenge BW.  Post-challenge BW for the mid-growth challenge are 

shown in Table 3.5.  For both challenge doses, the mean post-challenge BW was lower than the 

pre-challenge BW for all CFC groups (i.e. the pullets lost weight after challenge infection at 84 

days).  For the low dose challenge, the mean post-challenge BW of pullets reared with 60% CFC 

was significantly higher than pullets reared with 0% CFC after controlling for the pre-challenge 

BW.  Similarly, for the high dose challenge, the mean post-challenge BW of pullets reared with 
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60% CFC was significantly higher than for pullets reared with 0% CFC after controlling for the 

pre-challenge BW. 

Table 3.4.  The mean pre- and post-challenge body weights (BW) (± standard error of the least 

squares means) for the post-brood challenge at 42 days of age for the low and high dose challenge 

infected Lohmann-LSL pullets spray-inoculated with Coccivac
®

-D at one day-of-age and housed in 

conventional brooder cages (20 birds per cage) with different cage floor coverage (CFC) percentages 

with fiber trays. 

Cage Floor 

Coverage (%) 

Low Dose Challenge
1 

(28 birds per CFC group) 

High Dose Challenge
2 

(28 birds per CFC group) 

Pre-Challenge BW 

(g) 

Post-Challenge BW 

(g)
3
 

Pre-Challenge BW 

(g) 

Post-Challenge BW 

(g)
3
 

0 484.5 ± 6.3 530.5 ± 6.3
 A

 480.6 ± 6.6 497.1 ± 6.6
 A,B

 

20 471.9 ± 6.4 522.5 ± 6.4
 A

 475.2 ± 6.6 485.8 ± 6.6
 A,B

 

40 480.1 ± 6.4 530.8 ± 6.4
 A

 480.5 ± 6.8 501.1 ± 6.8
 B

 

60 466.8 ± 6.2 518.2 ± 6.2
 A

 469.0 ± 6.8 475.2 ± 6.8
 A

 
1
Pullets given a low dose challenge were infected with 13,000 mixed oocysts. 

2
Pullets given a high dose challenge were infected with 220,000 mixed oocysts. 

3
Groups displaying the same letters within a column do not differ significantly (p > 0.05) after 

controlling for the pre-challenge body weight. 
Coccivac®-D (Merck Animal Health, Summit, New Jersey, USA) 

Table 3.5.  The mean pre- and post-challenge body weights (BW) (± standard error for least squares 

means) for the mid-growth challenge at 84 days of age for the low and high dose challenge infected 

Lohmann-LSL pullets spray-inoculated with Coccivac
®

-D at one day-of-age and housed in 

conventional brooder cages (20 birds per cage) with different cage floor coverage (CFC) percentages 

with fibre trays. 

Cage Floor 

Coverage (%) 

Low Dose Challenge
1
 

(28 birds per CFC group) 

High Dose Challenge
2
 

(28 birds per CFC group) 

Pre-Challenge  

BW (g) 

Post-Challenge  

BW (g)
3
 

Pre-Challenge  

BW (g) 

Post-Challenge  

BW (g)
3
 

0 978.9 ± 10.1 930.1 ± 10.1
 A

 974.2 ± 10.1 898.7 ± 10.1
 A

 

20 962.5 ± 10.5 925.1 ± 10.5
 A,B

 974.8 ± 10.5 907.0 ± 10.5
 A,B

 

40 969.3 ± 10.3 931.0 ± 10.3
 A,B

 985.3 ± 10.3 923.8 ± 10.3
 A,B

 

60 987.3 ± 10.3 965.2 ± 10.3
 B

 977.9 ± 10.3 923.1 ± 10.3
 B

 
1
Pullets given a low dose challenge were infected with 13,000 mixed oocysts. 

2
Pullets given a high dose challenge were infected with 220,000 mixed oocysts. 

3
Groups displaying the same letters within a column do not differ significantly (p > 0.05) after controlling for 

the pre-challenge body weight. 
Coccivac®-D (Merck Animal Health, Summit, New Jersey, USA). 

The differences in BW during the challenge periods provided some evidence of limited 

protective immunity.  For example, depending on the challenge dose and period, the mean 

post-challenge BW was significantly higher for pullets reared with 60% CFC than some other 

CFC groups, suggesting that limited protective immunity had been elicited in this CFC group.  

The overall mean number of OPG of feces during the treatment phase for pullets reared with 60% 

CFC was higher, albeit slightly and not significantly, than the other CFC groups.  This suggestion 

of somewhat more successful cycling in the 60% CFC cages might help explain the observed 
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partial protection against homologous challenge in these birds.  However, following the 

post-brood or mid-growth challenges oocyst output and lesion scores for the 60% CFC treatment 

group did not differ numerically from the other treatment groups.  The strikingly different results 

obtained in the present study compared with previous observations in a technically similar 

experiment (Price et al., 2013) highlight the essential role of relative humidity in the success of 

live Eimeria vaccination particularly during the crucial first few weeks post-vaccination. 

Litter moisture content and atmospheric relative humidity that maximize oocyst sporulation 

success have not been established.  If relative humidity in the barn is not automatically regulated 

by the ventilation system, the temperature differential between the inside temperature of the barn 

and the outside air temperature can impact the relative humidity inside the barn dramatically.  If 

the inside barn temperature is high and the outside temperature is low (as was experienced over 

days 6 to 12 DPI, see Figure 3.3) maintaining a relative humidity around 35% is difficult.  

Heating outside air during freezing Ontario (Canada) winter to supply to a brooder barn, 

especially one fitted with cages, will almost invariably provide an extremely dry environment.  

Eimeria species may respond differently to various moisture levels (Graat et al., 1994; 

Waldenstedt et al., 2001).  Graat et al. (1994) examined the sporulation of E. acervulina oocysts 

in different litter conditions (dry, damp, and pure feces) at high or low temperatures (21 or 33°C) 

and relative humidity (40 or 80%).  Litter conditions were found to have the greatest effect on 

maximum sporulation percentages, whereas temperature and relative humidity affected time and 

speed of sporulation (Graat et al., 1994).  Oocysts in dry or damp litter had a higher success rate 

of completing sporulation compared to oocysts in pure feces, regardless of the temperature or 

humidity level.  However, high relative humidity (80%) and high temperature (33°C) were 

associated with the faster onset of sporulation (Graat et al., 1994), even though the ultimate 

success rate of completing sporulation was not affected.  Conversely, Waldenstedt et al. (2001) 

found that sporulation of E. maxima occurred most efficiently with low (16%) litter moisture 

content as opposed to wetter (62%) litter moisture conditions.  In the latter study, relative 

humidity and temperature were constant for all tested samples (75% and 23°C, respectively) 

suggesting that the litter moisture may have been affecting sporulation through means other than 

available moisture, such as available oxygen or increased ammonia production in wetter litter 

(Waldenstedt et al., 2001).  Lack of available oxygen may have decreased the observed success 

of sporulation of E. acervulina in pure feces in the study by Graat et al. (1994).  Neither study 
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(Graat et al., 1994; Waldenstedt et al., 2001) examined viability or survivability of the sporulated 

oocysts (this can only be established through in vivo infection), where the number of surviving 

oocysts may be higher with higher moisture levels (Edgar, 1955; Reyna et al., 1983).  Marquardt 

et al. (1960) studied the effect of relative humidity in correlation with temperature on the 

sporulation of Eimeria zuernii, a parasite of cattle.  Unsporulated E. zuernii oocysts sporulated 

well at 75% RH and the percentage of sporulation and survival decreased as relative humidity 

levels decreased from 25 to 13%; additionally, unsporulated oocysts appeared desiccated at 

relative humidity levels below 13% (Marquardt et al., 1960).  However, maximum sporulation 

may be of less importance to infection in a commercial flock than the onset of sporulation 

because the latter may determine how quickly birds are infected (Graat et al., 1994).  Moreover, 

Williams (1995b) found that after three days on litter (feces and wood shavings) without cycling, 

all E. acervulina oocysts that had been shed completed sporulation yet 30% appeared damaged 

regardless of the optimal temperature and moisture levels.  Consequently, faster sporulation and 

longer survival in the environment will increase the likelihood that an oocyst will become 

infective and available for ingestion to contribute to parasite transmission. 

Conventional poultry barns require a ventilation system that will allow the influx of fresh 

air from outside and efflux of used air from inside the barn (Scanes et al., 2004).  Consequently, 

the outside air must be heated or cooled as it enters the barn, which can dramatically impact the 

relative humidity inside the barn.  A high barn temperature (e.g. as required during early 

brooding) combined with a below freezing outside air temperature (e.g. during winter) can result 

in low relative humidity inside the barn, particularly for newly placed chicks; for example, 

heating saturated -10°C air (i.e. 100% RH, -10°C Dew Point) to 32°C will produce a relative 

humidity of 6% in the resulting heated air (see http://www.dpcalc.org/) if no additional moisture 

is added.  Under such low relative humidity conditions, bird health can be impacted negatively 

(Reece and Lott, 1982).  The successful sporulation and subsequent cycling of Eimeria species in 

live Eimeria vaccines are likely to be greatly reduced, or eliminated entirely, at such low relative 

humidity.  The resultant minimal post-vaccination oocyst cycling may only elicit partial 

protective immunity as was observed in the present study.  Maintaining appropriate relative 

humidity in the barn environment after live vaccination against coccidiosis is likely necessary for 

success. 

Successful sporulation and subsequent cycling of Eimeria species in live vaccines are 

http://www.dpcalc.org/
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partially dependent on relative humidity levels in the barn in addition to temperature, oxygen 

access and the pullet’s access to infective oocysts.  Measuring relative humidity after live 

vaccination of a flock, regardless of the rearing environment, may be an excellent way of 

predicting the relative success of Eimeria species oocyst sporulation in the barn and therefore, 

indirectly, the likely success of the live vaccination process.  Practical knowledge of factors 

influencing the exogenous, “in-the-barn”, portion of the Eimeria life cycle during the vaccination 

process, combined with the ability to monitor and influence housing conditions, such as 

temperature, relative humidity, or access to cycling parasites, will encourage live Eimeria vaccine 

success. 
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CHAPTER 4 

Cage floor coverage in conventional cages enhances within-cage fecal-oral transmission and 

vaccine success despite suboptimal live Eimeria vaccine hatchery spray application  

Abstract 

Live Eimeria vaccines are an alternative to prophylactic drugs against coccidiosis, an 

intestinal disease of poultry.  These vaccines require the vaccine dose to commence protection, 

and subsequent, continuous, low-level fecal-oral transmission of infective oocysts (“cycling”) to 

enhance protection against a challenge infection.  Commonly, live Eimeria vaccines are 

administered at the hatchery to day-of-age chicks via spray with water or gel droplets containing 

a pre-calibrated dose of oocysts that results in most chicks ingesting a portion of vaccine oocysts.  

Should dosing errors occur, chicks may ingest oocysts in a non-uniform manner.  Environmental 

control of cycling may help overcome non-uniform administration, as previous studies have 

found that 40% CFC with a biodegradable material lasting ~5 weeks enhanced cycling and 

protected the pullets against challenge infection.  The objectives of this study were to determine: 

oocyst shedding patterns of pullets reared with 0 or 40% CFC that had been spray-inoculated at 

day-of-age with a low dose of vaccine oocysts in a commercial live vaccine; and the resulting 

protection against homologous challenge infection.  Chicks were spray-inoculated at day-of-age 

with a below average vaccine dose and placed in rearing cages with 0 or 40% CFC from 0 to 36 

days of age.  The OPG of feces was assessed and demonstrated a pattern of three cycles, in which 

pullets reared with 40% CFC had higher OPG of feces from 14 to 29 days post-inoculation.  At 

36 days of age, pullets were challenged with single or mixed Eimeria species and intestinal lesion 

scores (at 42 days), body weights (at 42 days), and total oocyst output (from 41-49 days) were 

measured.  In general, challenged pullets reared with 40% CFC had significantly lower lesion 

scores, lower total oocyst output and higher post-challenge body weights compared to pullets 

reared with 0% CFC; however, pullets challenged with E. necatrix or E. tenella only achieved 

partial protection.  These results suggest that even an atypically low dose of vaccine oocysts 

followed by adequate cycling of oocysts in the barn can achieve protection against challenge 

infection with most Eimeria species.  More controlled environmental low-level oocyst cycling 

may correlate with greater potential for protection against all Eimeria species infections. 
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Introduction 

Coccidiosis, an enteric disease caused by infection with one or more Eimeria species, is an 

economically impactful parasitic disease of poultry.  Replacement layer pullets were first reared 

in conventional cages to reduce disease (Sainsbury, 2000) and, after this change, coccidiosis was 

commonly thought to be eliminated (Bell, 2002).  However, coccidiosis outbreaks can occur in 

recently moved layer hens that did not develop complete protective immunity during the pullet 

rearing phase prior to movement to the production barn (McDougald et al., 1990; Chapman, 

2000; Gingerich, 2013).  Layer hens housed in conventional cages are sourced from replacement 

layer pullets that are reared typically in a cage rearing system (Sainsbury, 2000). 

Live Eimeria vaccines are gaining acceptance in the poultry industry (Chapman and 

Hacker, 1994; Peeters et al., 1994; Williams, 1998; Ruff, 1999; Williams, 1999; Barta, 2001; 

Vermeulen et al., 2001; Mortier et al., 2005; Abbas et al., 2008; Lee et al., 2009; Abbas et al., 

2011).  Commonly, live Eimeria vaccines are administered to one day-of-age chicks at a 

pre-calibrated dose of mixed Eimeria species via a coloured water or gel droplet in a spray 

cabinet at the hatchery (Chapman, 2000; Price, 2012); this method relies on direct and indirect 

(e.g. preening) ingestion of vaccine oocysts (Caldwell et al., 2001a; Caldwell et al., 2001b; 

Caldwell et al., 2001c).  Previous studies have demonstrated variation in the initial vaccine 

oocyst dose ingestion due, in part, to the vagaries inherent in spray-applied biologics to groups of 

animals (Caldwell et al., 2001b; Price et al., 2014).  The inherent variability in dosing that occurs 

during spray administration of vaccines can be confounded by application or mixing errors, so 

that a wide variability in oocyst doses may be ingested by vaccinated birds.  After live Eimeria 

vaccine administration, the development of functional protective immunity (permits a bird to be 

challenged with large numbers of infective oocysts with minimal resultant disease or parasite 

shedding) is generated by continuous, low-level, fecal-oral ingestion (“cycling”) of vaccine 

progeny oocysts from the environment (Joyner and Norton, 1976; Nakai et al., 1992; Chapman et 

al., 2005a; Price et al., 2013). 

A previous small scale study tested the effect of different CFC percentages (0, 20, 40, or 

60% CFC with a biodegradable material, lasting approximately five weeks), to impact live 

Eimeria vaccination success in the cage environment.  The CFC was designed to retain progeny 

vaccine oocysts for cycling during rearing and the impact on vaccine cycling was measured by its 

ability to protect against homologous mixed Eimeria species infection at six weeks of age (Price 
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et al., 2013).  In that study, all chicks were inoculated with a live Eimeria vaccine containing a 

low dose (250 oocysts) of mixed Eimeria species via oral-gavage.  In general, pullets housed 

with 40% CFC had longer and numerically higher OPG of feces (oocyst output), as well as 

significantly better protection post-challenge infection, than the other coverage groups (Price et 

al., 2013).  However, the vaccine administration in that study did not emulate commercial 

application methods, and the study findings were limited because protective immunity could only 

be determined against a mixed infection rather than the single species included in the vaccine 

inoculum. 

A follow-up study (Chapter 5) generated intentional non-uniform live Eimeria vaccination 

by inoculating 50% of the chicks via oral-gavage with a vaccine dose of 320 mixed Eimeria 

species oocysts, while the other 50% were non-vaccinated but co-mingled with the vaccinated 

chicks (i.e. “contact-vaccinated”—ingestion of vaccine progeny oocysts through environmental 

transmission).  The chicks were reared on 0 or 40% CFC and then subsequently challenged.  Both 

vaccinated and contact-vaccinated pullets reared with 40% CFC demonstrated enhanced cycling 

throughout rearing and better protection against single and mixed Eimeria species challenge 

infections compared to pullets reared with 0% CFC. 

Previous related studies used oral-gavage to deliver live Eimeria vaccines to one day-of-age 

pullets; thus, all birds received identical vaccine doses. The present study was conducted to 

assess the utility of this cage floor modification in overcoming the normal dosing variations of 

commercial spray cabinet application in the hatchery.  The objectives of this study were to 

determine: 1) the oocyst shedding patterns of pullets reared with 0 or 40% CFC that had been 

spray-inoculated at day of age with a low dose of vaccine oocysts; and 2) the resulting protection 

against homologous challenge infection with single or mixed Eimeria species at 36 days of age. 

Materials and methods 

Experimental design 

A total of 616 White Lohmann-LSL Lite day-of-age chicks were obtained from a local 

commercial hatchery.  Chicks were vaccinated at the hatchery as per standard practice against 

Marek’s disease virus and infectious bursal disease virus.  Additionally, chicks received a low 

dose of a commercial live Eimeria vaccine (comparable to an oral gavage containing 

approximately 150 total mixed Eimeria oocysts) containing six sporulated mixed Eimeria species 
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(E. acervulina, E. brunetti, E. maxima, E. mivati (=E. mitis; see Vrba et al. (2011), E. necatrix, 

and E. tenella) at proprietary proportions administered using a commercial spray cabinet 

(Spraycox
®
 II, Intervet International B.V., Summit, NJ) in the hatchery. 

Immediately following vaccinations at the hatchery, chicks were transported to a brooder 

barn within the Poultry Research Facility at the Arkell Research Station (University of Guelph, 

Arkell, Ontario, Canada).  Upon arrival, all chicks were marked individually using neck tags 

(Ketchum Manufacturing Inc., Brockville, Ontario, Canada) before experimentation.  Chicks 

were weighed (Pennsylvania Model 7500 Scale, Pennsylvania Scale Company, Lancaster, PA) 

individually prior to placement in brooding cages.  To maintain a relative humidity level between 

35 and 70%, wood shavings were placed on the floor below the suspended cages and sprayed 

with water one to two times daily.  Light intensity, room temperature, and relative humidity were 

monitored as described by Price et al. (2014).  A standard pullet diet and water were provided ad 

libitum.  All bird housing and handling was approved by the University of Guelph’s Animal Care 

Committee and completed in accordance with Canadian Council on Animal Care guidelines 

(Tennessen et al., 2009). 

This experiment consisted of two phases: 1) the treatment phase (from one day-of-age to 36 

days of age); and 2) the challenge infection phase (from 36 to 49 days of age) (Figure 4.1).  All 

challenge infection doses were based on a pre-challenge titration experiment on age- and 

strain-matched, immunologically naïve pullets (data not recorded).  The single and mixed 

Eimeria species used in the challenge infection phase consisted of E. acervulina, E. brunetti, E. 

maxima, E. necatrix, and E. tenella (Table 4.1). 

  



76 

 

 

 

 

 

Figure 4.1.  A generic timeline describing the phases, pullet numbers per cage, and timing of 

measurements for one cage floor coverage group replicate.  During treatment, total of 11 replicates in 

each of the two cage floor coverage groups (0 and 40% coverage) followed this scheme.  For the high 

dose challenge, two pullets per cage were administered a different challenge infection (E. acervulina, 

E. brunetti, E. maxima, E. necatrix, E. tenella, high dose mixed Eimeria species or a sham-challenge) 

for a total of 20 cages for each coverage group.  A subset of 48 pullets (6 pullets per cage × 4 

replicates per CFC group; 24 pullets total per coverage group) were administered a low dose mixed 

Eimeria species challenge and followed for oocyst output during challenge. 
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Table 4.1.  Challenge Eimeria species, the oocyst dose per bird, and the use in the challenge phase at 

36 days of age.  A total of 608 pullets were challenged with a single Eimeria species, saline only, a 

high dose of mixed Eimeria species, or a low dose of mixed Eimeria species.  Single species, saline 

only, and high dose mixed Eimeria species challenges were replicated at 2 pullets per challenge per 

cage × 20 cages per cage floor coverage (CFC) group (0 and 40% CFC).  The low dose mixed Eimeria 

species challenge was replicated at 6 pullets per cage × 4 replicates per CFC group. 

Challenge Species Oocyst Dose per Bird 

Single Species Challenges 

E. acervulina 400,000 

E. brunetti 300,000 

E. maxima 300,000 

E. necatrix 90,000 

E. tenella 70,000 

Mixed species low dose challenge 

(4.8×103 oocysts) 

E. acervulina 1,500 

E. brunetti 1,125 

E. maxima 750 

E. necatrix 1,125 

E. tenella 300 

Mixed species high dose 

challenge 

(8.5×104 oocysts) 

E. acervulina 25,000 

E. brunetti 20,000 

E. maxima 15,000 

E. necatrix 20,000 

E. tenella 5,000 

Experimental design: Treatment phase 

Chicks were randomly placed in one of two treatment groups that differed with respect to 

CFC: 1) 0% CFC; or 2) 40% CFC.  The CFC material (Figure 4.2) was two layers of durable 

chick paper (Lykir Limited, Mount Brydges, Ontario, Canada), which remained in the cage until 

it degraded naturally (approximately five weeks) or was removed at the initiation of the challenge 

infection.  Pullets were housed in rearing cages of 50.80 cm × 60.96 cm (Ford Dickison Inc., 

Mitchell, Ontario, Canada) at a density of 28 birds per cage (providing 110 cm
2
 per bird) from 0 

to 14 days of age (total of 22 cages – 11 cage replicates of each CFC group); the pullets were 

then divided randomly into new adjacent cages of the same treatment group at a density of 14 

birds per cage (providing 221 cm
2
 per bird) from 14 to 36 days of age (total of 44 cages).  Brown 

wax paper (Uline, Brampton, Ontario, Canada) was placed and replaced on top of the cage floor 

and beneath the CFC every day from 0 to 10 days of age to provide support for the feet of the 

young pullets. The wax paper was removed daily so that any cycling in the cages was dependent 

on material held on the CFC, the cage itself, or dirty feathers around the vents of cage-mates. To 

permit fecal collection, the wax paper and the CFC was removed and a new wax paper was 

placed over the cage floor for one hour to collect feces. This collection paper was removed and 

stored for later fecal analysis.  A new wax paper was replaced on top of the cage floor and the 

previously removed cage floor coverage was replaced on top of the wax paper until the next fecal 
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collection.  When the wax paper was no longer needed for feet support during rearing, wax paper 

was used only during fecal collection periods.  At no time during rearing was feces removed from 

the CFC. Fecal samples were collected for OPG analysis every three days starting at six days of 

age (5 DPI).  Fecal sample collection and OPG analysis were conducted as described Price et al., 

(2014).  At 36 days of age, foot pad dermatitis and “wire-floor” foot pad dermatitis (bumble foot) 

were assessed as described Price et al., (2013). 

