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ABSTRACT 

 

 

Because of the trend of cage-free egg production, infections with the nematode Ascaridia galli are 

receiving increased attention. The aim of the first study was to evaluate and quantify the 

parasitological challenge in pastured poultry production. Fecal samples from turkeys, broilers and 

layers were collected in two-week intervals to determine counts of coccidia oocysts and worm 

eggs. Seasonal differences suggested that higher temperatures might increase worm egg survival 

in the environment. Counts of coccidia were lower than published numbers in conventionally 

reared poultry, indicating that the rotation system effectively reduced the infection pressure. 

However, this was not true for worm eggs. Next-generation sequencing showed the presence of 

most described Eimeria spp. in these birds. The second study established a timeline for the 

influence of A. galli on the expression of key cytokines and on the composition of the jejunal 

microbiota. Birds were challenged with 500 embryonated A. galli eggs for 3 consecutive days 

starting at 24 days of age. Starting on day 31, three birds of each group were euthanized weekly 

until 8 weeks post infection (WPI). The number of larvae isolated from the intestinal wall 

decreased over time. At 5 WPI, there was a numerical upregulation of all cytokines in the infected 

group compared with the uninfected control and significant differences in the intestinal microbiota 

between groups. The upregulation of all cytokines evaluated might be the reason for resolution of 

the infection. A high infection dose and a more nutritionally dense feed might have contributed to 

the birds’ immune system clearing the infection before the worms were able to reach maturity. The 

third study tested if Artemisia absinthium (0.02% in the feed) and pumpkin seed (1% in the feed) 

can alleviate potential negative effects of an A. galli infection on egg production and quality, 
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nutrient digestibility, cytokine expression and intestinal microbiota. Sixteen-week-old laying 

pullets were divided into three groups: untreated control, treated with artemisia or pumpkin seed. 

At 25 weeks, half of the birds were challenged with 250 embryonated A. galli eggs. At 35 weeks, 

birds were euthanized, intestines were checked for worms and samples were collected. For all 

nutrients, digestibility was lower in challenged birds. Differences in cytokine expression were 

minor. Jejunal microbiota of treated birds showed an increase on Lactobacillales. None of the 

treatments were effective against A. galli, but had minor effects on alleviating the calcium 

digestibility reduction. This research provides evidence that nematodes have high prevalence on 

alternative production systems and tools for controlling the diseases are still needed. 

   



4 
 

ACKNOWLEGMENTS 

 

 

First and for most I am extremely grateful to my family for all of their support and 

encouragement. I wouldn't be here if it weren't for you (mom Stella, dad Bruno, my siblings Clara 

and Francisco). I also want to say thanks to my grandma, Maria do Carmo, who prays for me every 

day. Family is respect and trust, the essence of life. They are my daily “Saudade”. 

I want to dedicate this victory to my husband, Gage, for being the true meaning of love, 

care, and patience. Thank you for the time with me, all the travels and help with my experiments, 

and the hours proofreading my long articles. Especially the prepositions (in/on/of). These are 

harder than they look. Thank you, my love. Together, from the bottom of our hearts, my mother-

in-law Stacy, our life connection, and example to follow. 

Thanks to my Professor, Dr. Hauck, I could never think of a better advisor. Thank you for 

being dedicated, encouraging, serious, and with a fantastic sense of humor. A lighthouse in the 

academic sea to guide my way through every step of my research. I also want to thank my 

committee members: Dr. Brigid McCrea, Dr. Dianna Bourassa, Dr. Wilmer Pacheco and Dr. Xu 

Wang for their advice and support. 

I would like to thank all my colleagues in the department, who taught me so much and, in 

doing so, favored the construction of who I am or who I become. A special and outstanding 

mention deserves to Andrea, the most present, with whom I have been friends for the longest time, 

without whom much of what I did would be impossible or improbable. 

Lastly but not least, Henry Lucca I, feline and penetrating soul, he is my favorite break 

whenever I need one. Identity and comfort for all moments.  

 

   



5 
 

TABLE OF CONTENTS 

 

 

ABSTRACT  ................................................................................................................................ 2 

ACKNOWLEGMENTS  ............................................................................................................ 4 

LIST OF TABLES  ..................................................................................................................... 8 

LIST OF FIGURES  ................................................................................................................... 9 

I. INTRODUCTION  ................................................................................................................ 12 

II. LITERATURE REVIEW  .................................................................................................. 14 

 INTRODUCTION ........................................................................................................ 14 

 CAGE FREE EGG PRODUCTION SYSTEMS  ...................................................... 14 

 CHALLENGES IN ALTERNATIVE PRODUCTION SYSTEMS  ........................ 15 

 ASCARIDIA GALLI  ..................................................................................................... 16 

a) PREVALENCE IN POULYTR SYSTEMS  ........................................................ 16 

b) LIFE CYCLE OF ASCARIDIA GALLI  ............................................................... 17 

c) CLINICAL SIGNS, LESIONS AND HISTOPATHOLOGICAL FINDINGS  18 

d) IMMUNOLOGY  .................................................................................................... 19 

e) DIAGNOSIS  ........................................................................................................... 20 

f) TREATMENT  ........................................................................................................ 21 

g) PREVENTION  ....................................................................................................... 22 

 CHICKEN INTESTINAL MICROBIOTA  ............................................................... 23 

a) MICROBIOTA COMPOSITION  ........................................................................ 23 

b) INTERACTION BETWENN A. GALLI AND THE MICROBIOTA  .............. 24 



6 
 

c) METHODS OF INVESGATING THE CHICKEN INTESTINAL 

MICROBIOTA  ...................................................................................................... 25 

 ALTERANITVE APPROACHES TO DRUGS  ........................................................ 25 

a) PREBIOTICS AND PROBIOTS  ......................................................................... 26 

b) ESSENTIAL OILS ................................................................................................. 26 

c) PLANT-BASED COMPOUNDS 

i. ARTEMISIA ABSINTHIUM  ........................................................................... 27 

ii. PUMPKIN SEED  ............................................................................................. 29 

 REFERENCES  ............................................................................................................. 31 

III. A SURVEY OF COCCIDIA AND NEMATODES IN PASTURED POULTRY IN THE 

STATE OF GEORGIA............................................................................................................. 52 

 ABSTRACT  .................................................................................................................. 52 

 INTRODUCTION ........................................................................................................ 53 

 MATERIALS AND METHODS  ................................................................................ 55 

 RESULTS  ..................................................................................................................... 57 

 DISCUSSION  ............................................................................................................... 59 

 REFERENCES  ............................................................................................................. 64 

IV. INFECTION WITH ASCARIDIA GALLI DOES NOT SIGNIFICANTLY ALTER 

INTESTINAL MICROBIOTA AND IS CLEARED AFTER CHANGES IN THE 

EXPRESSION OF CYTOKINES ........................................................................................... 75 

 ABSTRACT  .................................................................................................................. 75 

 INTRODUCTION ........................................................................................................ 76 

 MATERIALS AND METHODS  ................................................................................ 77 



7 
 

 RESULTS AND DISCUSSION  .................................................................................. 83 

 CONCLUSIONS  .......................................................................................................... 85 

 REFERENCES  ............................................................................................................. 86 

V. THE EFFECT OF ALTERNATIVE TREATMENTS AGAINST ASCARIDIA GALLI ON 

NUTRIENT DIGESTIBILITY, EGG PRODUCTION AND QUALITY, GENE 

EXPRESSION OF CYTOKINES, AND JEJUNAL MICROBIOTA IN INFECTED 

LAYING HENS  ........................................................................................................................ 98 

 ABSTRACT  .................................................................................................................. 98 

 INTRODUCTION ........................................................................................................ 99 

 MATERIALS AND METHODS  .............................................................................. 100 

 RESULTS  ................................................................................................................... 106 

 DISCUSSION  ............................................................................................................. 110 

 REFERENCES  ........................................................................................................... 114 

VI. CONCLUSIONS  .............................................................................................................. 134 

  



8 
 

LIST OF TABLES 

 

 

Table 3.1 Primers used to identify Eimeria spp. and roundworms. ........................................... 68 

Table 4.1. Primers used to identify roundworms, cytokines, and housekeeping genes. ............ 93 

Table 5.1. Primers used to identify roundworms, cytokines, and housekeeping genes. .......... 124 

Table 5.2. Average number of worm eggs per gram of feces in birds challenged with Ascaridia 

galli and treated with artemisia (0.02% inclusion in feed), pumpkin seed (1% inclusion in feed) or 

control diet. ............................................................................................................................... 125 

Table 5.3. Nutrient digestibility of birds non-challenged and challenged with Ascaridia galli and 

fed with control, artemisia (0.02% inclusion in feed) or pumpkin seed (1% inclusion in feed) diets.  

................................................................................................................................................... 126 

Table 5.4. Average weekly egg production (%) of birds non-challenged and challenged with 

Ascaridia galli and fed with control, artemisia (0.02% inclusion in feed) or pumpkin seed (1% 

inclusion in feed) diets.  

................................................................................................................................................... 125 

Table 5.5. Egg quality parameters of eggs collected from birds non-challenged and challenged 

with Ascaridia galli and fed with control, artemisia (0.02% inclusion in feed) or pumpkin seed 

(1% inclusion in feed) diets.  

................................................................................................................................................... 128 

 

  



9 
 

LIST OF FIGURES 

 

 

Figure 3.1. Sampling periods and ages of broiler (B1–B8), layer (L1–L4), and turkey (T1–T8) 

flocks included in the study. ....................................................................................................... 69 

Figure 3.2. Mean counts of coccidia oocysts per gram (OPG) in feces of broiler (A), layer (B), 

and turkey (C) flocks organized according to age of the birds. .................................................. 70 

Figure 3.3. Mean counts of coccidia oocysts per gram (OPG) in feces of broiler (A), layer (B), 

and turkey (C) flocks in each season. ......................................................................................... 71 

Figure 3.4. Mean counts of roundworm eggs per gram (EPG) in feces of layers organized 

according to bird’s week of age (A) and for each season (B). .................................................... 72 

Figure 3.5. Eimeria spp. identified by next-generation sequencing of partial COI and 18S rRNA 

genes in fecal samples from four broiler flocks (B1–B4) and layer flocks (L1–L4). ................. 73 

Figure 3.6. Eimeria spp. identified by next-generation sequencing of partial COI and 18S rRNA 

genes in fecal samples from four turkey flocks (T1–T6). ........................................................... 74 

Figure 4.1. Average number of Ascaridia galli larvae per bird recovered by pepsin-HCl digestion 

of the jejunal wall of male layer-type birds challenged with A. galli. ........................................ 92 

Figure 4.2. Relative gene expression of IL-8 (a), IL-13 (b), IFN-γ (c), TGF-β (d), and IL-10 (e) in 

the jejunum of male-layer-type birds on weeks in the jejunum 1–8 wk PI. ............................... 93 

Figure 4.3. Average of the relative abundance of phyla isolated from jejunal content of male layer-

type birds. .................................................................................................................................... 94 

Figure 4.4. Average of the relative abundance of bacterial orders detected in the jejunal content 

of male layer-type birds. ............................................................................................................. 95 



10 
 

Figure 4.5. Faith’s phylogenetic diversity metric (alpha diversity) of jejunal microbiota in the 

jejunum content of male layer-type birds. .................................................................................. 96 

Figure 4.6. Principal component analysis of microbiota identified in the jejunum of content of 

male layer-type birds based on the Jaccard similarity index. ..................................................... 97 

Figure 5.1. Weekly egg production curves (%) of non-challenged birds (green) and birds 

challenged with Ascaridia galli. ............................................................................................... 127 

Figure 5.2. Relative gene expression of IL-8 (a), IFN-γ (b), IL-13 (c), IL-10 (e), and TGF-β (d) in 

the jejunum of layer hens at 25 weeks. ..................................................................................... 128 

Figure 5.3. Relative gene expression of IL-8 (a), IFN-γ (b), IL-13 (c), IL-10 (e), and TGF-β (d) in 

the jejunum of layer hens at 35 weeks (10 weeks post infection). The gene expression was 

normalized by housekeeping genes (GAPDH and HMBS) and expressed relative to the average of 

the uninfected birds from the control group. Red boxes represent birds challenged with 

embryonated eggs of Ascaridia galli while green boxes represent control birds. Birds were fed a 

control diet, treated with artemisia (0.02% inclusion in the feed) or pumpkin seed (1% inclusion 

in the feed). ............................................................................................................................... 129 

Figure 5.4. Average of the relative abundance of phyla detected in the jejunal content of layer 

hens at 25 (before challenge) and 35 weeks (10 weeks post infection). Challenged and Non-

Challenged samples were grouped according to treatment: control, artemisia (0.02%). ......... 130 

Figure 5.5. Average of the relative abundance of orders detected in the jejunal content of layer 

hens at 25 (before challenge) and 35 weeks (10 weeks post infection). Challenged and Non-

Challenged samples were grouped according to treatment: control, artemisia (0.02%) or pumpkin 

seed (1%). Challenged groups where infected with Ascaridia galli in week 25.. .................... 131 



11 
 

Figure 5.6. Pielou’s evenness test (alpha diversity) of jejunal microbiota in the jejunal content of 

layer hens. ................................................................................................................................. 132 

Figure 5.7. Principal Component Analysis of microbiota identified in the jejunum of content of 

layer hens non-challenged and challenged with Ascaridia galli and fed with control, artemisia 

(0.02% inclusion in feed) or pumpkin seed (1% inclusion in feed) diets based on the unweighted 

UniFrac index.  

................................................................................................................................................... 133 

  



12 
 

I. INTRODUCTION 

 

Alternative systems, such as cage-free are expanding with an increasing market demand 

for products with the least use of drugs. These requirements have the potential of resulting in 

greater challenges by endoparasites such as Eimeria and Ascaridia galli. Pasture farms rotate their 

use of pastures, which can help on the control of these parasites. However, Eimeria oocysts and 

nematodes eggs are very resilient in the environment and can last for years which makes their 

control more challenging.  

A. galli affect the intestine of chickens and can impair their performance resulting in 

reduction of egg production and quality. It also has the potential to interact with the gut microbiota 

which may increase the bird’s susceptibility to other pathogens. Parasites are known to stimulate 

the immune system mainly by a Th2-type response. However, in the case of roundworms in 

chickens, there is no information regarding how this immune response occurs during the 

development of the larvae.  

In the chicken backyard flock community, the use of a variety of plant products against 

infections of chickens with roundworms is common. This information is anecdotal but might be 

accurate. Popular treatments include Artemisia absinthium and pumpkin seed, popularly known as 

wormwood. Testing these products scientifically will give backyard owners the information they 

need to make fact-based decisions on their use. 

The research objectives of this work were: 

1. To systematically investigate and characterize the parasitological profile of 

broilers, layers, and turkeys in an alternative management of system. 
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2. To better understand the immune response (gene expression of key cytokines) and 

microbiota changes in early and late stages of A. galli infections. 

3. To determine if raw pumpkins seed and wormwood reduce the worm burden of 

Ascaridia galli in chickens and prevent a reduction in egg production. 

4. To investigate if raw pumpkin seed and artemisia prevent possible negative changes 

in the intestinal microbiota after infection with A. galli. 
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II. LITERATURE REVIEW 

 

INTRODUCTION 

Over the last few decades, there have been changes in the market. Consumers are more 

concerned about leaving a healthy lifestyle and have started to demand more natural products. 

Tools widely used in agribusiness such as pesticides, growth promoters, anticoccidials and 

antimicrobials are heavily criticized. 

Another concern of consumers is in regard to animal welfare. Inside cages, especially if 

the density is high, birds can rub against cage walls and each other which can result in damage of 

their plumage and affect thermoregulation (1). Additionally, depending on the material of the 

cage’s floor, it is common to see overgrown claws that can result in higher risks of birds being 

trapped and getting hurt (2). Conversely, cage-free birds can express natural behaviors which may 

give the consumer the perspective of having better living conditions. 

