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ABSTRACT

Recent studies have revealed that fecal microbiota transplantation exerts beneficial effects
on modulating stress-related inflammation and behavioral disorders in mammals. The aim of this
study was to examine if cecal microbiota transplantation (CMT) presents similar efficiency in
improving the health status and reducing aggression in egg-laying strain roosters. Cecal contents
were collected from the divergently selected 63 (gentle) and 72 (aggressive) chicken lines based on
resistance or susceptibility to Marek’s disease, resulting in line’s unique physiological and
behavioral characteristics. Eighty-four 1-d-old male chicks of Dekalb XL strain were randomly
assigned into 3 treatments with 7 replicates per treatment of 4 birds per replicate: CTRL (0.1 ml
of saline), 63-CMT (0.1 ml cecal solution of line 63), and 7.-CMT (0.1 ml cecal solution of line 7>)
for a 16-wk trial. Cecal microbiota transplantation was conducted once daily fromd 1 to d 10 and
then boosted once weekly from wk 3 to wk 5. At wk 5, 11, and 16, body weight and blood samples
were collected for detecting CMT-induced physiological changes of recipient birds. Samples of
the spleen, ileum, hypothalamus, and cecal contents were collected at wk 5 and 16. Behavioral
data was analyzed at the same time points. The results indicated that transplantation altered the
structures and diversity of the gut microbial community in recipient birds, which led to differences
in performance traits, neuroendocrine and immune systems, and exhibition of aggression.
Compared to CTRL birds, 7.-CMT birds had better nutrient digestion and absorption but lower
stress adaptive capacity at wk 5, while 63-CMT birds had reduced systemic inflammation resulting
from the up-regulation of anti-inflammatory cytokine IL-10, together with down-regulation of pro-
inflammatory cytokines TNF-a and IL-6 at wk 16. In addition, CMT induced a lower frequency
of aggression with a higher hypothalamic serotonergic activity in 63-CMT birds at wk 5.
Meanwhile, genus Ruminococcaceae UCG-005 was found to be positively correlated with brain
serotonin levels (P < 0.05) in 63-CMT birds, while genus GCA-900066225 was negatively

correlated with 5-HIAA (P < 0.05) in 7,-CMT birds at wk 5. Taken together, early postnatal CMT
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in recipient birds induces donor’s line-related effects on performance traits, stress adaptive
capability, aggressive behavior, immune and neuroendocrine functions through regulating the gut-
microbiota-brain and gut-microbiota-immune axes. The findings may provide new insights into

developing management methods for controlling aggressive behavior in poultry.

13



CHAPTER 1. LITERATURE REVIEW

1.1 Management and housing systems: Implications for health and welfare of egg-laying

chickens

In modern poultry farming systems, hens are confronted with many management stressors,
including high living density, transportation, handling, or improper lighting programs (Nordquist
et al., 2017). Social stress caused by these potential problems appears to be at the forefront of
welfare concerns, leading to pathophysiological disorders and stress-related injurious behaviors
(aggression, severe feather pecking, and cannibalism) in chickens. To address these critical issues,
egg producers have tried to develop more effective housing systems to prevent the adverse effects
of these injurious behaviors; however, such behaviors exist under all current housing systems
(Widowski et al., 2016). In cage systems such as conventional and enriched cages, restricted living
space causes excessive social stress, which prevents birds from exhibiting species-specific
behavior and increases the incidence of injurious behaviors (Hartcher and Jone, 2017). With
increased public awareness regarding the health and welfare of farm animals, more than 200
corporate customers in the United States have pledged to buy cage-free eggs before or by 2025
(Xin and Liu, 2017). However, in cage-free systems, including the floor pen, aviary, and free-
range systems, the unstable social structure within the large groups contributes to social stress and

compromises hen welfare (Sherwin et al., 2010).

1.1.1 Selection and breeding programs

In commercial breeding programs, genetic selection has gained great progress in the
improvement of productivity. To meet human needs, traditional selection based on production
traits such as table-egg (layers) and meat (broilers) has been initially utilized (Cheng, 2010).
However, in laying hens, the high production line developed based on selection for individual

performance is often accompanied by undesired behavioral patterns such as aggression. In animals,
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productivity is correlated with competitive capability, selection of birds with high production
increases competition among individuals (Cheng, 2003; Edwards, 2006; Cheng, 2007). In Dekalb
XL, a former commercial line characterized by high egg production was accompanied by
significantly increased mortality (around 10-fold) due to elevated aggression and social dominance
during adolescence (Muir, 1996). Additionally, several selected high productivity lines have been
reported to experience dysfunction of the immune system and selection inadvertently introduced

feather pecking behavior (Korte et al., 1997; Su et al., 2006; Yang et al., 2017).

1.1.2 Rearing environments and social stress

Conventional and enriched cages

In the 1940s, conventional cages (also known as battery cages) became a popular rearing
method on account of their effectiveness and cost-savings. Increased hygiene in conventional
cages prevents the spread of infectious diseases by preventing feces from dropping onto birds
(Duncan, 2001). Compared with the traditional floor housing method, the group size of hens in
cages is more stable, leading to decreased social stress and cannibalism (Craig, 1982; Tauson,
2002). However, criticism of battery cages includes limited space allowance that deprives the
ability of birds to express a wide range of natural behaviors such as foraging, dustbathing, and
nesting. In this barren environment, the lack of enrichment also redirects the birds’ attention to
other individuals, which results in aggression and severe feather pecking (Wood-Gush et al., 1975).

To better improve the behavioral repertoires, cages with several enrichments, including
nests, litter boxes, and perches have been gradually developed (Bareham, 1976). In the early
research, it has been reported that animals are prone to enter a state of frustration or experience
emotional distress if they cannot perform strongly motivated behavioral patterns (Duncan and
Wood-Gush, 1971; Fraser et al., 2013). The presence of enriched cages provides birds with more
flexibility in movement and expression of natural behavior, which may effectively decrease the

incidence of negative emotional states such as fearfulness, frustration, and stress (Newberry, 1995).
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In agreement with this finding, studies found that hens in group-housed enriched cages exhibit less
aggressive and feather pecking behaviors compared with those housed in conventional cages
(Johannson et al., 2016). Nonetheless, it has been argued that birds in small and enriched cages
may not have equal access to feeders or enrichments, which potentially increases the chance of
competition and aggression among birds (Albentosa et al., 2007; Widowski et al., 2017). Also,
birds housed in large groups within the colony cages may increase social instability as well as the
likelihood of harmful social behaviors (Al-Rawi et al., 1976). Hence, the extent to which the

behavioral needs of birds can be satisfied in cage systems is still questionable.

Cage-free systems

To better fulfill the welfare, especially the behavioral needs of birds, cage systems have
been replaced by cage-free systems in most European Union (EU) countries. In 1965, the UK Farm
Animal Welfare Council outlined five aspects of animal welfare under human control. “Freedom
to express normal behavior”, as one of the five requirements, indicates cage-free systems appear
to be more animal-friendly in terms of behavioral freedom. Cage-free systems enable birds to roam
vertically and horizontally, thereby allowing birds to move freely and exhibit natural behaviors
(Weeks and Nicol, 2006). Correspondingly, the ability of birds to perform highly motivated
behaviors leads to less emotional problems such as frustration, together with more locomotion
activities compared with cage systems, which largely reduces the presence of negative affective
states and further fulfills welfare in chickens (Mar & et al., 2004). Moreover, hens prefer enough
personal space, as such, enough space allowance in most non-cage systems may better meet their
behavioral needs (Cooper and Albentosa, 2003).

However, non-cage systems elicit growing welfare concerns as well, including social stress,
bacterial infections, or thermal discomfort (Reli¢ et al., 2019). An early preference test found that
hens prefer smaller rather than larger groups and familiar birds instead of strangers, suggesting

that birds housed in the non-cage system may experience a high risk of social stress due to the

16



unstable social structure (Hughes, 1977). Hughes and Gentle (1995) showed that keeping birds in
large groups may contribute to the prevalence of severe feather pecking. Based on chickens’
learning capability, the exhibition of certain behavior, such as feather pecking and cannibalism,
can be easier to spread throughout the whole flock (Bessei and Kjaer, 2015). In addition, further
studies indicate that hens reared in cage-free systems experience a higher ratio of dirty eggs, poorer
feed conversion, and more severe foot lesions in comparison with cage systems (Hartcher and
Jones, 2017). Therefore, the risks to layer welfare in non-cage systems still need to be addressed

by management practices and scientific research.

1.2 Aggression

1.2.1 Causes of aggression

The origin of aggression in layers can be traced back to their wild ancestors (red junglefowl
Gallus gallus), who naturally live within a small and stable group that maintains the dominance
hierarchy by showing aggressive fights towards individuals (Craig, 1986; D’Eath et al., 2003).
Regardless of the domestication and confinement in the modern rearing system, most natural
behaviors of the species remain. Nowadays, aggression among layers can be frequently seen in
commercial flocks. In poultry, aggression has been defined as “one bird directs forceful downward
pecks at the head or neck of other birds”, but it is prone to transfer to the body or other areas if the
peckers cannot reach certain areas (Dalton et al., 2013). From the standpoint of the evolutionary
process, aggression serves an adaptive purpose since it promotes the survival and reproduction of
animals in their living environment (Nelson, 2005). However, in modern intensive rearing systems,
aggression is a critical welfare concern, leading to feather damage, severe injuries, and even
cannibalism (Cheng and Muir, 2007; Tablante et al., 2000; Hartcher et al., 2015).

Aggression is a complicated behavioral pattern that can be caused by multiple factors such
as inappropriate rearing conditions or management practices and dysfunctional physiological

homeostasis (Edward and Kravitz, 1997; Lischinsky and Lin, 2020). On commercial farms, layers
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are usually mixed with unfamiliar conspecifics when they are transferred from growing facilities
to laying facilities, which interrupts the original social relationship and causes excessive social
stress (Dennis et al., 2009). As social stress and aggression reciprocally work together, increased
social stress will promote the incidence of aggression (Dennis et al., 2011; Marchewka et al., 2013).
Moreover, the incidence of social disruption will induce aggressive behavior towards unfamiliar
birds (Cloutier and Newberry, 2002). Fraser (1997) recognized the ability of animals to exhibit
species-specific behaviors as one of the key components of welfare assessment. However, under
restrictive environments such as battery cages, birds only have limited space to perform their
natural behaviors, which largely increases the possibility of entering a state of frustration together

with increased aggression (Gallucci et al., 2020).