 

Figure 4.2.  Cage floor coverage (CFC) modifications: (A) 0% CFC; (B) 40% CFC using two layers 

of chick paper; (C) Closer view of the chick paper illustrating the textured surface. 

Experimental design: Challenge infection phase 

At 36 days of age pullets were individually weighed (Pennsylvania Model 7500 Scale, 

Pennsylvania Scale Company, Lancaster, PA) and then challenged with a single Eimeria species, 

saline only, a high dose of mixed Eimeria species, or a low dose of mixed Eimeria species, to 

determine the level of protective immunity.  The outcome of interest for the low dose challenge 

infection was total oocyst output.  One 0% (28 pullets) and one 40% CFC (28 pullets) group was 

randomly selected to be inoculated with a mixed low dose challenge infection (56 total pullets).  
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From the randomly selected groups selected for low dose challenge infection, five pullets (three 

from 0% CFC and two from 40% CFC) died of causes unrelated to the experiment.  A subset of 

48 pullets (6 pullets per cage × 4 replicates per CFC group) were moved to clean cages and 

housed in their original coverage group until 49 days of age.  A total of three pullets (one from 

0% CFC and two from 40% CFC) were randomly culled from the groups selected for low dose 

challenge infection to maintain identical stocking densities in all cages during the challenge 

period.  Total oocyst output was measured from each group of six pullets from 5 to 13 DPCI.  

Fecal samples were collected for 24 hr for each DPCI measurement and total oocyst counts were 

determined from each sample as described by Price et al. (2013).  Collection and mean total 

oocyst output analysis were conducted as described by Price et al. (2014). 

The remaining pullets were challenged either with a high dose single Eimeria species, 

high dose mixed Eimeria species, or saline (2 pullets per challenge per cage × 20 cages per CFC 

group).  The outcomes of interest for the high dose challenge infection were lesion scores and 

post-challenge BW controlling for pre-challenge BW.  Individual pullets within a cage were 

randomly selected to be inoculated with one of the challenges.  At 5 DPCI (for pullets challenged 

with E. acervulina or E. tenella), 6 DPCI (for pullets challenged with E. maxima, E. necatrix, or 

high dose mixed Eimeria species), and 7 DPCI (for pullets challenged with E. brunetti or saline), 

pullets were individually weighed (Pennsylvania Model 7500 Scale, Pennsylvania Scale 

Company, Lancaster, PA) and killed humanely by cervical dislocation (Charbonneau et al., 

2010).  Lesion scores were assessed blindly as described by Price et al. (2014). 

Statistical analyses 

Statistical analyses were conducted using the PROC MIXED model from the analytical 

software SAS (SAS 9.2, Cary, North Carolina, USA) using a separate ANOVA test for mean 

OPG, mean body weights, mean welfare scores, mean lesion scores, and mean total fecal oocyst 

counts between CFC groups.  For all tests, random effects (cage, bird, and replications) were 

used to control for potential clustering.  During the treatment phase, an autoregressive(1) 

covariance structure was used to account for repeated cage measures. 

For oocyst data during the treatment phase (mean OPG) and during the challenge phase 

with the low dose mixed Eimeria species challenged pullets (mean total oocyst output per bird), 

residual analyses were performed to determine the necessity of a natural log transformation to 

account for large variances; lack of normal distribution in the raw data during treatment (OPG) 
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and challenge (total oocyst output per bird) period indicated that natural log transformation was 

required and this was applied before all statistical tests.  Tests of significance during the 

treatment phase were reported between coverage groups at a single DPI.  Tests of significance 

during the low dose mixed Eimeria species challenge were reported between coverage groups.  

For the high dose challenge post-challenge BW, all statistically significant differences reported 

for mean post-challenge BW were controlled with respect to pre-challenge BW whether stated or 

not.  Mean lesion scores were presented as a cumulative lesion score (maximum cumulative score 

of 20) combining scores of 0 to 4 from five regions of the intestinal tract (upper intestine, middle 

intestine, lower intestine, ceca and rectum).  Tests of statistical significance were performed only 

between CFC treatment groups given the same challenge infection and for the same region(s) of 

the digestive tract.  The inclusion criteria to test for statistical significance were that, within a 

comparison of two CFC groups given the same challenge infection at the same region of the 

intestine, at least one group had a mean lesion score of 1.0 or higher.  Statistical comparison tests 

were completed using t-statistic tests for pairwise comparisons.  A p-value of ≤ 0.05 was deemed 

significant for all tests. 

Results and discussion 

Correct administration via hatchery spray cabinet usually results in ingestion of live 

Eimeria vaccine oocysts by 80 to 90% of the chicks in a tray of 100 (Broussard, 2009; Price et 

al., 2014).  Any variation in application technique (Caldwell et al., 2001b) or handling of the 

vaccine prior to application may result in lower numbers of chicks ingesting oocysts, more 

variation in the doses received, or both.  Thus, rearing conditions that can overcome non-uniform 

vaccine administration through enhanced post-vaccination cycling could be expected to result in 

more robust immunological protection against challenge infections (see Chapter 5). 

Treatment phase 

During the treatment phase, especially during the critical post-vaccination period (i.e. 5 to 

14 DPI – Price et al. (2014)), the relative humidity levels remained between 35 and 70% thus 

providing an atmospheric environment ideal for oocyst sporulation and transmission.  Light and 

temperatures were confirmed to follow the Lohmann-LSL rearing guidelines (Anonymous, 

2005).  The oocyst output during the treatment phase (Figure 4.3) demonstrated three oocyst 

shedding periods (local observed maximum shedding at 11, 20, and 26 DPI) in addition to the 
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initial oocyst shed at 5 DPI resulting from the vaccine dose.  Oocysts shed during these peaks 

would become infective 1 to 3 days after shedding (Reid and Long, 1979).  The OPG shed 

pattern and requirement for environmental sporulation suggest that there were three periods when 

larger numbers of infective oocysts were ingested by the birds (around 6 to 8, 12 to 14, and 21 to 

23 DPI).  Pullets reared with 40% CFC had significantly higher natural transformed mean OPG 

compared to pullets reared with 0% CFC for all time point from 14 to 29 DPI (Figure 4.3).  This 

increase in OPG of feces suggests enhanced low-level oocyst cycling within the cage 

environment of pullets reared with 40% CFC.  Near the end of the treatment phase, OPG shed by 

the 40% CFC birds began to decrease from their maximum at 20 DPI; in contrast, OPG shed by 

the 0% CFC birds peaked maximally near the end of the treatment phase. 

 

Figure 4.3.  The mean number of oocysts per gram of feces from 5 to 29 days post-inoculation (DPI) 

for Lohmann-LSL pullets spray-inoculated with a low dose commercial live Eimeria vaccine 

(equivalent to approximately 150 oocysts total per chick administered via oral-gavage containing six 

mixed Eimeria species) at one day-of-age and housed in conventional brooder cages with 0 (dotted 

line) or 40% (solid line) of the cage floor covered with chick paper until 36 days of age (28 birds per 

cage from 0 to 14 days of age - total of 22 cages, then pullets were separated into new adjacent cages 

of the same treatment group at 14 birds per cage - total of 44 cages).  Asterisks indicate that pullets 

reared with 40% cage floor coverage had significantly higher OPG (p ≤ 0.05) than pullets reared with 

0% cage floor coverage.  All significant differences are based on natural log transformed mean 

oocysts per gram of feces and a t-statistic test was used to assess pairwise comparisons at each 

separate day post-inoculation. 

The welfare scores for foot pad dermatitis and bumble foot for each CFC treatment group 



82 

were mild with all mean scores below 1.0 (Table 4.2).  A significant difference was noted in the 

mean bumble foot scores between the 0 and 40% CFC groups (0.14 ± 0.02 and 0.00 ± 0.02, 

respectively) as would be expected, because the latter  group had cage floor coverage whereas the 

former had no cage floor coverage.  No significant difference was noted between the mean foot 

pad dermatitis scores.  These results corroborate previous studies (Price et al., 2013) and suggest 

that 40% CFC with thick chick paper has such minor impacts on pullet welfare that these would 

likely be clinically irrelevant in a commercial setting. 

Table 4.2.  Mean

 

 welfare parameter scores (± standard error for least squares means) at 36 days of 

age for Lohmann-LSL pullets spray-inoculated with a low dose live Eimeria vaccine (equivalent to 

approximately 150 oocysts total per chick administered via oral-gavage containing six mixed Eimeria 

species) at one day-of-age and housed in conventional brooder cages (28 birds per cage from 1-14 

days of age and 14 birds per cage from 14-36 days of age) with 0 or 40% cage floor coverage with 

chick paper until 36 days of age (308 pullets per CFC group). 

Cage Floor Coverage (%) 
Foot Pad Dermatitis 

(score 0-4)1,2 

Bumble Foot 

(score 0-2)1,2 

0 0 ± 0.01A 0.14 ± 0.02A 

40 0.03 ± 0.01A 0.00+ ± 0.02B, 3 
1Groups displaying the same letters within a column do not differ significantly (p > 0.05). 
2For the purpose of statistical analyses for ANOVA values (capital letters), the difference in severity between a 

score of 0 and 1 was assumed to be the same as the difference between a score of 1 and 2 and so on (SAS 9.2); 

where the higher the score the worse the welfare condition. 
30.00+ indicates a non-zero number that rounds to 0 at 1 decimal place. 

Challenge phase 

Pullets reared with 40% CFC had a significantly lower total oocyst output per bird than 

pullets reared with 0% CFC (Figure 4.4) where the raw mean total oocyst output per bird 

demonstrated a 55.8% reduction in oocyst output by the pullets in the 40% CFC treatment group 

(2.52×10
6
) compared to pullets in the 0% treatment group (4.51×10

6
).  Previous experiments 

demonstrated a 99.7% (Price et al., 2013) or a 90.8% (Chapter 5) reduction in mean total oocyst 

output during challenge of vaccinated pullets reared with 40% compared to 0% CFC.  While the 

current study demonstrated a reduction in mean total oocyst output, this decrease was 

approximately 1.7 times smaller than the average reduction of the other studies.  These results 

suggest that there was partial protective immunity elicited by an initial vaccine dose of 

approximately 150 oocysts followed by several vaccine progeny oocyst cycles during rearing.  

Perhaps if the initial vaccine dose was higher, as it was in other studies (Chapter 2 and Chapter 

5), or if there was more time for additional environmental cycling prior to challenge (Joyner and 

Norton, 1973), the resultant protective immunity would have been more robust.  Further evidence 

that vaccine progeny cycling was more robust within the cages with 40% CFC was that 



83 

vaccinated pullets reared on 40% CFC that were not challenged (i.e. sham-challenged) had 

numerically lower BW at the conclusion of the trial, albeit not statistically significant, compared 

to pullets reared on 0% CFC (Table 4.3).  Cycling of vaccine progeny within a cage of birds has 

been demonstrated previously to have a small impact on BW during the early growth of 

vaccinated pullets when cycling is enhanced by CFC (Price et al., 2013) 

 

Figure 4.4.  The natural log transformed mean total oocyst output per bird, with standard error bars 

for least squares means, following challenge infection with a low dose of mixed Eimeria species 

(4.8×10
3
 total oocysts per pullet) of pooled 24 hour fecal collections from 5 to 13 days post challenge 

infection for each cage floor coverage group (6 pullets per cage × 4 replicates per cage floor coverage 

group; 24 pullets per coverage group) of Lohmann-LSL pullets that were spray-inoculated at 

day-of-age with a low dose of a commercial live Eimeria vaccine (equivalent to approximately 150 

oocysts total per chick administered via oral-gavage containing six mixed Eimeria species).  Percent 

reduction of mean total oocyst output per bird of pullets reared with 40% cage floor coverage 

compared to 0% cage floor coverage is given within the graph bars.  Groups displaying different 

letters differ significantly (p ≤ 0.05). 

Following all challenge infections (E. acervulina, E. brunetti, E. maxima, E. necatrix, E. 

tenella, and mixed species), challenged pullets had significantly lower mean post-challenge BW 

compared to their counterparts given a sham-challenge (Table 4.3).  Pullets challenged with E. 

acervulina, E. brunetti, E. maxima, or high dose mixed Eimeria species that had been reared with 

40% CFC had significantly higher mean post-challenge BW compared to similarly challenged 
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pullets reared with 0% CFC.  Pullets reared on 40% CFC that were challenged with E. necatrix or 

E. tenella had greater mean body weight gains during the challenge period than pullets reared on 

0% CFC; however, post-challenge BW were not significantly different between the 0% and 40% 

CFC pullets after controlling for pre-challenge BW (Table 4.3). 

Table 4.3.  The mean pre- and post-challenge body weights [BW] (± standard error for least squares 

means) of single and mixed challenge infections as well as sham-challenged (i.e. given saline only at 

day of challenge) Lohmann-LSL pullets that were spray-inoculated with a low dose live Eimeria 

vaccine (equivalent to approximately 150 oocysts total per chick administered via oral-gavage 

containing six mixed Eimeria species) at one day-of-age and housed in conventional brooder cages 

with different percentages of the cage floor covered with two layers of thick chick paper until 43 days 

of age (2 pullets per challenge per cage × 20 cages per cage floor coverage group). 

Challenge Group 
Cage floor 

coverage (%) 

Pre-challenge  

BW (g) 

Post-challenge  

BW (g)
1
 

Sham (saline) 
0 378.2 ± 6.1 497.5 ± 6.1 

A,2
 

40 364.7 ± 5.8 474.1 ± 5.8
  A,2

 

E. acervulina 
0 364.8 ± 6.1 415.5 ± 6.1 

A
 

40 361.5 ± 5.9 423.4 ± 5.9 
B
 

E. brunetti 
0 375.8 ± 5.9 361.4 ± 5.9

 A
 

40 358.4 ± 5.8 393.1 ± 5.8
 B

 

E. maxima 
0 370.6 ± 6.1 396.9 ± 6.1

 A
 

40 376.0 ± 5.8 439.9 ± 5.8
 B

 

E. necatrix 
0 376.0 ± 6.0 399.1 ± 6.0

 A
 

40 357.5 ± 6.0 390.4 ± 6.0
 A

 

E. tenella 
0 372.1 ± 5.9 424.8 ± 5.9

 A
 

40 368.5 ± 5.9 425.3 ± 5.9
 A

 

Mixed species (high dose) 
0 365.6 ± 5.8 374.4 ± 5.8

 A
 

40 367.2 ± 5.8 389.7 ± 5.8
 B

 

 
1
Groups displaying the same letters within a challenge group within a column do not differ 

significantly (p > 0.05) after controlling for the pre-challenge body weight. 
2
There was a significant difference (p<0.05) between the post-challenge body weight (controlling for 

pre-challenge body weight) of the sham birds compared with each of the post-challenge body 

weights of challenged birds housed on the same CFC (i.e. 0% or 40%). 

For most pre-challenge BW there were no significant differences between groups within a challenge 

group within a column.  The exception was within the E. necatrix and E. brunetti challenged group 

as the 40% CFC group had lower pre-challenge BW than the 0% CFC group.  However, both 

groups had similar pre-challenge BW compared to their respective sham-challenged group. 

The cumulative mean lesion scores (a maximum cumulative score of 20) combining scores 

of 0 to 4 from 5 regions of the intestinal tract (upper intestine, middle intestine, lower intestine, 

ceca, and rectum) are reported for each CFC group within each challenge infection group in 

Figure 4.5 with comparisons between CFC groups given the same challenge infection at the 
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same region of the intestine using the inclusion criteria as defined in the Statistical Analyses 

section.  The mean lesion scores of the sham-challenged groups did not exceed 0.6 in any region 

and were lower than any of the challenge groups, regardless of CFC group.  For the reporter 

regions for each Eimeria species challenge (E. acervulina – upper intestine; E. maxima – middle 

intestine; E. necatrix – middle intestine; E. tenella – ceca; and E. brunetti – rectum – see Reid 

and Long (1979)), and for all intestinal regions except for the lower intestinal region for pullets 

given a high dose mixed Eimeria species challenge, pullets reared with 40% CFC had 

significantly lower mean lesion scores than pullets reared with 0% CFC (Figure 4.5).  These 

results in combination with the lack of significant difference between post-challenge BW of E. 

necatrix or E. tenella challenged pullets reared with 0 or 40% CFC (Table 4.3) suggest that only 

partial protective immunity was achieved for these species, likely because the suboptimal vaccine 

doses applied to the pullets initially. 

To achieve sufficient protective immunity against an Eimeria species challenge, both the 

original vaccine inoculation dose and subsequent vaccine progeny oocyst cycling in the barn 

must be considered (Chapman, 2000).  Live Eimeria vaccine formulations must provide 

sufficient oocysts of each Eimeria species to initiate cycling without impairing the reproductive 

potential of any species due to the inclusion of too many oocysts of a competing species or via 

induction of pathogenic changes that impair replication (Hein, 1975; Hein, 1976; Williams, 2001; 

Chapman et al., 2002).  If all Eimeria species present in the vaccine dose are viable, the 

proportion of each Eimeria species the chick receives should not vary greatly; however, the total 

number of oocysts (and ultimately the overall number of each individual species) may vary 

widely depending on the volume of applied vaccine ingested by each chick.  Usually, E. necatrix 

and E. tenella are included in live Eimeria vaccines at lower numbers due to their pathogenicity 

and lower fecundity at higher doses (Cox and Schmatz, 1994; McDougald et al., 2008).  For the 

current trial, the low initial vaccine dose (equivalent to approximately 150 total oocysts 

administered by an oral-gavage) would have included low initial doses of E. necatrix and E. 

tenella, perhaps as few as 1 or 2 oocysts for each of these species per bird on average. 
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Figure 4.5.  Cumulative mean lesion scores (a maximum cumulative score of 20) for each region of 

the intestine (upper intestine, middle intestine, lower intestine, ceca, and rectum) for each cage floor 

coverage (CFC) group within each challenge infection group (high dose single Eimeria species, high 

dose mixed Eimeria species, or sham [i.e. saline only] - 2 pullets per challenge per cage × 20 cages 

per CFC group).  Lesion scores were assessed at 5 days post-challenge inoculation [DPCI] (E. 

acervulina and E. tenella), 6 DPCI (E. necatrix, E. maxima, and high dose mixed Eimeria species), 

and 7 DPCI (E. brunetti and sham).  Statistical significance was reported on a pairwise comparison of 

an intestinal region if at least one group had a mean lesion score of 1.0 or higher.  Comparisons were 

reported between a single intestinal region between CFC groups within a single challenge infection 

group (e.g. 0% CFC upper intestinal region compared to the 40% CFC upper intestinal region for E. 

acervulina challenged pullets) where groups displaying different letters differ significantly (p ≤ 0.05). 

Eimeria species differ in immunogenicity, and it has been suggested that E. necatrix and 

E. tenella are the least immunogenic compared to other Eimeria species infecting chickens (Rose 

and Long, 1962; Rose, 1974; Chapman et al., 2005a).  The lower immunogenicity of these 

species implies that for a host to become sufficiently protected against a challenge infection there 

must be several “vaccine boosting inoculation cycles” (i.e. low-level vaccine progeny oocyst 

cycling in the barn) (Hein, 1975; Long and Millard, 1979).  For E. tenella, an initial vaccine 

inoculation dose of five oocysts with repeated daily infections up to a total of 140 oocysts 

demonstrated better protective immunity against a challenge infection compared to age-matched 
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chickens given a single dose of 140 oocysts (Joyner and Norton, 1973).  Despite the initial 

vaccine inoculation dose being low, the approximately 28 subsequent “vaccine boosting 

inoculations” were able to provide sufficient protection against a challenge infection (Joyner and 

Norton, 1973).  While the current experiment had several demonstrated “vaccine boosting 

inoculation cycles” (Figure 4.3), these did not compensate completely for the initial low doses of 

E. necatrix and E. tenella.  Consequently, only partial protection against these species was 

elicited by 29 DPI as suggested by the cumulative results of the challenge measures.  Delay of the 

challenge infections in the present study (e.g. to one or two weeks later) may have permitted the 

necessary time for additional cycles of re-infection to occur to ensure that protective immunity 

against these species was achieved.   

Proper communication of required application procedures and reagents with adherence to 

such protocols when applying a live Eimeria vaccine at the hatchery by spray will help to ensure 

that all chicks receive appropriate vaccine doses.  However, even if abnormally low doses or poor 

uptake of live Eimeria vaccine oocysts are encountered, subsequent careful rearing that enhances 

oocyst cycling can still generate protective immunity against virulent challenge at a flock level.  