Traditional caged layer egg production is being replaced by cage-free production and other 

alternative system models and one of the reasons for this chance is to satisfy consumer demand 

(3). In fact, the United States Department of Agriculture’s Agricultural Marketing Service predicts 

that by 2026, 71% of U.S. hens will be housed in these types of systems (4). In the year 2021, there 

were already 9 states that banned cages for egg-laying hens in the United States. These states are 

Nevada, Utah, Colorado, Michigan, Washington, Oregon, California, Massachusetts and Rhode 

Island (5). 

CAGE FREE EGG PRODUCTION SYSTEMS 

Examples of alternative systems are cage-free, free-range, organic, and pastured 

productions. Cage-free birds are confined in barns, while free-range animals are raised in barns 
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with outside access of varying of sizes. The minimum space area is 2 square feet per hen. Organic 

productions only feed animals with certified organic feed that does not contain animal by-products, 

antibiotics, or genetically modified grains. On pastured farms, animals are raised on pastures with 

a rotation system for the majority of their lives (6).  

Alternative systems claim to be better for the environment. For example, these systems 

claim to be more sustainable, and to provide better animal welfare since they allow the birds to 

exercise natural behavior, such as scratching and foraging for feed on the ground (7,8). The 

introduction of environmental enrichments, such as elevated resting-places and perches, are 

growing in the poultry production especially in European countries (9). Additionally, a study was 

able to show that eggs from pastured-raised layers had twice as much vitamin E and long-chain 

omega-3 fats compared to conventionally raised eggs (10). 

Another common practice seen in alternative productions, as well as the entire poultry 

industry is the use of nutritional alternatives such as prebiotics, probiotics, organic acids, essential 

oils, and natural phytochemical extracts. They can potentially improve gut health by changing the 

microbiota, improving the intestinal barrier, and modulating the immune system especially when 

used in combination with each other (11,12). 

CHALLENGES IN ALTERNATIVE PRODUCTION SYSTEMS 

In free-range systems, the mortality rates can come close to 20% during production 

resulting in considerable economical losses (13). Animals raised in pastures are exposed to 

predators including coyotes, undomesticated cats, foxes, and eagles (14). Chickens are also 

exposed to environmental challenges including heat and cold stress that can impact the bird’s 

health by depressing the immune system response and increasing chances of disease (15). This 
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will not only affect the welfare of the birds but also reduce feed consumption and, consequently, 

reduce egg quality parameters such as egg weight and eggshell thickness (16).  

Likewise, one of the greatest differences between all of the alterative systems and 

conventionally raised layers is that these birds can come in contact with their feces which increases 

their chances of infection with endoparasites (17).  

ASCARIDIA GALLI 

a. Prevalence in poultry systems 

Helminthic parasites, such as Ascaridia galli and Heterakis gallinarum, are commonly 

found in alternative chicken production systems in the production of chickens (18,19).  Chickens 

are the main host, but turkeys and wild birds can also be infected (20). 

The risk of infection can be influenced by different factors. Temperature and humidity are 

some examples. A study done with organic free-range layers in Germany showed that due to higher 

temperatures and humidity during the summer season, the risk of infection with nematodes was 

50% higher when compared to the risk during the winter (21). Another study evaluating the 

environmental tolerance of worm eggs also suggested that indoor areas might favor the 

embryonation of eggs which can potentially increase the risks of birds being infected (22). 

However, a study comparing barn system (cage-free) with conventional free-range and organic 

systems did not see significant differences in nematode prevalence between these different housing 

systems (23). 

Additionally, it is intuitive to assume that birds that are kept in cages have lower prevalence 

of nematodes since they do not come in direct contact with feces. In battery cages, prevalence rates 

vary from 2.4 to 4.3% (24) while the prevalence of roundworms in cage-free production can range 

from 69.5% infected (22) to nearly 90% (25). 
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b. Life cycle of Ascaridia galli 

Adult forms of A. galli are yellowish-white and there is sexual dimorphism in which 

females can measure between 60 and 116 mm in length while males can measure between 50 and 

76 mm. The eggs are 71 to 92 micrometers by 45 to 57 micrometers. The shell of the worm eggs 

is smooth and thick. A galli worm eggs can survive in the external environment for periods longer 

than one year (26).  

The birds are infected by the ingestion of embryonated eggs present in feces containing L2 

larvae. After ingestion, the eggs release the larvae L2 that will migrate to the mucosa of the 

jejunum (27). There, they will settle and develop into larvae stage L3. Between 18 to 30 days later, 

these larvae molt becoming adult worms. The histotrophic phase can last up to 7 weeks and adults 

will migrate to the lumen and start laying eggs (28,29).  

Adults are free in the lumen and can be found from 4 weeks post-infection (P.I.). Egg 

shedding in chicken feces is expected to start 5 weeks P.I. These eggs contain immature larvae that 

need 14 to 30 days in the environment to become infective (30). The embryonation is affected by 

oxygen availability, humidity, and temperature conditions. For sufficient development to occur, it 

is necessary humidity levels above 70% and aerobic conditions (22). Moreover, environmental 

temperatures around 28 to 30° Celsius will result in shorter incubation periods than temperatures 

at 15°C (31). 

Other studies have described the possibility of an erratic migration of adults where adults 

move along the intestinal tract until they reach the cloaca where they ascend the oviduct until the 

shell gland. If the egg is decalcified when this migration occurs, the worm can settle in it and stay 

alive or be calcified. Such migration brings not only an unpleasant surprise to the consumer, but 

these worms can mechanically carry fecal microorganisms with zoonotic potential (32–35).  
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An atypical case was also described of roundworms present in the proventriculus and 

gizzard causing proventriculitis in a poultry bird.  The lesions seen in histopathology showed 

denuded epithelium of coating, subepithelial hemorrhage associated with fibrosis and 

inflammatory infiltrate of monocytes (36). 

c. Clinical signs, Lesions and Histopathological findings 

Ascariasis infections are usually asymptomatic. In severe cases, it is possible to notice 

clinical signs such as cachexia, reduction in growth rates and increase of mortality depending on 

the severity of the disease (37). At necropsy, adult worms can be found in the intestine, can obstruct 

partially or totally the lumen, and mixed infections with different parasites are common (38). 

Histopathology shows a mild to moderate inflammatory infiltrate of eosinophils (acute phase) or 

mast cells (chronic phase) in the lamina propria. The mucosa can be thickened (edema) and may 

contain inserted larvae (29). 

Regarding egg production, studies have shown contradictory results. While Tarbiat at al., 

(2020) have shown that birds infected with A. galli, left untreated or with a non-strategic use of 

anthelmintics, had reduced egg production per bird, egg mass and feed conversion (39), other 

authors did not see significant differences between control and infected groups (26,42). 

Since larvae and adults are found in the jejunum, A. galli can potentially affect nutrient 

digestibility and absorption. A study evaluating the pathogenicity of ascaridiosis in turkeys 

suggested that roundworms may produce toxins that are capable of reducing the bird’s capacity to 

absorb nutrients (43). In fact, a reduction of 4% of dietary metabolizable energy has been reported 

in chickens infected with A. galli (44).  
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d. Immunology  

Throughout their life cycle, roundworms are immunogenic and affect both cellular and 

humoral pathways stimulating and inhibiting an immune response (45–47).  Infections with A. 

galli have been associated with an increase of T cell populations in the lamina propria as well as 

an accumulation of CD4+ lymphocytes in the epithelium (47).  

Helminth infections are known to induce Th2 helper cell-based cytokine responses with 

upregulation of IL-13 and IL-4 locally (48). This response is triggered mainly by the attachment 

of larvae in the mucosa in the first weeks and the migration of young adults to the jejunal lumen. 

A study in Denmark investigated the systemic immune response at different time points after an 

induced A. galli infection confirmed this stimulation of a Th2 response and showed an up 

regulation of DEF β-1 (antimicrobial peptide) caused by initial larval migration. Additionally, in 

this study, the authors found that, at later stages of the infection (6 weeks post infection), there was 

first an upregulation of pro-inflammatory cytokines followed by a downregulation of Th1 response 

related cytokines such as INF-γ at 9 weeks post infection (49). 

Interestingly, the downregulation of Th1 response is something commonly seen in 

helminth infections in both mammals as well as avian species. This is known as Th1/Th2 

polarization of the immune system (45,50,51).  This inhibition of Th1 response caused by 

helminths has been investigated in other species such as Ascaris suum and studies suggested that 

proteins from these parasites could potentially have therapeutic applications in autoimmune 

diseases (52). Moreover, some studies already demonstrated an association between chronic 

infection with nematodes and reduced vaccine response, which shows again the downregulation 

of Th1 response caused by worms (53,54). 
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Worm infections can also influence the expression of other cytokines related to immune 

modulation. The upregulation of IL-10 and TGF-β normally occurs locally in the early stages of 

the infection in order to reduce the immune response and preventing excessive damage caused by 

the inflammation process (45,48,55,56). 

Regarding to humoral response, Marcos-Atxutegi et al. (2009) showed that A. galli (larvae 

and adults) can stimulate a local and intense inflammation process as well as a systemic humoral 

immune response (IgG antibodies). These antibodies were detected in the blood and egg-yolk (46). 

Another study evaluating possible maternal protection against A. galli also found antibodies in the 

yolk. However, there was no significant differences in worm burden between the offspring from 

an infected and an uninfected hen (57). Systemic IgY antibodies were also detected in infected 

birds which illustrates a humoral response. However, the correlation with the number of worms 

detected was weak which suggested that this humoral response does not protect birds against 

infection (47).  

e. Diagnosis 

There are direct and indirect tools to diagnose an infection with roundworms. Anorexia 

and depression can be suggestive, and, in cases of severe infection, adult worms can be seen in 

feces. Another non-invasive diagnostic tool is the parasitological evaluation of feces under the 

microscope for identification of worm eggs using a McMaster chamber (58). The eggs of A. galli 

and Heterakis are very similar to each other (59) and differentiation between them under the 

microscopic can be hard for a untrained individuals. Postmortem examination of the jejunum (60) 

and the identification of adult worms is also a simple test to be done, and histopathology can be 

used for identification of larva in the intestinal wall (29).  
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An ELISA can also be used as an indirect tool to identify hens infected with roundworms 

as well as to quantify levels of antibodies (46). The ELISA can be done with blood samples or egg 

yolk and is a specific and non-invasive technique that can give information on which roundworm 

is infecting the animal (61). 

Additionally, molecular tools such as PCR and sequencing of DNA extracted from worm 

eggs, larvae or adults are options as diagnostic tools that are highly specific. They can be used for 

differentiation of worm species as well as for population studies of parasite’s dynamics (62). 

Another molecular technique that was recently validated as a tool of diagnostic, quantification, 

and differentiation between A. galli and H. gallinarum is the Droplet Digital™ PCR (ddPCR) 

which is a technology for DNA quantification that does not need standard curves. This 

characteristic makes it possible for direct comparisons of infections to be measured in different 

laboratories possible (63). 

f. Treatment 

While several classes of antiparasitic drugs are effective against A. galli such as levamisole 

(64) and ivermectin (65), in the United States, the only pharmacological base, with a withdrawal 

time for eggs of zero-days, registered by the Food and Drug Agency and approved to be used in 

commercial poultry is fenbendazole. The restriction of only being able to use benzimidazoles-

pharmaceuticals against helminthics is also true in the European Union where cage production 

systems were completely banned, and where diverse studies demonstrated high prevalence of 

roundworms (21,25,37). Benzimidazoles are known to bind to β-tubulin inhibiting microtubules 

formation. As a result of that, it will cause instability of the muscular skeleton and affecting 

mobility as well as disruption of any microtubule-based process such as mitosis and 

spermatogenesis in adult worms (66). 
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Since there is only one option of treatment available for animals in production, there are 

concerns regarding resistance against fenbendazoles (67). Even though a study done in 2017 did 

not show resistance to this drug by A. galli (68), other parasites in different species have 

experienced this. In sheep, genes of resistance against benzimidazole were identified in H. 

contortus (69). In turkeys, one random isolate of A. dissimilis, out of four tested, showed resistance 

against fenbendazole (70). 

Finally, although resistance has not yet been reported, there are studies showing that the 

effect of deworming does not last, and it is not rare to see the necessity of multiple deworm 

treatments on the same flock (71). This is because these drugs are capable of eliminating the 

parasites in the birds, however, if this treatment is initiated late, the environment will already be 

contaminated with eggs that were shed which results in high contamination load and increases 

chances of re-infection soon after treatment (72).  

g.  Prevention 

The control of worms can be complex and challenging. Due to the high tenacity of worm 

eggs in the environment, infections with roundworms are difficult to control with biosecurity and 

good sanitation alone. For these reasons, routine use of anthelmintics is still considered the most 

effective strategy against A. galli (73).  However, this is not an option in organic flocks since this 

type of production does not allow the use of drugs. Moreover, in flocks that can use anthelmintics 

there are limitations on drug options. This can increase the selection pressure and, consequently, 

increases the chances of resistance against these anthelmintics. Another strategy that could be used 

to reduce environmental parasitic load over time is to frequently monitor worm eggs shedding 

through fecal exams and establish a threshold for starting treatment (74).  
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Additionally, there are no vaccines that have been shown to be efficient against nematodes. 

This is possibly explained due to the fact that the parasite has different life stages, and it stays in 

the lumen and mucosa regions of the jejunum which are places of limited access for effector cells 

(75). A study published in 2013 was able to induce a humoral and cell-mediated immune response 

in birds injected with an extract of the roundworm. However, this response was not able to protect 

birds against challenges (76).  

Other strategies that can be used are the use of single natural compounds or combinations, 

known as nutritional alternatives to growth promoters. They have the potential to modulate the 

microbiota and the immune system (77,78). More specifically, plant-based compounds are being 

studied and can be utilized on production system that cannot use drugs such as organic. 

CHICKEN INTESTINAL MICROBIOTA 

a. Microbiota composition 

The term microbiota refers to all microorganisms present in an environment and includes 

viruses, bacteria, fungi, and protozoa (79). The chicken gut microbiota is a very complex 

environment, and studies have shown that different sections of the gut have clear differences in 

the relative abundance and absolute numbers of bacteria (80,81).  

The most common phyla in duodenum, jejunum, ileum, and colon are Firmicutes which 

includes the orders Lactobacillales, Bacillales and Clostridiales. The most common phyla in the 

cecum is Bacteroidetes, which includes  the families Bacteroidales,  Flavobacteriales 

and Sphingobacteriales. Cyanobacteria is also commonly found in jejunum samples, while they 

are rare in cecum (81,82).   

  

https://pt.wikipedia.org/w/index.php?title=Bacteroidaceae&action=edit&redlink=1
https://pt.wikipedia.org/w/index.php?title=Flavobacteriaceae&action=edit&redlink=1
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b. Interaction between A. galli and the microbiota 

Microorganisms interact with each other, and their compositions can be affected by 

changes in the environment. This can be caused by exogenous bacteria, parasites or viruses as well 

as diet changes and the immune system (83–85). These changes can result in an imbalance known 

as dysbiosis which gives the opportunity for pathogens to cause diseases.  

More specifically, possible interactions between Ascaridia galli and bacterial microbiota 

where also investigated in a few studies. Research evaluating the interaction between A. galli and 

Pasteurella multocida concluded that birds had worse performance (lower weight gain and egg 

production) whenever they were infected with both pathogens compared to the birds infected with 

only one. Moreover, an infection with A. galli followed by P. multocida resulted in more severe 

pathological lesions then the opposite order of infection. These results are suggestive of a 

synergistic effect. Still, the mechanism behind these interactions have not been yet demonstrated. 

(86). 