1.2.2 Strategies used to control aggression

To address this issue, several methods including beak trimming (BT), genetic selection,
and some preventative management practices have been conducted to control aggression
(Marchant-Forde et al., 2008; Jendral and Robinson, 2004). Beak trimming, as a routine husbandry
procedure, aims to reduce beak-related behavioral problems including aggressive pecking (Cheng,
2006). Currently, there are two major types of BT: the hot blade (HB) and infrared laser (IR)
(Jendral and Robinson, 2004; Glatz, 2005). However, as the beak is a sensory organ containing
important sensory feedback, the removal of part of the beak elicits numerous behavioral and
physiological issues (Dennis and Cheng, 2012). Furthermore, implementing either HB or IR
method causes acute or chronic pain and decreased duration of normal behaviors such as eating
and drinking (Dennis and Cheng, 2012; Petrolli et al., 2017).

Other than beak trimming, producers have tried light manipulation programs such as
altering the light wavelengths and reducing light intensity to ameliorate injurious behaviors
including feather pecking (FP) and aggression (Mohammed et al., 2010). Although low light

intensity reduces severe FP to some extent, it leads to impaired vision and exacerbates abnormal
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development of eyes (Prescott and Wathes, 2003; Tauson, 2005). Impaired vision prevents birds
from interacting with environmental cues which increases the incidence of stereotyped FP, a
pattern of nonsensical behavior (Kjaer and Vestergaard, 1999; Sedlackova et al., 2004). On the
other hand, decreased light intensity restricts the ability to perceive the environment, which
potentially inhibits the movement of birds.

To further solve this issue, researchers developed a more promising method termed genetic
selection. For instance, Guhl et al. (1960) conducted individual selection against aggression, which
separates lines with high and low aggressiveness. Nonetheless, the selection method based on
individual performance fails to be widely used in the commercial egg industry on account of the
co-selection of unexpected behavioral traits (Rodenburg et al., 2008). In addition, due to genetic
linkage, manipulating one trait may induce a negative impact on another by a connected response.
It has also been claimed that direct selection based on behavioral traits may result in decreased
productivity (Craig and Adams, 1984). To overcome this issue, a selection program has been
conducted based on group performance (Muir, 1996). Under group selection, the annual
percentage of mortality of the selected kinder and gentler birds decreased with increased
production as compared to control birds (Muir and Cheng, 2004). However, due to high cost,
ethical issues, and heritability, so far, selected kind strains of laying hens are not commercially
available in the layer industry. Thus, developing a reliable alternative to control such behavior in
layers is necessary to improve welfare as well as benefit the agricultural industry. In recent decades,
the gut microbiota has become an intervention target in treating patients with neuropsychiatric
disorders and emotional dysfunction, suggesting modulation of the gut microbiota may be a

potential approach to modulate aggression in chickens.
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1.3 Gut microbiota

1.3.1 The function of gut microbiota

The various microorganisms that inhabit the gastrointestinal tract are termed gut microbiota
(Lederberg and McCray, 2001). It has been increasingly recognized for its profound influence on
many aspects of the host, including neurophysiology, development of the immune system, and
behavioral expression (Belkaid and Hand, 2014; Krishnan et al., 2015). In healthy individuals, the
interactions between the gastrointestinal (GI) tract and microbiota are steady, while the occurrence
of a disturbance can result in several diseases including inflammatory bowel diseases, metabolic
diseases as well as mental disorders (Mayer, 2011; Ferreira et al., 2014; Karlsson et al., 2013).
From the standpoint of immunology, the intestinal microbiota has a collaborative relationship with
the epithelial cells to protect against invasive pathogenic microorganisms (Jandhyala et al., 2015).
Additionally, the development of the innate and adaptive immune systems in the host is guided by
the gut microbiota (Wang et al., 2016). In newborns, the susceptibility to environmental incursions
is increased on account of the instability of gut microbiota makeup as well as the immaturity of
the immune system, leading to an increased risk of suffering from infectious diseases, eventually
death (Zheng et al., 2020).

In recent decades, there has been a growing emphasis on the exploration of the interaction
between gut microbiota and brain function, together with its implications for mental disorders,
including major depressive disorder (MDD), bipolar disorders, depression, and anxiety (Xu et al.,
2021). Germ-free mice have been used as an ideal animal model to directly assess the effects of
gut microbiota on host function. For instance, the transplantation of fecal content from MDD
patients induces depressive-like behavior in GF recipient mice, which suggests that gut microbiota
may have a causative role in the development of depression (Zheng et al., 2016). Emerging animal
studies imply gut microbiota may have similar functions in the treatment of psychiatric disorders
in humans. It has been reported that patients with neurological dysfunction present gastrointestinal

infections (Stasi et al., 2019). For instance, children with autism have disordered commensal
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bacteria in the gut, which confirms that the imbalanced composition of gut microbiota may be
related to the neurodevelopmental disorder (de Theije et al., 2011). Compared with healthy
individuals, children with autism have elevated concentrations of total short chain fatty acids in
feces (Wang et al., 2012). Such microbial metabolites have been found to act on the central nervous
system (CNS), suggesting a potential mechanism by which bacteria influence brain function
(Wang et al., 2012). Correspondingly, clinical studies show patients with acute hepatic
encephalopathy, a neuropsychiatric syndrome, can be treated by orally administered antibiotics
(Amarapurkar, 2011). Taken as a whole, the essential role of gut microbiota in the regulation of

mental and emotional disorders cannot be overlooked.

1.3.2 Multi-factorial effects on the gut microbiota composition

The gastrointestinal (GI) tract of chicken harbors numerous species of bacteria with the
function of mediation of nutrition absorption, immunity, physiology, and promotion of local
microstructural stability (Shakouri et al., 2009; Shang et al., 2018). The colonization of bacteria
within the chicken intestines occurs immediately after hatch, bacteria received from the first
inoculum with the eggshells and incubation environments (Schokker et al., 2015). However,
microbiota composition is not stabilized because the colonization of gut bacteria occurs throughout
the growth development, which is impacted by various factors, including the genetics or age of the

host, gut locations, and rearing environment (Kers et al., 2018).

Segments of the gastrointestinal tract

In domestic birds, energy and nutrient extraction from feed intake are influenced by the
microbiota within the Gl tract. In addition, the gut microbiota composition and diversity spatially
vary in different segments [i.e., the stomach; small intestine (duodenum, jejunum, and ileum);
large intestine; and cecum] throughout the entire Gl tract, which results from different biochemical

functions in each segment (Rychlik et al., 2020). Compared to other gut sites, the cecum occupies

21



the greatest microbial population and commensal microbes, which constantly interact with host
biological regulation systems as well as shape the host’s immune and neuroendocrine systems
(Polansky et al., 2016). For instance, in broilers, the microbial communities in the caeca were more
diverse in comparison to the ilea (Shaufi et al., 2015). In adult chickens, the proximal parts of the
Gl tract are dominated by Lactobacilli; and the composition and complexity of gut microbiota
increase in the distal parts of the intestinal tract including the cecum and colon (Rychlik et al.,
2020). This location-specific shift has also been reported in other animal models including rodents

(Lee et al., 2018), swine (Mu et al., 2017), and cattle (Taschuk and Griebel, 2012).

Age of birds

The gut microbiota composition changes from birth to adult life, mostly affected by diets
and the ambient environment. In chickens, the colonization of intestinal microbiota starts
immediately after hatching, and bacteria are received from the eggshells and the incubation
environment (Schokker et al., 2015). Gut bacteria colonize in a successional manner throughout
development. In young chickens, the gut microbiota composition is highly variable, and the
dominant bacterial taxa of the gut change over time (Videvall et al., 2019; Rychlik et al., 2020).
In the initial stage, most taxa at the genus level are Bacteroides and the changes of bacterial
abundance become static at 8-12 week of age, mostly dominated by Clostridia. In broilers, the
colonization of Campylobacter mainly occurs at around 2 week, which indicates the increased
susceptibility of Campylobacter infection at an early age may be linked with the strong shift of gut
microbiota as well as the immaturity of the immune system (Awad et al., 2016). Besides, Shaufi
et al. (2015) showed that intestinal microbiota was age-dependent in broilers. For example, on day
7, Clostridia (62%) and Gammaproteobacteria (32%) were the most abundant in the ilea, while
on day 21, the second dominant class in the ilea shifted from Bacteriodia (23%) to Bacilli (30%).
In summary, the distinctive difference throughout the growth of chickens is associated with the

early-age re-establishing of the gut microbiome.
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Social stress

In livestock, environmental stress including management practices or diet changes disrupts
the gut microbial community; as such, the gut microbiota diversity and composition could be
considered as a biomarker for poultry health and welfare. Compared with optimal farm conditions
(ventilation within the optimal parameters, ammonia < 10 ppm), broilers kept under commercial
farm conditions (non-optimal ventilation parameters; ammonia < 25 ppm) showed a lower
diversity level of gut microbiota at 42 days of age (Montoro-Dasi et al., 2021). This suggests that
stress caused by environmental factors in commercial farms has a significant impact on the
composition of the gut microbiota. Among the different sources of stress, one of the major
problems in poultry production is that avian species are particularly sensitive to environmental
challenges associated with stocking density, especially to social stress. Social stress damages the
intestinal epithelial cells, accompanied by reduced intestinal barrier integrity and increased
intestinal permeability (leaky gut). These changes stimulate toll-like receptors of various immune
cells to produce proinflammatory cytokines, resulting in local or systemic inflammation or
infection (Burkholder et al., 2008; Awad et al., 2015). “Leaky gut” syndrome has negative effects
on feed consumption as well as growth performance in chickens because the damage of the
intestinal barrier increases the passage of enteric pathogenic bacteria and releases toxins such as
lipopolysaccharides (LPS), and reduces nutrient absorption (Ghareeb et al., 2016). In broilers,
enteric pathogens such as Escherichia coli, Salmonella enterica, and Clostridium perfringens
negatively affect growth performance, gut epithelium, and cellular functions, and consequently
lead to reduced body weight gain and worsened feed conversion rate (FCR) (Awad et al., 2017).
Subclinical necrotic enteritis caused by enterotoxigenic C. perfringens results in approximately a
12% reduction in production and a 10.9% increase in FCR compared with healthy birds, which

imposes a heavy burden on the poultry industry (Immerseel et al., 2004; Awad et al., 2014).
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Host genotype and phenotype

Host genetic makeup contributes to the gut microbiota composition, which directly
influences gut microbiota diversity and population by regulating various chemical secretions
through genetic-environmental interaction (Khachatryan et al., 2008, Belkaid et al., 2014). The
role of host genotype in gut microbiota composition has been studied across many species
including humans and various animals (i.e., mouse, cattle, and chicken).