In the present study, an extremely low dose of a live Eimeria vaccine applied at the hatchery 

followed by adequate oocyst cycling of vaccine progeny during rearing was able to generate 

protective immunity as measured by OPG of feces during treatment, as well as total oocyst 

output, mean lesion scores, and post-challenge BW during a challenge infection.  The use of 40% 

CFC following live Eimeria vaccination significantly enhanced live vaccine success in 

conventional cage-reared pullets that were spray-inoculated at the hatchery at suboptimal doses. 

Previous studies using orally-gavaged birds (Price et al., 2013) and the present study 

using birds vaccinated via spray cabinet both reinforce that enhanced low-level oocyst cycling of 

vaccine progeny during rearing is correlated with greater protective immunity against challenge 

with all Eimeria species, in single or mixed challenge infections. The importance of appropriate 

cycling of live Eimeria vaccines in litter-reared birds is well understood (Joyner and Norton, 

1973; Williams, 1998; Velkers et al., 2012a) and our previous (Price et al., 2013) and present 

studies suggest that comparable protection can be obtained in cage-reared birds so long as 

appropriate in-cage cycling is established and maintained until solid flock immunity is elicited. 
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CHAPTER 5 

Live Eimeria vaccination success in the face of artificial non-uniform vaccine 

administration in conventionally-reared pullets 

This chapter is based on the following work of the author with minor modifications: 

 

Price, K. R., Hafeez, M. Bulfon, J., Guerin, M. T., and Barta, J. R. Live Eimeria vaccination success 

in the face of artificial non-uniform vaccine administration in conventionally-reared pullets. Avian 

Pathology. Submitted, MS ID: CAVP-2014-0186. 

Abstract 

Live Eimeria vaccines used to prevent coccidiosis in poultry initiate immunity using a 

vaccine dose containing few oocysts and this protection is enhanced through low-level fecal-oral 

transmission (“cycling”) of parasites in the barn.  Vaccine administration and environmental 

control must be considered for successful vaccination.  Commonly, live Eimeria vaccines are 

administered via a hatchery spray cabinet, which can permit wide variation in doses ingested by 

each chick.  The experiments reported herein tested whether unvaccinated pullets can become 

protected from homologous challenge through cycling of low-levels of vaccine progeny oocysts 

in the cage environment and whether 40% cage floor coverage (CFC) with a durable, 

biodegradable material could improve protection against challenge in directly and indirectly 

vaccinated pullets.  Non-uniform administration of a live Eimeria vaccine was artificially 

provided to chicks.  Specifically, half of the chicks in a single cage were oral-gavage inoculated 

at day-of-age (directly vaccinated) while the other half of the group of chicks were administered 

saline and co-mingled with vaccinated chicks (indirectly vaccinated - “contactvaccinated”) at 

day-of-age.  Each group of co-mingled chicks were reared with 0 or 40% CFC.  Oocyst output 

was measured separately from vaccinated and contact-vaccinated pullets to indirectly assess 

transmission throughout treatment.  Lesion scores, body weights, and total oocyst outputs were 

measured to quantify protection against single and mixed Eimeria species challenge infections.  

Both vaccinated and contact-vaccinated pullets had enhanced oocyst cycling and were better 

protected against coccidial challenge when reared with 40% CFC compared to 0% CFC.  

Modifying the cage environment with 40% CFC to promote low-level oocyst cycling had two 

major effects: 1) protection against coccidial challenge following live Eimeria vaccination was 

enhanced; and, 2) non-uniform vaccination was redressed because solid protection against 

virulent challenge was elicited in contact-vaccinated pullets that received no vaccine at 
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day-of-age. 

Introduction 

Coccidiosis of commercial chicken, caused by highly host-specific Apicomplexan 

parasites in the genus Eimeria, is one of the major parasitic diseases affecting the global chicken 

industry (Dalloul and Lillehoj, 2005; Bera et al., 2010; Zhang et al., 2013).  After ingestion of 

sporulated, infective oocysts initiation of the life cycle begins with an endogenous asexual then 

sexual phase (Rose, 1987).  At the end of the sexual phase birds can shed large numbers of 

unsporulated oocysts (Parry et al., 1992; Johnston et al., 2001).  Successful exogenous 

sporulation of these oocysts occurs within 22 and 77 hours, depending on the species, in an 

environment with suitable temperature and moisture levels, and available oxygen (Norton and 

Chard, 1983; Williams, 1998; Al-Badri and Barta, 2012). 

Historically, pullets reared on wire are considered unlikely to suffer clinical coccidiosis 

(Bell, 2002).  However, coccidiosis, sometimes with concurrent or subsequent necrotic enteritis 

(caused by Clostridium perfringens), has been observed as an emergent issue of layer hens reared 

on wire mesh floors (Gingerich, 2010) following movement to a new production facility such as 

the egg production barn and may be due, in part, to a lack of protective immunity developed at an 

early age (Price et al., 2013).  This risk of coccidiosis suggests that pullets can ingest relatively 

large numbers of oocysts while housed in a conventional caged environment. 

Live Eimeria vaccines initiate immunity from a small dose of vaccine oocysts.  This 

immunity is enhanced through low-level, fecal-oral transmission (“cycling”) of the oocysts in the 

poultry house environment.  Complete immunological protection depends on environmental 

cycling of the vaccine organisms.  Commonly, day-of-age chicks are vaccinated at the hatchery 

in a spray cabinet with a high-volume, coarse, water or gel spray that is dyed with a colorant to 

encourage ingestion (Price et al., 2014).  The chicks ingest the oocysts in the vaccine while 

preening themselves and each other immediately after delivery and successful vaccine ingestion 

is measured qualitatively by colour appearing on the chicks’ tongues (Price et al., 2014).  Like 

any method that does not directly inoculate individual animals, spray cabinet delivery of live 

Eimeria vaccines invariably leads to non-uniform ingestion with some chicks ingesting more or 

fewer oocysts than others (Price et al., 2014). 

With spray vaccination several factors can impact vaccine uptake and subsequent vaccine 

success: 1) improper administration (i.e. incorrect dilution, improper drop size, etc.); and 2) 
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inherent chick to chick variation in the amount of vaccine ingested (Price et al., 2014).  To 

compensate for this variation in initial oocyst ingestion, non-uniformly dosed chicks, including 

chicks that have ingested no vaccine at all during vaccine administration, need to be exposed to 

vaccine oocysts shed into the environment from successfully inoculated chicks before they can 

start to develop protective immunity.  Such protective immunity expresses itself functionally in 

pullets exposed to infective oocysts by the absence of pathogenic effects with limited parasite 

reproduction and minimal oocyst output in the face of a coccidiosis challenge (Joyner and 

Norton, 1976; Price et al., 2013). 

Covering cage floors with durable fibre trays at 40% CFC for a period immediately 

following live Eimeria vaccine administration has been shown to enhance oocyst cycling and 

subsequent live vaccination success in conventional cage-reared replacement layer pullets (Price 

et al., 2013).  The CFC material, which lasts approximately five weeks before naturally 

degrading, when used in conjunction with live Eimeria vaccination has been suggested to retain a 

portion of contaminated feces providing the oocysts adequate time to sporulate and allow pullets 

longer access for ingestion of sporulated oocysts (Price et al., 2013).  However, the fibre tray 

material is not commonly used in poultry production systems.  Thick chick paper, a construction 

paper like material with divots, is commonly used when chicks are delivered to the barn and 

when pullets are initially placed on the wire mesh cage floor.  When a double layer of chick paper 

is used, the material can persist in the cage for the same duration of approximately five weeks as 

occurs with fibre trays (Price, personal obs.). 

These experiments were designed to determine: 1) if unvaccinated birds can become 

protected from homologous challenge through transmission (“cycling”) of low-levels of vaccine 

progeny in a cage environment; 2) the type of cage floor coverage material that most positively 

affects protection against homologous challenge in pullets administered a live vaccine; and 3) if 

40% CFC with the preferred material improved the level of protection against homologous 

challenge in directly and indirectly vaccinated pullets.  Collectively, these experiments examined 

means of improving the success of live vaccination against coccidiosis in cage-reared pullets that 

had been non-uniformly administered a live Eimeria vaccine. 
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Materials and methods 

Experiment one: Preliminary trial with Eimeria acervulina to test oocyst cycling model 

Experiment one consisted of two phases (Figure 5.1).  The treatment phase encompassed 

a period of time from day 0 to 22 days of age, during which the pullets were reared with different 

treatments.  The challenge infection phase encompassed a period of time from 22 to 27 days of 

age, in which pullets were given an Eimeria acervulina infection (“challenged”) or saline only 

(“sham-challenged”). 

 

Figure 5.1.  A general timeline describing the phases, number of pullets per cage, and timing of 

measurements in experiment one for one cage floor coverage group (a total of three cage floor 

coverage groups were used – 0%, 40% with chick paper, and 40% with fibre trays).  At 22 days of age 

vaccinated, contact-vaccinated, and some sham-vaccinated pullets were challenged with Eimeria 

acervulina (2 pullets per vaccine inoculation group per cage × 3 vaccine inoculation groups × 2 cages 

per CFC group × 3 CFC groups) while the rest of the sham-vaccinated pullets were sham-challenged 

(14 sham pullets × 2 cage replicates per CFC group × 3 CFC groups).  

A total of 240 White Lohmann-LSL Lite chicks (Archers Hatchery, Brantford, Ontario, 

Canada) were vaccinated against Marek’s disease virus and infectious bursal disease virus as per 

standard protocol in the hatchery.  These chicks were subsequently delivered to the Poultry Unit 
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of the Arkell Research Station at the University of Guelph (Arkell, Ontario, Canada) at day of 

age.  Upon arrival, chicks were neck tagged (Ketchum Manufacturing Inc., Brockville, Ontario, 

Canada), individually weighed, and randomly assigned to four vaccine inoculation groups: 1) 

vaccinated/challenged (V/C); 2) contact-vaccinated/challenged (sham-vaccinated and co-mingled 

with group one during treatment – CV/C); 3) sham-vaccinated/challenged (SV/C); and 4) 

sham-vaccinated/sham-challenged (SV/SC).  To test the effect of cage floor coverage, chicks 

from the four groups were distributed randomly into three cage configurations: 1) 0% CFC; 

2) 40% CFC with chick paper (CFC-CP) – Figure 5.2A; and 3) 40% CFC with fibre trays 

(CFC-T) – Figure 5.2B (4 vaccine inoculum groups × 10 pullets per vaccine inoculum group × 3 

CFC groups × 2 cage replicates per CFC group). 

 

Figure 5.2.  Chick paper used in experiment one and two (A) and fibre tray used in experiment one 

only (B) as cage floor cover material.  Inset zoomed images illustrate the surface texture of each 

material (scale as indicated). 

Vaccinated chicks were inoculated by oral-gavage at day-of-age with approximately 170 

sporulated oocysts of E. acervulina (as part of a five-way live Eimeria vaccine formulation 

containing E. acervulina, E. brunetti, E. maxima, E. necatrix and E. tenella– total number of all 
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Eimeria species was 315 oocysts) suspended in 0.5 mL of 0.9% saline.  All other treatment 

groups were given 0.5 mL of 0.9% saline by oral-gavage as sham-vaccinates.  Vaccinated chicks 

were immediately placed into cleaned rearing cages (Ford Dickison Inc., Mitchell, Ontario, 

Canada) at a stocking density of 155 cm
2
 per chick (20 birds per 50.80 cm × 60.96 cm cage unit) 

from 0 to 22 days of age, as per Canadian Agri-Food Research Council (Anonymous, 2003a) and 

institutional Animal Care Committee recommendations in accordance with Canadian Council on 

Animal Care guidelines (Tennessen et al., 2009).  Chicks that were V/C and CV/C were 

co-mingled in the same caging (10 pullets per vaccine inoculation group × 2 vaccine inoculation 

groups per cage × 3 CFC groups × 2 cages per CFC group; n= 120 pullets); to avoid ingestion of 

any regurgitated vaccine inoculum, CV/C chicks were placed in cages an hour after the 

vaccinated chicks.  Chicks that were sham-vaccinated (SV/C and SV/SC) were co-mingled 

during the treatment phase (10 pullets per sham-vaccine inoculation group × 2 sham-vaccine 

inoculation groups per cage × 3 CFC groups × 2 cages per CFC group; n= 120 pullets).  Cages 

and bird handling were set up to prevent cross contamination of oocysts among cages during the 

treatment phase.  Pullets were provided water and non-medicated ration ad libitum for the 

duration of the trial.  Room temperature, light intensity, and relative humidity were monitored as 

described by Price et al. (2014).  Brown wax paper (Uline, Brampton, Ontario, Canada) was 

placed on the cage floor beneath the CFC from 0 to 10 days of age and replaced every 24 hours to 

prevent transmission from anything other than the cage floor, CFC, or feathers around the vents 

of cage-mates, as described by Price et al. (2014).  Fecal floats (Long et al., 1976) were 

conducted on a weekly basis during treatment to ensure no oocyst contamination of SV/C and 

SV/SC pullets.  Oocyst output, measured as OPG of feces, was measured during treatment (see 

Measurements below). 

At 22 days of age, pullets were challenged with either homologous E. acervulina at 5×10
5
 

oocysts per bird (2 pullets per vaccine inoculation group per cage × 3 vaccine inoculation groups 

× 2 cages per CFC group × 3 CFC groups) or sham-challenged (14 sham pullets × 2 cage 

replicates per CFC group × 3 CFC groups).  The challenge dose was established using a 

breed- and age-matched lesion titration study run in parallel with this experiment (data not 

shown).  Lesion scores and post-challenge body weights (BW) were measured during the 

challenge phase (see Measurements below). 
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Experiment two: Large scale comparison of protective immunity between vaccinated, contact-

vaccinated, and sham-vaccinated pullets reared with 0 or 40% cage floor coverage 

The second study was a larger scale trial similar to experiment one with minor 

modifications (Figure 5.3).  The treatment phase encompassed the period from 0 to 30 days of 

age and the challenge infection phase occurred from 30 to 42 days of age during which protective 

immunity was assessed. 

 

Figure 5.3.  General time line describing the phases, pullets per cage, cage replicates, and timing of 

measurements in experiment two for one of two cage floor coverage (CFC) groups (0% or 40%).  

During the treatment phase vaccinated and contact-vaccinated pullets were commingled.  At 30 days 

of age pullets were administered a high dose challenge of single (E. acervulina, E. brunetti, E. 

maxima, E. necatrix, E. tenella) or mixed Eimeria species, a sham-challenge or a low dose challenge 

of mixed Eimeria species.  For the high dose challenge or sham-challenge, there were 24 pullets per 

challenge (7 challenges) for each of the vaccinated and contact-vaccinated pullets (7 challenges × 1 

pullet per challenge × 24 replicates × 2 vaccine inoculum groups per cage × 2 CFC groups) and 28 

pullets per challenge (7 challenges) for the sham-vaccinated pullets (7 challenges × 2 pullets per 

challenge × 14 replicates × 2 CFC groups).  Low dose challenged pullets were separated into V/C or 

CV/C groups and SV/C pullets then reared at 6 pullets per cage (24 pullets per vaccine inoculum 

group × 3 vaccine inoculum groups × 2 CFC groups). 
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Experiment two: Treatment phase 

A total of 1,232 White Lohmann-LSL chicks (Archers Hatchery, Brantford, Ontario, 

Canada) were vaccinated at the hatchery then delivered to the research station and processed as 

was detailed in experiment one.  Chicks were randomly assigned to seven vaccine inoculation 

groups: 1) V/C; 2) CV/C; 3) SV/C; 4) SV/SC; 5) vaccinated/sham-challenged (V/SC); 6) 

contact-vaccinated/sham-challenged (CV/SC); and 7) sham-vaccinated only (SV).  To test the 

effect of cage floor coverage, chicks from these seven groups were distributed randomly into two 

CFC groups: 1) 0% CFC; and 2) 40% CFC with chick paper (a total of 14 treatment groups). 

Vaccinated chicks were inoculated by oral-gavage at day-of-age with 320 total oocysts of 

mixed Eimeria species (E. acervulina – 100 oocysts per chick; E. brunetti – 75 oocysts per chick; 

E. maxima – 50 oocysts per chick; E. necatrix – 75 oocysts per chick; and E. tenella – 20 oocysts 

per chick) suspended in 0.5 mL of 0.9% saline.  All other treatment groups were given 0.5 mL of 

0.9% saline by oral-gavage.  Both CV and SV chicks were administered saline and then 

immediately placed into cages.  Vaccinated chicks were administered the vaccine via oral-gavage 

after handling of the CV and SV pullets were completed and then placed in their respective cages.  

All chicks were placed into cleaned rearing cages (Ford Dickison Inc., Mitchell, Ontario, Canada) 

at a stocking density of 110 cm
2
 per chick (28 birds per 50.80 cm×60.96 cm cage unit) from 0 to 

14 days of age.  At 14 days of age pullets of each cage were randomly selected to be moved to 

adjacent cages in their treatment group configurations to be housed at 221 cm
2
 per bird (14 birds 

per 50.80 cm×60.96 cm cage unit) from 14 to 30 days of age.  Stocking densities met Canadian 

Agri-Food Research Council (Anonymous, 2003a) and institutional Animal Care Committee 

recommendations in accordance with Canadian Council on Animal Care guidelines (Tennessen et 

al., 2009).  In total, 784 pullets were either V/C (or V/SC) or CV/C (or CV/SC) (2 vaccine 

inoculation groups per cage × 14 pullets per vaccine inoculation group per cage × 2 CFC groups 

× 14 cages per CFC group), 392 pullets were SV/C or SV/SC (2 sham-vaccine inoculation groups 

× 14 pullets per sham-vaccine inoculation group per cage × 2 CFC groups × 7 cages per CFC 

group), and 56 pullets were SV only (28 pullets per cage × 2 CFC groups × 1 cage per CFC 

group) – Figure 5.3. 

Management, monitoring of pullets and the environment, and placement of brown wax 

paper (Uline) were the same as described in experiment one.  Fecal floats (Long et al., 1976) 

were conducted on a weekly basis during treatment to ensure no oocyst contamination of SV/C, 
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SV/SC, or SV pullets.  Oocyst output, measured as OPG, was assessed for the other groups 

throughout the treatment phase (see Measurements below). 

Experiment two: Challenge infection phase 

At 30 days of age, pullets were randomly selected to be challenged either with a single 

Eimeria species, a high dose of mixed Eimeria species, a low dose of mixed Eimeria species, or a 

sham-challenge (Table 5.1, Figure 5.3).  Challenge doses were established using a breed- and 

age-matched lesion titration study run in parallel with this experiment (Appendix 3). 

Table 5.1.  A summary of the challenge species, the oocyst dose per pullet, and the use of each 

Eimeria species dose in the challenge phase for experiment two. 

Challenge Use in Challenge Phase Oocyst Dose per Bird 

E. acervulina 

Single species challenge 500,000 

Mixed species high dose challenge (2.0×105 total oocysts) 100,000 

Mixed species low dose challenge (4.8×103 total oocysts) 1,500 

E. brunetti 

Single species challenge 400,000 

Mixed species high dose challenge (2.0×105 total oocysts) 40,000 

Mixed species low dose challenge (4.8×103 total oocysts) 1,125 

E. maxima 

Single species challenge 250,000 

Mixed species high dose challenge (2.0×105 total oocysts) 30,000 

Mixed species low dose challenge (4.8×103 total oocysts) 750 

E. necatrix1 

Single species challenge 30,000 

Mixed species high dose challenge (2.0×105 total oocysts) 20,000 

Mixed species low dose challenge (4.8×103 total oocysts) 1,125 

E. tenella 

Single species challenge 50,000 

Mixed species high dose challenge (2.0×105 total oocysts) 10,000 

Mixed species low dose challenge (4.8×103 total oocysts) 300 

1
Vaccine inoculum, and mixed species low dose challenge were mixed from a single stock 

suspension of E. necatrix oocysts.  Single species and mixed species high dose challenge were 

mixed from a second stock suspension of E. necatrix oocysts to achieve the proper oocyst dose 

per pullet. 

All vaccine and challenge doses except for E. necatrix were mixed from the same original 

cultures per species.  Vaccine inoculum, and mixed species low dose challenge were mixed from 

the original culture of E. necatrix.  Single species and high dose mixed Eimeria species challenge 

for E. necatrix were mixed from a freshly passaged E. necatrix culture to achieve the proper 

oocyst dose per pullet. 

A total of 12 cages at 14 pullets per cage (4 cages with V/C and CV/C pullets reared with 

0% CFC; 4 cages with V/C and CV/C pullets reared with 40% CFC; 2 cages with SV/C pullets 

reared with 0% CFC; and 2 cages with SV/C pullets reared with 40% CFC) were randomly 

selected to be infected with the low dose mixed Eimeria species challenge.  Pullets were 

subsequently separated into V or CV groups and SV pullets were equally separated into six 
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pullets per new challenge cage; one pullet was randomly culled from each treatment group to 

maintain identical stocking densities in all cages during challenge.  Total oocyst output during 

challenge was the measurement assessed from pullets administered the low dose mixed Eimeria 

species challenge (see Measurements below). 

A total of 76 cages at 14 pullets per cage (24 cages with V/C or V/SC and CV/C or 

CV/SC pullets reared with 0% CFC; 24 cages with V/C or V/SC and CV/C or CV/SC pullets 

reared with 40% CFC; 12 cages with SV/C or SV/SC pullets and 2 cages with SV only pullets 

reared with 0% CFC; and 12 cages with SV/C or SV/SC pullets and 2 cages with SV only pullets 

reared with 40% CFC) were randomly selected to be infected with a high dose mixed Eimeria 

species challenge, single species challenge, or given a sham-challenge (Figure 5.3).  In each 

cage, V/C, CV/C, and SV/C pullets were equally, randomly selected to be infected with one of 

the seven challenges for a maximum total of two pullets per high dose challenge group per cage 

(Figure 5.3).  Lesion scores and post-challenge BW, controlling for pre-challenge BW, were the 

measurements assessed from pullets administered single Eimeria species, high dose mixed 

Eimeria species, and given a sham-challenge. 