 Another study showed that an infection with A. galli can also reduce the diversity and 

numerical abundance of intestinal microbiota in hens. These changes can be caused not only by 

the presence of adults, but also larvae as well (87). Finally, the Animal Health Laboratory’s 

newsletter from the University of Guelph showed that a large number of Ascaridia galli larvae 

acted as a predisposing factor for the occurrence of necrotic enteritis in broiler breeder chickens 

(88). 

c. Methods of investigating the chicken microbiota  

The chicken gut microbiome is a highly diverse environment with more than 900 microbial 

species already identified (89). This is due to of the advancements and popularization of molecular 

tools. Initial microbiota studies relied on traditional culturing methods (90). This can bring 
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information about few microbes, but most of gut bacteria are not culturable or have extremally low 

abundance. Because of that, techniques such sequencing of the 16S gene of bacteria became 

popular given that there is an amplification step in its workflow. 

The 16S rRNA is a highly conserved gene in all prokaryotic organisms. This makes it well 

suitable as a target for gene sequencing in samples from complex biological environments such as 

soil, water, and gut microbiome (91). Another important characteristic of the 16 S gene is that it 

has 8 highly conserved regions and 9 variables regions (92). The conserved regions of the gene 

are the target for primer design. Using these regions as primers also offers the possibility of using 

a single pair of primers to amplify a large number of diverse individuals that will be differentiated 

through the variable regions (93,94). 

Taxonomic analysis is performed by comparing the results with other available databases 

such as SILVA, Greengenes and NCBI 16S microbial data bases. The diversity of communities 

can be measured within each individual sample (alpha diversity) or between the samples (beta 

diversity) (95). The use of molecular tools, at the same time, improved the knowledge we have 

regarding the diversity of the different intestinal sections, and have the potential to be a great tool 

to investigate how we can modulate the gut microbiome thus ensuring intestinal health. 

ALTERNATIVE APPROACHES TO DRUGS 

The banning of caged systems in Europe, as well as in some states in the United States can 

illustrate how consumer behavior can influence poultry production. One of most obvious 

consequence of these changes seen in the past 10 years is the increase in prevalence of helminths 

(24,58).  Nutritional alternatives are being investigated and have been potential improvements on 

gut health by interfering on the microbiota population, improving the intestinal barrier, and 
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modulating the immune system. Some examples of these strategies are probiotics, prebiotics, 

organic acids, essential oils, and natural phytochemical extracts in poultry diets (96,97). 

a. Prebiotics and Probiotics 

Probiotics are microbes fed to animals in order to promote gut health. The most common 

probiotics are Bacillus, Lactobacillus, Enterococcus and Bifidobacterium (77,98). These bacteria 

can reduce the colonization of pathogenic bacteria by competitive exclusion, modulating gut-

associated immune cells and macrophages or producing bacteriocins. The can also generate toxic 

microbial fermentation products that reduces harmful bacteria viability in the gut such as volatile 

fatty acids, ethanol, and organic acids (99–101). 

Prebiotics can modulate the gut microbiota by stimulating the beneficial bacteria. 

Examples of prebiotics are inulin, fructo-oligosaccharides (FOS), mannan-oligosaccharides 

(MOS), and xylo-oligosaccharides (102–104). There are also products called symbiotics which are 

a combination of prebiotics and probiotics. The symbiotics are a combination of a prebiotic and a 

probiotic. They are known to bring more benefits to birds than the two products alone since the 

use of them together can increase the chances of the probiotic’s survival and modulate the gut 

microbiota composition (105,106). 

b. Essential oils  

Essential oils such as oregano, carvacrol, thymol, and cinnamaldehyde are another 

alternative for antimicrobial drugs. They can stimulate immune cells and promote upregulation of 

cytokines such as INF-gamma and IL-6 which might help birds challenged with Eimeria tenella, 

for example (107).  It is also common to find blends of organic acids such as benzoic and essential 

oils that have been proven to improve feed conversion ratio and carcass yield (108,109).  
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c. Plant extracts 

Plant-based extracts are potential alternatives to drugs and have been used for years in 

human medicine for the control of not only parasites but also fever, liver disease and cancer (110–

113). These plant extracts have a diversity of compounds with anti-inflammatory properties, but 

the mechanisms of action of most of them are still being characterized and studies that focus on 

host-microbe interaction are needed (114). More specifically in this work, two phytogenics 

commonly used by backyard producers with the potential to be used against Ascaridia galli were 

tested: Artemisia absinthium and Pumpkin seeds.  

i. Artemisia absinthium 

Artemisia absinthium is an herb that has cut-out gray leaves and a remarkably bitter taste. 

There are reports of its use as a medicinal plant, more specifically as an antihelminth, dated around 

3500 B.C. in Egypt. Because of that, Artemisia’s commercially used name is wormwood (115). 

 Many Artemisia spp. have shown potential to be used against a number of different 

parasites such as malaria (116,117) and Eimeria in chickens and Heterakis gallinarum in turkey 

poults. Birds infected with Eimeria and treated with Artemisia afra had similar feed conversion to 

birds treated with toltrazuril (118) while chickens treated with Artemisia annua powder had 

significant reduction on oocysts shedding and lesion score compared to the control group (119).  

A crude aqueous extract of Artemisia herba-alba was compared to albendazole against Heterakis 

gallinarum infecting turkeys and showed no statistical differences in the reduction of egg output 

and worm burden (120). 

The efficiency of Artemisia absinthium as an alternative treatment can be variable and, 

since it is a natural product, there are a lot of variables that can contribute to the different results. 

An investigation of the direct effect of aqueous and ethanolic extracts of wormwood in vitro in 
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adult worms showed significant paralysis and death caused by both extracts and, when these 

extracts were orally administrated (2.0 g kg−1 body weight) to small ruminants, there was a 

significant reduction on egg shedding that was also similar to the albendazole treated group (121). 

On the other hand, Mravčáková et al. (2020) found different results against the same worm in 

lambs. When evaluating the effect of wormwood, mallow, and a mix, they found an in vitro 

antihelminth effect demonstrated by the reduction on egg hatchability. However, this strong 

anthelmintic effect was not fully confirmed in vivo (122). 

Artemisia absinthium can also have a synergic effect with other feed additives increasing 

animal performance. A study concluded that an inclusion of 4.5% with 0.60% of exogenous 

fibrolytic enzymes can contribute to better nutrient digestibility and feed intake which resulted in 

lower cost of wool production (123). 

Artemisia absinthium has compounds that have been correlated with anti-helminth 

activities. These are terpenes, limonene, myrcene, α and β thujone, the sesquiterpenes, 

caryophellene, sabinyl acetate, chrysanthenyl and tannis (113,124). The mechanism of action of 

most of these compounds are still being characterized and, because of that, both in vitro and in 

vivo studies are needed for better understanding. What is known is that artemisia has an immuno-

modulatory effect and can reduce proinflammatory mediators’ expression and activating CD40 

expression on dendritic cells (DCs) in mice (125). Likewise, there are in vitro studies showing that 

α and β thujone can potentially decrease juvenile (L3) larval motility and development of eggs 

against Haemonchus contortus. 

One concern regarding A. absinthium is that it can be toxic if administered during long 

periods of time because of the presence of thujones or in higher doses (126). Some of the symptoms 

of intoxication include central nervous system disorders, hallucinations, vomiting and dizziness 
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(127). The mechanism behind neurological symptoms is due to the antagonism between thujone 

and the Gamma-aminobutyric acid (GABAA) receptor which can trigger an epileptic-like 

convulsion (128). 

The effect of A. absinthium was tested along with another eight plant extracts against 

Ascaridia galli eggs in vitro. These methanolic extracts were compared to flubendazole. Although 

the flubendazole group was the one with the best results, all extracts significantly reduced the 

embryonic development when compared to the control group (129). 

ii. Pumpkin seed 

Pumpkins (Cucurbita maxima) are part of the family Cucurbitaceae. Pumpkin products 

stand out as they are used worldwide as a natural vermifuge, and its seeds are known to have 

anthelmintic properties when used in humans and animals. In the literature, pumpkin seeds have 

been shown to have anthelmintic efficacy in different hosts such as ostriches and mice. At a 

concentration of 1g/kg live weight orally administered, pumpkin seed meal was shown to be 

effective in the control of a mixed infection of ostrich nematodes (Libyostrongylus douglassii, C. 

struthionis and Libyostrongylus dentatus) resulting in reduction of egg shedding (130). A study 

done in naturally infected mice with Aspiculuris tetraptera compared water and ethanol extract of 

pumpkin seeds orally administered with ivermectin and showed a percentage of efficacy of 81, 85 

and 91% when compared with the negative control, respectively (131). 

Pumpkin seed also was effective against Heligmosoides bakeri, a human parasite, both in 

vitro and in vivo. The study compared hot water extract, cold water extract and ethanol extract and 

showed that all extracts were effective against larval stages and the ethanol extract also reduced 

egg hatchability and worm motility (132). 



30 
 

Pumpkin seeds have few active components such as flavonoids, terpenes, saponins and 

phydroxybenzoic acid that can affect the immune response, but the most studied ones are 

cucurbitine and cucurbitacin (133). In vitro studies of these substances have shown they can affect 

survival of larvae and have inhibitory properties against worm motility. The results of a study 

published in 2009 testing the anthelmintic of Curcubita pepo against Hymenolepis nana (popularly 

known as dwarf tapeworm and capable of infecting both humans and rodents) showed that 

pumpkin seed remedies not only damaged worm eggs but were also able to reduce egg shedding. 

This can potentially contribute to a reduction of contamination of the environment (134) and 

control of the parasite. Pumpkin seeds also have high levels of fiber which can affect intestinal 

motility and might assist in the expulsion of adults (135).  

Recent studies evaluated the effect of pumpkin seeds on A. galli. The results of Acorda et 

al. (2019) indicate that pumpkin seeds have moderate efficiency in the reduction of worm counts 

when compared to mebendazole (136). Another study done with native chickens naturally infected 

with a mixed infection of A. galli, Heterakis and Raillietina also showed significant reduction on 

worm burner and egg shedding numbers (137).  

A study published in 2018 with pumpkin seeds ethanolic extract was done in vitro and in 

vivo. On the former, the extract had similar effects to fenbendazole and, on the later, worms 

extracted from chickens treated with pumpkin had the same mortality rate as the ones from the 

positive control group for 48 h. The extract concentration was 2000 mg/kg while the positive 

control was 100 mg/kg of fenbendazole. The authors also pointed out that the efficacy was time 

and concentration dependent and that future studies are needed to determine optimal dosage (138). 

Alternative production systems are continuing growing which can results and increasing 

on challenges with endoparasites. In order to confirm this, studies are still needed evaluating and 



31 
 

quantifying the prevalence of parasites in all different productions. A. galli is one of these 

endoparasites and its control can be challenging with urges for a better understanding of the 

immune response as well the parasite’s impact on the intestinal microbiota, and the investigation 

of alternative treatments. 
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ABSTRACT 

The aim of this study was to evaluate and quantify the parasitological challenge in pastured poultry 

production in the state of Georgia. Over the course of 1-year, fecal samples from six turkey flocks, 

10 broiler flocks, and 13 layer flocks were collected on a pastured farm in 2-wk intervals to 

determine counts of Eimeria oocysts and nematode eggs. Average coccidia counts were 10,198 

oocysts per gram of feces (OPG) in broiler flocks, 1470 OPG in layer flocks, and 695 OPG in 

turkey flocks. The means in broiler and turkey flocks were higher at their first week on pasture. 

Counts in broilers and layers were significantly higher in spring than in winter and summer. 

Coccidia counts in broilers were lower than published numbers in conventionally reared poultry, 

indicating the rotation system of the pastures might effectively reduce the infection pressure. Next-

generation sequencing of PCR products showed the presence of most described Eimeria spp. in 
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broilers, layers, and turkeys. In addition, operational taxonomic units (OTUs) x, y, and z were 

found. The frequency of species was similar for broilers and layers, with the exception that Eimeria 

praecox and OTU z were more common in layers. In layer flocks, the average count of roundworm 

eggs per gram of feces (EPG) was 509 EPG with 80% of the samples being positive. The mean 

counts had no clear pattern related to age. There was an increase of EPG with the increase of 

temperatures during spring and summer with the peak at midfall. Worm eggs from laying hens 

were identified as Ascaridia galli. The seasonal differences suggest that higher temperatures might 

result in an increase of egg survival and sporulation in the environment. 

Key words: Epidemiology; organic production; chickens; coccidia; diagnosis 

Abbreviations: COI = cytochrome oxidase I; EPG = eggs per gram; NCBI = National Center for 

Biotechnology Information; NGS = next generation sequencing; OPG = oocyst per gram; OTU = 

operational taxonomic unit. 

INTRODUCTION 

There is an increasing market demand for poultry meat and eggs that are produced in 

alternative and sustainable systems. These systems claim to be better for the environment, i.e., to 

be more sustainable and to provide better animal welfare since they allow the birds to exercise 

natural behavior, such as scratching and foraging for feed on the ground (1). However, one 

downside of this type of rearing is that the birds come into contact with their excreta, which 

increases their chances of getting infected with endoparasites such as coccidia and roundworms 

(2). In addition, treatment and prophylaxis of parasitic diseases in organic flocks with conventional 

drugs is not permissible (3), making parasitic infections a potential problem. 

Eimeria spp., commonly referred to as coccidia, have a life cycle that is completed without 

intermediate hosts, and the birds get infected by ingesting oocysts that were shed in feces (4). They 



55 
 

are the causative agents of coccidiosis and frequently infect broilers and turkeys in commercial 

flocks (4,5). This disease has a major impact on the cost of production of broilers (6). Usually, 

coccidia are not a concern in layers flocks since conventional systems raise these animals in cages, 

separated from their droppings. 

Helminthic parasites, such as Ascaridia and Heterakis, are commonly found in alternative 

systems in the production of chickens and turkeys (7,8,9,10,11). They infect the gastrointestinal 

tract of poultry species, can decrease egg production, and negatively affect animal welfare by 

partially or totally obstructing the lumen (12). Severity of infection can be correlated with 

increased mortality, and it is not rare to find birds infected with more than one worm species (13). 

Eggs of roundworms shed in feces are tenacious in the environment, and birds are infected after 

oral intake (14). 

Pastured systems are a type of alternative system that may provide the animals with mobile 

houses moved every 2 or 3 days to a new patch on the pasture to avoid overgrazing of the pasture, 

thus assisting in the recovery of the vegetation. While these systems offer little or no biosecurity, 

the often-lower stocking density and the frequent change of location can reduce the concentration 

of feces on the ground and consequently decrease the infection pressure for some diseases (14). 

Yet these systems are rare compared to conventional production in the United States, and there is 

little literature evaluating and quantifying the prevalence of parasites in pastured production. The 

aim of the project was to systematically investigate the occurrence of coccidia and nematodes in 

broilers, layers, and turkeys in this type of system. 
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MATERIALS AND METHODS 

Farm. Turkeys of various genetic lines and Royal Red and Robust White broilers are 

brooded until at least 4 weeks of age in heated rooms with outdoor access. When exactly birds are 

moved to pasture depends on the weather. Hyline Brown layer pullets are acquired close to the 

onset of egg production at around 17 weeks of age. Some broiler flocks are kept together with 

guineafowl (Numida meleagris). On pasture, birds are provided with mobile structures for shelter 

and nest boxes for the laying hen flocks. Flocks and structures are moved to a new area twice a 

week. The pasture fields are covered with a mix of forages. Typically, after a flock is moved from 

one pasture area, the area can be used to raise other species such as cattle, sheep, or pig, but no 

poultry for at least 1 yr. In addition to forage, animals are fed a formulated mash diet without 

anticoccidials and have access to grit. Broilers are slaughtered at 10 to 12 weeks of age with an 

approximate weight of 3.6 kg; turkeys are harvested at 21 to 23 weeks of age with an approximate 

weight of 14 kg. Layers are kept to an age of 18 mo. Birds are not vaccinated against coccidiosis. 