In humans, the earliest support for the influence of host genotype on gut microbiome comes
from the studies in monozygotic (MZ) and dizygotic (DZ) twins. Compared with the DZ twins,
the fecal floras of the MZ twins are much more similar (Van de Merwe et al., 1983). Studies also
found that the abundances and changes of bacterial taxa are associated with host genome single
nucleotide polymorphisms, which contributes to the phenotype diversity (Bonder et al., 2016;
Turpin et al., 2016). Host genetics and gut microbiota work together to maintain and stabilize gut
homeostasis (Kovacs et al., 2011; Spor et al., 2011). The genetic variations and disruptions in gut
microbiota modulate the susceptibility to metabolic dysfunctions and damage the physiological
health of the host (Frazer etal., 2009, Zhang et al., 2010). For instance, there are remarkable
variations in gut microbiota compositions in lean and obese individuals. Compared with lean
individuals, people with obesity harbor greater bacteria from the phylum Firmicutes but fewer
from Bacteroidetes (Le Chatelier et al., 2013; Furet et al., 2010). Interestingly, identified bacterial
taxa have been found to be associated with metabolic features, such as body weight and insulin
levels. Altogether, understanding how host genetics interact with gut microbiota is crucial for
finding treatment for metabolic syndromes.

The understanding of human gut microbiota function is limited by technical issues such as
high inter-individual microbiome variation, limited sample size, confounding effects of diet;
consequently, animal models have become much popular in exploring the microbial-genetic
association (Costello et al., 2009; Dave et al., 2012). A recent study in cattle showed the host

genotype directly influences the colonization of certain bacteria and indirectly shapes the gut
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microbiota structures through interaction with different bacteria (Fan et al., 2020). Similarly,
genotypic traits have similar effects on birds: hens from high FP and low FP lines occupy distinct
differences in their luminal microbial communities, suggesting FP genotype contributes to gut
microbiota makeup (Van der eijk et al., 2019a). Compared with the low FP line, High FP birds
were characterized by a higher abundance of genera of Clostridiales but a lower level of
Lactobacillus (Van der eijk et al., 2019b; Videvall et al., 2019). However, the specific causal
relationship between FP and intestinal microbiota is still unclear. In chickens, it has already been
reported that genotype is correlated with increased susceptibility towards certain diseases and
behavioral repertoires (Bacon et al., 2001). For example, chicken lines 63 and 7, were divergently
selected for resistance or susceptibility to Marek’s disease, which also differ in the exhibition of
aggressive behavior, as line 63 is gentler than line 7, (Dennis et al., 2004). However, it is still
unknown whether the unique behavioral expression of each line is correlated with the diversity

and population of gut microbiota.

1.4  Fecal microbiota transplantation

1.4.1 History of fecal microbiota transplantation

Fecal microbiota transplantation (FMT) is a procedure that entails transplanting a
suspension of feces from a healthy donor into a patient’s gut to directly alter the recipient’s gut
microbiota to gain therapeutic benefits (Wang et al., 2014). In humans, the first medical report of
FMT for a therapeutic purpose was used for patients with pseudomembranous colitis (Eiseman et
al., 1958). In the wake of the usage of FMT in humans, an Italian anatomist, Acquapendente
(Fabricius, 1533-1619), further developed a broader concept called “transfaunation” in veterinary
medicine, in which the FMT procedure has been extended from feces to gastrointestinal contents
(Borody et al., 2004). The transfer of intestinal contents from healthy animals to sick ones is mainly
used in ruminants (GS and AJ, 1958). Expectably, “transfaunation” enables the recipient animals

to gain a greater diversity of microorganisms in their intestines with an enhanced digestion system
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(De Groot et al., 2017). By now, the procedure has been considered as the most effective treatment
for Clostridium difficile infection and potential therapy for gastrointestinal disorders as well as
mental diseases in humans, including inflammatory bowel disease, irritable bowel syndrome,
neurodegenerative and neurodevelopmental disorders (Borody and Khoruts, 2012; McDonald et

al., 2018).

1.4.2 Superiority of fecal microbiota transplantation

Various approaches have been used for the reconstruction of gut microbiota to treat
diseases as well as increase health and welfare in humans and farm animals, such as the
administration of probiotics, antibiotics, and FMT. However, it has been reported that both
antibiotics and probiotics have disadvantages. For example, bacterial resistance to antibiotics
increased over time, especially in Helicobacter pylori infections (Megraud et al., 2012). In addition,
antibiotics destroy the microbial flora, leading to antibiotic-associated intestinal inflammation and
diarrhea (Cammarota et al., 2014a). The use of antibiotics has raised great concerns regarding drug
residue-associated food safety and environmental pollution (Sofos, 2008). Although the benefits
of probiotics have been reported in human subjects as well as animal models, a limited degree of
success in treating Clostridium difficile infections has been gained using probiotics (Hopkin and
Macfarlane, 2003). Furthermore, the efficiency of probiotics is affected by multiple factors,
including bacterial species, applied methods, and the health status or living environment of the
host (Delia and M&nner, 2012). Compared with other methods, the application of FMT is more
promising and reliable since FMT transfers the whole consortium of microorganisms instead of
just several specified species (Chaitman et al., 2016). On the other hand, the administration of fecal
flora builds up a durable change of the gut microbiota in the recipient (Grehan et al., 2010). Hence,
FMT serves as a more viable and straightforward method to alter the gut microbiota in human

trials.
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In humans, cecal microbial ecology is poorly understood owing to sampling difficulties. In
animal studies, especially in poultry, the cecum has been used as a representative sampling site in
most research. Cecal microbiota is associated with the health and performance of birds, which
defends against pathogens as well as regulates energy metabolism through degrading indigestible
carbohydrates, or producing beneficial metabolites (Clench and Mathias, 1995; Pandit et al., 2018).
Additionally, cecal content contains a high richness and complex microbial community
compositions as compared to feces in chickens (Pauwels et al., 2015). Compared with other
segments within the GI tract, the cecum is emptied twice per day and does not exhibit peristalsis
constantly. The occurrence of anti-peristalsis reverses gut movement, as such, elements of the fecal
microbiota must be directly derived from the cecum (Stanley et al., 2015; Feye et al., 2020). Hence,

cecal sampling may be a reliable method to represent the changes of the gut microbial community.

1.4.3 The integrative role of postnatal transplantation

In humans, early-life microbial colonization plays a crucial role in shaping gut microbiota
composition. Compared with vaginally delivered infants, the intestinal microbiota of neonates
delivered by cesarean section appears to be less diverse in terms of bacterial species (Orrhage and
Nord, 1999). During a vaginal delivery, direct contact with the vaginal and intestinal flora is a
major source for the start of the infant’s gut bacterial colonization. Immediately after birth, the
diversity of microbial communities is increased as newborn babies contact with organisms from
the environment (Rodr guez et al., 2015). Similarly, in chickens, bacteria are received from the
first inoculum with the eggshell and incubation environment (Apajalahti et al., 2004). Pedroso et
al. (2016) contended that in ovo inoculation of an adult-derived microbiota contributes to the
development of gut microbiota and the resistance to pathogenic bacteria in chickens, which
indicates the rapid establishment of the gut microbiota occurs at an early age. In agreement with
this finding, studies found that administration of probiotics 2 hours post-hatch introduces

beneficial effects to embryonic development in broilers (Baldwin et al., 2018). Thus, the early age
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would be the optimal period to modulate the gut microbiota on account of its strong dynamics and

long-term effects.

1.5  Cecal microbiota transplantation as a potential mode of acting the gut-brain axis

The impact of the gut microbiota on brain function has been widely recognized since the
19th century (Bradshaw, 1867). Increasing evidence points to bidirectional communication for
linking the gut with brain cognitive and emotional function through the gut-brain axis. It
encompasses the CNS, the enteric nervous systems (ENS), and the sympathetic and
parasympathetic arms of the autonomic nervous system, as well as the neuroendocrine,
enteroendocrine, and neuroimmune systems (Benarroch, 2019; de Jonge, 2013). The autonomic
system drives afferent signals arising from the intestinal lumen via multiple pathways to the CNS
including enteric, spinal, and vagal nerves, and projects efferent signals from the CNS to the
intestinal epithelial cells (Forsythe and Kunze, 2013). The gut microbiota influences the CNS
directly and indirectly by activating the vagal nerve and releasing various biochemical regulators,
which potentially act on the immunity, neuroendocrine, and behavioral responses of the host

through the gut-brain axis (Crumeyrolle-Arias et al., 2014).

1.5.1 The regulation of immunity

Microbial colonization in the intestines has an impact on the development of the immune
system as intestinal bacteria serve as predominant regulators of immune responses, such as
synthesizing and releasing biomarkers (i.e., interleukins, antibodies, and immune cells) in response
to various stimulations and modulating inflammatory disorders in the CNS (Fung et al., 2017).
Further emphasis is placed on the role of gut microbiota in the treatment of gastrointestinal diseases
in humans. For instance, inflammatory bowel disease (IBD), including Crohn’s disease and
ulcerative colitis, result from activated mucosal innate immune response and pathogen-increased

epithelial permeability (Chakaroun et al., 2020). Clinical studies have indicated that IBD can be
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treated and even cured by restoring the gut microbiota using FMT (Sunkara et al., 2018). The
mechanism underlying this microbiota-modulating therapy is that the heathy microbiota competes
with pathogenic microorganisms and communicates with immune cells and the CNS via the vagus
nerve within the GI tract. Correspondingly, the vagus nerve reduces inflammation by sending
afferent signals to stimulate the function of immune tissues and to the brain, subsequently
activating an efferent response by releasing mediators and cooperating with immune cells (Fung,
2020). Hence, the intimate association among the gut microbiota, intestinal epithelia, and the
immune system maintains gut homeostasis.