Measurements 

Oocyst output 

Throughout the treatment phase (0 to 22 days for experiment one and 0 to 30 days for 

experiment two), OPG was measured as described in Price et al. (2014).  Fecal samples were 

collected twice every week starting at 3 DPI in experiment one and every three days starting at 3 

DPI in experiment two.  During fecal collection CFC and brown waxed paper were removed.  At 

the time of fecal collection for each experiment, if pullets were co-mingled (V/C and CV/C), then 

pullets were separated into V and CV groups within their cage and placed into new fecal 

collection cages lined with brown waxed paper for one hour to obtain feces only from V or CV 

birds.  At the end of fecal collection, pullets as well as CFC (and brown wax paper, if needed) 

were returned to their respective cages. 

During the challenge phase for experiment two, total oocyst output was collected from 

pullets (separately from V, CV and SV pullets) that were randomly selected to be infected with a 

low dose mixed Eimeria species challenge.  Total oocyst output was measured from daily 24 

hour fecal collection obtained by placing receptacles below low dose mixed Eimeria species 
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challenge cages each 24 hours from 5 to 13 DPCI.  Mean total oocyst output was measured as 

described by Price et al. (2013). 

Experiment two: Polymerase chain reaction for oocyst output samples 

Fecal samples from several cycling time points post-inoculation during the treatment 

stage were pooled.  All fecal samples from the low dose mixed Eimeria species challenged 

pullets were pooled for each respective treatment group (e.g. 2 mL from each 5 to 13 DPCI 

samples were pooled for the 0% V/C group).  Pooled fecal samples were diluted ten-fold (v/v) in 

2.5% (w/v, aqueous) potassium dichromate (K
2
Cr

2
O

7
), then homogenized; 15 mL of fecal 

suspension was centrifuged (10 minutes at 1500 × g) to collect the oocysts and other particulates.  

Oocysts were purified from fecal debris by salt flotation using standard methods as described by 

Ryley et al. (1976).  The floated oocysts were decanted from the top of the salt solution, diluted 

in ten-fold (v/v) of water and collected by centrifugation (10 minutes at 2500 × g).  Oocysts were 

then suspended in 4°C, 4.25% sodium hypochlorite (w/v, aqueous) and placed on ice for 10 

minutes.  After surface treatment, oocysts were immediately diluted in ten-fold (v/v) with 1 × 

PBS and collected by centrifugation (10 minutes at 2500 × g).  The pelleted oocysts were washed 

similarly with 1 × PBS at least three more times prior to DNA extraction.  DNA extraction using 

DNAZol
®
 (Life Technologies Inc., Burlington, Ontario, Canada), assisted by vortexing of the 

sample with 0.5 mm glass beads to enhance oocyst breakage, was accomplished as described by 

El-Sherry et al. (2013).  Yield and purity were determined spectrophotometrically using a 

NanoDrop
®
 2000 instrument (NanoDrop

®
, Wilmington Delaware, USA).  The DNA was passed 

through column purification (QiaQuick
®
 Gel Extraction Kit, Qiagen, Germantown, MD) filter 

several times to remove inhibitors.  PCR amplification of the mitochondrial COI gene was 

accomplished using coccidia-specific COI primers 400F and 1202R (see El-Sherry et al. (2013)). 

Initially, primers 400F (5’-GGDTCAGGTRTTGGTTGGAC-3’) and 1202R 

(5’-CCAAKRAYHGCACCAAGAGATA-3’) were used to amplify a product of approximately 

800bp.  Polymerase chain reactions were carried out in an MJMini
® 

thermal cycler (Bio-Rad 

Laboratories Ltd., Mississauga, Ontario, Canada).  Reactions contained approximately 100 ng of 

genomic DNA, 50 mM MgCl2, 1 mM dNTPs, one-fold PCR buffer and 0.4U Platinum


 Taq 

(Life Technologies Inc.).  The PCR thermal profile was as follows: initial heat activation of 

polymerase at 96°C for 10 minutes; 35 cycles of: denaturation at 94°C for 30 seconds, annealing 
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at 50°C for 30 seconds (for COI reactions), and extension at 72°C for 60 seconds; and, a final 

extension at 72°C for10 minutes.  Both negative and positive template control reactions were 

included with each PCR run.  PCR products were electrophoresed on a 1.5% agarose submarine 

gel in TAE buffer (40mM Tris, 20mM acetic acid, and 1mM EDTA) at approximately 100 V for 

approximately 45 minutes.  The resulting gel was stained with ethidium bromide (C21H20BrN3) 

and the size of products estimated by comparison with a 100 bp to 10 kb DNA ladder (Bio Basic 

Inc., Mississauga, Ontario, Canada) visualized using UV trans-illumination.  Positive samples 

were subjected to newly designed, nested coccidia species-specific COI primers: E.acervulina 

COI_NF (TTTTAACGGTGATCCTGTAC); E.acervulina COI_NR 

(GTATCTGTCTCTAAACCTACA); E.brunetti COI_NF (AATTGTGTTTGGCTTAGCTG); 

E.brunetti COI_NR (GGAAGGACCTCCAAACACTAAC); E. maxima COI_NF 

(CCACCACTAAGTACATCAATG); E. maxima COI_NR (GAACACTAATTTGCCTGCGC); 

E. necatrix COI_NR (AAATACTAATTTACCTGCTGTG); E. necatrix  COI_NF 

(CATCACTAATGTCATTATCC); E. tenella COI_NF 

(GTTTCTCAAACATTATCTACTTCA); and E. tenella COI_NR 

(GAGCAACATCTAAAGCAGTATTG).  The same chemistry and thermal profile was used as 

with the universal primers except the anneal temperatures ranged from 50°C to 60°C.  The PCR 

products were visualized and sized as previously described. Both positive and negative control 

samples were run concurrently; presence or absence of each Eimeria species was noted for each 

sample. 

Lesion scores and body weights 

For experiment one, at 6 DPCI pullets were killed humanely by cervical dislocation 

(Charbonneau et al., 2010) for lesion scoring.  For experiment two, at 5 DPCI (E. acervulina and 

E. tenella), 6 DPCI (E. maxima, E. necatrix, and high dose mixed Eimeria species challenge) and 

7 DPCI (E. brunetti and sham-challenged) pullets were killed humanely for lesion scoring.  

Lesion scoring of the intestinal tracts was made by a single researcher who was blinded with 

regard to the identity of the pullets (i.e. the lesion scorer received only the isolated intestinal tract 

and the associated neck-tag number; neck-tag numbers were randomized among all groups).  

Intestinal lesion scores induced by coccidia were ranked from 0 to 4 in the upper, middle, and 

lower intestinal regions as well as the ceca and rectum using the Johnson and Reid (1970) scoring 

system. 
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For experiment one and two, individual BW were measured at day of challenge 

(“pre-challenge BW”) and at the day of lesion score (“post-challenge BW”) for only those pullets 

used for lesion scoring (i.e. all high dose challenges). 

Statistical analyses 

The statistical software SAS 9.2 (Cary, NC) was used for all analyses.  Random effects 

were used to control for potential clustering (cage and replication) for all analyses.  During the 

treatment phase for experiment one, an autoregressive(1) covariance structure (a special case of 

Toeplitz covariance) was used to account for repeated cage measures.  During the treatment 

phase for experiment two, a Toeplitz covariance structure was determined to be the best structure 

and was used to account for repeated cage measures.  For all tests, p-values of ≤ 0.05 were 

deemed significant. 

A PROC MIXED, ANOVA program was used to test statistical significance for the OPG 

for each DPI during the treatment phase for experiment one and two.  Residual analyses were 

performed to determine the necessity of a natural log transformation to account for large 

variances; lack of normal distribution in the raw data indicated that natural log transformation 

was required and this was applied before all statistical tests.  Tests of significance were reported 

between coverage groups at a single DPI using a t-statistic test for pairwise comparisons. 

A PROC MIXED, ANOVA program was used to test statistical significance for lesion 

scores and post-challenge BW (controlling for pre-challenge BW) for experiment one and two as 

per Price et al. (2013); all reports of statistical significance below refer to post-challenge BW that 

have been controlled with respect to pre-challenge BW whether explicitly stated or not.  For 

post-challenge BW, controlling for pre-challenge BW, comparisons between vaccine inoculation 

and CFC groups and to account for interaction terms as well as contrast statements the t-statistic 

test was used.  Mean lesion scores were presented as a cumulative lesion score (maximum 

cumulative score of 20) combining scores of 0 to 4 from five regions of the intestinal tract (upper 

intestine, middle intestine, lower intestine, ceca and rectum).  The inclusion criteria to test for 

statistical significance were that, within a comparison of two CFC groups given the same 

challenge infection for the same region of the intestine, a mean lesion score of 1.0 or higher was 

reported for the SV group.  For mean lesion scores, tests of statistical significance between 

vaccine inoculation and CFC groups, and to account for interaction terms, t-statistic tests for 

pairwise comparisons were used. 
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For experiment two, a PROC MIXED, ANOVA program was used to test statistical 

significance for the total fecal oocyst counts (Price et al., 2013) between treatment groups of 

pullets given a low dose mixed Eimeria species challenge.  Mean total oocyst output numbers 

were pooled from 5 to 13 DPI and a residual analysis was performed to determine the necessity 

of a natural log transformation to account for large variances; lack of normal distribution in the 

raw data indicated that natural log transformation was required and this was applied before all 

statistical tests.  For tests of statistical significance between vaccine inoculation and CFC groups, 

and to account for interaction terms, t-statistic tests for pairwise comparisons were used. 

For both experiment one and two, groups displaying different letters differ significantly (p 

≤ 0.5) between CFC groups within the same vaccine inoculum groups (e.g. CV/C, 0% CFC 

versus CV/C, 40% CFC); whereas groups displaying different numbers differ significantly (p ≤ 

0.5) between vaccine inoculum groups within the same cage floor coverage group (e.g. CV/C, 

0% CFC versus V/C, 0%). 

Results 

Experiment one 

During the treatment phase, V/C and CV/C pullets shed oocysts in a similar pattern for 

0% CFC, 40% CFC-CP, and 40% CFC-T (Figure 5.4).  No statistical differences between 

coverage groups were noted within the same vaccine inoculum group were noted. 

Patterns of several observed local maximum OPG over time were noted for the V/C and 

CV/C pullets.  The first observed local maximum of OPG shedding was at 6 DPI for all V/C 

groups and the second observed local maximum of OPG was at 12 (0% CFC and 40% CFC-T; 

Figure 5.4A and 5.4C, respectively) or 16 (40% CFC-CP; Figure 5.4B) DPI.  For all V/C CFC 

groups, oocysts were still being shed until 21 DPI but at numbers lower than during the two 

observed local maximum OPG shedding periods (Figure 5.4).  For all CV/C groups, pullets 

demonstrated an observed local maximum OPG shedding after the first observed local maximum 

OPG shed at 6 DPI for V/C pullets.  Pullets reared on 0% CFC and 40% CFC-CP that were CV/C 

demonstrated one observed local maximum OPG shed at 19 (Figure 5.4A) and 16 DPI (Figure 

5.4B), respectively.  Pullets reared with 40% CFC-T that were CV/C had two observed local 

maximum OPG shedding at 12 and 19 DPI (Figure 5.4C).  Observed local maximum OPG 

shedding for CV/C pullets was numerically highest for the 40% CFC-CP group at 16 DPI 
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(3.8×10
6
) compared to the highest observed local maximum OPG shedding at 19 DPI for the 

same vaccine inoculum treatment group in the 40% CFC-T and 0% CFC groups (1.4×10
6 

and 

6.4×10
5
, respectively). 

 

Figure 5.4.  Oocyst shedding in experiment one throughout treatment.  The mean number of oocysts 

per gram of feces (OPG) from 3 to 21 days post-inoculation (DPI) shed by Lohmann-LSL pullets 

administered a live Eimeria vaccine of 170 E. acervulina oocysts (as part of a five-way live 

coccidiosis vaccine formulation containing a mixture of E. acervulina, E. brunetti, E. maxima, E. 

necatrix and E. tenella; a total of 315 oocysts) via oral-gavage at one day-of-age (vaccinated – solid 

line) or indirectly via ingestion of vaccine progeny oocysts in the environment (contact-vaccinated – 

dotted line).  Pullets were housed in conventional cages without cage floor coverage (A, 0%) or 40% 

covered with chick paper (B) or 40% covered with fibre trays (C) until 22 days of age (20 pullets per 

cage × 2 replicates per treatment).  Vaccinated pullets reared with 0% cage floor coverage still shed 

oocysts from 16 to 21 DPI but counts were below 30, 000 OPG (A) whereas pullets reared with 40% 

cage floor coverage with fibre trays shed below 98,000 OPG during this period (C).  Vaccinated 

pullets reared with 40% cage floor coverage with chick paper shed below 70,000 OPG at 19 DPI and 

0 OPG at 21 DPI (B). 
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Cumulative lesion scores are shown in Figure 5.5 and statistical analysis is only shown for 

the reporter region (upper intestine - as outlined by Reid and Long (1979)) for E. acervulina 

challenged pullets.  Lesion scores of intestinal regions that followed the inclusion criteria were 

the upper and middle intestinal regions and are reported in Table 5.2.  Lesion scores of the upper 

intestinal reporter region for E. acervulina (Reid and Long, 1979) for the 40% CFC groups 

demonstrated that V/C (40% CFC-CP: 1.5 ± 0.3; 40% CFC-T: 0.8 ± 0.3) and CV/C (40% 

CFC-CP:1.3 ± 0.3; 40% CFC-T: 1.0 ± 0.0) were significantly lower than similarly reared SV/C 

(40% CFC-CP: 3.5 ± 0.3; 40% CFC-T: 3.5 ± 0.3) pullets.  Lesion scores for CV/C pullets reared 

with 40% CFC-T (1.0 ± 0.0) or 40% CFC-CP (1.3 ± 0.3) were significantly lower than pullets 

reared with 0% CFC (2.3 ± 0.6).  Lesion scores for V/C pullets reared with 40% CFC-T (0.8 ± 

0.3) had significantly lower mean lesion score than pullets reared with 40% CFC-CP (1.5 ± 0.3).  

For pullets reared with 0% CFC, V/C pullets had a significantly lower mean lesion score than 

CV/C or SV/C pullets. 

Table 5.2.  Mean lesion scores (± standard error for least squares means) of Lohman-LSL pullets 

challenged with Eimeria acervulina (500,000 oocysts per pullet) or sham-challenged (i.e. given saline 

only at challenge) reported for the intestinal regions that are within the defined inclusion criteria
1
 for 

experiment one at 27 days of age.  Pullets challenged with E. acervulina were replicated at: 2 pullets 

per vaccine inoculation group per cage × 3 vaccine inoculation groups × 2 cages per cage floor 

coverage (CFC) group × 3 CFC groups.  Sham-challenged pullets were replicated at: 14 sham pullets 

× 2 cages per CFC group × 3 CFC groups. 

Challenge Cage Floor Coverage Vaccine Inoculum 
Upper Intestine  

(±SE)
2,3

 

Middle Intestine  

(±SE)
 2,3

 

E. acervulina 

0% CFC 

CV 
a
2.3 ± 0.62 

a
1.5 ± 0.71 

V 
A,B

1.3 ± 0.31 
A
1.5 ± 0.31 

SV 
A
2.8 ± 0.52 

A
2.0 ± 0.01 

40% CFC-CP 

CV 
b
1.3 ± 0.31 

b
0.8 ± 0.51 

V 
B
1.5 ± 0.31 

B
0.5 ± 0.31 

SV 
B
3.5 ± 0.32 

B
1.3 ± 0.31 

40% CFC-T 

CV 
b
1.0 ± 0.01 

b
0.5 ± 0.31 

V 
A
0.8 ± 0.31 

A,B
1.0 ± 0.41 

SV 
B
3.5 ± 0.32 

A
2.0 ± 0.42 

 0% CFC SV 0.2 ± 0.11 0.1 ± 0.11 

Sham 40% CFC-CP SV 0.1 ± 0.11 0.1 ± 0.11 

 40% CFC-T SV 0.2 ± 0.11 0.2 ± 0.11 

Abbreviations: CFC – cage floor coverage; CP – Chick paper; T – Fibre tray; V – Vaccinated; CV – 

Contact-vaccinated; SV – Sham-vaccinated 
1
Inclusion criteria: A mean lesion score of 1.0 or higher was reported for the sham group within a 

comparison of the CFC groups given the same challenge infection at the same region of the intestine. 
2
Significant differences between cage floor coverage modifications, within the same vaccine treatment 

group are denoted by different letters (p ≤ 0.05). 
3
Significant differences between vaccine treatments, within the same cage floor coverage modifications 

are denoted by different numbers (p ≤ 0.05). 
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Figure 5.5.  Cumulative mean lesion scores (0-4, with a maximum cumulative score of 20) for five 

regions of the intestinal tract (upper intestine, middle intestine, lower intestine, ceca and rectum) for 

each cage floor coverage (CFC) group within each challenge infection group (E. acervulina, or 

sham-challenge [i.e. saline only]) in experiment one.  Statistical significance for E. acervulina 

challenged pullets (500,000 E. acervulina oocysts per bird) was only reported for the comparison of 

the reporter diagnostic region (upper intestinal region).  Groups displaying different letters differ 

significantly (p ≤ 0.05) between cage floor coverage groups within the same vaccine inoculum group 

(i.e. vaccinated - V, contact-vaccinated - CV or sham-vaccinated - SV).  Groups displaying different 

numbers differ significantly (p ≤ 0.05) between vaccine inoculum groups within the same cage floor 

coverage group (i.e. 0% cage floor coverage - CFC, 40% cage floor coverage with chick paper - CFC-

CP or 40% cage floor coverage with fibre trays - CFC-T). 
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Mean post-challenge BW were not significantly different among CFC groups within the 

same vaccine inoculation groups (Table 5.3) with a single exception: CV/C pullets reared with 

40% CFC-CP (281.0 ± 11.2g) had significantly higher post-challenge BW than CV/C pullets 

reared with 0% CFC (259.0 ± 12.9g).  Post-challenge BW were not significantly different among 

vaccine inoculation groups within the same CFC with one exception noted: SV/C pullets reared 

with 40% CFC-CP (247.0 ± 11.20g) had significantly lower post-challenge BW than similarly 

reared CV/C (281.0 ± 11.20g) or V/C (258.5 ± 11.20g) pullets. 

Table 5.3.  Mean pre- and post-challenge body weights (BW) ± standard error (SE) for least squares 

means, for the Eimeria acervulina challenge infected (500,000 oocysts per pullet) and sham-challenge 

(i.e. given saline only at challenge) Lohman-LSL pullets for experiment one at 27 days of age.  Pullets 

challenged with E. acervulina were replicated at: 2 pullets per vaccine inoculation group per cage × 3 

vaccine inoculation groups × 2 cages per CFC group × 3 CFC groups.  Sham-challenged pullets were 

replicated at: 14 sham pullets × 2 cages per CFC group × 3 CFC groups. 

Challenge 
Cage Floor 

Coverage 

Vaccine 

Inoculum 

Pre-Challenge 

BW±SE (g) 

Post-Challenge 

BW±SE (g)
1,2

 

E. 

acervulina 

0% CFC 

CV 216.7 ± 12.9 
A
259.0 ± 12.91 

V 211.0 ± 11.2 
A
257.5 ± 11.21 

SV 227.5 ± 11.2 
A
266.5 ± 11.21 

40% CFC-CP 

CV 211.0 ± 11.2 
B
281.0 ± 11.21 

V 202.5 ± 11.2 
A
258.5 ± 11.21 

SV 212.5 ± 11.2 
A
247.0 ± 11.22 

40% CFC-T 

CV 205.0 ± 11.2 
A,B

258.0 ± 11.21 

V 192.8 ± 11.2 
A
251.8 ± 11.21 

SV 220.5 ± 11.2 
A
262.3 ± 11.21 

Sham 

0% CFC SV 208.0 ± 11.2 277.5 ± 11.21 

40% CFC-CP SV 217.0 ± 15.8 277.5 ± 15.81 

40% CFC-T SV 212.0 ± 11.2 280.0 ± 11.21 

Abbreviations: CP – Chick paper; T – Fibre tray; V – Vaccinated; CV – Contact vaccinated;  

SV – Sham-vaccinated 
1
Significant differences in post-challenge BW (controlling for pre-challenge BW) between cage floor 

coverage modifications, within the same vaccine treatment group are denoted by different letters (p 

≤ 0.05). 
2
Significant differences in post-challenge BW (controlling for pre-challenge BW) between vaccine 

treatments, within the same cage floor coverage modifications are denoted by different numbers (p ≤ 

0.05). 

Experiment two 

During the treatment phase, oocyst shedding was similar in both the 0 and 40% CFC 

groups (Figure 5.6).  Pullets that were V/C demonstrated observed local maximum OPG 

shedding for the 0 and 40% CFC groups; the first observed local maximum OPG shedding 

occurred at 6 DPI for both groups and the second observed local maximum OPG shedding 

occurred at 21 DPI for pullets reared with 0% CFC (Figure 5.6A) compared to 18 DPI for the 

40% CFC group (Figure 5.6B).  While the primary observed local maximum OPG shedding was 
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numerically similar at 6 DPI for the 0 and 40% CFC groups (2.1×10
5
 and 2.4×10

5 
OPG, 

respectively), pullets reared on 40% CFC had a numerically higher second observed local 

maximum OPG shed (5.0×10
5 

OPG) compared to the 0% CFC group (2.2×10
5 

OPG).  Pullets that 

were CV/C had an observed local maximum OPG shedding at 18 or 21 DPI depending on 

whether the pullets were reared with 40 or 0% CFC, respectively.  Pullets that were CV/C and 

reared with 40% CFC had a numerically higher observed local maximum OPG shed at 18 DPI 

(6.2×10
5 

OPG) compared to pullets reared with 0% CFC at 21 DPI (3.3×10
5 

OPG).  