Sample collection and parasitological investigation. A total of eight broiler flocks, eight 

turkey flocks, and four laying hen flocks were evaluated during the study (Fig. 3.1). Fecal samples 

were collected in Whirl-Pak bags (Whirl-Pak, Madison, WI) using plastic spoons during the 

morning at 2-wk intervals between March 2019 and March 2020. During each visit, two pooled 

fecal samples of at least 20 individual droppings each were collected per flock and stored at 4 C 

until they were processed within the next 4 days. 

Samples were mixed thoroughly in the bag; 1g of feces then was mixed with 29 ml of 

saturated sodium solution and poured through a tea strainer. The filtered suspension was loaded 

into a McMaster chamber, and parasites were counted under a microscope (15).  
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Identification of Eimeria spp. Ten coccidia positive samples from broilers, 13 samples 

from layers, and six samples from turkeys were selected for identification of Eimeria spp. using 

next-generation sequencing (NGS) of PCR amplicons as previously described (16). Briefly, 

oocysts were purified to reduce fecal contamination and concentrated (17). DNA was extracted 

from the oocysts using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany), according to the 

manufacturer’s instructions. Partial 18S rRNA and cytochrome oxidase I (COI) genes were 

amplified by nested PCR using the Q5 High-Fidelity Kit (New England Biolabs, Ipswich, MA). 

Primers to amplify the COI gene of Eimeria spp. of turkeys were modified from the published 

primers to amplify the COI gene of Eimeria spp. of chickens (Table 3.1). PCR products were 

checked by agarose gel electrophoresis and sent to the University of Illinois at Chicago DNA 

Services Facility for NGS. Sequences of coccidia from broilers and layers were analyzed by 

comparing them to reference sequences using QIME 2.0 as previously described (16). Sequences 

of coccidia from turkeys were analyzed by comparing them to reference sequences that were 

designed for this study. All clustering was performed at 97% identity for both genes. Sequences 

that had a homology of less than 97% to one of the reference sequences were compared with 

homolog sequences available from the National Center for Biotechnology Information (NCBI) 

server (http://www.ncbi.nlm.nih.gov/BLAST/) using the BLAST search algorithm (19). 

Identification of worms. Worm eggs from one positive sample from layers were used for 

experimental infection of chickens. Larvae were purified from the intestinal wall, and a fragment 

of the COI gene was amplified using primers with a broad specificity (18) and the Q5 High-Fidelity 

Kit. The PCR product was purified using the Qiaquick PCR purification kit (Qiagen) and submitted 

to the Massachusetts General Hospital DNA Core Facility for forward and reverse Sanger 

sequencing. The sequence was uploaded to GenBank (accession number MT776400). The BLAST 
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search algorithm (19) was used to compare the obtained sequence with homolog sequences 

available from the NCBI server. 

Statistical analyses. Data were analyzed as a one-way ANOVA using the GLM procedure 

of JMP software (20). The mean values were compared using Tukey’s highest significant 

difference procedure with statistical significance considered at P ≤ 0.05 unless otherwise indicated. 

RESULTS 

Detection of coccidia oocysts. Broiler flocks had the highest overall mean coccidia counts 

with 10,198 oocysts per gram of feces (OPG). The mean count in samples collected in winter 

inside brooders from one 4-wk-old flock and one 5-wk-old flock was 12,250 OPG. The mean count 

in the six flocks of the same age on pasture was 16,575 OPG. Overall, the mean count at 4 and 5 

weeks of age was 15,493 OPG with a trend toward decreasing in the following weeks (P = 0.080) 

(Fig. 3.2A). 

For layer flocks, the average coccidia count was 1470 OPG, and there were two distinct 

peaks at 23 and 27 of age with 5275 and 5875 OPG, respectively. There was no clear pattern of 

oocyst shedding related to age (Fig. 3.2B) 

For turkey flocks, the average coccidia count was 695 OPG, and there was a peak at weeks 

5 and 6 with 2950 and 2800 OPG, respectively (Fig. 3.2C). This resulted in statistical differences 

between different ages (P = 0.0345). The mean count in samples collected in brooders in winter 

from one 5-wk-old flock, two 7-wk-old flocks, and one 9-wk-old flock was 1700 OPG, while the 

average count of birds between 4 and 9 weeks raised on pasture was 1214 OPG. 

Coccidia counts in broilers and layers were significantly higher during spring with mean 

counts of 23,950 (P = 0.001) and 2195 OPGs (P = 0.010), respectively, compared to winter and 

summer. However, season did not influence coccidia counts in turkeys (Fig. 3.3). 
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Detection of roundworm eggs. Roundworm eggs were detected in all four layer flocks. 

Out of the 82 times when a layer flock was sampled, at least one of the two or three samples was 

positive 66 times, which represents 80% positivity during year of the study. The mean count of 

roundworm eggs was 509 eggs per gram (EPG) without a clear pattern with age (Fig. 3.4A). 

However, there was an increase in roundworm egg counts that followed the increase in average 

daily environmental temperatures during spring and summer with a significantly higher peak 

reaching at midfall (P = 0.001) (Fig. 3.4B). In turkeys, only one sample had 50 EPG present during 

spring at 21 weeks of age, while all broiler samples were negative for roundworm eggs. 

Identification of Eimeria spp. in chicken flocks. Ten samples from broilers and 13 

samples from layers were examined with NGS to determine Eimeria species. All seven 

unambiguously described species and operational taxonomic units (OTUs) were detected in 

broilers as well as in layers. Eimeria mitis/E. mivati, Eimeria maxima, and Eimeria acervulina 

were the most encountered species. The frequency of species was similar for broilers and layers, 

with the exception that Eimeria praecox and OTU z were more common in layers (Fig. 5). Samples 

taken at different timepoints from the same two broiler flocks and two layer flocks were included. 

The species composition in the flocks evaluated did not change significantly over time. 

The percentage of reads accounted for by the described Eimeria spp. of chickens was 

between 0 and 99% for the 18S rRNA gene and between 72% and 99% for the COI gene. Some 

sequences that had a homology of less than 97% to the reference sequences still had their highest 

homology to sequences of chicken coccidia. In other samples, reads had a high homology to 

Eimeria sp. ex Numida meleagris, Eimeria innocua, Eimeria anseris, Eimeria gazella, or Eimeria 

megabubonis. In addition, homologies to sequences of the free-living alveolates Colpodella spp. 

and uncultured organisms were common. 
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Identification of Eimeria spp. in turkey flocks. In silico evaluation of amplicon NGS for 

Eimeria spp. from turkeys based on 42 18S partial rRNA gene sequences and 19 partial COI gene 

sequences of turkey Eimeria spp. retrieved from GenBank showed the general suitability of the 

method. However, the evaluation also showed that not all species could be differentiated (data not 

shown). Eimeria meleagridis, Eimeria gallopavonis, and/or Eimeria adenoides were detected in 

four of the six samples analyzed. Other detected species were Eimeria meleagrimitis and Eimeria 

dispersa, while E. innocua was not detected (Fig. 3.6). In two samples, no sequences of turkey 

coccidia were present. 

The percentage of reads accounted for by the described Eimeria spp. of turkeys was 

between 0 and 93% for 18S rRNA gene reads and between 1% and 68% for the COI gene reads. 

Sequences with a homology of less than 97% to the reference sequences had their highest 

homology either to Eimeria spp. of other hosts, including chickens, or further related or uncultured 

parasites. For example, no coccidia sequences were detected in the samples from T2 and T6, but 

reads aligned to an uncultured alveolate clone, an uncultured apicomplexan, and uncultured fungus 

(KF219457.1) as well as Babesia sp., Filobasidium sp., and Penaeus vannamei. Some COI 

sequences had their highest homology to turkey Eimeria spp. 

Identification of roundworms. Adult worms found in chickens 9 wk after the 

experimental infection were morphologically identified as Ascaridia galli. The COI sequence 

obtained from larvae had a homology of 98%–100% to A. galli sequences. 

DISCUSSION 

Coccidia shedding. For context, the oocysts count in broilers, layers, and turkeys need to 

be compared with counts in conventional systems. Haug et al. (21) were able to identify that 42.1% 

of broilers flocks investigated had more than 50,000 OPG with an average of 31,879 OPGs, which 
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is approximately three times higher than the counts in this study. Jenkins et al. (12) reported counts 

mostly below 20,000 OPG with peaks of more than 100,000 OPG. Borgonovo et al. (22) reported 

counts mostly below 10,000 OPG with a maximum of 68,000 OPG. 

There are no published numbers of coccidia counts in commercial layers in the last 50 yr, 

and only one more than 40-yr-old publication quantifying coccidia oocysts in turkey flocks. A 

survey done in four turkey farms had peak oocysts counts higher than 9000, reaching numbers 

close to 40,000 in litter samples of 4-to-6-wk-old flocks (23). 

The counts of coccidia observed in broilers were lower than previously published numbers 

(12,21,22), even though flocks evaluated in this study did not receive feed anticoccidials. Coccidia 

counts were higher in younger birds in brooders, due to the lack of rotation and possibly a faster 

sporulation of oocysts. In addition, the rotation system of the pastures might effectively reduce the 

infection pressure. The lower counts observed in older birds were likely due to developed 

immunity against Eimeria sp. (4). 

The higher counts in spring compared to winter and summer suggest that coccidia might 

be sensitive to high and low environmental temperatures. There were no seasonal differences seen 

in coccidia recovery from turkey flocks. This might be related to turkeys’ lower susceptibility to 

Eimeria sp., resulting in generally lower oocyst counts that are less affected by the infection dose. 

Worms shedding and identification. Ascaridia galli are the most common worms found 

in conventionally reared laying hens (24). Worm eggs counts were similar to published numbers 

on free-range layer flocks. While this study had a mean of 509 EPG, Thapa et al. (25) reported a 

mean of 576 EPG in all investigated organic layer flocks and 808 EPGs on farms with pasture 

rotation systems in a prevalence study of helminth infection in organic production across Europe. 

Interestingly, there was no statistical difference in the egg counts between free-range farms with 
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or without rotation systems in the cited study. On the other hand, another study with free-range 

birds reported an average of 41.8 EPG in mobile system type and 41.4 EPG in all free-range birds 

(26). The tenfold difference between the results reported by Thapa et al. (25), this study, and results 

reported by Sherwin (26) might be related to different counting methods. In Thapa et al. (25) and 

in this study, a McMaster chamber was used, while Sherwin et al. (26) used a FLOTAC device. 

The A. galli data suggest that this parasite is a challenge mainly in older birds, as it was 

consistently observed in layer flocks with only one positive sample of roundworm eggs in one 

turkey flock. 

Embryonation of A. galli eggs in the environment requires between 14 to 30 days, and egg 

shedding will start after 5 to 6 weeks after the infection (27). Consequently, if the peak of EPGs 

happened in midfall, birds were likely infected 7 to 10 weeks earlier. Therefore, the seasonal 

difference suggests that higher temperatures in summer might result in an increase of egg survival 

and embryonation in the environment. 

Eggs of other chicken helminths such as Heterakis, Raillietina, Trichostrongylus, and 

Syngamus were not observed, even though it is common to find more than one type of helminthic 

species in alternative production systems (24,25). Possible reasons are that critical intermediate 

hosts were lacking or that other parasites were present but not detected. Since coccidia were our 

primary target, flotation was used and flotation might not be the most suitable method for 

tapeworm or trematode eggs. Moreover, only one sample with roundworm eggs was tested by 

experimental infection. Presence of Heterakis in other samples cannot be excluded, because both 

worms have eggs with similar morphology, and the sampling process included cecal droppings as 

well.  
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Identification of Eimeria spp. in chicken flocks. The identification of Eimeria spp. will 

help to choose control and preventive measures such as vaccine selection. It is common to see 

birds infected with more than one Eimeria spp. (12,21). Eimeria acervulina, E. maxima, Eimeria 

tenella, E. mitis, and E. mivati, which we detected frequently in this study, are commonly present 

in conventionally reared broilers, while Eimerica brunetti and Eimerica necatrix are more 

commonly present in older birds (12,21). However, the latter two species were rare even in layers. 

The parasitological profiles of broilers and layers differed as E. praecox and OTU z were more 

common in layers. The reasons are unclear; E. praecox is usually regarded as more common in 

younger birds, while there is no information about the epidemiology of OTU z. 

Detection of sequences with a homology of less than 97% to the reference sequences, but 

with their highest homology to sequences of chicken coccidia, indicate a large heterogeneity within 

the species or even the presence of yet undescribed species. In addition, the presence of Eimeria 

spp. from other hosts are the consequence of cross-contamination between animals of different 

species and reflects the limited biosecurity in pastured systems. 

Identification of Eimeria spp. in turkey flocks. Our findings are similar to a study in 

commercial turkey flocks in Canada in which the most common species were E. meleagrimitis 

followed by E. gallopavonis and E. meleagridis, while the species that was the least isolated was 

E. dispersa (28). 

Our method is not able to distinguish E. meleagridis, E. gallopavonis, and E. adenoides by 

their partial 18S rRNA gene sequence. While the partial COI gene product is supposed to 

differentiate E. gallopavonis from E. meleagridis or E. adenoidis, E. gallopavonis was found only 

in samples in which NGS of the partial COI gene showed presence of E. adenoides and/or E. 

meleagridis. The difficulties in differentiating these three species were not a surprise since other 
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authors believe that E. adenoeides is most probably identical to either E. meleagridis or E. 

gallopavonis (4). Moreover, these species are found in the same locations in the gastrointestinal 

track, and their oocysts have similar shapes and sizes (29). While the agreement of the 18S and 

adapted COI genes in the majority of the samples gives confidence in the results, it is also clear 

that the method needs to be thoroughly validated for turkey coccidia with known strains, and that 

other regions of the 18S rRNA gene might be more suitable. 

In conclusion, this study was able to identify and quantify the prevalence of coccidia and 

nematodes in broilers, turkeys, and layers raised on a pastured farm in Georgia. Moreover, seasonal 

differences suggest that environmental conditions might influence the cycle of Eimeria species 

and A. galli. Further research is needed to better understand the dynamic of these parasites in this 

type of production system and to evaluate potential prevention methods. 
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Table 3.1. Primers used to identify Eimeria spp. and roundworms. 

 

Target species and gene Direction Primer sequence Reference 

Eimeria spp. of chickens, 

COI gene (outer primers) 

Forward ACA ATA GCT GTH YTA GGT GTW 

ACA 

16 

Reverse CTA CTC CTG TRG TAC CHC CW 16 

Eimeria spp. of chickens, 

COI gene (inner primers) 

Forward ACA CTG ACG ACA TGG TTC TAC 

AGC TGC HTT TAA YGG TGA YCC 

16 

Reverse TAC GGT AGC AGA GAC TTG GTC 

TTT TCT ARR CCW ACD GTC ATC 

16 

Eimeria spp. of turkeys, 

COI gene (outer primers) 

Forward ACA ATH GCT GTH YTA GGT GTH 

ACM 

This study 

Reverse CTA CHC CAG TAG TAC CWC CW This study 

Eimeria spp. of turkeys, 

COI gene (inner primers) 

Forward ACA CTG ACG ACA TGG TTC TAC 

AGC CGC WTT YAA YGG TGA TCC 

This study 

Reverse TAC GGT AGC AGA GAC TTG GTC 

TTT TCT ARR CCH ACT GTC ATC 

This study 

Eimeria spp., 18S rRNA 

gene (outer primers) 

Forward CGG GTA ACG GGG AAT TAG GG 16 

Reverse TAC GAA TGC CCC CAA CTG TC 16 

Eimeria spp., 18S rRNA 

gene (inner primers) 

Forward ACA CTG ACG ACA TGG TTC TAC 

AAT TGG AGG GCA AGT CTG GTG 

16 

Reverse TAC GGT AGC AGA GAC TTG GTC 

TTG CTG CAG TAT TCA GGG CRA 

16 

Ascaridia spp., COI gene Forward ATT ATT ACT GCT CAT GCT ATT 

TTG ATG 

18 

Reverse CAA AAC AAA TGT TGA TAA ATC 

AAA GG 

18 
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Figure 3.1. Sampling periods and ages of broiler (B1–B8), layer (L1–L4), and turkey (T1–T8) flocks included in the study. 