Gut microbiota activates the immune system to protect the host from infections. Compared
to the mucosa of germ-free (GF) rats, conventionally reared rats have more complex mucosa
structures accompanied by a more activated immunological status (Caja et al., 2021). This suggests
the role of commensal microbiota in the formation of the intestinal structures and protecting the
host against pathogens. Similarly, studies found the function of the gut microbiota in the
maturation of the gut immune system in chickens. Different Lactobacillus species including L.
acidophilus, L. reuteri and L. salivarius can promote cytokine expression, such as IL-10 and TNF-
a, In T cells in the cecal tonsils to maintain gut homeostasis in chickens (Brisbin et al., 2012). Also,
in broilers, certain dietary supplements promote intestinal health by modulating the dynamics of
the gut microbiota as well as affecting host metabolism, which suggests alterations in microbiota
not only inhibits the immune response, but also regulates the mRNA expression of pro-
inflammatory cytokines such as IL-4 and IL-5 in the immune organ (the spleen) (Wu and Wu,
2012). Therefore, gut microbiota is a critical actor in the regulation of the immune response of the

host.
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1.5.2 The regulation of the neuroendocrine system

Function of the hypothalamic-pituitary-adrenal axis

The CNS influences the gut microbiota, mainly through the hypothalamic-pituitary-adrenal
(HPA) axis. The HPA axis is a core stress efferent center that coordinates the adaptive response of
the organism to various stressors (Bhatnagar and Dallman, 1998). Activation of the HPA axis is
often seen under external stimulations, releasing an ending compound, corticosterone, from the
adrenal glands within a short period. There is also evidence that the gut microbiota can activate
the HPA axis, mainly through mediators that cross the BBB such as prostaglandins or microbial
antigens (Misiak et al., 2020). Patients with high mental stress are commonly occupied with gut
inflammation and relative alterations in the composition of intestinal microbiota, leading to an
exaggerated activation of the HPA axis accompanied by increased synthesis and release of
corticosterone (Peirce and Alvifa, 2019). This suggests mental stress may disrupt the gut
homeostasis, and the disturbance of the gut microbiota induces neuroinflammation and
consequently leads to mental disorders and abnormal behaviors. Similarly, compared with specific
pathogen-free (SPF) mice under restraint stress conditions, GF mice are found to exhibit
exaggerated activation of the HPA axis, as reflected by elevated levels of plasma corticosterone
and adrenocorticotrophic hormone (M&toOet al., 2005; Sudo, 2014). Interestingly, the symptoms
of hyperresponsiveness to stress in GF mice can be recovered by recolonization with SPF feces or
by a bacterial strain, Bifidobacterium infantis (Sudo, 2014). Taken together, changes in gut
microbiota composition may be associated with the activation of the HPA axis in response to

stressors.

The pathway of serotonin

The gut-brain axis consists of a bidirectional interaction that links the gut microbiota to the
brain and affects the metabolism or biosynthesis of neuroactive compounds and neurotransmitters,

by which it regulates the exhibition of behaviors (Wang et al., 2016). It has been suggested that
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disruption of the gut-brain axis may induce stress-related mental disorders due to the integration
of neural signaling between the gut and brain (Dinan et al., 2015, 2017; Rogers et al., 2016).
Serotonin (5-hydroxytryptamine, 5-HT) and its metabolites, 5-hydroxyindoleacetic acid (5-HIAA)
as well as their receptors are functional in the regulation of neuroendocrine and certain behavior
expressions including depression and anxiety (Twarog et al., 1953; Schinka et al., 2004; Pezawas
et al., 2005; Goodman, 2011). In line with these findings, 5-HT has also been defined as the
primary regulator of aggressive behaviors in humans and various species of animals (Berman et
al., 1997; Dennis et al., 2008). For instance, in rodents, elevated levels of 5-HT as well as 5-HIAA
have been found in “domesticated” rats with lower aggressive behavior (Popova et al., 1991). Also,
5-HT system dysfunction is associated with violent behavior in humans (Li et al., 2006). Similarly,
the essential role of the brain 5-HTergic system in the modulation of aggression has been widely
studied in laying hens (Cheng and Muir, 2007; Dennis et al., 2008). However, limited studies have
been conducted to explore the effects of gut microbiota modulations via cecal microbiota
transplantation on the serotonin pathway and its effects on preventing aggressive behaviors in
laying hens.

It has been reported that 5-HT is produced in the gut as well as brain-stem neurons of the
raphe nuclei (Hornung, 2003). Approximately 95% of 5-HT in the periphery is released from the
enterochromaffin (EC) cells within the gut epithelia, while about 5% of the central 5-HT is
synthesized in the raphe nuclei (Gershon, 2003). In the central nervous system, the levels of 5-HT
are closely associated with aggression (Olivier, 2004), while multiple functions have been
identified in peripheral 5-HT. Early studies suggested that the peripheral 5-HT participates in
platelet aggregation as well as vasoconstriction (Rapport et al., 1949). In recent research, novel
functions of gut-derived 5-HT have been determined, including modulations of gut motility,
immune response, and host metabolism (Le Beyec et al., 2014; Herr et al., 2017; Keating and
Spencer, 2019). Additionally, the gut microbiota plays a substantial role in the synthesis of the

body’s 5-HT. For example, GF mice have reduced levels of blood 5-HT in comparison with
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conventional mice (Sjogren et al., 2012). Unlike tryptophan, the peripheral 5-HT cannot pass the
blood-brain barrier (Yuwiler et al., 1977). Tryptophan, as a precursor of 5-HT, can be regulated
by certain intestinal bacteria strains and is involved in the synthesis of central 5-HT. For example,
studies found that Bacteroides fragilis harbors a tryptophanase enzyme, which has been linked to
the degradation of tryptophan (Li and Young, 2013). As such, gut bacteria may affect the function
of the brain 5-HT indirectly through releasing tryptophan, which further influences behavioral
expressions of the host (Hsiao et al., 2013). In summary, gut microbiota has a profound influence

on the activities of the serotonergic system.

The pathway of catecholamines

Catecholamines (CAs), such as norepinephrine (NE), epinephrine (EP), and dopamine
(DA), interact with gut microbiota in the regulation of physiological status, cognition, and
exhibition of behavior (Eisenhofer et al., 2004). Catecholamines, as stress-related neuroendocrine
hormones, assist the host in adapting to acute or chronic stress. In response to stress, the
noradrenergic system in the nervous system is often activated with increased levels of blood NE
as well as elevated concentrations of hypothalamic DA (Mizrahi et al., 2012). Catecholamines,
also known as mediators of the gut bacteria, establish the connection with the gut through the gut-
brain axis (Bercik et al., 2012; De Palma et al., 2014). Correspondingly, gut microbiota represents
an input to the brain and influences the neural pathways in stress responses. As the Gl tract is
sensitive to stress, recent studies hypothesized that gut bacteria may act on neuroactive compounds
such as NE, leading to changes in the host physiology and behavioral expression (Lyte, 2011).
Similarly, dopamine, a precursor of NE and EP, is associated with aggression and reward-
motivated behavior (Borodovitsyna et al., 2017). The elevated level of DA has been reported to be
related to aggressiveness (Cheng et al., 2003).

Lyte and Ernst (1992) found that some bacterial species such as E. coli could recognize

exogenous CA in vitro, and such recognition increases the bacterial proliferative capacity (Lyte
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and Ernst, 1992). Additionally, certain bacteria stimulate hormone production. In vitro, bacteria
such as E. coli, Bacillus subtilis, Serratia marcescens can produce high concentrations of DA and
NE (Tsavkelova et al., 2000). Compared with specific pathogen-free (SPF) mice, GF mice have
decreased concentrations of NE in the cecal lumen. This observation further confirms that gut
bacteria may contribute to the biosynthesis of hormones. Correspondingly, the research found that
NE levels in the cecum could be restored through colonization with a mixture of 46 Clostridia
species (Asano et al., 2012). In summary, these findings strongly indicate that there is a mutual

communication between the gut bacteria and CAs metabolism.

tryptophan
tryptophan
hydroxylase
tyrosine
hydroxylase (TH)
tyrosine > L-DOPA 5-HTP
L-amino acid
decarboxylase
dopamine (AADC)
B-hydroxylase
noradrenaline (DBH) - .
(norepinephrine) dopamine serotonin
MAO and COMT MAO
PNMT
adrenaline homovanillic 5-hydroxyindole
(epinephrine) acid (HVA) acetic acid
(5-HIAA)

Figure 1.1 Pathways for the synthesis of dopamine, norepinephrine, epinephrine, and serotonin.
(Rub et al., 2010)

The regulation of behavior

The impact of the gut microbiota on brain function has been recognized since the 19th
century (Bradshaw, 1867). Increasing evidence points to bidirectional communication for linking

the gut with brain cognitive and behavioral exhibition through the gut-brain axis (Srikantha et al.,

33



2019). This view is supported by mounting studies in human trials and animal models exposed to
various microbiota modulation methods including FMT, probiotics, and antibiotics (Cammarota
et al., 2014b).

In humans, a recent study has found that schizophrenic patients and healthy individuals
have different gut microbiota profiles. Compared with healthy individuals, anaerobes such as L.
fermentum, E. faecium and A. oremlandii were more abundant in patients with schizophrenia (Zhu
et al., 2020). To further understand the role of gut microbiota in the pathophysiology of
schizophrenia, the schizophrenia-enriched bacterium Streptococcus vestibularis was transferred to
mice with microbiota depletion. Interestingly, recipient mice appeared to exhibit schizophrenia-
like behaviors such as impaired social behaviors, as those seen in patients (Zhu et al., 2020).
Similar to those findings, mice fed with a beef-enriched diet and a normal diet have completely
different gut microbiota compositions and behavioral exhibition; that is, mice fed with a beef-
enriched diet exhibit less anxiety-like behaviors as compared to mice with a normal diet, which
indicates the association between gut microbiota and anxiety-like behavior (Collins et al., 2012).

In poultry, gut microbiota plays multiple roles in production, physiology, nutrition, and
behavior (Rubio, 2019; Shang et al., 2018). Abdel-Azeem (2013) suggested that the administration
of the probiotic Bacillus amyloliquefaciens reduces distress and agonistic behavior in turkeys. In
line with this study, in laying hens, birds received the luminal content (i.e., a mixed pool of content
from ileum, caeca, and colon) from donors with different behavioral expressions (High FP vs. low
FP) display divergent behavioral patterns (Van der Eijk et al., 2020). For instance, during the novel
object test, recipients of the high FP lines tend to approach the novel object quicker than low FP
lines (Van der Eijk et al., 2020). However, the specific causal relationship between FP and
intestinal microbiota is still unclear. Research is needed to examine the potential mechanisms
underlying the function of gut microbiota in the regulation of poultry behavior. Divergent genetic
lines 63and 72 of chickens are suitable candidates for examining the influence of the gut microbiota

on aggressive behavior. In this project, the potential mechanisms underlying the function of gut
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microbiota in the regulation of aggressive behavior were determined by the administration of cecal

content from aggressive (line 72) and gentle (line 63) chicken lines, respectively.