Contact-vaccinated pullets reared with 40% CFC had significantly higher OPG from 12 to 24 

DPI (Figure 5.6B).  Vaccinated pullets reared with 40% CFC had significantly higher OPG from 

18 to 24 DPI (Figure 5.6A).  At 9, 15, 18, and 27 DPI, only E. acervulina, E. brunetti, E. 

maxima, and E. tenella were being shed as determined by the nested PCR protocol outlined 

above. 

Natural log transformed mean pooled total oocyst output during the challenge phase when 

pullets were administered a low dose of mixed Eimeria species are presented in Figure 5.7.  

Pullets reared with 40% CFC had significantly lower natural log mean pooled total oocyst output 

than pullets reared with 0% CFC that were either CV/C (CV/C, 40% - 10.7 ± 0.4; versus CV/C, 

0% - 12.9 ± 0.4) or V/C (V/C, 40% - 10.2 ± 0.4; versus V/C, 0% - 12.1 ± 0.4).  Within each of 

the 0 and 40% CFC groups, the CV/C and V/C oocysts outputs were significantly lower than the 

SV/C group (SV/C, 0% - 14.4 ± 0.2; and SV/C, 40% - 14.3 ± 0.2).  Within 0% CFC, V/C and 

CV/C had 69% (1.3×10
6
) and 51% (2.1×10

6
) reduction of mean total oocyst output per bird 

compared to the SV/C vaccine inoculation group (4.3×10
6
).  Within 40% CFC, V/C and CV/C 

had 96% (1.2×10
5
) and 87% (4.9×10

5
) reduction of mean total oocyst output per bird compared 

to the SV/C vaccine inoculation group (3.9×10
6
).  All of the treatment groups (0% - V/C, CV/C, 

SV/C; and 40% - V/C, CV/C, SV/C) shed only E. acervulina, E. brunetti, E. maxima, and E. 

tenella as determined by the nested PCR protocol. 
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Figure 5.6.  Oocyst shedding in experiment two throughout the treatment phase (0 to 30 days of age).  

The mean number of oocysts per gram of feces from 3 to 27 days post-inoculation (DPI) for 

Lohmann-LSL pullets administered a live Eimeria vaccine of 320 total oocysts (containing E. 

acervulina, E. brunetti, E. maxima, E. necatrix and E. tenella oocysts) via oral-gavage at one 

day-of-age (vaccinated – solid line) or indirectly via ingestion of vaccine progeny oocysts in the 

environment (contact-vaccinated – dotted line).  Pullets were housed in conventional brooder cages 

without floor coverage (A, 0%), or 40% covered with chick paper (B) until 30 days of age (28 birds 

per cage × 14 replicates per vaccinated and contact-vaccinated group from 1 to 14 days of age, then 

pullets were separated into new adjacent cages of the same treatment group at 14 birds per cage × 28 

replicates for vaccinated and contact-vaccinated groups from 14 to 30 days of age).  

Contact-vaccinated pullets reared with 40% coverage had significantly higher (p ≤ 0.05) OPG 

compared to contact-vaccinated pullets reared with 0% coverage (indicated by **) from 12 to 24 DPI.  

Vaccinated pullets reared with 40% coverage had significantly higher (p ≤ 0.05) OPG compared to 

vaccinated pullets reared with 0% coverage (indicated by °) from 18 to 24 DPI.  All significant 

differences are based on natural log transformed mean oocyst per gram of feces and a t-statistic test 

was used to assess pairwise comparisons at each separate DPI. 
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Figure 5.7.  For experiment two during the challenge phase (30 to 42 days of age), the natural log 

transformed mean total oocyst output per bird, with standard error bars for the least squares means, 

following challenge infection with a low dose of mixed Eimeria species of pooled 24 hour fecal 

collections from 5 to 13 days post challenge infection for each cage floor coverage and vaccine 

inoculation group (a total of 168 pullets). Percent reduction of mean total oocyst output per bird of 

pullets vaccinated (V) or contact-vaccinated (CV) compared to the sham-vaccinated (SV) inoculation 

group within the same cage floor coverage group are given within each bar. Groups displaying 

different letters differ significantly (p≤0.05) between cage floor coverage groups within the same 

vaccine inoculation group.  Groups displaying different numbers differ significantly (p ≤ 0.05) 

between vaccine inoculation groups within the same cage floor coverage group. 
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Figure 5.8.  Cumulative mean lesion scores (0-4, with a maximum cumulative score of 20) for five 

regions of the intestinal tract (upper intestine, middle intestine, lower intestine, ceca and rectum) for 

each cage floor coverage (CFC) group within each challenge infection group (E. acervulina - A, E. 

maxima – B, E. necatrix – C, E. tenella – D, E. brunetti – E, or sham challenge [i.e. saline only]– F) in 

experiment two.  Statistical significance was reported on a comparison of the reporter diagnostic 

region (E. acervulina – upper intestinal region; E. maxima – middle intestinal region; E. necatrix – 

middle intestinal region; E. tenella – ceca; or E. brunetti –rectum).  Groups displaying different letters 

differ significantly (p ≤ 0.05) between CFC groups within the same vaccine inoculum group.  Groups 

displaying different numbers differ significantly (p ≤ 0.05) between vaccine inoculum groups within 

the same CFC group. 
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Table 5.4. Mean lesion scores (± standard error for least squares means) of the saline only 

(“sham-challenge”), single and high dose mixed Eimeria species challenged Lohman-LSL pullets for 

the reported intestinal regions within the define inclusion criteria
1
 for experiment two at 5 (E. 

acervulina and E. tenella), 6 (E. maxima, E. necatrix and high dose mixed Eimeria species challenge) 

and 7 (E. brunetti and sham-challenged) days post challenge infection (a total of 72 cages at 14 birds 

per cage – 24 cages with V and CV pullets reared with 0% CFC; 24 cages with V and CV pullets 

reared with 40% CFC; 14 cages with SV pullets reared with 0% CFC; and 14 cages with SV/C pullets 

reared with 40% CFC). 

Challenge 
CFC 

(%) 

Vaccine 

Inoculum 

Upper intestine 

(±SE) 2,3 

Middle intestine 

(±SE) 2,3 

Lower intestine 

(±SE) 2,3 

Ceca  

(±SE) 2,3 

Rectum 

(±SE) 2,3 

E. acervulina 

0 

CV 
a1.8±0.32 

a0.6±0.11 
   

V 
A1.5±0.31 

A0.5±0.11    
SV 

A3.9±0.13 
A1.3±0.12    

40 

CV 
b0.2±0.11 

b0.2±0.11    
V 

B0.4±0.22 
B0.2±0.11    

SV 
A3.9±0.13 

A1.2±0.12    

E. maxima 

0 

CV 
a0.7±0.22 

a1.4±0.32    
V 

A0.2±0.11 
A0.4±0.21    

SV 
A1.6±0.23 

A2.5±0.23    

40 

CV 
b0.2±0.11 

b0.5±0.22 
   

V 
A0.0+±0.0+

1 
A0.1±0.11 

   
SV 

A1.6±0.22 
B2.9±0.33    

E. necatrix 

0 

CV 
a1.2±0.11 

a2.9±0.11 
a1.0±0.11 

  
V 

A1.1±0.11 
A2.9±0.21 

A1.2±0.11,2   
SV 

A1.6±0.12 
A3.3±0.12 

A1.3±0.22   

40 

CV 
a1.2±0.11,2 

a3.0±0.11 
a1.1±0.11   

V 
A1.0+±0.11 

A2.9±0.11 
A1.0±0.11   

SV 
A1.4±0.12 

B3.0±0.21 
A1.4±0.12   

E. tenella 

0 

CV 
   

a2.3±0.32  
V 

   
A1.5±0.21  

SV 
   

A3.2±0.13 
 

40 

CV 
   

b0.7±0.21  
V 

   
B0.7±0.21 

 
SV 

   
B2.8±0.23 

 

E. brunetti 

0 

CV 
    

a1.2±0.22 

V 
    

A0.0+±0.0+
1 

SV 
    

A2.0±0.23 

40 

CV 
    

b0.5±0.22 

V 
    

A0.1±0.11 

SV 
    

A1.9±0.23 

High dose mixed 

Eimeria species 

0 

CV 
a1.3±0.11 

a2.6±0.12 
a1.7±0.12 

a2.6±0.22 
a0.9±0.22 

V 
A1.1±0.11 

A2.3±0.11 
A1.3±0.11 

A1.7±0.31 
A0.4±0.11 

SV 
A1.3±0.21 

A2.4±0.21,2 
A1.7±0.12 

A3.6±0.13 
A1.0±0.22 

40 

CV 
b0.9±0.11,2 

b2.2±0.21 
b1.0±0.11 

b0.9±0.21 
b0.3±0.11 

V 
B0.7±0.11 

A2.3±0.21 
B0.7±0.21 

B0.9±0.21 
A0.18±0.081 

SV 
A1.2±0.22 

A2.3±0.11 
A1.7±0.12 

A3.38±0.122 
A1.13±0.112 

Sham 

0 

CV 0.0±0.0 0.0±0.0 0.05±0.05 0.0±0.0 0.0±0.0 

V 0.0±0.0 0.1±0.1 0.0±0.0 0.0±0.0 0.1±0.1 

SV 0.1±0.1 0.2±0.1 0.1±0.1 0.1±0.1 0.3±0.2 

40 

CV 0.0±0.0 0.0+±0.0+ 0.0+±0.0+ 0.0+±0.0+ 0.0+±0.0+ 

V 0.0±0.0 0.0±0.0 0.1±0.1 0.0±0.0 0.1±0.1 

SV 0.0±0.0 0.0+±0.0+ 0.0+±0.0+ 0.1±0.1 0.2±0.1 

Abbreviations: CFC – cage floor coverage; V – Vaccinated; CV – Contact vaccinated; SV – Sham vaccinated 

0.0+ indicates a non-zero number that rounds to 0 at 1 decimal place precision. 
1Inclusion criteria: A mean lesion score of 1.0 or higher was reported for the SV group within a comparison of 

the CFC groups given the same challenge infection at the same region of the intestine. 
2Significant differences between cage floor coverage modifications, within the same vaccine treatment group are 

denoted by different letters (p ≤ 0.05). 
3Significant differences between vaccine treatments, within the same cage floor coverage modifications are 

denoted by different numbers (p ≤ 0.05).
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Table 5.5.  Mean post-challenge body weights (BW) ± standard error (SE) for least squares means, controlling for mean pre-challenge BW ± SE, 

for the saline only (“sham-challenged”), single and high dose mixed Eimeria species challenged pullets for experiment two at 5 (E. acervulina and 

E. tenella), 6 (E. maxima, E. necatrix and high dose mixed Eimeria species challenge) and 7 (E. brunetti and sham-challenged) days post challenge 

infection (a total of 72 cages at 14 birds per cage – 24 cages with V/C and CV/C pullets reared with 0% cage floor coverage (CFC); 24 cages with 

V/C and CV/C pullets reared with 40% CFC; 14 cages with SV/C pullets reared with 0% CFC; and 14 cages with SV/C pullets reared with 40% 

CFC). 

  
E. acervulina E. maxima E. necatrix E. tenella E. brunetti 

High dose mixed  

Eimeria spp. 
Sham 

  

Pre-

challenge 

BW (g) 

Post- 

challenge 

BW(g) 1,2 

Pre-

challenge 

BW (g) 

Post- 

challenge 

BW(g) 1,2 

Pre-

challenge 

BW (g) 

Post- 

challenge 

BW(g) 1,2 

Pre-

challenge 

BW (g) 

Post- 

challenge 

BW(g) 1,2 

Pre-

challenge 

BW (g) 

Post- 

challenge 

BW(g) 1,2 

Pre-

challenge 

BW (g) 

Post- 

challenge 

BW(g) 1,2 

Pre-

challenge 

BW (g) 

Post- 

challenge 

BW(g) 

0

0 % 

CFC 

C

CV 
265.0±6.2 A328.2±6.21 270.7±6.3 A326.5±6.32 267.6±5.8 A291.0±5.81 273.0±6.2 A333.7±6.21 262.8±7.4 A267.6±7.42 277.2±6.0 A261.5±6.02 259.6±6.2 A347.5±6.21 

C

V 
270.8±6.2 A331.9±6.21 258.7±6.8 A336.5±6.81 252.8±6.2 A280.8±6.21 262.3±6.6 A325.5±6.61 256.4±7.1 A335.5±7.11 268.6±6.0 A287.4±6.01 267.2±6.2 A355.0±6.21 

S

SV 
271.6±6.23 A313.3±6.22 266.8±6.0 A308.3±6.03 272.8±6.1 A298.9±6.11 271.7±6.0 A294.1±6.02 271.8±7.1 A226.5±7.13 273.7±6.5 A251.0±6.52 271.2±6.2 A366.1±6.21 

4

40% 

CFC 

C

CV 
265.7±6.1 A 338.3±6.11 254.4±6.0 B331.0±6.01 255.1±5.8 A286.6±5.81 258.2±6.5 A325.9±6.51 269.3±6.9 B329.8±6.92 261.3±6.0 B301.5±6.01 254.1±6.0 A340.8±6.02 

V

V 
266.2±6.4 A334.1±6.41 257.3±6.0 A339.6±6.01 265.3±5.8 A299.8±5.81 259.2±6.2 A327.2±6.21 270.1±7.2 A350.3±7.21 252.3±6.2 B299.5±6.21 258.6±6.1 A352.1±6.11 

S

SV 
272.8±6.1 A318.3±6.12 266.6±6.5 A309.4±6.52 282.8±5.8 A302.5±5.82 263.1±6.2 A281.4±6.22 275.1±7.1 A242.0±7.13 267.8±6.0 A249.6±6.02 268.3±6.0 

A371.5±6.01 

 

Abbreviations: V – Vaccinated; CV – Contact-vaccinated; SV – Sham-vaccinated (results bolded) 
1
Significant differences between cage floor coverage modifications, within the same vaccine treatment group are denoted by different letters 

(p≤0.05). 
2
Significant differences between vaccine treatments, within the same cage floor coverage modifications are denoted by different numbers (p≤0.05). 

For most pre-challenge BW there were no significant differences between groups within the same column.  The exception was within the E. 

necatrix challenged group reared on 40% CFC pullets CV/C and V/C pre-challenge BW were significantly lower than similarly reared SV/C 

pullets. 
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Cumulative lesion scores (a maximum cumulative score of 20) combining scores of 0 to 4 

from five regions of the intestinal tract (upper intestine, middle intestine, lower intestine, ceca, 

and rectum) for single challenge species and sham-challenged pullets are shown in Figure 5.8 

and statistical significance is reported on the reporter diagnostic regions (i.e. E. acervulina – 

upper intestine; E. maxima – middle intestine; E. necatrix – middle intestine; E. tenella – ceca; 

and E. brunetti - rectum) as outlined by Reid and Long (1979).  Lesion scores of intestinal 

regions that followed the inclusion criteria for each challenge as well as all of the regions for the 

sham-challenged pullets are shown in Table 5.4. 

Mean lesion scores and post-challenge BW of CV/C and V/C pullets challenged with E. 

acervulina, E. brunetti, E. maxima, or E. tenella were significantly better than SV/C pullets 

challenged similarly regardless of the type of CFC (Table 5.4 and 5.5).  Lesion scores and 

post-challenge BW of pullets challenged with E. brunetti or E. maxima demonstrated similar 

results between CFC groups within the same vaccine inoculation group (Figure 5.8, Table 5.4).  

The lesion scores from the reporter regions (Figure 5.8, Table 5.4) of CV/C pullets reared with 

40% CFC (e.g. E. maxima, middle intestine CV/C lesion score – 0.5 ± 0.2) were significantly 

lower than pullets reared with 0% CFC.  Post-challenge BW of CV/C pullets reared with 40% 

CFC were significantly higher than pullets reared with 0% CFC (Table 5.5).  For V/C pullets 

challenged with E. maxima or E. brunetti, the difference found between the 0 and 40% CFC 

treatment group in either the mean lesion scores for the reporter regions (Figure 5.8, Table 5.4) 

or the post-challenge BW (Table 5.5) for each species was not significant. 

Lesion scores and post-challenge BW of pullets challenged with E. acervulina or E. 

tenella demonstrated similar results between CFC groups within the same vaccine inoculation 

group.  For E. acervulina and E. tenella challenges, lesion scores from the reporter regions of 

V/C and CV/C pullets reared with 40% CFC were significantly lower than pullets reared with 0% 

CFC (Figure 5.8, Table 5.4).  For both the E. acervulina and E. tenella challenged pullets, the 

post-challenge BW not significantly different between V/C and CV/C pullets reared with 40 

versus 0% CFC (Table 5.5). 

For all vaccine inoculum and CFC groups, mean lesion scores for the middle intestinal 

region with pullets challenged with high dose E. necatrix were numerically overall higher than 

the other high dose challenge groups (Figure 5.8, Table 5.4).  No protection against E. necatrix, 

as measured by lesion score reduction or post-challenge BW, was noted in the V/C or CV/C 
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pullets regardless of CFC (Figure 5.8, Table 5.4, Table 5.5). 

For the high dose mixed Eimeria species challenged pullets, the significance between mean 

lesion scores are reported for all intestinal regions (Table 5.4).  For the upper and lower intestinal 

region as well as the ceca, CV/C and V/C pullets reared with 40% CFC (e.g. CV/C upper 

intestinal region - 0.9 ± 0.1) had significantly lower mean lesion scores than pullets reared with 

0% CFC (e.g. CV/C upper intestinal region – 1.3±0.1).  For the middle intestinal region and 

rectum, CV/C pullets reared with 40% CFC (e.g. CV/C rectum – 0.3 ± 0.1) had significantly 

lower mean lesion scores than pullets reared with 0% CFC (e.g. CV/C rectum – 0.9 ± 0.2).  Both 

CV/C and V/C pullets reared with 40% CFC had significantly higher post-challenge BW 

compared to pullets reared with 0% CFC (Table 5.5). 

For the upper, lower, cecal and rectal regions, mean lesion scores show that both CV/C and 

V/C pullets within the 40% CFC group (e.g. rectum, CV/C, 40% CFC – 0.3 ± 0.1) were 

significantly lower than SV/C pullets (e.g. rectum, SV/C, 40% CFC – 1.1 ± 0.1).  For pullets 

reared with 0% CFC, V/C had significantly lower mean lesion scores than the CV/C or the SV/C 

groups, except in the upper and middle intestinal regions (Table 5.4).  Mean lesion scores of 

CV/C pullets reared with 0% CFC were not significantly different from SV/C pullets for all 

intestinal regions except the ceca (Table 5.4).  Post-challenge BW for both CV/C and V/C pullets 

within the 40% CFC group were significantly higher than SV/C pullets; whereas, within the 0% 

CFC group, only V/C pullets had significantly higher post-challenge BW than the SV/C pullets 

(Table 5.5). 

Discussion 

Live Eimeria vaccine success is dependent on uniform application and good conditions for 

oocyst cycling that include the atmospheric environment (i.e. temperature, relative humidity and 

oxygen access) for proper oocyst sporulation as well as the physical environment (e.g. housing 

and management) which provides the availability and duration of availability of infective, 

sporulated oocysts (Price, 2012; Price et al., 2013; Price et al., 2014).  Without requisite 

conditions for oocyst sporulation there will be no infective vaccine progeny oocysts to be 

ingested by the host.  Without availability of infective oocysts for a sufficient period there will 

not be efficient vaccine progeny oocyst ingestion.  In the face of non-uniform live Eimeria 

vaccine oocyst ingestion, as can be the case in the commercial setting (Caldwell et al., 2001b; 

Price et al., 2014), methods to enhance environmental control of low-level vaccine progeny 
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oocyst cycling become increasingly important. 

Eimeria acervulina has been demonstrated to require robust oocyst cycling to achieve 

solid protection against homologous challenge infections (Joyner and Norton, 1976; Stiff and 

Bafundo, 1993).  Additionally, E. acervulina is highly fecund (Kheysin, 1972) thus moderate 

changes to the physical barn environment may have a strong impact on vaccine progeny oocyst 

cycling.  The combination of these aforementioned conditions allows E. acervulina to be used as 

a model for oocyst transmission (Velkers et al., 2010a; Velkers et al., 2012a; Velkers et al., 

2012b). 

Velkers et al. (2012b) conducted a study to assess transmission dynamics of an attenuated 

vaccine strain of E. acervulina amongst chickens reared on litter.  In this study, half of the pen 

was orally inoculated and the other half of the pen was inoculated via ingestion of progeny 

vaccine oocysts from the originally vaccinated broilers, so-called “contact-vaccination” (Velkers 

et al., 2012b).  A stochastic susceptible-infectious model was applied to estimate the transmission 

rate of the attenuated E. acervulina vaccine strain between vaccinated and contact-vaccinated 

broilers (Velkers et al., 2012b).  Based on the rearing parameters of the study, the mathematical 

model estimated the transmission rate of vaccine oocysts to be a rate of 1.6 oocysts per day when 

a univalent, attenuated live vaccine was used (Velkers et al., 2012b).  Attenuated live Eimeria 

vaccines are usually used in the European Union whereas multivalent non-attenuated vaccines are 

used predominantly in North America.  As a result of the much higher fecundity of 

non-attenuated lines of Eimeria, the transmission of multivalent, non-attenuated vaccines is likely 

to be different and any transmission differences may ultimately impact vaccine success. 