 

  

Dec. March

Age sampled 

(weeks)

B1 4

B2 4-8

B3 4-12

B4 4-12

B5 5-11

B6 4-8

B7 5

B8 5-7

L1 44-84

L2 19-66

L3 21-66

L4 16-43

T1 4-10

T2 17-21

T3 12-16

T4 6-20

T5 7-19

T6 8-20

T7 7-13

T8 5-15

AugustMarch April May June July September October November January February
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Figure 3.2. Mean counts of coccidia oocysts per gram (OPG) in feces of broiler (A), layer (B), and turkey (C) flocks organized 

according to age of the birds. Error bars show the standard error. 

                                        A                                                                 B                                                                   C 
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Figure 3.3. Mean counts of coccidia oocysts per gram (OPG) in feces of broiler (A), layer (B), and turkey (C) flocks in each season. 

Error bars show the standard error. 

 

   

 

 

 

    

                                       A                                                                 B                                                                   C 
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Figure 3.4. Mean counts of roundworm eggs per gram (EPG) in feces of layers organized 

according to bird’s week of age (A) and for each season (B). Error bars show the standard error. 
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Figure 3.5. Eimeria spp. identified by next-generation sequencing of partial COI and 18S rRNA genes in fecal samples from four 

broiler flocks (B1–B4) and layer flocks (L1–L4). Several samples of flocks B3 and B4 taken at different time points were included. EA: 

Eimeria acervulina; EB: Eimeria brunetti; EMax: Eimeria maxima; EMit: Eimeria mitis; EMiv: Eimeria mivati; EN: Eimeria necatrix; 

ET: Eimeria tenella; Eprae: Eimeria praecox; +: detected; −: not detected, na: no amplicon obtained. Sequencing this part of the 18S 

rRNA gene cannot distinguish between ET and EN. Sequencing this part of the COI gene cannot distinguish between EMit and EMiv. 
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Figure 3.6. Eimeria spp. identified by next-generation sequencing of partial COI and 18S rRNA genes in fecal samples from four 

turkey flocks (T1–T6). Several samples of flocks T1 and T5 taken at different time points were included. EA: Eimeria adenoides; EG: 

Eimeria gallopavonis; EM: Eimeria meleagridis; +: detected; −: not detected, na: no amplicon obtained. Sequencing this part of the 18S 

rRNA gene cannot distinguish between EA, EG, and EM. Sequencing this part of the COI gene cannot distinguish between EA and AM. 

 

  

Flock 

EM, EA, 

EG 

EM, EA E. dispersa E. innocua E. meleagrimitis E. gallopavonis 

18S COItur 18S COItur 18S COItur 18S COItur 18S COItur 

T1a + Na - na - na - na - na 

T1b + na - na - na + na - na 

T2 - na - na - na - na - na 

T5a + + - + - - + + - + 

T5b + + - - - - - + - + 

T6 - na - na - na - na - na 

Total 

positive 

6 1 0 4 2 
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ABSTRACT 

Because of the trend of cage-free egg production, infections with the nematode Ascaridia 

galli are receiving increased attention. The aim of this study was to establish a timeline for the 

influence of A. galli on the expression of key cytokines related to a parasitic immune response, 

and on the composition of the jejunal microbiota. Twenty-eight male layer- type birds were 

challenged at 24, 25, and 26 days of age. An additional 28 birds were kept as uninfected controls. 

Starting on Day 31, three birds of each group were euthanized every week until 8 wk postinfection 

(PI). The number of larvae isolated from the intestinal wall decreased over time, until no larvae 

were seen at 7 and 8 wk PI. At 5 wk PI, there was a numerical upregulation of all cytokines (TGF-

β, IFN-γ, IL-4, IL-8, IL-10, IL-13) in the infected group, but this change was only statistically 

significant for IL-13. At this time point, larvae were expected to have developed into adults that 

would have shed eggs in the feces. However, no adult worms were seen and there was no egg 
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shedding. For the microbiota analysis, there were significant differences in the alpha diversity 

(Faith’s phylogenetic diversity) between challenge and control groups, and the beta diversity 

analysis showed slight differences between samples, suggesting that the age of the birds was the 

main reason for the separation of groups. These findings suggest that the upregulation of all 

cytokines evaluated in Week 5 might be the reason for resolution of the infection. Possible 

explanations are that a high infection dose and the fact that birds were fed with a more nutritionally 

dense feed might have contributed to the birds’ immune system clearing the infection before the 

worms were able to reach maturity. 

Key words: Nematodes, roundworms, cytokine expression, microbiota, layers, immunology 

Abbreviations: bp = base pair; NCBI = National Center for Biotechnology Information; PI = post 

infection 

INTRODUCTION 

Ascaridia galli is an intestinal roundworm of chickens that affects the jejunum and can 

decrease egg production and negatively affect animal welfare. The worm also produces toxins that 

reduce the capacity of the animal to absorb nutrients (Vasilev et al., according to Gauly et al. [1]). 

The severity of infection can be correlated with increased mortality (2). The parasite’s life cycle is 

direct, and birds are infected by the ingestion of fecal matter with embryonated eggs containing 

L2 larvae. After ingestion, the eggs release the larvae, which will migrate and penetrate the mucosa 

of the jejunum and settle while developing into adults. This histotrophic phase can last up to 7 wk. 

Adults are free in the lumen and can be found from 4 wk. post infection (PI) on. Egg shedding is 

expected to start 5 wk. PI. These eggs contain first-stage larvae that need to mature within the egg 

for 14–30 days in the environment (3). 
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Helminth infections are known to induce TH2 helper cell–based cytokine responses in 

mammals (4) and birds (5). This can manifest itself in an upregulation of IL-13 and IL-4, as well 

as influence the expression of other cytokines related to immune modulation, such as IL-10 (6). 

Ascaridia galli can also have a negative effect on the jejunal microbiota, decreasing the 

microbiota diversity (7) and making birds more susceptible to infections with bacterial pathogens 

such as Escherichia coli and Pasteurella multocida (8,9). 

A better understanding of the immune response to early stages of infections as well as its 

impact on the intestinal microbiota will be useful to develop alternative prophylactic methods and 

assess their efficacy. The aim for this study was to establish a timeline of how A. galli changes the 

expression of key cytokines related to a parasitic immune response and the composition of the 

jejunal microbiota early after infection. 

MATERIALS AND METHODS 

Preparation of the inoculum. Worm eggs from a naturally infected layer flock were 

purified using a process similar to Tarbiat et al. (10). Briefly, the feces were flushed with tap water 

through sieves with pore sizes of 212, 90, and 38 m. Five milliliters of retained material in the 

last sieve were added to 45 ml of saturated sodium chloride. The suspension was centrifuged (420 

× g, 5 min) and the supernatant was flushed with tap water through a 38-m sieve. The material 

retained containing the eggs was finally suspended with distilled water at a concentration between 

200 and 250 eggs/ml. These eggs were embryonated for 20 days at room temperature with frequent 

aeration, after which the embryonation rate was about 72%. For the challenge, the concentration 

was adjusted to 500 embryonated eggs/dose. 

Birds and experimental design. Fifty-six male layer type birds were purchased as 1-day-

old chicks from a commercial hatchery (Ideal Poultry, Cameron, TX) and placed into eight battery 
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cages with seven birds each. Birds were fed with a standard broiler starter diet during the entire 

experiment. Birds in four cages were challenged by oral gavage with 500 embryonated A. galli 

eggs when 24, 25, and 26 days old. Starting on Day 31 of age, that is, 1 week PI, three birds of 

each group were euthanized (six birds per time point) every week. Eight weeks PI, all remaining 

birds were euthanized and sampled. Animal care and experimental procedures were performed in 

compliance with all federal and institutional animal use guidelines and approved by the Auburn 

University Institutional Animal Care and Use Committee (PRN 2019–3449). 

Sampling. Birds were euthanized using carbon dioxide followed by cervical dislocation. 

The gastrointestinal tract was removed, and the jejunum was isolated. The jejunum was opened in 

a longitudinal direction. The contents were first inspected for presence of adult worms. 

Approximately 10 cm upstream of Meckel’s diverticulum, 1 g of jejunal wall was collected and 

stored for 24 hr. in RNAlater (Qiagen, Hilden, Germany) at 4 C. After that, RNAlater was 

discarded, and the sample was stored at −80 C for determination of the relative gene expression. 

All jejunal content was carefully collected using plastic spoons in order to minimize 

contamination with chicken DNA. This content was immediately placed on ice and then stored at 

−80 C for microbiome analysis. The rest of the wall was used for larval recovery right after the 

sample collection. 

Larval recovery from the intestinal content and wall. Larvae were recovered after 

pepsin–HCl digestion method as described by Ferdushy et al. (11). Digestion buffer was prepared 

by mixing 1 L of 42 C tap water, 10 ml of HCl (37%) and 10 ml of a 1:10,000 pepsin solution 

(VWR, Radnor, PA). The jejunal wall was cut into small pieces of 0.5 cm and digested with 200 

ml digestion buffer under constant stirring of 250 rpm at 38 C for 90 min or until full digestion of 

the tissue. After the digestion, the liquid was poured through 180- and a 25-m sieve. The larvae 
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retained in the 25-m sieve were washed with tap water and stored in 70% ethanol until counting 

under a stereo microscope. To confirm infection, DNA from larvae recovered 1 wk PI was isolated, 

and a 533–base pair (bp) fragment of the COI gene was amplified using the Q5 High-Fidelity Kit 

(Qiagen). The PCR product was purified using the Qiaquick PCR purification kit (Qiagen) and 

submitted to the Massachusetts General Hospital DNA Core Facility for forward and reverse 

Sanger sequencing. The BLAST search algorithm (12) was used to compare the obtained sequence 

with homolog sequences available from the National Center for Biotechnology Information 

(NCBI) database. 

Fecal egg count. Starting 3 wk PI, around 20 g of feces per cage were collected weekly 

and investigated for A. galli eggs. The parasitological exam was done using 1 g of the homogenized 

feces and 29 ml of saturated sodium chloride solution that were poured through a strainer. A 

McMaster chamber was used for the evaluation of the filtrated suspension under the microscope. 

Relative gene expression. RNA was extracted from 15 mg jejunal wall with the Qiagen 

RNeasy kit (Qiagen) according to the manufacturer’s instructions. DNA was digested on the 

column during RNA extraction with the QIAGEN RNase-Free DNase Set (Qiagen). Total RNA 

was transcribed into cDNA using the Lunascript kit (New England Biolabs, Ipswich, MA). The 

cDNA was diluted 1:3 in RNAse-free water, and partial TGF-β, IFN-γ, IL-4, IL-8, IL-10, IL-13, 

GAPDH, and HMBS genes were amplified in duplicates by qPCR using the Fast SYBR Green 

Master Mix (Qiagen). Cycling parameters consisted of an initial 10 min at 95 C denaturation cycle; 

40 cycles of denaturation for 30 sec at 95 C, annealing for 1 min at 60 C and extension at 72 C for 

30 sec. Specificity of PCR products was confirmed by melting curve analysis. Primers and their 

efficiencies are listed in Table 1. 
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To obtain primer efficiencies a standard curve was calculated for each gene with a twofold 

dilution. The gene expression was calculated relative to the expression of two housekeeping genes 

(GAPDH and HMBS) and the average of the uninfected birds as calibrator as described by 

Vandesompele et al. (13) and Hellemans et al. (14). 

Microbiome analyzes. DNA was extracted from 200 l jejunal content using the QIAamp 

DNA Stool Mini Kit (Qiagen) following the manufacturer’s instructions. Between 400 and 450 bp 

of the bacterial 16S rRNA gene were amplified by PCR using primers 515F with linker CS1and 

926R with CS2 (15) using the Taq PCR Master Mix Kit (Qiagen) as described by Hamilton et al. 

(16). PCR products were checked by agarose gel electrophoresis and submitted to the University 

of Illinois at Chicago DNA Services Facility for next-generation amplicon sequencing on the 

Illumina MiSeq. The raw reads were deposited into the NCBI Sequence Read Archive (SRA) 

database (accession number: PRJNA830517). 

For analysis, the metadata file was validated by KEEMEI (17) and demultiplexed paired- 

end sequence reads were imported into QIIME2 2021.4 (18). Dada2 was used for primer trimming, 

truncating the sequences at 240 bp forward 235 bp reverse and denoising. Relative abundance 

tables were obtained using Silva database (19) after training the classifiers with the sequences. 

Alpha diversity was measured by Faith’s phylogenetic diversity metric, Shannon entropy, and 

Pielou’s evenness. Beta diversity was determined by Bray-Curtis dissimilarity, Jaccard similarity 

index, weighted unnormalized UniFrac, and unweighted UniFrac. Principal component analysis 

was used to visualize differences. 

Statistical analysis. Normality was checked by Shapiro’s test and frequency histograms. 

Relative gene expression values were log2 transformed and analyzed by two-way ANOVA with 

time and treatment (challenged and nonchallenged) as factors using R (20). The mean values were 
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compared using Tukey’s honestly significant difference test. In addition, one-way ANOVA was 

used for each time point in order to identify differences between treatments. Relative abundance 

of taxa was compared by Kruskal-Walli’s test, as data were not normal. The other differences 

between time points and treatments in the microbiome were analyzed using QIIME2. For the alpha 

diversity metrics: Faith’s phylogenetic diversity was analyzed with a two-way ANOVA, and 

Shannon entropy and Pielou’s evenness were compared by Kruskal-Walli’s test. For the beta 

diversity metrics: Jaccard index and weighted unnormalized UniFrac were analyzed using 

PERMANOVA, and unweighted UniFrac and Bray-Curtis were analyzed using the Adonis test. P 

≤ 0.05 was considered statistically significant and 0.05 < P < 0.10 indicated trends. 

RESULTS AND DISCUSSION 

Larval recovery from the intestinal wall and fecal egg count. One week PI, the average 

number of larvae recovered from the jejunal wall was highest with 38.6 larvae per bird. The 

number decreased in the second week PI to 14.2 larvae per bird and remained at a similar level 

until the fourth week PI. During this time, all samples were positive for A. galli larvae. The last 

time point when all samples containing larvae was the fifth week PI with an average number of 

7.3 per bird (Fig. 4.1). In the sixth week PI, only in one out of three samples larvae were found. 

No larvae were recovered from the control birds during the entire experiment. The gradual 

decrease of the larval counts in the infected group are not surprising because, after infection with 

A. galli eggs, larvae take about 5 wk to develop into adult worms and can be found in the jejunal 

wall for up to 7 wk. The gradual reduction of the number of larvae over time had already been 

observed in other studies (21). However, there was no egg shedding in feces during the experiment, 

and adult worms were not observed until the end of the experiment, which suggested that initially 

the infection was established, but the development of the worms was interrupted. 
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Relative gene expression. The relative gene expression of the cytokines is shown in Fig. 

4.2. Two-way ANOVA showed that expression levels differed significantly between treatments 

for IL-13 and TGF-β. However, post hoc tests did not identify specific significant differences. 

Therefore, the expression levels were analyzed by one-way ANOVA for each time point. 

Expression of IL-13 was significantly upregulated in infected birds 1 wk. PI (P = 0.008), 2 wk. PI 

(P = 0.007), and 5 wk. PI (P = 0.047). Expression of TGF-β was significantly upregulated in 

infected birds 1 week PI (P = 0.028). A trend of upregulation in infected birds was observed for 

IL-13 3 wk. PI (P = 0.081) and for downregulation of IFN-γ 3 wk. PI (P = 0.086). Because there 

were some outliers and the sample size was reflecting the pilot character of the experiment with 

only three birds per group and week, there were not many statistically significant differences. 

Numerically, the main differences happened at the first and fifth week PI for all cytokines. 

At Week 1 PI, there was an upregulation of IL-8, IL-13, and TGF-β. This can be explained by the 

immune response to the larval invasion of the jejunal wall that happens during the first week PI. 