1.6  The physiological and behavioral characteristics of chicken lines

1.6.1 Donors: 63 and 72 lines

Genetic selection programs have made tremendous progress in improving immunity and
disease prevention in chickens. Highly inbred chicken lines 63 and 7, have been continuously
selected for resistance or susceptibility to Marek’s disease for more than 50 years at the Avian
Disease and Oncology Laboratory (Bacon et al., 2000; Stone, 1975). Although the cellular
mechanisms underlying the variation in disease resistance between these lines have not been
clearly elucidated, previous studies have indicated that resistance may be related to line differences
in gene expression that controls neuroendocrine, immunity, and gene-environmental interactions
(Cheng et al., 2001a, b). Line difference in immune response has been investigated previously.
Compared with line 72, line 63 has a low concentration of serum Immunoglobin G (Bacon, 2002;
Yonash et al., 2002). In addition, genetic variability leads to the production of interferon-like (INF)
activity by phytohemagglutinin (PHA)-stimulated peripheral white blood cells. When given 10
ug/mL PHA, line 7, constantly produces more interferon than line 63 (Bacon and Palmquist, 2002).
Furthermore, the divergent behavioral pattern has been investigated between the lines. In response
to social stress, line 63 is gentler while 72 is more aggressive (Dennis et al., 2004). Numerous
experiments in different animal models showed aggressive behavior is associated with the activity
of the serotonergic system. Consistent with these findings, roosters from line 7, have lower
concentrations of central 5-HT in the brain than line 63 (Dennis and Cheng, 2014). Selection-
induced stress may also be responsible for behavioral expression. Line 72 has a greater DA turnover
rate than 63, suggesting line differences in the ability to cope with stressors (Dennis and Cheng,
2014). It has also been suggested that elevated activity of the dopaminergic system may link to

increased aggressive behavior (Cheng et al., 2003).
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1.6.2 Recipients: DeKalb XL lines

The Dekalb XL (DXL) line, a former commercial strain, was developed through individual
selection for high egg production (Dennis and Cheng, 2011). It has been reported earlier that
selection based on production characteristics may lead to the frequency of agonistic behavior and
dominance (Mench, 1988). In agreement with the hypothesis, the behavioral analysis has shown
that DXL exhibited great agonistic behaviors (Craig and Muir, 1996; Cheng and Muir, 2007).
Apart from behavioral differences, several physiological differences have also been investigated
in DXL birds. Compared with a group-selected line for high group productivity and survivability
(HGPS), DA concentrations in the raphe nuclei as well as hypothalamic EP and NE levels were
found to be lower in DXL hens (Dennis and Cheng, 2012). Low DA concentrations and stress
hormones including EP or NE in DXL birds may indicate their poor ability to cope with stress. In
chickens, a low ratio of CD4:CD8 could be a predictor for reduced immunocompetence (Bridle et
al., 2006). Previous studies found that HGPS birds had a higher ratio of CD4:CD8 than DXL birds,
indicating the poor cell-mediated immunity in DXL birds (Fahey and Cheng, 2008). Taken
together, increased aggressive behavior in DXL birds may be attributed to the genetic background-

related immunological status and hormone changes in response to stimulations.

1.7  The aims of this study

Accumulating evidence from human and animal trials has indicated that modulation of gut
microbiota affects host physiology and behavioral expression, suggesting alterations in gut
microbiota may be considered as a feasible strategy for preventing aggression and improving well-
being in chickens. In this study, we hypothesized that early intervention with transplantation of
cecal content from gentle (line 63) and aggressive birds (line 72) would differently affect recipient
birds’ physiological and behavioral expressions at adulthood based on the donors’ biological
characteristics. Furthermore, aggressive behavior would be reduced or inhibited by transplanting

the microbiota from gentle chickens. Therefore, this project aimed to determine if 1) CMT from
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different donors would change the biological characters and aggressive behavior of recipient
chickens differently; 2) CMT from different donors would alter the recipient chickens’ gut
microbiota population and composition differently; 3) the biological and behavioral changes in

recipients would correlate with the donors’ biological and behavioral characteristics.
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CHAPTER 2. EFFECTS OF EARLY-LIFE CECAL MICROBIOTA
TRANSPLANTATION ON GROWTH, GUT SEROTONIN RELEASE, AND
INNMUNE PARAMETERS IN ROOSTERS

2.1 Abstract

Increasing evidence points to the bidirectional communication between the gut microbiota
and the host’s biological functions, including absorption and metabolism of nutrients, immune and
neuroendocrine responses, and stress reactions through the gut-brain axis. Fecal microbiota
transplantation has become a promising therapeutic method for treating patients with
gastrointestinal disorders. The aim of this study was to examine if cecal microbiota transplantation
(CMT) presents similar efficiency in improving the health status of egg-laying chickens. Cecal
contents were collected from the divergently selected 63 and 7> chicken lines based on resistance
or susceptibility to Marek’s disease, resulting in each line’s unique physiological and behavioral
characteristics. Cecal microbiota transplantation was conducted through oral gavage daily during
the first ten days and then boosted once a week from week 3 to 5. Eighty-four d-old male chicks
of the Dekalb XL strain were randomly assigned into 3 treatments with 7 replicates per treatment
and 4 birds per replicate: CTRL (saline, control), 6s-CMT (cecal solution of line 63), and 7.-CMT
(cecal solution of line 72). The results indicated that 7,-CMT birds had the highest body weight
and ileal villus/crypt ratios among treatments at week 5 (P = 0.050 and 0.014); and higher
heterophil/lymphocyte ratios than that of 63-CMT birds at week 16 (P = 0.024). In addition, 7»-
CMT birds tended to have heavier relative adrenal glands than 63-CMT birds (P =0.090). However,
there were no treatment effects on corticosterone and testosterone concentrations at week 16 (P =
0.789 and 0.345). 7,-CMT birds also had higher levels of plasma Interleukin (IL)-6 at week 11 and
immunoglobulin (1g)G at week 16 (P = 0.046), with a trend towards higher levels of TNF-a at
week 11 and I1L-6 at week 16 (P = 0.091 and 0.070), while 63-CMT birds had higher concentrations
of ileal mucosal secretory IgA at week 5 and plasma IL-10 at week 16 (P = 0.045). In line with
these findings, there was a trend for 7.-CMT birds to exhibit higher TNF-o and IL-6 splenic mMRNA
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expression (P =0.065 and 0.080) than 63-CMT birds. Among the treatments, 7.-CMT birds tended
to have the lowest serotonin concentrations (P = 0.074) with the highest turnover rate of serotonin
in the ileum at week 5 (P = 0.028). In conclusion, early postnatal CMT shows line-dependent
effects on the growth and health status of recipients via the regulation of ileal morphological
structures, gut-derived serotonergic activities, peripheral cytokines, and antibody production in

chickens.

2.2 Introduction

In large-scale commercial poultry production systems, chickens may experience various
stressors, such as overcrowding, unstable social structure, transportation, and nutrient deprivation
(Cheng et al., 2004; Matur et al., 2015). These problems are important risk factors that drive
pathophysiological changes in the gastrointestinal (GI) tract (Konturek et al., 2011) and disrupt
systemic endocrine and immune functions (Gensollen et al., 2016), resulting in decreased feed
efficiency, poor health status, and economic losses in poultry (Li et al., 2017). To better fulfill the
nutritional and health needs, the gut microbiota has emerged as a common intervention target for
improving the production and welfare of farm animals (O'Callaghan et al., 2016). In humans, fecal
microbiota transplantation (FMT) is an effective bacteriotherapy for treating recurrent Clostridium
difficile infections and other gastrointestinal infectious diseases (laniro et al., 2020), with a
potential for treating neuropsychiatric disorders (Settanni et al., 2021). Similarly, FMT has been
gradually applied to treat various conditions of farm animals, such as digestive disorders
(inappetence and hypomotility) in ruminants (Mandal et al., 2017), resistance to African swine
fever virus in pigs (Zhang et al., 2020), and post-weaning diarrhea in piglets (Ma et al., 2021).
Hence, microbiota transplantation may have similar beneficial effects on the health and welfare of
chickens.

In recent years, research on gut microbiota has gained great attention due to the essential

contributions of microorganisms to host health across the host’s lifespan (Rooks et al., 2016).
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Intestinal microbiota can influence the functioning of a variety of biological systems including the
immune and neuroendocrine systems via the gut-brain and gut-immune axes, by which it impacts
host physiological homeostasis (Marchesi et al., 2016). Under normal circumstances, the intestinal
epithelial cells comprise a single layer of tight junctions, providing a physical barrier to actively
defend against invasions of pathogenic bacteria (Zhang et al., 2015). However, various sources of
stress from current intensive production systems may damage the mucosa epithelial
microstructures and increase gut permeability to toxins and pathogens, resulting in a
pathophysiological syndrome, “leaky gut” (Buffie and Pamer, 2013). Consequently, the damaged
intestinal barrier increases the synthesis and release of cytokines into the blood circulation, causing
systemic inflammation with the activation of the hypothalamus-pituitary-adrenocortical (HPA)
axis (Dinan and Cryan, 2012; Polansky et al., 2016) and increased susceptibility to various diseases
(Rychlik, 2020). An early study has suggested that the HPA axis interacts with serotonin (5-
hydroxytryptamine, 5-HT) to regulate pathophysiological homeostasis in humans and other
animals (L¢pez et al., 1998). Serotonin, as a neurotransmitter, is involved in mediating nutrient
absorption, mental health, stress, and immune responses (Ahern, 2011; Hestermann et al., 2014;
Herr etal., 2017). However, the specific relationship between gut-derived 5-HT and stress-induced
intestinal dysfunction is still under ongoing debate (Dong et al., 2017).

Early life has been increasingly recognized as a critical “window of opportunity” to
modulate the gut microbiota due to its long-lasting effects on the host’s biological homeostasis
(Torow and Hornef, 2017; Sprockett et al., 2018). At an early age, there are fluctuating changes in
the gut microbial composition and structure since gut colonization begins immediately after birth
(Rodr muez et al., 2015). In newborns, the first microbial encounters with maternal bacteria happen
during passage through the birth canal, together with the bacteria in the local environment,
contributing to the development of the baby’s gut microbiota composition (Khoruts, 2016).
Alteration in neonatal gut microbiota, such as early exposure to antibiotics before six months of

age, contributes to an increased incidence of obesity in infancy and childhood (Trasande et al.,
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2013). Similarly, administration of probiotics 2 hours after initiated incubation introduces
beneficial effects to the embryonic development of broiler chickens (Baldwin et al., 2018).
Therefore, priority effects of ecological theory (early arrival of microbe) play an important role in
gut microbial development (assembly of the gut microbiota). On commercial poultry farms, chicks
are hatched in controlled environments without contact with hens. It provides an opportunity to
modify recipient chick physiological and behavioral characteristics based on adult donors’
biological status through microbiota transplantation as a strategy for improving bird health and
welfare. We hypothesized that similar to FMT in humans, early-life microbiota transplantation
may potentially improve immune and stress responses in chickens. Cecal content was collected
from two chicken strains, 63 and 72, divergently selected for resistance or susceptibility to Marek’s
disease, respectively, creating the line’s unique physiological and behavioral characteristics. The
birds of line 63 are much gentler with higher egg production and lower social stress responses than
those of line 7> (Bacon and Palmquist, 2002; Dennis and Cheng, 2014). Cecal microbiota
transplantation (CMT) was conducted to establish the intestinal microbiota of the recipient birds,
with the objective to investigate the effects of early-life CMT on performance traits, stress status,

and immune characteristics.