Treatment phase: Oocyst transmission 

A common argument against the use of live Eimeria vaccines in conventionally 

caged-reared pullets is the perceived lack of oocyst transmission for pullets within cages with 

mesh floors (Bell, 2002).  This would limit transmission during vaccine progeny oocyst cycling 

(reducing vaccination success) as well as limit the accumulation of sufficient oocyst numbers to 

pose a coccidial challenge threat (limiting the risk of clinical coccidiosis).  Both the preliminary 

and the large scale trial demonstrated that oocyst transmission does occur in conventional cages 

on a mesh cage floor.  When CV/C pullets were reared with 0% CFC they started to shed vaccine 

progeny oocysts at low levels at 6 DPI and increased shedding as the studies continued.  

Initiation of oocyst shed at 6 DPI may have occurred because: 1) sporulated vaccine oocysts may 
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have passed directly through the vaccinated chick (Williams, 1995a) thus becoming available for 

subsequent ingestion; or 2) sporulated vaccine oocysts may have been regurgitated by the V/C 

pullets thus becoming available for ingestion by the CV/C cage mates, despite efforts to prevent 

such transfers.  Increased oocyst shedding by CV/C pullets from 9 DPI onward may have 

occurred due to ingestion of sporulated oocysts from the cage floor, fecal debris on the posterior 

feathers of co-mingled pullets, or from other possible contaminated locations. 

In general, cycling of vaccine progeny oocysts for those pullets reared with 40% CFC 

were enhanced compared to those pullets reared with 0% CFC.  Vaccinated pullets demonstrated 

similar timing of local maximum OPG shed at 6 DPI between pullets reared on 0 versus 40% 

CFC in both experiments.  Not surprisingly, this suggests that initial oocyst output 

post-vaccination is dependent solely on the initial dose of oocysts in the live vaccine 

(administration), rather than oocyst cycling in the barn (environmental control).  In both 

experiments, V/C pullets had at least two observed local maximum OPG shedding regardless of 

whether they were reared with 0 or 40% CFC.  Contact-vaccinated pullets reared with 40% CFC 

had an observed local OPG shed that coincided with the second cycle of vaccine progeny oocysts 

from the vaccinated groups.  This overlapping of oocyst shedding is similar to that observed by 

Velkers et al. (2012b) with broilers reared on litter and vaccinated or contact-vaccinated with 

attenuated E. acervulina.  For experiment two, the timing of observed local maximum OPG shed 

of CV/C pullets reared with 40% CFC occurred earlier than CV/C pullets reared with 0% CFC.  

This difference in timing of observed local maximum OPG shed suggests that the coverage 

material provided better availability and duration of availability of sporulated oocysts for 

low-level oocyst cycling to occur faster than the mesh cage floor alone.  Additionally, CV/C 

pullets reared with 40% CFC had significantly higher OPG shed during the cycling period from 

12 to 24 DPI compared to pullets reared with 0% CFC.  These results suggest that CV/C pullets 

reared on 40% CFC were ingesting more oocysts and at an earlier time than the CV/C pullets 

reared with 0% CFC.  There appeared to be minor differences in the results between the cage 

floor coverage materials.  Thick chick paper is commonly used in the poultry industry and is a 

relatively inexpensive product.  The fibre trays, while inexpensive if made in bulk, are not 

commonly used in the industry and would initially require time to be prepared in a form that 

could be used by the poultry industry.  Thus, use of two layers of thick chick paper seemed to be 

the reasonable CFC material to use and continue to test for effectiveness in the larger second trial. 
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Challenge phase: Protection against infection 

Experiment one 

With enhanced vaccine progeny oocyst cycling, as was the case for pullets reared with 

40% CFC during the treatment phase, V/C and CV/C pullets were protected against challenge 

infection.  Conversely, when there was limited vaccine progeny oocyst cycling, as was the case 

for pullets reared with 0% CFC during the treatment phase, CV/C pullets were unable to attain 

sufficient protection against challenge infection demonstrated by mean lesion scores that were 

not significantly different from those of SV/C pullets (Figure 5.5, Table 5.2). 

Pullets that were CV/C demonstrated better protection against challenge infection when 

reared with 40% CFC, regardless of the material used when assessing the upper intestinal lesion 

scores and post-challenge BW.  However, there appeared to be minimal differences when 

assessing the differences in protection of V/C pullets reared with 40% CFC –CP or –T versus 0% 

CFC.  The timing of a challenge infection has been demonstrated to have an impact on 

pathogenicity (Hein, 1968).  Previous studies have shown that two week old cockerels appeared 

to have a more severe E. acervulina infection as measured by body weight, lesion score, and total 

oocyst output compared to six week old cockerels given a similar infection dose (Hein, 1968).  

Additionally, to best interpret protection against a challenge infection, weights, lesion scores, and 

oocyst output should be considered collectively (Hein, 1968; Chapman et al., 2005b).  Perhaps 

the timing of the challenge infections, in addition to not measuring oocyst output during 

challenge infection, may have complicated the interpretation of the parameters measured for the 

V/C groups.  Chapman et al. (2005b) noted that lesion scoring of immunized birds following 

challenge limit the conclusions that can be drawn as it is difficult to differentiate macroscopic 

lesions resulting from parasite damage (evidence of lack of protection) versus inflammatory 

lesions resulting from a strong immunological response (evidence of active protection). 

Experiment two 

When a low dose mixed Eimeria species challenge was administered, mean total oocyst 

output per bird was significantly lower when pullets were reared with 40% CFC compared to 0% 

CFC (V/C – approximately 10.8 times lower; and CV/C – approximately 4.3 times lower, 

respectively).  Additionally, when compared to the SV/C group, pullets reared with 40% CFC 

had 96% (V/C) and 87% (CV/C) reduction in mean total oocyst output per bird compared to 69% 
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(V/C) and 51% (CV/C) reduction with pullets reared with 0% CFC.  These results, in 

combination with the aforementioned lesion scores and post-challenge BW data, suggest a 

general trend that V/C and CV/C pullets reared with 40% CFC were better protected against a 

challenge infection than pullets reared with 0% CFC. 

Eimeria species differ in their ability to elicit a protective immune response; for example, 

E. maxima is considered highly immunogenic with a single modest infection leading to 

near-sterile immunity whereas species considered less immunogenic, such as E. tenella, may 

require several substantial infections to elicit similarly robust immunity against challenge (Rose 

and Long, 1962; Rose, 1974; Chapman et al., 2005a).  For the E. brunetti and E. maxima 

challenged groups, the lack of a significant difference between the V/C pullets reared with 40% 

CFC and the 0% CFC group, especially when assessing the lesion scores, suggests that these 

species may require little within-cage cycling to elicit protection against virulent challenge.  

Previous studies have found that E. maxima can generate sufficient protective immunity from a 

single inoculation dose when administered at three weeks of age (Rose and Long, 1962).  

However, better protection against challenge infection has been demonstrated when at least two 

to four “vaccine boosting inoculation cycles” were employed (Hein, 1975; Chapman et al., 

2005a), especially when chickens were inoculated starting at day of hatch with E. maxima 

(Chapman et al., 2005a).  A similar finding was noted by Hein (1975) with chickens vaccinated 

against E. brunetti.  Conversely, for the E. acervulina and E. tenella challenged groups, the 

significant difference between V/C pullets reared with 40 versus 0% CFC suggests that these 

species may need increased oocyst cycling for better protection against a challenge infection.  

Previous studies have found that better protection against challenge infection for either E. 

acervulina or E. tenella was noted when at least four or more “vaccine boosting inoculation 

cycles” (Joyner and Norton, 1973; Hein, 1975; Nakai et al., 1992) or continuous trickle infections 

(Joyner and Norton, 1973) were employed.  The need for increased levels of vaccine progeny 

oocyst cycling for these species may in part be due to lower immunogenicity of these species 

(Rose and Long, 1962).  In the commercial setting, pullets would be challenged by a mixed 

Eimeria species infection; thus, all Eimeria species present must be considered rather than a 

single species alone so a higher number of vaccine progeny oocyst cycles would be a better goal. 

Although clearly related, it was difficult to demonstrate a robust correlation between BW 

and lesion scores with these experimental data.  All indirect measurements of immunity against 
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virulent challenge should be considered, including BW, lesions scores, and total oocyst output 

during challenge, when interpreting results of vaccination.  In general, whether significant or 

numerically different, pullets challenged with E. acervulina or E. tenella as well as E. maxima or 

E. brunetti demonstrated lower mean lesion scores and higher post-challenge BW when reared 

with 40% CFC during the treatment phase compared to pullets reared with 0% CFC.  

Additionally, for these species, the BW, lesion scores, and total oocyst output results suggested 

that within a CFC group, V/C and CV/C pullets were largely protected against a challenge 

infection compared to SV/C pullets.  Overall, the results of these studies suggest that even poorly 

vaccinated flocks can generate solid flock immunity if conditions that promote oocyst cycling are 

established and maintained. 

Mixing of the E. necatrix oocysts into the laboratory derived vaccine and challenge doses 

was complicated due to an original oocyst culture being used for the vaccine inoculum and low 

dose mixed Eimeria species challenge and a separate, fresh culture was used for the single 

species and the high dose mixed Eimeria species challenge to achieve the higher oocyst doses 

required per bird.  All inoculation doses were checked for the appearance of sporulated oocysts.  

However, the appearance of Eimeria species oocysts does not conclusively indicate whether or 

not the oocyst is viable (Kheysin, 1972); albeit selection by appearance usually provides a 

relatively good estimate of viability.  Only experimental infections in vivo can determine whether 

an apparently sporulated oocyst is capable of initiating an infection in birds. 

The complete lack of protection against E. necatrix, as demonstrated by high lesion scores 

and low post-challenge BW, and the lack of shedding of E. necatrix in the low dose mixed 

Eimeria species challenged pullets, as established by the nested PCR protocol, suggested that the 

culture of E. necatrix used to prepared the initial vaccine doses, as well as the low dose mixed 

Eimeria challenge infections, was dead.  The pullets did not receive any vaccinating dose of E. 

necatrix; thus, no protective immunity was elicited in any of the treatment groups.  With 

successful vaccination pullets should have mounted measurable protection against an E. necatrix 

challenge (Rose and Long, 1962; Price, 2012); however, if no viable E. necatrix oocysts were 

present in the initial vaccine dose then achieving cycling and protection against challenge become 

impossible. 

Live Eimeria vaccination success has been shown to be enhanced through modification of 

the physical environment using CFC when pullets were uniformly vaccinated via oral gavage 
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(Price et al., 2013) or vaccinated via gel-pucks (Soares et al., 2004).  In the face of non-uniform 

vaccine administration, as can be the case in a commercial setting (Caldwell et al., 2001b; Price 

et al., 2014), those pullets that received an initial vaccine dose were able to transmit vaccine 

oocysts to co-mingled, non-vaccinated pullets (CV/C) in the conventional cage system.  

However, this transmission was most likely lower than would be achieved for broilers reared on 

litter with ample opportunity for vaccine progeny oocyst cycling (Velkers et al., 2012b).  In the 

present studies, low-level vaccine progeny oocyst cycling was enhanced when 40% CFC was 

added to the cage environment by providing an environment that increased transmission of 

vaccine progeny oocysts to CV/C pullets.  Additionally, pullets reared with 40% CFC (both V/C 

and CV/C) had better protection against challenge infection than pullets reared on 0% CFC.  The 

magnitude of the improvement in protection against multiple Eimeria species observed in the 

present studies indicate that easily adopted means to promote low-level oocyst cycling can 

greatly impact vaccination success.  Simply modifying the physical environment with 40% CFC 

can enhance live Eimeria vaccination success significantly within historically 

“difficult-to-live-vaccinate” housing environments (such as pullets or replacement broiler 

breeders reared in conventional cages) even following non-uniform vaccine administration or 

uptake by vaccinated pullets. 
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CHAPTER 6 

Shedding of live Eimeria vaccine progeny is delayed in chicks with delayed access to feed 

after vaccination 

This chapter is based on the following work of the author with minor modifications: 

 

Price, K. R., Freeman, M., Van-Heerden, K., and Barta, J. R. 2014. Shedding of live Eimeria vaccine 

progeny is delayed in chicks with delayed access to feed after vaccination. Veterinary Parasitology. In 

Press, MS ID: Vetpar-D-14-8810R2. 

Abstract 

Hatching, processing and transportation result in inevitable delays before chicks are 

placed into brooding and receive their first feed and drinking water after hatching.  To determine 

if delayed access to feed for different durations following live Eimeria vaccination affected initial 

shedding of vaccine progeny, replacement layer chicks (480, Lohmann-LSL Lite) aged 

approximately 6 hours after hatch were administered a commercial live Eimeria vaccine.  

Vaccinated chicks were divided randomly into groups and were provided access to feed 

immediately (0 hours) or after a delay of 6, 12, or 24 hours (4 treatments × 6 replicates per 

treatment × 20 pullets per replicate).  All pullets were provided drinking water immediately 

following vaccination.  Fecal oocysts shed per gram of feces for each cage replicate was 

determined daily from 4 to 9 days post inoculation.  Chicks provided feed immediately had peak 

oocyst shedding at 5 days post-inoculation but delayed access to feed for 24 hours was associated 

with a 2 day delay in peak oocyst shedding to 7 days post-inoculation.  Chicks with delays in 

access to feed of intermediate duration (i.e. 6 or 12 hours) had peak oocyst shedding at 6 days 

post-inoculation.  Overall oocyst shedding was not affected.  Live Eimeria vaccination success 

may be measured by evaluating initial shedding of oocysts at some pre-established time after 

vaccine application, usually by a single fecal collection conducted at 5, 6 or 7 days 

post-inoculation.  Recognizing that withholding feed following live Eimeria vaccination shifts 

the time of the resultant peak oocyst shedding complicates the assessment of vaccine application; 

if delayed access to feed is not taken into account, it is possible that false conclusions could be 

drawn regarding the relative success of vaccine administration. 
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Introduction 

Coccidiosis is an economically important enteric disease of poultry caused by the highly 

host specific parasites in the genus Eimeria (Fayer, 1980; Williams, 1999).  Live Eimeria 

vaccines are an alternative method to prophylactic medication and their use has increased in the 

poultry industry (Vermeulen et al., 2001).  Live vaccines exploit the genetically limited 

reproductive potential of all Eimeria species of poultry (a single parasite can only cause so much 

damage before completing its life cycle and departing the host) and the ability of poultry to 

generate protective immune responses to these parasites (Price et al., 2013).  Live vaccines can 

be delivered by a variety of means to young birds (e.g. via drinking water, in ovo, on-feed, or by 

spray application (Price, 2012).  Hatcheries administering live vaccines to large numbers of day 

of hatch chicks frequently use a spray cabinet system (Chapman et al., 2002).  Spray cabinets 

deliver a calibrated dose of vaccine oocysts in a high volume of coloured spray made up of water 

or gel droplets over a batch of chicks (Chapman et al., 2002). 

In general, after all vaccinations have been applied, chicks are loaded to be sent to the 

poultry house where they are first fed.  Handling and transportation to the barn, depending on 

geographical location and especially if the poultry industry is not integrated (Dam, A., 2014 

personal comm.), can result in a substantial delay before the chicks first receive feed (Noy and 

Sklan, 1999; Wang et al., 2014).  Regardless of the source of the delay (e.g. logistical 

considerations or a wide hatch window), delayed access to feed resulting has been observed to 

have a negative impact on gastrointestinal development (Geyra et al., 2001; Sklan, 2001; Bigot et 

al., 2003; Uni et al., 2003; and Smirnov et al., 2004). 

The effect of delayed access to feed following live Eimeria vaccination on initial oocyst 

shedding by Eimeria species remains unknown.  The objective of this study was to determine 

whether delayed access to feed for different periods post-inoculation affects initial oocyst 

shedding of vaccine progeny. 

Materials and methods 

Experimental design 

A total of 480 White Lohmann-LSL Lite day-of-age chicks were obtained from a 

commercial hatchery (Archer’s Poultry Farm Ltd., Brighton, Ontario, Canada).  At the hatchery, 

chicks were vaccinated against Marek’s disease and infectious bursal disease using standard 
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protocols.  Chicks, were hatched, processed and delivered on the same day to the Arkell Research 

Station (University of Guelph, Guelph, Ontario) with a minimum of six hours between hatching 

and live Eimeria vaccination.  Assuming an average period of about 15 hours from hatch to 

hatchery processing, chicks had been without feed for an average of 21 hours from time of hatch 

(Archer’s Poultry Farm, pers. comm.) until arrival at the trial site.  Upon arrival chicks were 

individually weighed (Pennsylvania Model 7500 Scale, Pennsylvania Scale Company, Lancaster, 

PA) and identified using neck tags (Ketchum Manufacturing Inc., Brockville, Ontario, Canada) 

prior to live Eimeria vaccination. 

All chicks were administered a commercial, non-attenuated live Eimeria vaccine 

containing five Eimeria species (E. acervulina, E. brunetti, E. maxima, E. necatrix and E. tenella 

- IMMUCOX II®, Ceva-Vetech, Guelph, Ontario, Canada) delivered using a commercial gel 

droplet application system (similar to the Desvac® Gel Dispenser Stand-Alone system, Ceva 

Santé Animale, France) at recommended commercial vaccine dosing levels per chick.  After 

vaccine administration, chicks in the transport boxes were placed under a bright light for five 

minutes to promote ingestion of the applied gel spray.  After five minutes in the bright light, no 

gel droplets were observed on the chicks.  Post-inoculation, 480 chicks were randomly 

distributed into four treatment groups: 1) immediately fed; 2) 6 hour delayed feed access; 3) 12 

hour delayed feed access; and 4) 24 hour delayed feed access.  Chicks were housed in wire-

floored rearing cages measuring approximately 50.80 cm × 60.96cm (Ford Dickison Inc., 

Mitchell, Ontario, Canada) at a density of 20 chicks per cage (155cm
2
 per bird) as recommended 

by the Canadian Agri-Food Research Council (Anonymous, 2003) and institutional Animal Care 

Committee.  Chicks were housed from 0 to 10 days of age (20 chicks per cage × 4 treatment 

groups × 6 replicates per group).  All birds had immediate access to water ad libitum.  Light 

intensity, temperature and relative humidity were recorded daily (see Price et al., 2014).  Brown 

wax paper (Uline, Brampton, Ontario, Canada) was placed from 0 to 10 days of age to prevent 

chicks’ feet from falling through the mesh floor and was replaced every 24 hr. 

Measurements 

Fecal samples were collected from 4 to 9 DPI, inclusive.  During fecal collection the wax 

paper was removed and a new single wax paper was placed on the cage floor for one hour to 

collect all feces shed during that period.  Each sample was collected approximately three hours 

after the initiation of the light cycle and 24 hours apart (6 days of collection × one sample per 
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replicate per day × 6 replicates per treatment × 4 treatments; 144 total samples).  After fecal 

collection a new paper was placed on the cage floor for chick welfare.   All feces from a single 

sample were used to determine the OPG of feces as described by Price et al. (2014). 

Statistical analyses 

Statistical analyses were conducted using the PROC MIXED, ANOVA program from the 

analytical software SAS (SAS 9.2, Cary, North Carolina, USA).  Random effects were used to 

control for potential clustering (cage and replication).  To account for repeated cage measures an 

autoregressive(1) covariance structure was used.  Residual analysis was performed to determine 

the necessity of a natural log transformation to account for large variances; lack of normal 

distribution in the raw OPG counts indicated that natural log transformation was required and this 

was applied before all statistical tests.  Statistical comparison tests were completed using t-

statistic tests for pairwise comparisons (between treatments at a single DPI or between treatments 

for the average OPG from 4-9 DPI).  For all experimental tests, p ≤ 0.05 was deemed significant. 

Results and discussion 

The day post-inoculation during which peak oocyst shedding was observed was delayed 

depending on the duration of the delay to feed access following live Eimeria vaccination (Figure 

6.1).  Pullets given immediate access to feed (0 hr) had their observed highest OPG counts at five 

DPI (mean OPG of 32.7×10
3
).  Pullets given access to feed at 6 and 12 hr post-inoculation had 

their observed highest OPG counts one day later at 6 DPI (mean OPG of 19.4×10
3
 and 33.8×10

3
, 

respectively).  Pullets given access to feed 24 hs following vaccination had their observed highest 

OPG counts two days later at seven DPI (mean OPG of 20.8×10
3
).  All pullets were comingled 

during vaccination and only separated into groups after being held under bright light to enhance 

vaccine ingestion.  Thus, the only factor that could have affected the observed pattern of oocyst 

shedding (Figure 6.1) was the delayed access to feed.  Despite this observed delay in peak OPG 

counts, the mean OPG of feces shed by groups with a 0, 6, 12 or 24 hr delay in access to feed 

over the period of 4 to 9 DPI, inclusively, did not differ significantly
 
(Figure 6.1).  The timing of 

collection of fecal samples was consistent but only occurred for one hour; this sampling method 

was used to simulate a single “spot-check” of vaccine shedding as might be used to assess live 

Eimeria vaccine administration to a flock.  The short collection period certainly limited our 

ability to detect the maximum OPG output from each treatment and may have underestimated the 
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intensity of the oocyst output. 