As a result, there was an upregulation of proinflammatory cytokine (IL-8) and a Th2-response 

cytokine (IL-13). In addition, a regulatory cytokine (TGF-β) was upregulated. 

Helminths are known to stimulate not only the Th2 response, but they can also impact Th1 

responses by downregulating their expression, here represented by IFN-γ (8,22). This effect was 

seen 2, 3, and 4 wk. PI when expression of IL-13 was upregulated, while expression of IFN-γ was 

downregulated. The inhibition of Th1 response caused by helminths has been investigated in other 

species such as Ascaris suum, and studies suggested that proteins from these parasites could 

potentially have therapeutic applications on autoimmune diseases (23). 

The number of larvae isolated in the wall was reduced with time and no adult worms were 

detected in the jejunum. The observed abrupt response by the immune system might have been 
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caused by the infection scheme used. Although a dose of 500 embryonated eggs is not considered 

high, three repeated doses might have resulted in higher numbers of larvae that stimulated a 

stronger immune system. In addition, Ikeme et al. (24) noticed that a higher challenge dose does 

not result in higher number of larvae and adults and that this effect might be explained by 

competition between larvae for resources and space. 

Furthermore, through the entire experiment the birds were fed a broiler diet with a higher 

nutrition density than a typical layer diet. A broiler diet will have on average 22% of crude protein 

and 3100 kcal/kg of energy (25), and a diet for 6-wk-old pullets will have an average 17.5% of 

crude protein and 2900–3000 kcal/kg of energy (26). It is known that nutrition can affect the 

immune system and amino acids such as threonine, arginine, and glutamine could be potentially 

important on birds’ recovery after an injury (27). Therefore, it is likely that the high infection dose 

in conjunction with a higher than needed supply of energy and protein might have helped the 

immune system to clear the infection. After the fifth week PI, when the infection was cleared, the 

differences in the expression of cytokines between challenged and nonchallenged groups were 

reduced. 

Microbiome analyses. A total of 971,330 reads were analyzed. The most common 

bacterial phylum present in the jejunum of nonchallenged and challenged birds was Firmicutes 

representing, 56% and 57% of the relative abundance, respectively. This phylum is composed by 

orders such as Lactobacillales, Bacillales, or Clostridiales. Cyanobacteria were the second most 

abundant phylum (36% and 31.8%, respectively). Firmicutes and Cyanobacteria have been found 

among the most common phyla in the jejunum of chickens before (28,29). The significance of 

these bacteria for the chicken microbiota is unknown. In unchallenged birds, Proteobacteria 

accounted for 5% of the relative abundance. The phylum Proteobacteria include bacteria from the 
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orders Enterobacteriales, Pseudomonadales, and Betaproteobacteriales. In the challenged birds, 

the relative abundance of Proteobacteria was reduced to 3%. None of the other phyla had a relative 

abundance of more than 1% (Fig. 4.3). 

At the level order, differences between treatments were seen in the first 3 wk. when the 

challenged birds had a higher proportion of Lactobacialales and between 4 and 5 wk. PI when the 

opposite occurred, but only between 4 and 5 wk. PI, the difference between challenged and 

nonchallenged was statistically significant (P = 0.037; Fig. 4.4). After 5 wk., when the infection 

was cleared, the microbiota from both groups became more similar to each other again. According 

to Amit-Romach (30), the relative abundance of Lactobacillus spp. tends to increase with age. The 

results show the same trend of increasing Lactobacilli in the control group, but not between 4 and 

5 PI in the challenged group. Notably, the differences in the microbiota did not persist after the 

infection was cleared, unlike after infection with coccidia (16). 

Faith’s phylogenetic diversity metric measures the richness of a community and was used 

to quantify the phylogenetic alpha diversity. It showed that differences between samples were 

explained by weeks PI (P = 0.001) and by the interaction between weeks PI and treatments (P = 

0.02). Challenged animals tended to show a lower alpha diversity than unchallenged birds in 

Weeks 1 and 2, and there was a statistically significant difference between the groups in Week 2 

PI (P = 0.005). Also, there was a tendency of reduction of diversity as birds get older (Fig. 4.5). 

The ANOVA of Pielou’s evenness and Shannon diversity index of the bacterial communities 

showed no significant differences between challenged and unchallenged groups (data not shown). 

The principal component analysis based on Jaccard similarity index showed a clear 

separation of the data into two groups (Fig. 4.6). The main reason for this division was the age of 

the birds (P = 0. 002). During Weeks 1–3 PI and Weeks 6– 8 PI, birds tended to cluster together 
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irrespective of their infection status. Moreover, there was a balanced distribution of challenged 

and nonchallenged communities confirming that infection status did not influence the differences 

and similarities between communities. The unweighted UniFrac also showed statistically 

significant differences between birds of different ages (P = 0.015). A Bray-Curtis dissimilarity test 

and weighted unnormalized UniFrac showed no significant differences. 

CONCLUSIONS 

The aim for this study was to establish a timeline how A. galli changes the expression of 

key cytokines and the composition of the jejunal microbiota. Three different phases of the immune 

response were seen: Weeks 1–3 PI, when there was a moderate stimulation of the immune system 

by worm larvae; Weeks 4 and 5 PI, when the immune system showed a severe reaction that resulted 

in complete elimination of the worms; and Weeks 6 and 7 PI, when the birds had a full recovery. 

This loosely coincided with differences in the microbiota, where some differences in the relative 

abundance of Lactobacialales and in the alpha diversity between infected and noninfected birds 

were seen until Week 5 PI. 

The interaction between the immune system and the parasites seems straightforward: First, 

the infection stimulated the immune system, and in the second phase a severe immune answer 

cleared the infection. In contrast, it is open to speculation why the microbiota changed. Possible 

mechanisms are the leakage of nutrients from damaged intestinal walls as shown for coccidia or 

because of the changed immune system (31). 

The major limitation of the experiment was the small sample size on each time point, 

reflecting its character as a pilot experiment. However, it is clear that 5 wk. PI was a crucial week 

in the pathogenesis of the infection and further experiments about the interaction between host, 

parasite, and the bacterial microbiota should focus on this time point. 
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Table 4.1. Primers used to identify roundworms, cytokines, and housekeeping genes. 

 

Target 

gene 

Forward primer Reverse primer Primer 

efficiency 

Amplicon 

size (bp) 

Reference 

Nematode 

COI 

ATT ATT ACT 

GCT CAT GCT 

ATT TTG ATG 

CAA AAC AAA 

TGT TGA TAA 

ATC AAA GG 

Not 

applicable 

533 (32) 

Chicken 

IL-8 

GCA AGG TAG 

GAC GCT GGT 

AA 

GCG TCA GCT 

TCA CAT CTT 

GA 

1.01 106 (33) 

Chicken 

IL-13 

AAG GAC TAC 

GAG CCC CTC 

AT 

GCA AGA AGT 

TCC GCA GGT 

AG 

0.81 100 (33) 

Chicken 

IL-10 

AAG AGG AGC 

AAA GCC ATC 

AA 

TGG CTT TGT 

AGA TCC CGT 

TC 

0.87 73 (33) 

Chicken 

IFN-γ 

CAG ATG TAG 

CTG ACG GTG 

GA 

CAT CGA AAC 

AAT CTG GCT 

CA 

0.84 98 (33) 

Chicken 

TGF-β 

CGA CCT CGA 

CAC CGA CTA 

CT 

CCA CTT CCA 

CTG CAG ATC 

CT 

0.97 103 (33) 

Chicken 

GAPDH 

TGG AGA AAC 

CAG CCA AGT 

AT 

GCA TCA AAG 

GTG GAG GAA 

T 

1.07 145 (34) 

Chicken 

HMBS 

GAT GGA TCC 

GAT AGC CTG 

AA 

GAT GTG CTT 

AGC TCC CTT 

GC 

1.01 195 (35) 
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Figure 4.1. Average number of Ascaridia galli larvae per bird recovered by pepsin-HCl 

digestion of the jejunal wall of male layer-type birds challenged with A. galli (n = 3 per group and 

time point). 
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Figure 4.2. Relative gene expression of IL-8 (a), IL-13 (b), IFN-γ (c), TGF-β (d), and IL-10 (e) in the jejunum of male-layer-type 

birds on weeks in the jejunum 1–8 wk. PI. The gene expression was normalized by housekeeping genes (GAPDH and HMBS) and 

expressed relative to the average of the uninfected birds. Light red boxes represent birds challenged with embryonated eggs of A. galli 

while green boxes represent control birds (n = 3 per group and time point). *Indicate statistically significant differences between groups 

(P ≤ 0.05). **Indicate trends (0.05 < P < 0.10). 
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Figure 4.3. Average of the relative abundance of phyla isolated from jejunal content of male 

layer-type birds. The left column represents the control group and the right column animals 

challenged with A. galli. Three samples per group were collected weekly from Week 1 to Week 8 

PI. 
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Figure 4.4. Average of the relative abundance of bacterial orders detected in the jejunal content of male layer-type birds. Challenged 

groups where infected with A. galli. Three samples per group were collected weekly from Week 1 to Week 8 PI. 
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Figure 4.5. Faith’s phylogenetic diversity metric (alpha diversity) of jejunal microbiota in the 

jejunum content of male layer-type birds. Orange boxes represent birds challenged with 

embryonated eggs of A. galli while blue boxes represent control birds. Three samples per group 

were collected weekly from Week 1 to Week 8 PI. *Indicate statistically significant differences 

between groups (P ≤ 0.05). 
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Figure 4.6. Principal component analysis of microbiota identified in the jejunum of content of 

male layer-type birds based on the Jaccard similarity index. Stars represent birds that were 

challenged with Ascaridia galli and squares represent control birds. Time point after infection is 

indicated by color. The age of the birds indicated by the shaded areas had a significant effect on 

the b diversity. 
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V. THE EFFECT OF ALTERNATIVE TREATMENTS AGAINST ASCARIDIA 

GALLI ON NUTRIENT DIGESTIBILITY, EGG PRODUCTION AND QUALITY, GENE 

EXPRESSION OF CYTOKINES, AND JEJUNAL MICROBIOTA IN INFECTED 

LAYING HENS 

ABSTRACT 

Ascaridia galli is a nematode commonly found in chickens in cage-free production systems. The 

aim of this study was to test if Artemisia absinthium (0.02% inclusion) and pumpkin seed (1% 

inclusion) can be used as treatments and alleviate potential negative effects caused by an Ascaridia 

galli infection on egg production and quality, nutrient digestibility, intestinal microbiota, and 

cytokine gene expression. Day-old layer-type birds were raised on the floor until 12 weeks of age 

when they were moved to cages. At 16 weeks, birds were divided into 3 groups. One group was 

left untreated, while artemisia and pumpkin seed were added to the feed. At 25 weeks, 8 birds from 

each treatment were necropsied, and half of the remaining birds were challenged with 250 

embryonated A. galli eggs. Performance data was recorded daily. As soon as birds reached 50% 

of production, eggs were collected weekly for evaluation of quality. Fecal exams were conducted 

weekly to check for worm eggs. At 35 weeks, all birds were euthanized, and the jejunum was 

checked for adult worms. Digestibility analyses evaluated apparent ileal digestible energy 

(kcal/kg), crude protein (%), calcium (%) and phosphorus (%). Total RNA was extracted from 

jejunal wall for determination of expression of IL-8, INF- γ, IL-13, TGF-β4 and IL-10 genes by 

qPCR. Jejunal content was collected for investigation of the microbiota by 16S rRNA gene 

amplicon next generation sequencing. There were no differences in worm egg shedding and worm 

burden between treatments. For all nutrients, the digestibility was lower in birds challenged with 

A. galli. Birds fed with the control diet, when challenged, had lower calcium digestibility than 
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birds fed with either pumpkin or artemisia. However, there was no impact of infection status or 

treatment on egg quality and production. The jejunal microbiota of treated birds showed an 

increase on Lactobacillales. Our findings suggest none of the treatments were effective against 

Ascaridia galli at the used doses but had minor effects on alleviating the calcium digestibility 

reduction seen on challenged birds.  

Keywords: Nematodes, roundworms, laying hens, pumpkin seed, artemisia, digestibility, egg 

quality, cytokine expression, microbiota, 

INTRODUCTION 

Ascaridia galli is a nematode commonly found in chickens in cage-free production systems 

(1). Adult worms are found free in the jejunum of chickens. They can compete with the host and 

the microbiome for nutrients. Because of that, infections with A. galli can potentially result in 

decrease of bird’s performance reducing nutrient absorption and digestibility and negatively 

affecting egg production or quality (2). These parasites can also impair animal welfare by 

obstructing partially or totally the intestinal lumen (3). 

In many countries, benzimidazoles are the only drug family of which compounds are 

approved to treat nematodes in commercial flocks of layers with no withdrawal period for eggs 

(4). The lack of drug options raises concerns regarding the possibility of resistance against 

benzimidazoles (5). The need of multiple treatments on the same flock was already described on 

chicken infected with A. galli (6). Additionally, many veterinarians also reported the need of 

multiple treatments against Ascaridia dissimilis, suggesting resistant worms in turkeys (7).  

Over the last years, there has been an increase in market’s demand for cage free egg 

production systems, which have shown high prevalence of Ascaridia galli (8). Moreover, not only 

are consumers more concerned with the use of drugs on food animals, but also organic productions 
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do not have the option of using these drugs. This situation requires research evaluating alternative 

treatments. 

Two phytogenic products commonly used by backyard producers have shown potential to 

be used against other nematodes species in other hosts: Artemisia absinthium and pumpkin seed. 

Artemisia absinthium is commonly called wormwood and contains several compounds such as 

terpenes as limonene, myrcene, α and β thujone (9) that have shown anthelmintic properties. A. 

absinthium was effective in the control of Haemonchus contortus in sheep (10). Pumpkin seeds 

have a diversity of compounds with anthelmintic properties such as cucurbitacin, flavonoids, 

terpenes and saponins (11). Their potential of being used as an alternative to control nematodes 

has been shown in ostriches (12) and mice (13). 

The aim of this study was to test if Artemisia absinthium and pumpkin seed can be used as 

treatments to alleviate potential negative effects caused by an Ascaridia galli infection on egg 

production and quality, nutrient digestibility, cytokine gene expression and intestinal microbiota. 

MATERIALS AND METHODS 

Birds and experimental design 

A total of 96-one-day-old Hyline White pullets were raised on the floor until 12 weeks of 

age when they were moved to individual laying hen cages. At 16 weeks, birds were divided into 3 

groups with different treatments that were mixed in the feed. Treatments were Artemisia 

absinthium (Starwest botanicals, Sacramento, California) and pumpkin seed powder (nuts.com, 

Cranford, NJ). Artemisia inclusion was 0.02% which is similar to what is used in sheep (9). 

Pumpkin seeds inclusion was 1%. The dose is based on anecdotal evidence by small flock owners. 

One group was left untreated. As soon as birds reached 50% of egg production, eggs were 

collected weekly for evaluation of quality. At 25 weeks, 8 birds from each treatment were 
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necropsied for comparisons between groups before challenge, and half of the remaining birds 

in each treatment group was challenged by oral gavage with 250 embryonated eggs of A. galli, 

resulting in six groups (n = 12 birds per group). Fecal exams were conducted weekly to check for 

worm eggs. At 34 weeks, titanium dioxide was added (0.5%) to the feed for analysis of nutrient 

digestibility. At 35 weeks, birds were euthanized, and samples collected. Birds were fed diets 

formulated according to recommendations by the genetics’ guideline. Animal care and 

experimental procedures were performed in compliance with all federal and institutional animal 

use guidelines and approved by the Auburn University Institutional Animal Care and Use 

Committee.  