2.3 Materials and methods

All procedures were approved by the Purdue University Animal Care and Use Committee
(PACUCH# 1712001657) and the study was conducted in accordance with the guidelines set by the

Federation of Animal Science Societies (2010).

2.3.1 Birds and experimental design

Inbred chickens of the 63 and 72 lines developed at Avian Disease and Oncology Laboratory
(East Lansing, MI) were used as donors (Bacon et al., 2001). At 60 week of age, the cecal content

samples were randomly collected from 10 hens per line and then evenly pooled (within lines). Five
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grams of pooled cecal contents were diluted with gut microbiome media (adopted from Goodman
etal., 2011) at a ratio of 1:10, and then kept at -20 T freezer until oral gavage.

A total of 84 1-day-old male chicks (Dekalb XL, a commercial strain) were used as
recipients and randomly allocated to 1 of 3 treatments with 7 cages per treatment and 4 birds per
cage (n=7): CTRL (0.1 ml saline, control), 6s-CMT (0.1 ml cecal solution of line 63), and 7.-CMT
(0.1 ml cecal solution of line 7;) for a 16-week trial. Cecal microbiota transplantation was
conducted through oral gavage once daily from day 1 to day 10, and then boosted once weekly
from week 3 to week 5.

Water and feed were provided ad libitum. The general management, including vaccination,
dietary formulation and nutrient contents, ambient temperature, and lighting program, followed

the Hy-line guidelines (2019).

2.3.2 Sample collection

At week 5, 11, and 16, one bird per replicate was randomly selected to measure body
weight and for blood sampling (n=7). A 5 mL blood sample was collected from the brachial vein
of each sampled bird using a heparinized tube. After collection, samples were centrifuged at 700
xg for 15 min at 4 <C. Plasma was separated and stored at -80 T until analysis.

At week 5 and 16, one bird per cage was euthanized through cervical dislocation after blood
sampling (n=7). The liver, spleen, left adrenal gland, and heart were collected from each bird and
weighed, and then the spleen tissues were frozen at -80<C for further analysis. In addition,
approximately 7 cm of the ileum (near the diverticulum) was collected from each bird and flushed
with sterile PBS to remove the contents, then separated into two parts: One part (approximately 4
cm) was immediately fixed in 10% buffered formalin. The mucosal samples were scraped and
collected from the other part of the sampled ileum (3 cm) using sterile glass slices and then frozen

in liquid nitrogen and stored at -80 <C.
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2.3.3 Blood smear test

At week 16, one bird per replicate (n=7) was randomly selected to measure the ratio of
heterophils to lymphocytes (H/L) from blood smears following previously published procedures
(Cheng et al., 2001b). One hundred heterophils and lymphocytes were counted from each slide
(total 200 cells from 2 slides per bird) under a light microscope to determine the H/L ratio for each

bird.

2.3.4 lleal histomorphology

A 1-cm ileal specimen per bird was prepared as described by Jiang et al. (2020). Briefly,
the fixed samples were dehydrated in graded ethanol, cleared in xylene, and then embedded in
paraffin. Thereafter, 5.0 m thick sections were sliced using a Leica RM 2145 microtome (Leica,
Nussloch, Germany). The sections were stained with hematoxylin and eosin (Thermo, Waltham,
MA) and then examined using an Olympus BX40F-3 microscope (Olympus Cooperation, Tokyo,
Japan). Three tissue sections containing intact lamina propria were selected from each bird, and
an average of six readings (of each of villus height, VH and crypt depth, CD, both measured in
um) were made from each section. Image J software (NIH, Bethesda, MD) was used to measure
VH and CD on each image. The VH and CD per tissue sample were averaged, and the VH/CD

ratio was calculated.

2.3.5 High-performance liquid chromatography (HPLC)

To determine the gut serotonergic activity, the ileal samples were analyzed in triplicate
using HPLC (UltiMateTM 3000 RSLCnano System, Thermo Fisher Scientific Inc., Waltham, MA)
as per Yan et al. (2020). Briefly, the ileal samples were weighed and homogenized in 4 M
perchloric acid at 1: 5, and then vortexed for 1 minute. Afterward, the mixture was centrifuged at
15,000 xg for 10 min at 4<C. The supernatants were added and absorbed onto an alumina column

and set on a rocker to link catecholamines with the alumina. The mobile phase (Sigma, USA) flow
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rate was 0.8 m/min. The ileal concentrations of 5-hydroxuindoleacetic acid (5-HIAA); serotonin
(5-HT), and tryptophan were calculated as nanograms per gram of wet tissue (ng/g) using a

reference curve generated from each of the corresponding calibrators.

2.3.6 Enzyme-linked immunosorbent assay (ELISA)

Cecal microbiota transplantation (CMT)-induced changes of plasma concentrations of
Interleukin (IL)-6, IL-10, Tumor necrosis factor (TNF)-o, and Immunoglobulin (Ig)G were
detected following each respective company’s instructions. The levels of total IL-6 (MBS037319,
My BioSource, San Diego, CA), IL-10 (Catalog #: MBS007312, My BioSource, San Diego, CA),
TNF-a (Catalog #: MBS260419, My BioSource, San Diego, CA), and IgG (Catalog #: E33-104,
Bethyl Laboratories, Inc.) were measured using the respective ELISA kits. Duplicate samples were
taken with CV < 15%.

Total protein in the ileal mucosal homogenates was measured by a Sigma Protein Assay
kit (Sigma Chemical Co., St. Louis, MO) using bovine serum albumin as the standard (Dahlgvist,
1964). Mucosal secretory (s)IgA concentrations were determined using a commercial ELISA kit
(Catalog #: E33-103, Bethyl Laboratories, Inc.) following the manufacturer’s guidelines.

Concentrations of sIgA were expressed as micrograms of sIgA per gram protein (mg/g).

2.3.7 Radioimmunoassay (RIA)

Total plasma concentrations of corticosterone and testosterone were determined in
duplicate using commercially available 1'?® RIA kits (Catalog #: 07120103 and Catalog #:
07189102, MP Biomedicals, Solon, OH) as previously described (Cheng et al., 2001a). Briefly, 20
ul plasma to 80 ul diluents and incubated in a water bath at room temperature for 120 min. After
the incubation, the tubes were vacated and the radioactivity was counted with a gamma counter

(1470 Wizard Gamma Counter, PerkinElmer, Waltham, MA). The sensitivity of the assay was
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0.02 ng/ ml. All samples were assayed at the same time and duplicate samples were taken with CV

< 15%.

2.3.8 Quantitative reverse transcription polymerase chain reaction (RT-qPCR)

Total RNA was extracted from the frozen spleen samples using RNeasy Mini Kit (Catalog
#: 74804, Qiagen, Valencia, CA) following the instructions provided by the company. The purity
and concentration of total RNA were checked using a NanoDrop 2000 (Thermo Scientific,
Wilmington, DE). Reverse transcription was conducted using the Reverse Transcription Reagent
Pack (Catalog #: N8080234, Applied Biosystems, Foster City, CA). A mixture of reverse
transcription reagents consists of 2 pl RNase inhibitor, 2.5 pl multi-scribe reverse transcriptase, 5
ul random hexamers, 10 pl of TagMan reverse transcription buffer, 20 ul deoxynucleotides, and
22 ul of 25 mM magnesium chloride. A total master mixture of each sample consists of 61.5 pl
with the quantified RNA sample and RNase-free water for a final 100 ul. The RNA samples were
reverse transcribed to cDNA using a Techne TC-3000G PCR Thermal Cycler (Bibby Scientific
Limited, Stone, UK). Splenic mRNA expressions of IL-6 (Assay ID #: Gg03337980_m1), TNF-a
(Assay ID #: Gg03364359 _m1), and IL-10 (Assay ID #: Gg03358689 _m1) were detected by RT-
gPCR using the provided primers and probes. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Catalog #: 4448489, Applied Biosystems, Foster City, CA, Assay ID #:
(g03346982_m1) was used as a reference gene. The PCR mixture contained 1.625 puL of TagMan
probe, 2.25 uL of gene-specific TagMan forward and reverse primers each, 12.5 uL of PCR Master
mix (Catalog #: 4304437, Applied Biosystems, Foster City, CA), 3.875 uL RNase-free water, and
2.5 pL of sample cDNA. The cycling conditions were 50°C for 2 min and 95°C for 10 min of the
holding stage, followed by 40 cycles of 95<C for 15 s, then 60<C for 1 min. Results were
quantitated by the standard curve method. Standards were measured in triplicates with a standard

deviation of less than 2.0 and a coefficient of variation less than 2.0%.
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2.3.9 Statistical analysis

The data was analyzed using R studio (version 3.6.2). The fixed effects were treatment and
age. The response variables were measured levels of physiological parameters. The Shapiro-Wilk
test was used to analyze the normality of the data and non-normal data were logarithmically
transformed. Statistical analysis was conducted using R studio one-way ANOVA for normalized
data. The Tukey-Kramer test was used to partition any significant differences among least-square
means due to treatment main effects (Steel et al., 1997). Significance was set at P < 0.05 and a

trend was defined as 0.05 < P <0.1.

2.4 Results

2.4.1 Performance traits

Transplantation of cecal content from the different chicken lines affected the recipient birds’
physical and physiological measurements. At week 5, 7,-CMT birds had the highest body weights
(P = 0.050), but the differences in BW disappeared by 16 week of age (P = 0.426, Figure 2.1). In
addition, 7.-CMT birds tended to have heavier relative adrenal glands (P = 0.090, Table 2.1) than
63-CMT birds but not CTRL birds (Table 2.1), while there was no treatment effect on relative
spleen, liver, and heart weights Table 2.1). In line with this finding, 7.-CMT birds exhibited higher
H/L ratios than 63-CMT birds (P = 0.024, Table 2.2) but not CTRL birds, while no treatment effect
was found on the concentrations of corticosterone and testosterone at 16 week of age (Table 2.2).
At 5 week of age, the ratio of VH:CD was significantly higher in 7.-CMT birds compared with
both 63-CMT and CTRL birds (P = 0.014, Figure 2.2A) due to a higher VH, especially between

7>-CMT and 63-CMT birds. The differences were no longer present at week 16 (Figure 2B).