 

Figure 6.1.  Natural log transformed mean number of oocysts per gram (OPG) of feces (with standard error bars for least 

squares means) from 4 to 9 days post inoculation for Lohmann-LSL pullets gel-spray (similar to Desvac® Gel Dispenser 

Stand-Alone, Ceva Santé Animale, France) vaccinated with a live Eimeria vaccine (IMMUCOX II
®
, Ceva-Vetech, Guelph, 

Ontario) at one day-of-age and housed in conventional brooder cages.  Oocyst shedding was measured daily from pullets 

for which access to feed was delayed 0, 6, 12 or 24 hour [hr] (4 treatments × 20 chicks per treatment × 6 replicates per 

treatment, n=480).  The asterisk marks a mean OPG value that was significantly higher than the OPG counts in the other 

treatment groups at 5 days post-inoculation. 

The period from when oocysts are ingested by a chicken until shedding of unsporulated 

oocysts in the feces is the pre-patent period.  For Eimeria species, the steps that occur during this 

pre-patent period that are required to complete endogenous development (i.e. excystation, 

penetration of cells, asexual and sexual development) are highly constrained within a single, 

genetically homogeneous population of a single species (Kheysin, 1972).  However, the timing of 

excystation and subsequent penetration of the host mucosa by sporozoites may be accelerated or 

slowed without necessarily impacting subsequent asexual or sexual development (Kheysin, 

1972).  The release of sporocysts and the subsequent excystation of sporozoites from sporocysts 

depend on mechanical grinding within the gizzard and activation of sporozoites by enzymes and 
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bile, respectively (Hammond, 1973).  Thus, this part of the early endogenous development of the 

parasite is dependent on the state of the chick’s digestive tract.  The neonatal chick’s 

gastrointestinal tract is developing constantly during brooding and delayed access to feed has 

been demonstrated previously to have a negative impact on intestinal tract development, 

performance and immune responses (Noy and Sklan, 1999; Geyra et al., 2001; Bigot et al., 2003; 

Uni et al., 2003; Smirnov et al., 2004; Bar-Shira et al., 2005).  The mechanism underlying the 

delay in maximal oocyst shedding in chicks with delayed access to feed is unknown, but several 

possibilities may exist that could result from altered conditions in the chicks’ digestive tract 

resulting from delayed access to feed: 1) delayed or lack of grinding action by the gizzard may 

delay the release of sporocysts from oocysts; 2) gizzard action may have occurred normally but 

reduced gastric motility may have slowed transport of sporocysts to the upper intestine thereby 

delaying sporozoite excystation; or 3) perhaps less likely, sporozoites may have excysted 

normally but penetration of host mucosa was delayed.  Without assessing the endogenous 

development histologically, the specific effect that delayed access to feed has on the endogenous 

cycle that delays oocyst shedding cannot be determined.  Regardless, endogenous development 

appears to have proceeded normally, albeit over a longer period of time. 

Determining that a commercial live Eimeria vaccination was administered successfully 

can be measured by enumerating the initial shedding of vaccine progeny oocysts.  This is usually 

accomplished by conducting OPG counts on a single fecal collection conducted at a standardized 

time following vaccine application (e.g. 5, 6 or 7 DPI).  The observed delay in maximal oocyst 

output associated with delayed access to feed post-vaccination is important for those 

veterinarians or service representatives to consider when evaluating oocyst shedding following 

live Eimeria vaccination.  If delayed access to feed is not taken into account when selecting a 

time for collecting fecal samples for OPG counts, it is possible that false conclusions could be 

drawn regarding the relative success of the vaccine administration.  Perhaps collection of feces 

over a longer period (e.g. 5 to 7 DPI inclusively) instead of sampling on a single day would be 

less subject to variations in oocyst shedding by vaccinated chicks.  The effect, if any, that delayed 

access to feed following live Eimeria vaccination might have on the generation of a protective 

immune response against these coccidia needs examination.  The results of this study suggest that 

more emphasis needs to be placed on impact that delayed access to feed might have on 

vaccinations relying on replication of the vaccinating agent within the intestinal tract such as oral 
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live viral (Alexander et al., 2004) or Eimeria vaccines (Chapman, 2000). 
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CHAPTER 7 

General discussion and conclusions 

Poultry and poultry products have been consumed since ancient times and demand for 

poultry has steadily increased in recent years (Windhorst, 2006; Punda, 2010).  To sustain the 

supply of poultry and maintain profitable production, management of poultry must support the 

health of the bird, be practical and cost effective.  Intestinal health of poultry is a critical 

component to the overall health of the animal as well as production performance (Yegani and 

Korver, 2008).  Coccidiosis, an intestinal disease caused by the highly host-specific species of the 

genus Eimeria, remains a continuing economic burden on the chicken industry (Zhang et al., 

2013).  As global consumer perceptions and government policies shift towards the “one health” 

ideal to reduce antimicrobial resistance (Dibner and Richards, 2005); the reliance on prophylactic 

anticoccidial drugs is forcibly decreasing while the use of live Eimeria vaccines to prevent 

coccidiosis is slowly increasing (Innes and Vermeulen, 2006).  Poultry management has changed 

dramatically since live Eimeria vaccines entered the commercial market in the 1950s.  The recent 

influx in live Eimeria vaccine use in the industry has not accounted for the changes in poultry 

management thus there has been a lack of innovation and research to enhance live Eimeria 

vaccine use in the poultry barn, especially with cage-reared replacement layer pullets. 

For successful live Eimeria vaccination two factors must be considered: 1) vaccine 

administration (synchronous, uniform ingestion of infective oocysts – e.g. Shirley (1993); and 2) 

environmental control in the barn (controlled low-level vaccine progeny oocyst cycling, e.g. 

Joyner and Norton (1973).  The initial vaccine dose acts primarily to initiate low-level oocyst 

cycling by seeding the brooding environment with vaccine progeny without giving rise to 

appreciable immunological protection.  Subsequent continuous low-level cycling of vaccine 

progeny in an environmentally suitable brooding location provides repeated exposures to the 

parasites to generate functional protection against homologous challenge infections.  Challenges 

associated with both vaccine administration and environmental control in the barn must be 

addressed in order to achieve consistent successful vaccination.  The most common commercial 

method of vaccine administration is via hatchery spray cabinet with water or gel droplets 

(Chapman, 2000).  Live vaccines are usually administered by this method at the hatchery to 

day-of-age chicks and relies on the chicks directly and indirectly (e.g. preening) ingesting the 

calibrated vaccine dose (Caldwell et al., 2001a; Caldwell et al., 2001b; Chapman et al., 2002); 
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hence, there is inherent variation in the total number of vaccine oocysts ingested by each chick.  

To achieve continuous low-level oocyst cycling in the barn, the vaccine progeny oocysts must 

become infectious (i.e. sporulate completely) and remain available for ingestion, preferably over 

an extended period of time, to permit ingestion by the chicks.  For chickens reared on mesh 

floors, as is the case for cage-reared replacement layer pullets, achieving and maintaining 

low-level oocyst cycling is challenging.  The series of studies described in this thesis were 

conducted to explore environmental influences on live Eimeria vaccine success, specifically with 

conventionally cage-reared replacement layer pullets, and to test means of obtaining consistent 

vaccination results in this challenging rearing environment. 

For each study conducted in this thesis, measurement of OPG of feces or total oocyst 

output was used to observe the oocyst shedding patterns during the treatment phase.  However, 

measuring OPG of feces or total oocyst output during the treatment phase following live Eimeria 

vaccine inoculation is an indirect method to measure vaccine oocyst ingestion.  This indirect 

measure applies to ingestion of oocysts within the vaccine doses at day-of-age and especially to 

subsequent ingestion of vaccine progeny oocysts from the barn environment when immunity can 

alter the relationship between the numbers of oocysts shed from the infectious dose.  To infer the 

relative number of oocysts ingested and when they were ingested, the timing and number of 

oocysts shed by the brooding chicks must be determined.  In chicks administered a live vaccine, 

the initial oocyst shed occurs around 4 to 9 days after oocyst ingestion depending on the 

prepatent period (the interval between parasite infection to the time of first detection of parasite 

shedding in the environment) of the Eimeria species present (Kheysin, 1972).  After this initial 

peak of oocyst shedding, the parasites have completed their life cycles and any subsequent 

shedding is dependent on ingestion of sporulated oocysts from the environment (Williams, 

2002a).  This explains why a lag occurs between the first peak of oocyst shedding and the second 

peak of oocyst shedding.  The second peak of oocyst shedding indicates indirectly when, and 

approximately how many (e.g. few, some, many), sporulated vaccine progeny oocysts were 

ingested by the chicks from the environment.  If infective progeny oocysts were ingested near the 

completion of the first peak in oocyst shedding, a second peak of oocyst shedding will occur at 

approximately two weeks of age.  This re-infection process usually repeats until birds obtain 

complete protective immunity (and no longer permit the parasites to replicate) or there are no 

more available, infective oocysts in the environment to ingest. 
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Previous studies (Soares et al., 2004) and observations (Dr. M. Petrik, personal obs.) have 

suggested that covering the mesh floor for conventionally cage-reared pullets helped to enhance 

live Eimeria vaccine success.  However, neither study explored the optimal percentage of the 

cage floor that should be covered or the resulting pattern of vaccine oocyst shedding following 

vaccination by pullets reared on a covered cage floor.  Chapter two explored whether 

modification of the environment of caged pullets enhanced within-cage oocyst cycling and 

efficacy of the live Eimeria vaccine.  This study demonstrated that covering 40% of the cage 

floor with a durable material, lasting approximately five weeks before degrading naturally, 

improved low-level vaccine progeny oocyst cycling during treatment as well as enhanced 

protection against a homologous challenge infection compared to pullets reared with 0% CFC.  

Additionally, this study found that the addition of CFC material during rearing had minimal 

impact on animal welfare measures associated with rearing chickens in close proximity to feces 

laden material. 

The study described in Chapter two had some limitations.  The vaccine dose administered 

was a low functional dose (see Caldwell et al., 2001b for the average amount of spray-applied 

biologic actually ingested by a chick) of 250 total mixed Eimeria species oocysts rather than the 

range of 300 to 5,000 oocysts of mixed Eimeria species that are used in some variations of 

commercial live Eimeria vaccines.  Nevertheless, this low functional dose was capable of 

initiating low-level vaccine progeny oocyst cycling, as measured by oocyst output throughout 

treatment.  Pullets reared on 40% CFC within conventional pullet brooding cages demonstrated 

strong protection against challenge infection as evidenced by reduced total oocyst output, lower 

intestinal lesion scores and improved BW following virulent challenge infections.  All pullets 

were challenged with a moderate dose of virulent parasites and total oocyst output was measured 

during challenge from half of the pullets.  The other similarly challenged pullets were used to 

measure intestinal lesion scores and BW during challenge.  Assessing oocyst output during 

challenge infection requires a moderate challenge dose be used to achieve the maximum potential 

of oocysts to be shed and avoid overcrowding the intestine with Eimeria species that may 

confound the oocyst output results (Johnston et al., 2001; Williams, 2001).  The mean lesion 

scores in the upper and cecal intestinal region, while significantly different between pullets reared 

with coverage and pullets reared with no coverage, were below a score of two for those pullets 

reared with 0% CFC and the post-challenge BW (controlling for the pre-challenge BW) were not 
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biologically different from pullets reared with coverage versus pullets reared without coverage.  

This moderate challenge dose may have been too mildly pathogenic to document protection by 

measuring lesion scores or BW following challenge.  Additionally, the challenge dose was made 

up of mixed Eimeria species and thus the level of protection against individual Eimeria species 

included in the mixed challenge inoculum could not be measured. 

One unexpected observation during the trial described in Chapter two was that testing of 

categorical data (i.e. lesion scores and animal welfare scores) for attainment of any statistical 

significance was more problematic than anticipated.  Published studies testing lesion score 

differences for statistical significance have typically used statistical tests such as ANOVA (e.g. 

Lee et al. (2011) and Chapman and Hacker (1994)), or Duncan’s multiple range tests (e.g. Long 

et al. (1986)), or t-tests (e.g. Nakai et al. (1992)) and thus treated the lesion scores as continuous 

rather than categorical data.  Treating these scores as categorical data (non-continuous data) 

required the use of the PROC GLIMMIX model (SAS 9.2, Cary, NC) to test for significance 

among mean scores.  The use of a PROC GLIMMIX model (SAS 9.2, Cary, NC) with a Poisson 

distribution on the categorical data was not the best selection ultimately because the data 

distributions did not have a known average rate.  Although not tested at the time, it is likely that a 

multinomial distribution on the categorical data within the GLIMMIX model would have been a 

better selection because a known average rate is not needed.  Regardless, the use of the 

GLIMMIX model was unable to account for the large number of categories that received a score 

of zero.  The PROC MIXED (ANOVA) model (SAS 9.2, Cary, NC), while maintaining several 

assumptions regarding the lesion score and animal welfare data (e.g. the difference in severity 

between a score of 0 and 1 was considered similar to the difference between a score of 1 and 2 

and so on) was considered to be better suited for analysing the data. 

The studies described in Chapter three focused on commercial live Eimeria vaccine 

administration as well as the atmospheric component of controlling the barn environment.  Two 

related trials are included in the chapter: the first assessed variation of ingestion of oocysts during 

commercial spray vaccination with a live Eimeria vaccine; and the second inadvertently 

demonstrated the critical need for sufficient humidity in the brooding environment to permit the 

required oocyst cycling following live Eimeria vaccine administration. 

Variability inherent in spray delivery of liquids to day-of-age chicks was demonstrated 

experimentally by Caldwell et al. (2001b) who showed that on average approximately 6% of 
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spray-applied coloured liquid is actually ingested by birds held in darkness prior to treatment and 

that there was considerable variation amongst birds in the volume ingested.  Similar observations 

were made using live Eimeria vaccines in the first study of Chapter three; the OPG shed at 6 DPI 

by each of 59 spray-inoculated pullets for which samples were available was determined 

following commercial spray vaccination and the OPG counts demonstrated conclusively that 

non-uniform initial vaccine oocyst ingestion was achieved (Figure 3.2).  Clearly, coverage 

(proportion of chicks actually ingesting oocysts – 53 of 59 – 89.8%) and volume of vaccine 

suspension ingested by each chicks varied considerably as demonstrated by the wide variation in 

number of oocysts shed (OPG counts ranged from 0 to 439,013).  Oocyst cycling within the 

brooding environment could be expected to at least partially address non-uniform vaccine 

administration.  Previous studies have suggested that immunologically naïve chickens are able to 

ingest oocysts from infected pen mates so long as they are reared in an environment that provides 

access to infectious oocysts at low levels (Velkers et al., 2010a; Velkers et al., 2012a; Velkers et 

al., 2012b).  In the second trial reported in Chapter three, chicks administered a commercial spray 

vaccination were then reared with a portion of the cage floor covered to promote low-level oocyst 

cycling with the objective of enhancing protection against challenge infection.  Although the 

physical environment was modified by CFC to enhance retention of oocysts shed by vaccinated 

pullets and their extended availability to other pullets in the cage, there was a failure to control 

the atmospheric environment (specifically relative humidity) in the barn.  The low temperature of 

the outside air that was heated to the high brooding temperatures produced extremely low RH 

within the barn including a drop to below 13% RH throughout the first two weeks following 

vaccine administration.  Published studies suggest that relative humidity levels must be 

consistently higher than 13% RH to ensure proper sporulation (Marquardt et al., 1960; Graat et 

al., 1994; Waldenstedt et al., 2001) and oocyst survival (Jenkins et al., 2013).  In this second 

trial, the barn’s atmospheric environment was wholly unsuitable for the sporulation and survival 

of vaccine progeny oocysts and therefore no apparent oocyst cycling was observed among the 

pullets as measured by within-cage OPG counts.  These observations support the conclusion that 

modifications to the physical barn environment cannot enhance efficacy of the live Eimeria 

vaccines without appropriate atmospheric conditions that encourage oocyst sporulation and 

support robust cycling of vaccine progeny among the flock/pullets. 

The studies described in Chapters four and five determined that 40% CFC enhanced 
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within-cage oocyst cycling and efficacy of the live Eimeria vaccine in the face of non-uniform 

initial vaccine oocyst ingestion.  The studies in Chapters four and five improved on the studies in 

Chapters two and three during the treatment and challenge phases.  Relative humidity in the barn 

environment was controlled during the treatment phase, and a minimum 35% RH level was 

maintained from the day of chick placement to the end of the studies.  During the challenge phase 

several improvements were made: 1) challenge doses included single and mixed Eimeria species, 

as well as sham groups, to better assess the protection against individual species, protection 

against infections similar to what may be experienced in the field from a clinical and subclinical 

challenge and to compare to a control group; and 2) the mixed Eimeria species challenge doses 

were separated into high and low dose groups to better assess lesion scores, BW and total oocyst 

output. 

In Chapter four, chicks were spray-inoculated and reared with 0 or 40% CFC.  With 

hatchery spray cabinet live Eimeria vaccine administration, a calibrated, coarse-volume water or 

gel is sprayed over a batch of chicks at day-of-age in the hatchery.  With the initial spray there is 

some direct ingestion of vaccine oocysts.  Immediately after spray application, the chicks are 

housed under conditions that promote indirect ingestion (e.g. via preening of themselves or other 

birds in the vaccinated tray) for a short period of time (Caldwell et al., 2001a; Caldwell et al., 

2001b; Caldwell et al., 2001c).  Even with proper vaccine administration via spray cabinet, the 

essentially random direct and indirect ingestion of vaccine ensures that there is inherent variation 

in vaccine oocyst ingestion (Chapter 3).  Should proper vaccine administration via spray cabinet 

not be achieved, as was tested experimentally in the trial reported in Chapter four, the potential 

for low vaccine doses and variation in overall vaccine oocyst ingestion is increased.  Even in the 

face of such dramatically reduced and non-uniform average vaccine oocyst ingestion (estimated 

at approximately 3% of a normal vaccine dose in the trial of Chapter 4), the use of 40% CFC 

with the vaccinated, caged-reared pullets generated enhanced oocyst cycling in the cage 

environment and produced measurable protection against single and mixed Eimeria species 

challenge infections that were better than in similarly vaccinated pullets reared on 0% CFC.  

However, protection from challenge infections assessed indirectly using oocyst output during 

challenge and lesion scores was not as robust as was observed in trials reported in Chapter two or 

five in which birds received vaccine doses closer to industry standards for vaccine oocyst 

ingestion from a commercial spray applied vaccine.  In particular, only partial protection against 
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Eimeria necatrix and E. tenella was observed following challenge infections. 

Although a single sporulated oocyst can generate sufficient progeny to initiate cycling 

among vaccinates in a flock or cage, vaccines are usually formulated to ensure that several to 

many oocysts of each Eimeria species in the multi-species vaccine are present to achieve the 

desired level of oocyst shedding in vaccinates receiving a single (1×) dose.  Some companies 

approach this issue by using large numbers of oocysts in each dose and counting on cycling 

following the vaccine oocyst progeny shed period (5 to 12 days post–inoculation) to ensure that 

all birds ingest oocysts from the environment; others use fewer oocysts per dose and count on one 

or more rounds of amplification through cycling of parasites among vaccinates.  There is a risk in 

either approach that species included at low numbers of oocysts per dose, such as E. necatrix or 

E. tenella, may not cycle sufficiently to protect all birds adequately following live vaccination.  

This may have been the case in the trial in Chapter four where pullets were estimated to have 

received a 0.03× (3%) dose of a commercial multi-species vaccine.  Full immunological 

protection against E. necatrix or E. tenella was not elicited by 29 DPI when the vaccinated birds 

were challenged with these parasites (Chapter 4).  The obvious solution would be to include 

more oocysts from each of these species to ensure early cycling with many oocysts in the 

environment available for ingestion; unfortunately, with live (non–attenuated) Eimeria vaccines 

too many oocysts can produce vaccine-induced pathogenic changes (negative impacts on growth, 

intestinal integrity or feed conversion) before protective immunity is elicited.  Commercial 

enterprises generating live Eimeria vaccines use knowledge of the fecundity and pathogenicity of 

each of their vaccine strains to manufacture products that balance inoculating doses that are high 

enough to generate good post-vaccination cycling (resulting in good protective immunity) but 

low enough to avoid negative impact on the vaccinates because too many oocysts available for 

ingestion are generated by the initial vaccine dose. 

In Chapter five, chicks were experimentally administered vaccine inoculum which was 

not uniform between the chicks.  This study assumed a “worse-case” scenario in which only 50% 

of chicks ingested a full vaccine dose and 50% of the chicks did not ingest a vaccine dose at the 

day of inoculation.  This type of non-uniform administration was different from Chapter four 

where most chicks received vaccine doses at varied low levels.  Any infections in non-vaccinated 

chicks from Chapter five chicks would occur through transmission from co-mingled, infected 

chicks in their environment after placement (“contact–vaccinated”).  The CV/C pullets 
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demonstrated oocyst shedding post-placement; however, oocyst shedding was numerically 

greater for the CV/C pullets reared on 40% CFC.  However, even the CV/C pullets in cages 

without CFC demonstrated several oocyst shedding cycles during treatment suggesting that 

oocyst cycling occurs, albeit at reduced levels, in conventional cages.  As demonstrated in the 

previous chapters, vaccinated pullets reared with 40% CFC and challenged with single or mixed 

Eimeria species had better protection against challenge infection than similarly treated pullets 

reared on 0% CFC.  The same pattern was demonstrated for CV/C pullets reared on 40% CFC 

that performed better after challenge than CV/C pullets reared on 0% CFC. 

The second trial in Chapter five was complicated because the E. necatrix oocysts used for 

the vaccine and low–dose mixed Eimeria species inoculum were discovered to be dead after the 

challenge infections. Consequently, no birds were actually administered any viable E. necatrix 

during the treatment phase of this trial. Challenge infections were initiated using freshly prepared, 

viable oocysts in the E. necatrix–only and high dose mixed Eimeria species challenges.  