Preparation of the inoculum  

Worm eggs from a naturally infected layer flock were purified using a process similar as 

described by Collins et. al (7). Briefly, feces collected in the flock were flushed with tap water 

through sieves with pore sizes of 212, 90 and 38 µm. Five milliliters of retained material in the 

last sieve were added to 45 mL of saturated sodium chloride solution. The suspension was 

centrifuged (420 g, 5 min) and the supernatant was flushed with tap water through a 38 µm sieve. 

The material retained containing the eggs was finally suspended with tap water. Eggs were stored 

in 50 ml centrifuge tubes with 10 ml of egg suspension and 1 ml of 0.5% formalin to prevent fungal 

growth. The eggs were embryonated for 21 days at room temperature with frequent aeriation, after 

which the embryonation rate was in average 67%. For the challenge, the concentration was 

adjusted to 250 embryonated eggs/dose. 
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Sampling  

Birds were euthanized using carbon dioxide followed by cervical dislocation. The 

gastrointestinal tract was removed, and the jejunum and ileum were isolated. The jejunum was 

opened in a longitudinal direction. The content was first inspected for presence of adult worms; 

adult worms were collected in 70% alcohol. Approximately 10 cm upstream of Meckel’s 

Diverticulum, 1 g of jejunal wall was collected and snap-frozen using dry ice. Sample was stored 

at -80ºC until determination of relative gene expression. All jejunal content was carefully collected 

using plastic spoons in order to minimize contamination with chicken DNA. The content was 

immediately placed on ice and then stored at -80ºC for microbiome analysis. Ileum digesta was 

collected in pools (n=3) by squeezing out ileal contents which was latter freeze dried for 

digestibility analysis. 

Fecal egg counts 

Starting at 20 weeks of age, about 20 g of feces (n = 4/group) were collected weekly and 

investigated for A. galli eggs. One gram of the homogenized feces and 29 ml of saturated sodium 

chloride solution were poured through a strainer. A McMaster chamber was used for counting eggs 

in the filtrated suspension under a microscope.  

Nutrient analysis  

Pools of ileal digesta (n = 4/group) were collected for evaluation of digestibility of crude 

protein (CP) (%), calcium (%), phosphorus (%) and apparent ileal digestible energy (AIDE, 

kcal/kg). To determine gross energy of feed, duplicate 0.75 g samples of feed were analyzed using 

an isoperibol oxygen bomb calorimeter (model no. 6400, Parr Instruments, Moline, IA) 

standardized with benzoic acid. Titanium dioxide concentration of feed and ileal digesta was 
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determined through procedures established by Short et al. (14). Crude protein (AOAC official 

method 990.03) and minerals (modified procedure as described by Wolf et al. (15) and CEM 

Application Notes for Acid Digestion were analyzed by a commercial laboratory (Dairy One 

Forage Laboratory, Ithaca, NY). 

Apparent ileal digestibility of energy, protein, and minerals were determined using an 

equation adapted from Stein et al. (16): 

AID % = { 
AID % = {[(Nutrient/TiO2) diet − (Nutrient/ TiO2) digesta] 

(Nutrient/ TiO2) diet
} × 100 

where (Nutrient/TiO2) = ratio of protein, energy, or minerals to TiO2 in diet or ileal digesta.  

Percent gross energy digestibility values obtained from this equation were multiplied by 

the gross energy content of feed to determine apparent ileal digestible energy in units of kcal/kg 

(17). 

Egg Production and Egg Quality 

Eggs were collected, counted and the total weight per group was registered on a daily basis. 

The egg quality evaluation was done once per week in the morning with eggs collected the day 

before. For this analysis, each egg was weight and cracked. Albumen height was measured using 

a tripod micrometer (S-6428, B.C. Ames Company, USA). Next, the yolk color was analyzed using 

a Digital YolkFanTM (DSM, Ontario, Canada). After that, the egg yolk was separated from the egg 

white and weighed. The eggshells were washed with tap water and dried at room temperature for 

24 hours. On the next day, they were weight, and thickness was measured in three points along the 

equatorial area using a micrometer (B. C. Ames, Framingham, Massachusetts, USA). The final 

thickness was an average of these three measures. Egg white weight was calculated as the 
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difference between total egg weight and egg yolk plus eggshell weight. Haugh units were 

calculated using the formula: 

HU = 100 ×  log(h + 7.57) − (1.7 × W 0.37) 

where “h” is the albumen height and “w” is the weight of the egg (18).  

Relative gene expression 

Relative gene expression was determined as described (19). In brief, RNA was extracted 

from 15 mg jejunal wall with the Qiagen RNeasy kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s instructions. DNA was digested on the column during RNA extraction with the 

QIAGEN RNase-Free DNase Set (Qiagen). Total RNA was transcribed into cDNA using the 

Lunascript kit (New England Biolabs, Ipswich, MA). The cDNA was diluted 1:3 in RNAse-free 

water, and partial TGF-β, IFN-γ, IL-4, IL-8, IL10, IL13, GAPDH and HMBS genes were amplified 

in duplicates by qPCR using the Fast SYBR Green Master Mix (Qiagen). Cycling parameters 

consisted of an initial 10 min at 95 ºC denaturation cycle; 40 cycles of denaturation for 30 sec at 

95ºC, annealing for 1 min at 60 ºC and extension at 72 ºC for 30 sec. Specificity of PCR products 

was confirmed by melting curve analysis. Primers and their efficiencies are listed in Table 1. The 

gene expression was calculated relative to the expression of two housekeeping genes (GAPDH 

and HMBS) and the average of the uninfected birds as calibrator as described by Vandesompele 

et al. (20) and Hellemans et al. (21).  

Microbiome analyzes 

The jejunal microbiota were determined as described (19). In brief, DNA was extracted 

from 0.2g jejunal content using the QIAamp DNA Stool Mini Kit (Qiagen) following the 

manufacturer’s instructions. Between 400 to 450 bp of the bacterial 16S rRNA gene were 
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amplified by PCR using primers 515F with linker CS1and 926R with CS2 (22) using the Taq PCR 

Master Mix Kit (Qiagen) as described by Hamilton et al. (23). PCR products were checked by 

agarose gel electrophoresis and submitted to the University of Illinois at Chicago DNA Services 

Facility for next-generation amplicon sequencing on the Illumina MiSeq. The raw reads were 

deposited into the NCBI Sequence Read Archive (SRA) database. 

For analysis, demultiplexed paired- end sequence reads were imported into QIIME2 2022.2 

(24). Dada2 was used for primer trimming, truncating the sequences at 245 bp forward 205 bp 

reverse and denoising. Relative abundance tables were obtained using Silva database (25) after 

training the classifiers with the sequences. Alpha diversity was measured by Faith’s phylogenetic 

diversity metric, Shannon entropy and Pielou’s evenness. Beta diversity was determined by 

unweighted UniFrac and Principal Component Analysis (PCoA) was used to visualize differences. 

Statistical Analysis 

Normality was checked by Shapiro’s test and Frequency histograms. Relative gene 

expression values were log2 transformed. This as well as the digestibility of nutrients parameters 

were analyzed by two-way ANOVA for main effects treatment (control, artemisia and pumpkin), 

and infection status (challenged and non-challenged) and interactions using R (26). Mean values 

of all groups were compared by one-way ANOVA with Tukey’s honestly significant difference 

test as post-hoc test. Egg production, egg quality and relative abundance of taxa and yolk color 

were compared by Kruskal-Wallis Test since data was not normally distributed with Fisher’s least 

significant difference as Post hoc test. Other differences between infection status and treatments 

in the microbiome were analyzed using QIIME2. For the alpha diversity metrics: Faith’s 

phylogenetic diversity, Shannon entropy and Pielou’s evenness were analyzed by Kruskal-Wallis 

Test for each collection day. For beta diversity, unweighted UniFrac was analyzed using 
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PERMANOVA for each collection day. p ≤ 0.05 was considered statistically significant and 0.05 

< p < 0.10 indicated trends. 

RESULTS 

Egg shedding and worm burden 

At the time of infection until 4 weeks post infection (P.I.), Eimeria oocysts were identified 

in replicates of all groups. Shedding of worm eggs started 4 weeks post infection (P.I.) in the 

control and artemisia groups with an average of 150 and 25 eggs per gram (EPG), respectively. 

For the pumpkin seed treated group, shedding started only at 5 weeks P.I. Worm eggs were seen 

until the last day of collection for all groups as shown in Table 1. Average egg counts were 364 

EPG in the control group, 596 EPG in the artemisia group and 521 EPG in the pumpkin seed group 

with no statistical significance difference between groups. The peak egg shedding in the control 

group was observed in weeks 7 and 8 P.I. with an average of 675 EPG, in week 8 P.I. with an 

average of 2100 EPG in the artemisia group and in week 9 P.I. with an average of 2050 EPG in 

the pumpkin seed group. 

The average number of adult worms per bird at the end of the experiment was 2 for the 

control group, 5 for the artemisia group and 7 for the pumpkin seed group. Out of the 12 birds 

necropsied birds from the control or artemisia groups, 8 had adult worms while 9 out of 11 were 

positive in the pumpkin seed group. There were no statistical differences between the treatments 

regarding the worm burden. 

Nutrient analysis 

The nutrient digestibility analysis is shown in Table 3. Challenge with A. galli significantly 

affected nutrient digestibility of apparent ileal energy (p=0.0001), crude protein (p=0.013) and 
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phosphorus digestibility (p=0.041) with a reduction of 7 to 14%. In contrast, the comparison 

between diets did not show significant differences. 

Ileal digestible energy was lower in challenged birds in the control (p=0.03) and artemisia 

groups (p=0.001), while this difference was not observed in the birds consuming pumpkin seed. 

For crude protein, the digestibility differed between infected and uninfected birds only in the 

artemisia group (p=0.03). 

Calcium digestibility had a different pattern than what was seen with the other nutrients. 

Infection with A. galli did not significantly affect its digestibility, but different diets had a 

significant impact resulting in 30% lower digestibility on birds the fed control diet when compared 

to alternative treatments (p=0.016). More specifically, the comparison between challenged and 

non-challenged birds within groups showed that calcium digestibility was lower in challenged 

birds fed the control diet, but there were no differences between challenged and non-challenged 

birds that were fed with either artemisia or pumpkin seed on the concentrations used. 

Egg Production and Egg Quality 

The weekly egg production is presented in Figure 1. The control group was the first group 

to start laying eggs and maintained a slightly higher production until 23 weeks of age. There was 

a minor decrease in egg production of all groups two weeks after the challenge and again 5 weeks 

P.I. Differences between groups were not statistically significant.  

All groups that were challenged with A. galli had a numerical lower egg production as 

shown in Table 4. Birds fed with artemisia had higher egg production than the other treatments, 

but differences between groups were not statistically significant. Table 5 shows the comparison 

between challenged and non-challenged groups in each treatment for egg quality parameters. None 
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of the parameters, which includes egg weight, albumen height, Haugh units, yolk color, eggshell 

weight, and eggshell thickness, had a statistical significance difference between diets or infection 

status. 

Relative gene expression  

The comparison of the gene expression of cytokines between treatments at the day of 

infection (25 weeks of age) is shown in Figure 2. There were no statistically significant differences 

between the treatments and the control for any of the cytokines evaluated. 

The relative gene expression of the cytokines 35-week-old birds is shown in Figure 3. IL-

8 had significant differences between treatments (p=0.001). Birds fed pumpkin seed had an 

upregulation of IL-8 while the artemisia group had a downregulation of this cytokine. For the IFN-

γ, there was no difference between challenged and non-challenged animals within the treatments. 

The upregulation of IL-13 was clear in all challenged birds across different treatments and 

the differences in gene expression was explained by both infection status (p=0.043) and the 

interaction between infection status and treatment (p=0.013). Only in the artemisia groups, 

challenged birds were significantly (p=0.012) different from non-challenged.  

The expression of anti-inflammatory cytokines was the least impacted, as there were no 

differences in the expression of IL-10 in all groups. For TGF-β, there was a significant difference 

in gene expression between treatments (p=0.0498) explained by an upregulation in challenged 

birds treated with artemisia. 

Microbiome analyzes  

A total of 758,7680 reads were analyzed. The most common bacterial phylum identified in 

the jejunum of non-challenged and challenged were Firmicutes (between 94.9 and 95.5%) 
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followed by Cyanobacteria (between 4.5 and 3.6%), Proteobacteria (around 0.3%). Bacteroidetes 

was the fourth most abundance phylum in all birds, but there was a significant difference between 

infection status (p=0.009) where non-challenged birds the percentage was 0.4%, in challenged 

birds, this was reduced to 0.04% (Figure 4). 

At the order level, there were no statistically significant differences between non-

challenged and challenged groups (Figure 5). The most common orders found in the jejunum of 

birds were: Lactobacillales, chloroplasts, Clostridiales, and Rickettisiales. However, there were 

clear differences in the microbiota composition of birds fed with control diet and birds fed with 

either artemisia or pumpkin seed (Figure 4). Birds fed the alternative treatments had a lower 

proportion of chloroplasts (p=0.044) and higher proportion of Lactobacillales (p=0.064). The 

control group also had a higher proportion of Rickettisiales (p=0.025). Relative abundance of 

Clostridiales was significantly increased in older birds compared to with younger birds, especially 

in birds treated with pumpkin seed (p=0.045). 

Neither artemisia nor pumpkin seed significantly impacted the alpha diversity in week 25 

(results not shown). In week 35, neither infection status nor treatment had a significant influence 

on alpha-diversity (Figure 6). 

 The PCoA of the microbiota in week 35 based on unweighted UniFrac distance (Figure 7) 

showed that most of the birds treated with artemisia tended to cluster together and the 

PERMANOVA analysis showed that the distance between treatments was statistically significant 

(p=0.024). However, the differences between challenged and non-challenged were not significant. 

DISCUSSION 

The goal of this study was to test the impact of pumpkin seeds and Artemisia absinthium 

on potential negative effects by an Ascaridia galli infection on nutrient digestibility, egg 
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production and quality, as well as changes in cytokine gene expression and intestinal microbiota. 

To our knowledge, this is the first time that the impact of an infection with Ascaridia galli together 

with potential treatments with Artemisia absinthium and pumpkin seeds on digestibility of 

nutrients were evaluated. Calcium digestibility was the most affected with a reduction of close to 

30% in infected non-treated birds followed by phosphorus with a reduction of 12%. With such 

reductions, it is intuitive to expect that the eggshell quality would be affected as well. However, 

neither eggshell weight nor thickness was reduced.  

The significant reduction in calcium and phosphorus digestibility did not result in a 

reduction in performance. This is not the first time that no changes in egg production were 

observed after an infection with A. galli (27,28). The low numbers of adult worms present in the 

intestine by the end of trial in all treatments and lower number of worm egg shedding on feces 

indicates that this was not a severe infection. In addition, there are different mechanisms in which 

a reduction of nutrient digestibility will be compensated in order to maintain homeostasis.  

In the case of eggshell quality, a way to compensate for the reduction of the mineral 

digestibility is a recruitment of the mineral from bones (29,30). Even though at necropsy, bone 

quality was not tested, in the future, it would be interesting to evaluate if A. galli might have an 

impact on it. This is especially important considering that both alternative treatments maintained 

mineral digestibility levels.  

Although an impact on overall bird’s performance was not noticed, neither due to the 

challenge or the different treatments, it was interesting to see a minor decrease in egg production 

of the challenged groups 2 weeks after the challenge and again 5 weeks P.I. These two times 

coincide with the beginning and end of the histotrophic phase of the parasite (31). The larval 
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migration and attachment in the intestinal mucosa are known to stimulate the immune system and 

result in inflammation (32). 

The effectiveness evaluation of the treatments against A. galli infection showed that they 

were not able to affect neither the establishment of the de disease nor reduce the number of positive 

samples for worms. In fact, 81% of birds treated with pumpkin seeds and 66% birds treated either 

with artemisia or control had adult worms in the intestine. Additionally, worm egg shedding in 

both treatments had higher peak number and a higher average than the control. A possible 

explanation for this small and negative difference is due to antinutritional compounds that can be 

found in both treatments such as tannin, trypsin inhibitor and phytic acid (33,34). However, the 

absence of statistically significant differences between the alternative treatments and the control 

suggests that they can be safely used without affecting egg production or quality. 