2.4.2 Immune response

Among CMT recipient birds, 7.-CMT birds had greater concentrations of natural IgG at
week 16 (P = 0.046, Figure 2.3C), while 63-CMT birds had higher concentrations of ileal mucosa
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sIgA at week 5 (P = 0.045, Figure 2.4A). In addition, treatment effects on the measured cytokines
were found at week 11 and 16 (Figure 2.5). 7.-CMT birds had higher levels of plasma IL-6 than
CTRL birds (P = 0.002) and a tendency for higher plasma TNF-a levels compared to 63-CMT
birds (P = 0.091, Figure 2.5B) at week 11. These changes were detected at week 16 (Figure 2.5C).
7,-CMT birds tended to have higher plasma concentrations of IL-6 (P = 0.070), while 63-CMT
birds had higher levels of plasma IL-10 at week 16 (P = 0.045). Consistent with this finding, 63-
CMT birds had a tendency of lower splenic IL-6 (P = 0.080) and TNF-a (P = 0.065) mRNA

expressions than 7,-CMT birds at week 16 (Figure 2.6B).

2.4.3 lleal serotonergic activities

At week 5, 63-CMT birds tended to have the highest concentrations of 5-HT (P = 0.074)
and 5-HIAA (a metabolite of 5-HT) in the ileum compared to both CTRL and 7>-CMT birds (P =
0.015, Figure 7A), without treatment effects on the concentrations of tryptophan (P = 0.467). In
addition, 5-HIAA/5-HT ratios differed among treatments (Figure 7B). Compared to CTRL birds,
5-HT turnover was higher in 7.-CMT birds at week 5 (P = 0.028). These treatment differences

disappeared by week 16 (Figure 2.7C and D).

2.5 Discussion

2.5.1 Cecal microbiota transplantation alters body weight and ileal morphology in
roosters in the early-life stage
One function of the gut microbiota is food digestion and nutrient absorption (Angelakis,
2017). In humans, patients with acute malnutrition can be treated with probiotic supplements,
which in turn results in weight gain (Kerac et al., 2009). In our study, microbiota transplantation
led to BW changes in the recipient birds; that is, 7>-CMT had the heaviest body weight among
treatments at week 5 and 11, while BW became similar in all treatment groups at week 16. The

weight gain during the growing phase may be associated with a high abundance of several
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bacteria, such as bacteria belonging to Firmicutes in chickens (Videnska et al., 2014). Additionally,
Joat et al. (2021) reported that the gut microbiota composition in caged laying hens changed
significantly from the rearing stage (pullets) to the production stage (layers) and varied mostly due
to the different management systems. In our study, birds were maintained in the same growing
facilities for the whole trial, as such, the unchanged BW in adult birds may be partially attributed
to the evidence that functional core gut microbiota involved in the feed utilization has stabilized
in adulthood. In addition, weight gain requires sufficient nutrient absorption at an early age.
Changes in VH and CD have been commonly considered as key measurements for the assessment
of gut maturation and nutritional effects. In line with the BW changes, we observed that 7,-CMT
birds had the highest ileal VH as well as the greatest ratios of VH/CD among treatments. The ileum
is the major absorption location for several nutrients such as vitamin B12 and fat in chickens
(Mantle, 2020; Rupprecht and Boh&quez, 2021). Increased VH may suggest that 7,-CMT birds
have improved feeding digestion and nutrient absorption due to the enlarged epithelial surface area
in early life (Caspary, 1992), while the treatment effects were reduced as the birds matured.
Collectively, early-life microbiota transplantation plays a critical role in the growth performance

through altering BW and ileal microstructures.

2.5.2 Gut microbiota differently influences basic stress reactive capability of recipient

birds

Hyperactivation of the HPA axis is commonly seen under stress conditions, and
corticosterone, as the final compound, is released from the adrenal glands within a short period of
time (Peirce and Alvira, 2019). However, the HPA axis is less developed in newly hatched chicks
(Frankiensztajn et al., 2020). Generally, roosters become sexually mature at around 16 week of
age, which is a critical time point to assess hormonal responses. Testosterone, as one of the sexual
hormones in roosters, is synthesized by the testis under the regulation of gonadotrophin and

gonadotrophin-releasing hormone released from the pituitary and the hypothalamus, respectively
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(Ulloa-Aguirre and Timossi, 2000). The activation of the HPA axis often causes the inhibitory
response of the hypothalamus-pituitary-gonad axis, resulting in a decreased level of testosterone
(Tsutsui et al., 2012). In chickens, changes in the stress-related hormone, corticosterone, and stress
indicators, such as H/L ratio, have been considered as acute and chronic stress markers,
respectively (Cheng et al., 2001a; Gross and Siegel, 1988; Kunz-Ebrecht et al., 2003). In the
current study, we did not observe measurable changes in the basic levels of plasma corticosterone
and testosterone among the treated birds at week 16. In agreement with our findings, van der Eijk
et al. (2020) also reported that transplanting luminal content from high FP and low FP selected
chicken lines did not affect the levels of corticosterone in recipient birds. Similar research
conducted by Zhu et al. (2020) indicated that transplanting fecal content from either schizophrenic
or healthy individuals did not alter the basic levels of corticosterone in recipient mice (Zhu et al.,
2020). Another potential explanation for the unchanged corticosterone may be attributed to the
strain variations. For instance, mouse strain differently contributes to the functional variations of
the HPA axis, and thereby strain-related differences in reactivity and associated corticosterone
levels in response to stimulations (Neufeld et al., 2011; Shanks et al., 1990, Sudo et al., 2004).
Future elucidation of the mechanisms on how the microbiota regulate hormonal changes in
response to stress is needed.

Recent advances in genetic technologies have unraveled the critical contributions of host
genetics to the regulation of stress reactivity. For instance, the differences in stress adaptability are
apparent in the donor lines used in this study (Dennis et al., 2004). Line 72 exhibits more aggressive
behavior than line 63 in response to social stress, which may be associated with their variations in
coping styles (reactive vs. proactive). Notably, we found that the recipient birds’ basic stress
response is associated with that of the donor, reflected by a significantly lower H/L ratio together
with a tendency of lighter adrenal gland weight in 63-CMT birds as compared to 7,-CMT birds.
Behavior was not directly observed here, and behavioral differences in aggression will be needed

to further examine similarities among recipients and donors. In avian species, adrenal gland weight
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has been considered as a chronic stress indicator (Harvey et al., 1984; Cheng et al., 2003). Taken
together, the results may suggest that 63-CMT birds have a better capability to adapt to stress.
These results suggest that cecal contents from different donors differently influence the recipients’

stress response via the donor-host genetic-microbiota interactions in chickens.

2.5.3 Cecal microbiota transplantation modulates basic immune response and gut health

of recipient birds

Extensive evidence has indicated that the crosstalk between the gut microbiota and the
immune system plays a vital role in maintaining the health status of the host. For example, newly
hatched birds are more susceptible to infections and diseases due to the absence of microbiota as
well as an immature avian immune system (Beal et al., 2005). In young birds, the innate immune
system constitutes the first line of defense system against pathogenic infections or inflammation
induced by environmental stressors (Bar-Shira and Friedman, 2006). In adulthood, the intestinal
microbiota affects the recruitment of immune cells, activating antibody-dominated and cellular
immune responses (differentiation and proliferation) (Broom and Kogut, 2018; Dempsey et al.,
2003). To better understand how microbiota transplantation impacts the immune system, we
examined the changes of plasma concentrations of circulating natural antibody (IgG), pro-
inflammatory cytokines (IL-6 and TNF-a), and anti-inflammatory cytokine (IL-10) at 5, 11, and
16 week of age. It is interesting to note that there were significant differences in plasma 1gG
concentrations among treatments during sexual maturity of birds (around 16 week); 7.-CMT birds
had higher levels of natural IgG in the plasma compared with 6s-CMT birds. Natural IgG, as one
of the most abundant antibodies, presents in the circulation after birth even in the absence of prior
exposure to a cognate antigen (Casali and Schettino, 1996). 1IgG may reflect a pathological process
as autoantibodies in the blood, which is manifested in disease-induced tissue, cell damage or a
breakdown in the host’s self-tolerance (Nagele et al., 2013). In human patients, organ-specific or

systemic autoimmune diseases could be aggravated by the increased binding of self-reactive 19G
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with the targeted tissues, organs, and free molecules including phospholipids (Elkon and Casali,
2008; Nimmerjahn and Ravetch, 2021). In our study, recipient birds were exposed to similar
environmental conditions and under the same management practices; higher concentrations of
natural antibody (IgG) in 7.-CMT birds may be explained by exaggerated immunological
responsiveness to social-environmental influences and related chronic inflammation in
comparison with both CTRL and 63-CMT. This view is supported by the susceptibility of donor
line 72 to Marek’s disease and increased aggressiveness (Dennis et al., 2014). Together with the
host genetic-microbiota interaction, cecal content from donor line 7, may induce a greater
production of autoantibody 1gG in 7>-CMT birds. Meanwhile, high immune responses require
large amounts of resources; birds with a higher antibody synthesis may have poorer feed
efficiencies and decreased effectiveness of macrophages (Gross and Siegel, 1988). These results
may reveal that the host’s genotype and gut microbiota work together to influence the immunity
of recipient birds.

Maintenance of intestinal homeostasis requires appropriate discrimination between
beneficial and pathogenic bacteria (Yoo et al., 2020). Mucosal secretory(s) IgA, as one of the most
abundant antibodies within the intestinal lumen, protects the gut epithelium from the invasion of
pathogenic bacteria and related infections (Mantis et al., 2011). Mucosal sIgA has also been used
as a biomarker for the evaluation of intestinal homeostasis and stress reactions (de Santis et al.,
2015). As expected, our results showed slgA concentrations were significantly affected by
microbiota transplantation at week 5. The higher levels of sIgA in 63-CMT birds may help them
to maintain gut health as well as improve nutrient absorption. Considering the protective roles that
mucosal slgA plays in the intestinal barrier, sigA may directly and indirectly mediate cytokine
production. Brzozowski et al. (2016) reported that the breakdown of the intestinal barrier is
associated with changes in mRNA abundance and the production of inflammatory cytokines. In
our study, results suggested that 7,-CMT had attenuated levels of an anti-inflammatory cytokine,

IL-10, but greater concentrations of pro-inflammatory cytokines, IL-6 and TNF-a among treatment.
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In agreement with our findings, CMT from different donors tended to decrease mRNA abundance
of pro-inflammatory splenic cytokines such as IL-6 and TNF-a in 63-CMT birds, which may
suggest that transferred microbiota improve the immune system of recipients. These results further
revealed the critical role of the gut microbiota in regulating gut health and immune response in

chickens via CMT.