Understandably, none of the “vaccinated” birds demonstrated any protection against E. necatrix 

during the challenge phase of the second experiment.  

The study in Chapter six explored the impact of delayed feed access following live Eimeria 

vaccination on oocyst shedding during early chick brooding.  Chicks received feed at 0, 6, 12 or 

24 hr following gel-drop vaccination and OPG was measured daily from 4 to 9 DPI, inclusively.  

As was observed in previous trials reported herein, vaccinated chicks placed on feed immediately 

post-vaccination began to shed oocysts at 4 DPI and their highest OPG count was observed at 5 

DPI.  A 24 hr delay in access to feed was associated with a two day delay in peak oocyst 

shedding (to 7 DPI) following vaccination.  Birds with 6 or 12 hr delays in access to feed had 

peak oocyst shedding at 6 DPI.  This trial (20 chicks per cage × 4 feed access groups × 6 

replicates per group) was a solid pilot study but the experiment requires repetition with more 

numerous replicates per treatment.  To further explore the relationship between delayed feed 

access following vaccination and oocyst output, the study could also assess the immune status of 

the hosts to determine differences, if any, of the resulting protection against a homologous 

challenge infection.  To determine if there is a change to the prepatent period for a mixed Eimeria 

species infection, total oocyst output should be enumerated over more frequent intervals from at 

least 3 to 11 DPI to cover the range of prepatent periods (see Reid and Long (1979)) of the 

Eimeria species found in the multi-species vaccine.  To tease out species-specific effects, if any, 
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individual Eimeria species could be tested similarly.  Finally, future studies may also investigate 

what may be occurring at the histological level during these aforementioned time periods to note 

any differences between the intestinal tracts of infected pullets with various delays to feed access 

following vaccination. 

Several well supported conclusions can be drawn from the studies described in this thesis.  

Most notably, modification of the physical cage environment through partial coverage of cage 

flooring with a long-lasting biodegradable material, widely available chick paper, enhanced the 

success of live Eimeria vaccines in cage-reared pullets.  In particular, use of 40% CFC following 

live Eimeria vaccination of cage-reared pullets enhanced both within-cage oocyst cycling and the 

efficacy of the live vaccine.  Failure of one large trial demonstrated unequivocally that 

appropriate relative humidity in the barn environment is critical to generate the robust 

within-cage oocyst cycling essential for live Eimeria vaccination success.  Additionally, delayed 

access to feed following live Eimeria vaccine administration had a demonstrated impact on the 

timing of within-cage cycling of vaccine progeny oocysts during pullet rearing.  Commercial 

spray application resulted in non-uniform vaccine oocyst ingestion (e.g. widely varying vaccine 

ingestion doses or 50% of chicks completely missed during vaccination).  Partial coverage of the 

cage floor (40% CFC) enhanced within-cage oocyst cycling and the resultant efficacy of the live 

vaccine in spite of the initial non-uniform, vaccine oocyst ingestion.  The 40% CFC had a little 

measurable impact on animal welfare, and the minor changes in foot pad dermatitis and bumble 

foot scores were unlikely to be clinically relevant.  Thus, increasing within-cage vaccine progeny 

oocyst cycling following live Eimeria vaccine administration using 40% CFC with 

environmental conditions that encourage oocyst sporulation (e.g. appropriate RH) improved the 

efficacy of live Eimeria vaccines in protecting against challenge infections.  The innovations 

reported in this thesis will expand the utility of live Eimeria vaccines to include conventional 

cage-reared replacement layer pullets and other long-lived, cage-reared birds such as some broiler 

breeders. 

Throughout this thesis, a variety of commercially prepared or laboratory-prepared live 

non-attenuated Eimeria vaccines were used to assess means of altering the cycling of these 

vaccine parasites among vaccinates following administration.  In all cases, challenges were made 

using the same strain(s) of parasite(s) found within the initial vaccine so that only the generation 

of protective immunity against homologous challenge was being tested.  Previous studies have 
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found that a strain of Eimeria species is capable of readily and equally generating protection 

against a homologous strain (Al-Badri and Barta, 2012). 

For each study, only functional, protective immunity (i.e. reduction of disease) was 

measured as opposed to direct measurements of the host immune response (e.g. parasite-specific 

antibody titres) during live Eimeria vaccination or a challenge infection.  Measuring the 

reduction of disease is important for the practical application of this management method.  

However, examination of the host immune response during live vaccination, vaccine progeny 

oocyst cycling and challenge infections may help to further elucidate the underlying protective 

responses elicited in the host. 

Despite attempts to mimic the commercial replacement layer pullet rearing environment, all 

of the studies reported in this thesis were conducted under controlled laboratory settings.  

Commercial conditions allow for more variation and confounding factors than laboratory settings 

as each barn environment and producer management style is unique.  Additionally, replacement 

layer pullet farms house thousands of pullets in multiple tiered cages (e.g. Canadian replacement 

layer pullet farms can have approximately 35,000 pullets while USA replacement layer pullet 

farms usually have over 100,000 pullets) which make systematically monitoring oocyst output, 

single pullet or cage measures challenging.  Live Eimeria vaccine success can be positively or 

negatively impacted by a multitude of factors that may be difficult to discern in a highly 

confounding and setting such as in a commercial barn.  Initially, to systematically determine 

specific factors that influence live Eimeria vaccine success a controlled environment with 

minimal variables and only one tier of pullet cages had to be used.  Nevertheless, the studies 

reported herein mimicked commercial conditions (e.g. commercial chicks, stocking densities, 

lighting schedules, and temperature settings), which suggest that similar results could have been 

achieved in a commercial setting.  However, future studies in this area should be conducted on 

commercial farms to confirm whether the findings in this thesis can be applied to a commercial 

conventional pullet barn. 

The use of conventional cage systems in replacement layer pullets has recently been 

publically scrutinized due to perceived animal welfare concerns (Lay et al., 2011; Thompson et 

al., 2011).  Consequently, the replacement layer pullet and hen producers and integrators have 

been slowly changing rearing systems to meet public demand (Gingerich, 2013), and some 

organizations have been moving toward alternative systems such as enriched, aviary or litter.  
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Each of these systems provides new challenges for control of diseases, especially coccidiosis.  

Thus, transmission dynamics and live Eimeria vaccine oocyst progeny cycling must be studied to 

better prepare for coccidiosis prevention in these alternative rearing systems. 

Understanding the transmission dynamics and oocyst cycling in each system following 

live Eimeria vaccine administration will permit the development of appropriate management 

techniques to ensure successful live Eimeria vaccination.  Use of live Eimeria vaccines in 

day-of-age pullets destined to be cage-reared on wire floors was considered to be extremely 

challenging and limited the use (and success) of live Eimeria vaccines with these birds.  The 

studies in this thesis demonstrate clearly that such challenges could be overcome by methodically 

defining the problem and then testing simple and inexpensive modifications to remediate the 

limitations inherent in the caged environment. 

The practical application of the management methods studied throughout this thesis may 

assist in the development of “best practices” and background knowledge for the workers within 

the poultry industry.  To apply and transfer this knowledge there must be communication 

between academia and industry.  Thus future work must not only include further studies to 

explore transmission dynamics and oocyst cycling in the barn in a controlled laboratory and 

commercial setting, this work must also include methods to successfully relay knowledge 

between academia and industry to promote timely application of new methods and further 

innovations. 
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APPENDICES 

Appendix 1: Challenge titration data – Chapter 2 

The challenge titration for the study reported in Chapter two was conducted to assess the 

dose per chick of mixed Eimeria oocysts that could be administered to achieve a steady, 

maximum oocyst output during a challenge infection without causing mortality.  Both 10,000 and 

15,000 mixed Eimeria species oocysts per pullet were observed to have a comparatively steady 

oocyst output between 6 and 8 DPI.  Thus, the challenge dose was chosen to be 13,000 mixed 

Eimeria species oocysts per pullet. 

Table A1.1.  Challenge titration inoculation doses of mixed Eimeria species representing total oocyst 

numbers using a low dose (250 total oocysts) of Coccivac
® 

-
 
D administered to naïve 36 days of age 

Lohmann-LSL pullets to observe maximum oocyst output from 6 to 10 days post challenge 

inoculation. 

Total number of mixed 

Eimeria species oocysts in the 

challenge titration inoculum 

Number of times original 

vaccine dose (250 total mixed 

Eimeria species oocysts) 

5,000 20 

10,000 40 

15,000 60 

20,000 80 

 

Table A1.2.  Oocyst output results from 6 to 10 days post challenge inoculation and total pooled 

oocyst output for all days from the separate challenge titration inoculation doses of mixed Eimeria 

species (Coccivac
® 

-
 
D) at 5,000; 10,000; 15,000; and 20,000 oocysts given per Lohmann-LSL pullet 

at 36 days of age (2 pullets per cage × 4 cages per treatment).  

Days post 

challenge 

inoculation 

5,000 

oocysts 

given per 

pullet 

10,000 

oocysts 

given per 

pullet 

15,000 

oocysts 

given per 

pullet 

20,000 

oocysts 

given per 

pullet 

6 87,954,874 50,812,970 147,486,533 212,478,050 

7 42,661,463 48,608,010 119,959,920 84,985,300 

8 45,729,225 53,716,230 107,179,380 97,524,600 

9 8,520,221 20,612,700 42,170,454 51,074,800 

10 1,043,580 6,191,735 12,279,708 13,335,540 

Total 

pooled 

oocysts for 

all days 

185,909,363 179,941,645 429,075,995 459,398,290 
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Appendix 2: Challenge titration data – Chapter 3 

The challenge titration for the study reported in Chapter three was conducted to assess the 

dose per chick of mixed Eimeria oocysts (from proprietary Eimeria species inclusions found in 

Coccivac
®
-
 
D) that could be administered to achieve intestinal lesion scores (from upper, middle, 

lower and cecal intestinal regions) as well as body weights during a challenge infection without 

causing mortality.  Challenge titration pullets administered 220,000 of mixed Eimeria species and 

assessed at six days post-challenge infection were found to have numerically high overall mean 

lesion scores and the lowest numerical post-challenge body weights compared to the other 

groups.  Thus, the challenge dose was chosen to be 220,000 mixed Eimeria species oocysts per 

pullet for the high dose challenge used to asses intestinal lesion scores and body weight.  The 

challenge titration data was used from Chapter two to determine that the low dose challenge dose 

of 13,000 mixed Eimeria species oocysts per pullet to assess total oocyst output during challenge. 

Table A2.1.  Challenge titration inoculation doses of mixed Eimeria species representing total oocyst 

numbers using the commercially available Coccivac
®
-D administered to naïve 29 days of age 

Lohmann-LSL pullets to observe intestinal lesion scores at six days post-challenge infection (DPCI) 

and body weights pre-challenge (0 DPCI) and post-challenge (6 DPCI). 

Total number of mixed 

Eimeria species oocysts in 

the challenge titration 

inoculum 

Number of times original 

vaccine dose (5,000 total 

mixed Eimeria species 

oocysts) 

0 0 

60,000 12 

120,000 24 

180,000 36 

220,000 44 

Table A2.2. Intestinal lesion scores (± standard error) from challenge titration inoculation doses (0; 

60,000; 120,000; 180,000; 220,000) of mixed Eimeria species using the commercially available 

Coccivac
®

-D
 
administered to naïve Lohmann-LSL pullets which were assessed at six days 

post-challenge infection (20 pullets per treatment) at 35 days of age.  

Challenge titration inoculation 

dose (total oocysts) 

Upper 

intestine ± 

SE 

Middle 

intestine ± 

SE 

Lower 

intestine ± 

SE 

Ceca ±  

SE 

0 0.0±0.0 0.1±0.1 0.0±0.0 0.0±0.0 

60,000 1.8±0.2 0.6±0.1 0.0±0.0 0.2±0.1 

120,000 1.4±0.2 0.9±0.1 0.1±0.1 0.6±0.1 

180,000 1.2±0.2 1.2±0.1 0.1±0.1 0.6±0.1 

220,000 1.6±0.2 0.9±0.1 0.1±0.1 0.6±0.1 
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Table A2.3.  Pre- (0 days post-challenge infection – DPCI; 29 days of age) and post-challenge (6 

DPCI; 35 days of age) body weights (± standard error) of naïve Lohmann-LSL pullets administered 

challenge titration inoculation doses of mixed Eimeria species using the commercially available 

Coccivac
®

-D
 
(20 pullets per treatment). 

Challenge 

titration 

inoculation dose 

(total oocysts) 

Pre-challenge 

body weight  

(g ± SE) 

Post-challenge 

body weight  

(g ± SE) 

0 303.6±6.4 379.9±6.6 

60,000 304.9±3.4 378.6±4.6 

120,000 306.3±3.8 355.6±4.6 

180,000 288.0±4.2 352.9±5.2 

220,000 303.1±3.2 356.7±4.4 
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Appendix 3: Challenge titration data – Chapter 5 

The challenge titration for experiment two reported in Chapter five was conducted to assess 

the dose per chick of single and mixed Eimeria oocysts from laboratory derived Eimeria strains 

that could be administered to achieve intestinal lesion scores (from upper, middle, lower, cecal 

and rectal intestinal regions) as well as body weights (BW) during a challenge infection without 

causing mortality.  Challenge infection doses for the single or mixed Eimeria species were 

separately selected depending on the results from the challenge titration experiments.  For 

Eimeria acervulina there appeared to be minimal numerical difference between lesion scores and 

BW of pullets administered 350,000 versus 500,000 oocysts.  Consequently, a dose of 500,000 E. 

acervulina oocysts per pullet was chosen.  For E. brunetti there appeared to be minimal 

numerical differences between lesion scores for all challenge titration dose; however, pullets 

administered 400,000 oocysts had a numerically lower post-challenge BW compared to the other 

groups.  Consequently, a dose of 400,000 E. brunetti oocysts per pullet was chosen.  For pullets 

administered 250,000 E. maxima there appeared to be numerically higher lesion scores and 

numerically lower post-challenge BW compared to the other groups; hence, this challenge dose 

was chosen.  For pullets administered E. necatrix at 100,000 or 50,000 oocysts per pullet 

appeared to be too high a challenge as deaths were noted.  Pullets administered 25,000 E. 

necatrix oocysts had no deaths; however, the post-challenge body weight as numerically high 

relative to the other challenge groups.  Thus, the E. necatrix challenge dose was increased to 

30,000 oocysts per pullet for the experiment.  For pullets administered E. tenella challenge 

titration doses the mean cecal lesion scores were 2.2 and the post-challenge body weights 

numerically differed only slight between titration doses.  Thus, the E. tenella challenge dose 

chosen was 50,000 oocysts per pullet half way between the 40,000 and 60,000 oocysts per pullet 

challenge titration dose.  For pullets administered the mixed Eimeria species challenge titration 

doses, those pullets administered “dose 1” (the higher dose) had, in general, numerically higher 

lesions; albeit, the post-challenge body weights did not appear to differ.  However, the mean 

middle intestinal lesion scores appeared to be high (3.2±0.3) and lots of deaths were noted and 

attributed to a severely infected middle intestine.  While both E. maxima and E. necatrix 

demonstrate diagnostically relevant lesions in the middle intestine (Reid and Long, 1979) the E. 

necatrix dose was similar to the medium single species challenge titration dose that caused 

mortality.  Thus, the dose per pullet of E. necatrix in this mixed dose was decreased to 20,000 
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oocysts per pullet. 

No challenge titration was conducted for the low dose mixed Eimeria species.  However, 

this low dose of mixed Eimeria species was chosen to be 4,800 total oocysts.  This dose, lower 

than the Chapter two mixed Eimeria species dose, was chosen to increase the difference between 

the pullets during the trial which were administered either a high or a low dose mixed Eimeria 

species challenge.  Additionally, the low dose challenge used in Chapter five consisted of a 

vaccine containing only five different Eimeria species rather than the Chapter two experiment 

which consisted of a vaccine containing eight different Eimeria species. 

Table A3.1.  Challenge titration inoculation doses of single and mixed Eimeria species using 

laboratory derived Eimeria species administered to immunologically naïve 23 days of age 

Lohmann-LSL pullets to observe intestinal lesion scores at 5 days post challenge inoculation [DPCI] 

(Eimeria acervulina and E. tenella), 6 DPCI (E. maxima, E. necatrix and mixed Eimeria species) and 

7 DPCI (E. brunetti) and body weights pre-challenge (0 DPCI) and post-challenge (5 to 7 DPCI). 

Challenge 
Total number of oocysts in the 

challenge titration inoculum 

Eimeria acervulina 

250,000 

350,000 

500,000 

Eimeria brunetti 

100,000 

200,000 

400,000 

Eimeria maxima 

50,000 

100,000 

250,000 

Eimeria necatrix 

25,000 

50,000 

100,000 

Eimeria tenella 

20,000 

40,000 

60,000 

Dose 1 mixed Eimeria species 

Total oocysts – 170,000 

E. acervulina – 50,000 

E. brunetti – 40,000 

E. maxima – 30,000 

E. necatrix – 40,000 

E. tenella – 10,000 

Dose 2 mixed Eimeria species 

Total oocysts – 85,000 

E. acervulina – 25,000 

E. brunetti – 20,000 

E. maxima – 15,000 

E. necatrix – 20,000 

E. tenella – 5,000 
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Table A3.2.  Intestinal lesion scores (± standard error) assessed at 5 days post challenge inoculation 

[DPCI] (Eimeria acervulina and E. tenella), 6 DPCI (E. maxima, E. necatrix and mixed Eimeria 

species) and 7 DPCI (E. brunetti) from immunologically naïve Lohmann-LSL pullets administered 

laboratory derived Eimeria species challenge titration doses at 23 days of age (5 pullets per single 

Eimeria species challenges; 6 pullets per mixed Eimeria species challenges). 

Challenge 

Challenge 

titration 

inoculation dose 

(total oocysts) 

Upper 

intestine 

± SE 

Middle 

intestine 

± SE 

Lower 

intestine 

± SE 

Ceca ± 

SE 

Rectum ± 

SE 

Eimeria acervulina 

250,000 2.8±0.2 0.8±0.2 0.0±0.0 0.0±0.0 0.0±0.0 

350,000 3.8±0.2 1.4±0.2 0.0±0.0 0.0±0.0 0.0±0.0 

500,000 3.8±0.2 1.4±0.2 0.0±0.0 0.0±0.0 0.0±0.0 

Eimeria brunetti 

100,000 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 1.8±0.2 

200,000 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 1.8±0.2 

400,000 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 1.6±0.2 

Eimeria maxima 

50,000 0.6±0.4 2.0±0.5 0.4±0.2 0.0±0.0 0.0±0.0 

100,000 1.4±0.2 2.2±0.2 0.6±0.2 0.0±0.0 0.0±0.0 

250,000 1.8±0.2 2.8±0.2 0.8±0.2 0.0±0.0 0.0±0.0 

Eimeria necatrix 

25,000 0.6±0.2 2.4±0.2 0.6±0.2 0.0±0.0 0.0±0.0 

50,000 1.2±0.2 3.4±0.2 1.6±0.2 0.0±0.0 0.0±0.0 

100,000 0.5±0.5 3.5±0.5 1.5±0.5 0.0±0.0 0.0±0.0 

Eimeria tenella 

20,000 0.0±0.0 0.0±0.0 0.0±0.0 2.2±0.4 0.0±0.0 

40,000 0.0±0.0 0.0±0.0 0.0±0.0 2.2±0.4 0.0±0.0 

60,000 0.0±0.0 0.0±0.0 0.0±0.0 2.2±0.2 0.0±0.0 

Dose 1 mixed Eimeria species 
Total oocysts – 

170,000 
1.3±0.2 3.2±0.3 1.7±0.2 1.5±0.7 0.5±0.2 

Dose 2 mixed Eimeria species 
Total oocysts – 

85,000 
1.75±0.4 2.6±0.2 1.6±0.2 2.4±0.3 0.8±0.2 
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Table A3.3.  Pre- (assessed at 0 days post challenge infection - DPCI) and post-challenge body 

weights [± standard error] (assessed at 5 DPCI -Eimeria acervulina and E. tenella; 6 DPCI - E. 

maxima, E. necatrix and mixed Eimeria species; and 7 DPCI - E. brunetti) from naïve Lohmann-LSL 

pullets administered laboratory derived Eimeria species challenge titration doses at 23 days of age (5 

pullets per single Eimeria species challenges; 6 pullets per mixed Eimeria species challenges). 

Challenge 

Challenge titration 

inoculation dose (total 

oocysts) 

Pre-challenge 

body weight ± SE 

(g) 

Post-challenge 

body weight ± SE 

(g) 

Eimeria acervulina 

250,000 186.6±8.7 238.2±10.2 

350,000 185.0±8.3 229.4±9.1 

500,000 181.0±5.9 226.6±14.0 

Eimeria brunetti 

100,000 176.8±5.7 176.6±5.3 

200,000 174.2±7.9 167.4±11.7 

400,000 177.6±4.2 166.0±7.2 

Eimeria maxima 

50,000 175.0±5.2 198.0±5.2 

100,000 179.2±6.8 215.6±8.1 

250,000 182.2±3.7 207.8±3.3 

Eimeria necatrix 

25,000 175.8±4.8 205.4±7.3 

50,000 175/2±5.2 184.0±9.1 

100,000 175.0±3.0 191.5±9.5 

Eimeria tenella 

20,000 186.6±3.2 237.2±7.3 

40,000 189.0±4.4 234.8±7.9 

60,000 188.4±3.9 235.0±4.5 

Dose 1 mixed Eimeria species Total oocysts – 170,000 180.3±3.7 178.2±4.2 

Dose 2 mixed Eimeria species Total oocysts – 85,000 176.5±6.0 178.1±6.7 

 