The changes in the relative gene expression of cytokines were very subtle. This can be 

explained due to the fact that the adults are free in the lumen, in contrast to the larvae that are 

attached to the mucosa, which will result in a more severe inflammation (19,32). IL-13, a Th2 

response related cytokine was the only cytokine that showed a more expressive upregulation on 

birds infected with A. galli. This agrees with previous results investigating the immune response 

against A. galli carrying larvae as well as adult worms (19,35,36).  

Another possible explanation for the very small changes on cytokine gene expression is 

that in previous studies, the sampling time points were closer to the infection (35,37). The worm 

egg count showed a peak around 7- and 8-weeks P.I. and a considerable reduction in the following 

weeks in all groups. This change could be due to an immune response that affected the adult, and, 

at 10 weeks P.I., the remaining worms found at necropsy where not enough to stimulate a strong 

immune response. 
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Alternative treatments caused a modulation of the immune system. Birds treated with 

pumpkin had a significantly higher upregulation of IL-8 a pro-inflammatory cytokine. Artemisia, 

on the other seems to have an anti-inflammatory effect causing an upregulation of TGF-β in 

infected birds. The anti-inflammatory properties of Artemisia absinthium were previously 

demonstrated by Hadi et al. 2014 using carrageenan-induced paw edema in mice (38). 

The most common bacterial phyla found in the jejunum agree to previous studies (39–41). 

The alpha diversity analysis showed that the infection status did not impact the richness or 

evenness within the communities. Our previous study showed that the larvae form of A. galli can 

affect the immune system and the microbiota. However, once the infection was cleared, these 

effects are not long lasting, and the challenged groups tended to have a similar microbiota than the 

non-challenged birds again (19). In the present study, the results suggest that, different from the 

larvae, the adults do not seem to have important effects on the intestinal microbiota, or rather that 

changes caused by the larvae are reversed once they develop into adult birds. Similar to the 

cytokine expression, testing at earlier time points might show more pronounced differences 

between the microbiota of infected and control birds. 

The main differences seen in the microbiota at 35 weeks of age were due to the treatments. 

Different from what was seen in the immune response where the gene expression of all cytokines 

was only slight changed by the treatments, both treatments altered the relative abundance of taxa 

in the jejunal microbiota as seen in the analysis of the beta-diversity.  

Lactobacillales were increased by both treatments. Lactobacillales produce acetate that is 

a source of energy for enterocytes and can increase mineral absorption and reduce attenuate 

inflammasome activation (42,43). The effect on acetate on mineral absorption could be an 

explanation of why challenged birds receiving the alternative treatments did not have a reduction 
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calcium digestibility. A study of the metabolome would be important to confirm this hypothesis. 

Clostridiales were also increased in birds treated with pumpkin seeds. Some Clostridium species, 

such as Clostridium sporogenes produce tryptamine that can improve host metabolism, improve 

mucosal barrier function as well as maintain host-microbe homeostasis (44,45). 

Finally, it is important to point out that the simplest processing of the phytogenic 

treatments, i.e., just mixing powder in the feed, was done in this study in order to simulate what 

most backyard producers do. This means that all compounds present in both treatments with a 

potential antiparasitic effect were present in lower concentrations than in extracts. This can be the 

reason why not many differences were seen in our research, but their aqueous and alcoholic 

extracts did show a potential in other hosts (10,13,46,47). Coccidiosis was detected up to four 

weeks P.I., i.e., six weeks before the end of the trial. Since this is a self-limiting disease and it was 

detected in all groups, we do not expect a distortion of the results by it. 

In conclusions neither treatment at the dosage used showed to be effective against 

Ascaridia gall. The infection did not affect egg production or egg quality during the period 

evaluate. However, the A. galli did impact on nutrient digestibility and treated birds had better 

calcium digestibility and higher relative abundance of Lactobacillales which could be the reason 

for this difference. Future studies investigating this mechanism and different doses are needed. 
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Table 5.1: Primers used to identify roundworms, cytokines, and housekeeping genes 

 

 

  

Target 

gene 
Forward primer Reverse primer 

Annealing  

temperature 

Amplicon 

 size (bp) 
Reference 

COI ATT ATT ACT GCT 

CAT GCT ATT TTG 

ATG 

CAA AAC AAA TGT 

TGA TAA ATC AAA 

GG 

50 533 (36) 

GAPDH TGG AGA AAC CAG 

CCA AGT AT 

GCA TCA AAG GTG 

GAG GAA T 

60 145 (37) 

HMBS GAT GGA TCC GAT 

AGC CTG AA 

GAT GTG CTT AGC 

TCC CTT GC 

60 195 (38) 

IL-8 GCA AGG TAG GAC 

GCT GGT AA 

GCG TCA GCT TCA 

CAT CTT GA 

60 106 (39) 

IL-13 AAG GAC TAC GAG 

CCC CTC AT 

GCA AGA AGT TCC 

GCA GGT AG 

60 100 (39) 

IL-10 AAG AGG AGC AAA 

GCC ATC AA 

TGG CTT TGT AGA 

TCC CGT TC 

60 73 (39) 

INF-γ CAG ATG TAG CTG 

ACG GTG GA 

CAT CGA AAC AAT 

CTG GCT CA 

60 98 (39) 

TGF-β CGA CCT CGA CAC 

CGA CTA CT 

CCA CTT CCA CTG 

CAG ATC CT 

60 103 (39) 
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Table 5.2: Average number of worm eggs per gram of feces in birds challenged with Ascaridia 

galli. Birds were fed either a control diet, artemisia (0.02% inclusion in feed) or pumpkin seed 

(1% inclusion in feed).  In week 25, birds were orally infected with A. galli. 

Weeks P.I. Control Artemisia Pumpkin 

4 150 25 0 

5 25 100 150 

6 125 400 300 

7 675 275 125 

8 675 2100 525 

9 525 975 2050 

10 375 300 500 

Average 364 596 521 
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Table 5 3: Nutrient digestibility. Birds were fed either a control diet, artemisia (0.02% inclusion 

in feed) or pumpkin (1% inclusion in feed).  In week 25, birds were orally infected with 

Ascaridia galli (challenged group) or distilled water (non-challenged group). Nutrient 

digestibility was determined at the end of the experiment in week 35. 

Treatment Challenge 

Apparent Ileal 

Energy 

digestibility 

(AIDE, 

kcal/kg) 

Crude 

Protein 

digestibility 

(%) 

Calcium 

digestibility 

(%) 

Phosphorus 

digestibility 

(%) 

Control No 2962A 63.66AB 57.83AB 53.38A 

Control Yes 2722B 54.23AB 20.86B 47.10A 

Artemisia No 2927A 66.64A 59.38AB 53.32A 

Artemisia Yes 2548B 51.49B 56.98AB 46.31A 

Pumpkin No 2839AB 59.06AB 46.88A 53.67A 

Pumpkin Yes 2797AB 61.76AB 63.83AB 47.27A 

SEM 33.58 1.55 4.00 1.29 

Control 2825A 58.27 A 39.34A 50.24 A 

Artemisia 2738 A 57.98 A 58.01B 49.31 A 

Pumpkin 2818 A 60.411 A 55.35 B 50.93 A 

Non-Challenged 2902A 62.71 A 54.70 A 53.48 A 

Challenged 2702 B 55.82 B 48.20 A 46.83B 

p-value 

Treatment 0.202 0.666 0.016 0.629 

Challenge 0.0001 0.013 0.157 0.041 

Interaction 0.013 0.023 0.002 0.434 

A, B Means followed by different letters are Superscripts indicate significance difference (p ≤ 

0.05) between groups. 

Means represent 4 replicates of 3 birds per replicate for each of the 6 treatments (n=3). 
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Table 5.4: Average weekly egg production (%) of treatment groups in weeks 25 to 35. Birds were 

fed either a control diet, artemisia (0.02% inclusion in feed) or pumpkin seed (1% inclusion in 

feed).  In week 25, birds were orally infected with Ascaridia galli (challenged group) or distilled 

water (non-challenged group). 

 Non-challenged Challenged 

Control 96.0 % 94.8 % 

Artemisia 97.8 % 96.7 % 

Pumpkin 96.2 % 91.4 % 
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Table 5.5: Egg quality parameters of eggs collected from birds non-challenged and challenged 

with Ascaridia galli and fed with control, artemisia (0.02% inclusion in feed) or pumpkin seed 

(1% inclusion in feed) diets. In week 25, birds were orally infected with A. galli (challenged group) 

or distilled water (non-challenged group). The experiment ended in week 35. 

 

 

  

Treatment Challenge 
Egg Weight 

(g) 

Egg Shell 

Weight (g) 

Egg Shell 

Thickness 

(mm) 

Albumen 

Height 

(mm) 

Haugh 

Units 

Yolk 

Color 

Control No 59.84 5.85 0.412 9.31 95.59 5.87 

Control Yes 59.06 5.77 0.408 9.19 95.13 5.96 

Artemisia No 57.70 5.59 0.407 8.89 94.05 5.92 

Artemisia Yes 58.76 5.81 0.413 9.31 95.82 5.78 

Pumpkin No 59.25 5.66 0.402 9.54 97.06 5.92 

Pumpkin Yes 59.03 5.78 0.411 9.21 95.40 5.89 

SEM 0.16 0.02 0.008 0.05 0.23 0.03 

Control 59.45 5.81 0.410 9.25 95.36 5.92 

Artemisia 58.24 5.70 0.410 9.11 94.95 5.85 

Pumpkin 59.14 5.72 0.407 9.38 96.23 5.91 

Non-Challenged 58.95 5.70 0.407 9.25 95.59 5.90 

Challenged 58.95 5.79 0.410 9.23 95.45 5.88 
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Figure 5.1. Weekly egg production curves (%) of non-challenged birds (green) and birds challenged with Ascaridia galli (red). At week 

25, birds were orally infected with A. galli (challenged group) or distilled water (non-challenged group). a) Birds fed the control diet, b) 

birds fed with artemisia (0.02% inclusion in feed), c) birds fed with pumpkin seed (1% inclusion in feed.
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Figure 5.2. Relative gene expression of IL-8 (a), IFN-γ (b), IL-13 (c), IL-10 (e), and TGF-β (d) in 

the jejunum of layer hens at 25 weeks. The gene expression was normalized by housekeeping 

genes (GAPDH and HMBS) and expressed relative to the average of the control birds. Grey boxes 

represent birds from the control group, blue boxes represent birds treated with artemisia (0.02% 

inclusion in the feed) and orange boxed represent bird treated with pumpkin seed (1% inclusion in 

the feed). 
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Figure 5.3. Relative gene expression of IL-8 (a), IFN-γ (b), IL-13 (c), IL-10 (e), and TGF-β (d) in 

the jejunum of layer hens at 35 weeks (10 weeks post infection). The gene expression was 

normalized by housekeeping genes (GAPDH and HMBS) and expressed relative to the average of 

the uninfected birds from the control group. Red boxes represent birds challenged with 

embryonated eggs of Ascaridia galli while green boxes represent control birds. Birds were fed a 

control diet, treated with artemisia (0.02% inclusion in the feed) or pumpkin seed (1% inclusion 

in the feed). 
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Figure 5.4. Average of the relative abundance of phyla detected in the jejunal content of layer hens at 25 (before challenge) and 35 

weeks (10 weeks post infection). Challenged and Non-Challenged samples were grouped according to treatment: control, artemisia 

(0.02%). 
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Figure 5.5. Average of the relative abundance of orders detected in the jejunal content of layer hens at 25 (before challenge) and 35 

weeks (10 weeks post infection). Challenged and Non-Challenged samples were grouped according to treatment: control, artemisia 

(0.02%) or pumpkin seed (1%). Challenged groups where infected with Ascaridia galli in week 25. 
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Figure 5.6. Pielou’s evenness test (alpha diversity) of jejunal microbiota in the jejunal content of 

layer hens. The black boxes represent 25-week-old-birds before the challenge, the pink box 

represents non-challenged birds 35 weeks, and the red box represents challenged birds with 

Ascaridia galli at 35 weeks (10 weeks post-infection). 
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Figure 5.7. Principal Component Analysis of microbiota identified in the jejunum of content of 

layer hens based on the unweighted UniFrac index. Grey shapes represent control birds, blue 

shapes represent bids fed artemisia (0.02%), and orange shapes represent birds fed pumpkin seed 

(1%). Stars represents birds that were challenged with Ascaridia galli at 35 weeks (10 weeks post-

infection) while squares represent non-challenged birds. 
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VI. CONCLUSIONS 

The first study provided information about the prevalence of parasites in an alternative 

system and suggests this environment can the affect parasite challenge. Specifically, it tested for 

coccidia oocysts and round worm eggs in broilers, layers, and turkeys during various 

seasons. Higher temperatures seemed to be favorable for the worm egg survival. The data also 

showed that the rotation of pastures seems to be effective on the control of coccidiosis given the 

fact that oocyst counts were lower than what is found in conventionally reared broilers. However, 

this was not true for roundworms.  

Not only were 80 percent of the layer samples positive for roundworms, which is 

considered a high prevalence, but also flock remained positive throughout different seasons and 

with different ages. This indicates the inefficiency of controlling roundworms by rotational 

systems and urges for other methods for controlling the disease. The next two chapters focused on 

this parasite, how it can modulate the immune system and the microbiota as well as investigated 

at alternatives that could be used on the control of such prevalent parasite. 

 Our second study investigated the immune response and changes in the intestinal 

microbiota at several time points after infection with A. galli. The observed changes were only due 

to the presence of larvae because the birds cleared the infection before the larvae developed into 

adult worms. Three different phases were seen in the immune response. First, there was a moderate 

stimulation the immune system in the very earlier stages of the worm’s life cycle due to larval 

tissue invasion. Second, an upregulation of all evaluated cytokines was seen when the larvae as 

expected to develop into adults, which did not happen. This is most likely due to the immune 

response by the hens. Lastly, a full recovery by the host without differences in cytokine expressions 
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between challenged and non-challenged birds was observed. The changes in the jejunal microbiota 

showed a similar pattern as the immune response.  

The reason why the immune system was able to fully clear the birds of the infection has 

not been fully elucidated. It is known that nutrition can be used as a tool to modulate the immune 

system and contribute to better intestinal health, so the nutrient-dense diet in this experiment might 

have improved the immune response. This hypothesis needs more research. The time-period 5 

weeks P.I. was a crucial week in the pathogenesis of the infection. However, this experiment did 

not yield any data regarding to the immune and microbiota response to adult worms.  

 The last study evaluated two possible treatments for A. galli as well as the impacts of the 

infection with A. galli and these treatments on the cytokine gene expression and microbiota. 

Different from what was seen in the previous study, the modulation of the immune system was 

very subtle. This suggests that adult worms cause a lower inflammatory response than larvae. The 

absence of impact of the egg quality and production as well as the low number of adult worms 

recovered are other facts that show that this was a mild infection. However, there were significant 

differences on nutrient digestibility. These differences support the idea that A. galli can affect 

birds’ physiology.  

Regarding as the potential treatments for A. galli, neither Artemisia absinthium nor 

pumpkin seed showed a clear effect. Most noticeable, they supported the host to maintain calcium 

digestibility in challenged birds. The observed increase in Lactobacillales is a potential reason of 

this effect since they were previously correlated with the production of acetate with can increase 

mineral absorption. In order to confirm this hypothesis, studies such as metabolome analysis are 

needed.  
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Overall, this research demonstrated that nematodes have high prevalence on alternative 

production systems and tools for controlling the diseases are still needed.  A. galli (mainly larvae) 

modulated both immune system and the jejunal microbiota. This study offers scientifically verified 

information to backyard producers as well as cage-free farmers that pumpkin seeds and Artemisia 

absinthium were not effective against A. galli at the concentrations used.  