2.5.4 Potential physiological implications of the gut-derived serotonin

The gastrointestinal (GI) tract is the major location of peripheral 5-HT. Approximately 95%
of the body’s 5-HT is synthesized by the gut mucosal enterochromaffin cells (ECs) (Rackéet al.,
1989). Subsequently, investigations have uncovered a range of functions of gut-derived 5-HT
including regulating gut motility, secretion of bioactive factors (Mawe and Hoffman, 2013),
metabolic processes (Jones et al., 2020), and bone formation (Sjcgren et al., 2012). Further, gut-
derived 5-HT may act on the activation of immune cells via signaling a variety of 5-HT receptors,
which in turn regulates cytokine production and gut homeostasis (Fukudo, 2013; Liu et al., 2021,
Spohn and Mawe, 2017). In addition, it has been reported that the microbiome regulates
gastrointestinal 5-HTergic response and consequently interacts with released hormones, cytokines,
and short-chain fatty acids (de Haas and van der Eijk, 2018). Given its multiple roles within the
Gl tract, changes of gastrointestinal 5-HT may have implications for inflammatory signaling and
the stress response of the host. In the current study, 63-CMT birds had higher 5-HIAA
concentrations, with a tendency for higher concentrations of 5-HT in the ileum than 7,-CMT birds
at week 5. These results may suggest that 6s-CMT birds have a more activated serotonergic system
than 7,-CMT birds. Imbalanced serotonin synthesis promotes the pathological process of stress-
related diarrhea in mice (Dong et al., 2017). Also, Margolis et al. (2014) suggested that 5-HT can
modulate gut physiology by facilitating gut inflammation. In our study, the high activated gut
serotonergic systems in 63-CMT birds (higher 5-HT biosynthesis) were paralleled by higher

concentrations of mucosal sIgA as well as IL-10, which may indicate the transferred microbiota

73



induces anti-inflammatory effects in recipients. Therefore, these changes may indicate that 63-
CMT birds have a greater basic gut immunity protecting them from inflammation and infection,
but future work will be needed to verify such changes.

Previous studies have reported that chronic stress resulted in decreased mRNA abundance
of TPHL1 in the intestines, an enzyme for synthesizing peripheral 5-HT (Yue et al., 2017). In
agreement with this finding, Wang et al. (2007) and Babskota et al. (2019) suggested that stress
alters gut-derived 5-HT signaling, thereby downregulating 5-HT concentrations in the jejunum and
colon, leading to various gut disorders such as inflammatory bowel disease. This hypothesis is
supported by the fact that administration of 5-HT or its precursor 5-hydroxytryptophan (5-HTP)
promotes the production of tight junction proteins and reduces mucosal permeability (Haub et al.,
2010; Nylander and Pihl, 2006). Tight junction proteins are prominent players in maintaining
intestinal barriers under both normal and stressful circumstances. Taken together, high levels of

gut-derived 5-HT in 63-CMT birds may indicate that they have better stress adaptive capability.

2.6 Conclusion

The results of this study demonstrate that early postnatal cecal microbiota transplantation
influences growth, gut morphological development, immunity, and stress adaptive capability of
recipient chickens, dependent on microbiota-donor-host interactions. The results indicate that
microbiota transplantation, especially at an early age, could be a novel strategy for ameliorating
stress responses and improving the health and welfare status of chickens. Future studies are needed
to investigate the potential associations between specific beneficial bacterial taxa and
physiological characteristics in the donor-recipient relationship, which could provide a novel

management strategy for poultry production.
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Table 2.1 Effects of cecal microbiota transplantation on relative organ weight of roosters at week

16.

Items

CTRL

72-CMT

63-CMT

SEM

P- value

!Relative organ weight

spleen liver adrenal gland heart
1.849 17.991 0.0428 6.373
1.720 18.059  0.048% 6.661
1.631 17.754 0.033® 7.119
0.134 0.923 0.004 0.662
0.524 0.970 0.090 0.639

Values are least square means =SEM, n=7. * B indicates a trend difference (0.05 <P <0.1).
!Relative organ weight = absolute organ weight (g)/ body weight (kg)

Table 2.2 Effects of cecal microbiota transplantation on stress parameters (H/L ratio,
corticosterone) and sexual hormone (testosterone) of roosters at week 16.

Measures Treatment SEM P-value
CTRL 72-CMT 63-CMT

H/L ratio 0.327% 0.3672 0.243° 0.029 0.024

Corticosterone (ng/ml) 4.235 4.678 3.697 0.900 0.789

Testosterone (ng/ml) 1.423 1.132 1.744 0.277 0.345

Values are least square means =SEM, n= 7. *® indicates a significant difference (P < 0.05).
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Figure 2.1 Effects of cecal microbiota transplantation on body weight of roosters at week 5, 11
and 16. Values are least square means =SEM, n=7. ®? indicates a significant difference (P <

0.05).
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Figure 2.2 Effects of cecal microbiota transplantation on ileal morphology of roosters at week 5
and 16. Values are least square means £SEM, n=7. " indicates a significant difference (P <
0.05).
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Figure 2.3 Effects of cecal microbiota transplantation on plasma 1gG concentration of roosters at
week 5, 11 and 16. Values are least square means =SEM, n=7. & indicates a significant
difference (P < 0.05).
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Figure 2.4 Effects of cecal microbiota transplantation on mucosa sIgA concentrations of roosters
at week 5 and 16. Values are least square means =SEM, n=7. *® indicates a significant
difference (P < 0.05).
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Figure 2.5 Effects of cecal microbiota transplantation on plasma inflammatory cytokines of
roosters at week 5, 11 and 16. Values are least square means £SEM, n=7. *? indicates
significant differences (P < 0.05), * B shows trend differences (0.05 < P < 0.1).
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Figure 2.6 Effects of cecal microbiota transplantation on splenic mMRNA abundance of
inflammatory cytokines of roosters at week 5 and 16. Values are least square means =SEM, n=7.
AB shows trend differences (0.05 < P <0.1).
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Figure 2.7 Effects of cecal microbiota transplantation on ileal serotonergic activities of roosters
at week 5 and 16. Values are least square means =SEM, n=7. *° indicates significant differences
(P <0.05), A B shows trend differences (0.05 < P <0.1).

90



CHAPTER 3. THE GUT-BRAIN AXIS: TARGETING GUT
MICROBIOTA TO REDUCE AGGRESSION AND IMPROVE WELFARE
IN POULTRY

3.1 Abstract

Numerous studies have indicated that modulations of the gut microbiota affect host
physiological homeostasis and behavior. Fecal microbiota transplantation is a clinical therapy for
treating patients with psychiatric disorders. Similarly, modulation of gut microbiota could be a
feasible strategy for reducing aggression and improving the welfare of chickens. The objective of
this study was to determine the effects of early postnatal cecal microbiota transplantation (CMT)
on aggression, brain serotonergic and catecholaminergic activity in roosters. Chicken lines 63
(gentle birds) and 7 (aggressive birds) were used as donors and chickens of a commercial strain
(Dekalb XL) were used as recipients for the CMT. A total of 84 d-old male chicks were randomly
assigned to 1 of 3 treatments with 7 cages per treatment and 4 birds per cage (n=7): Control (0.1
ml saline), 63-CMT (0.1 ml cecal solution of line 63), and 7,-CMT (0.1 ml cecal solution of line
7). Cecal microbiota transplantation was conducted via oral gavage once daily from d 1 to d 10,
and then once weekly from wk 3 to wk 5. Atwk 5, 11, and 16, birds with similar BW were assigned
to paired aggression tests between treatments. Samples of blood, brain and cecal content were
collected from post-tested birds at each time point for detecting CMT-induced changes in the cecal
microbial community and correlations with the alterations of serotonergic activity and aggressive
behaviors. The results indicated that CMT altered the phylogenetic diversity of recipients at both
wk 5 and 16 (P = 0.039 and P = 0.090). CMT also altered gut microbial community structures at
wk 5, which was reflected in the changes of beta diversity metrics including Jaccard (P = 0.020)
and Unweighted UniFrac (P = 0.005). Moreover, microbiota modulations alter the activities of
central serotonergic and catecholaminergic systems at wk 5 and 16. At both time points, 63-CMT
birds tended to have higher concentrations of hypothalamic tryptophan (P = 0.089 and 0.063). 63-
CMT birds also had the highest serotonin turnover at wk 16 (P = 0.011), while 7,-CMT birds had
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the lowest norepinephrine (NE) and dopamine (DA) concentrations among treatments (P = 0.072
and 0.031). However, there were no treatment effects on dopamine turnover at wk 16 (P = 0.957).
7>-CMT birds also had a lower mRNA abundance of monoamine oxidase A (MAOA) at wk 16 (P
= 0.024). In line with this finding, 63-CMT birds exhibited less frequent aggression both in the
home cages (P = 0.039) and paired tests at wk 5 (P = 0.040), with a trend of difference at wk 16
(P = 0.093) compared to 7.-CMT birds. At wk 5, genus Ruminococcaceae UCG-005 was
positively correlated with brain serotonin levels in 63-CMT birds (P = 0.036), while genus GCA-
900066225 was negatively correlated with 5-HIAA in 7,-CMT birds (P = 0.039). Overall, these
results indicate that gut microbiota modulations may be a management strategy for reducing
aggressive behavior in chickens through the gut-brain axis to regulate the activities of the central

serotonergic and catecholaminergic systems.

3.2 Introduction

Aggression, as an evolutionarily conserved behavior, exists widely across the animal
kingdom from humans to various animals including chickens. From the perspective of an
evolutionary process, aggression serves as a crucial survival skill for animals to secure resources
and adapt to the surrounding environment (Buss and Duntley, 2006). However, dysfunctional
aggression within a group causes social stress, interfering with the social needs of safety damaging
the health of both dominants and subordinates (Raine, 2002). In modern intensive production
systems, mixing and regrouping unfamiliar individuals is a common management practice. This
procedure, however, is often accompanied by the disruption of social structures and increased
aggression among animals, which arouses great health and welfare concerns (Hubbard et al., 2021).
For example, mixing aggression in sows causes skin lesions, elevates stress levels, and impairs
reproductive performance (Turner et al., 2006; Lagoda et al., 2021). Similarly, in commercial
chickens, aggression leads to excessive stress, injuries, and sometimes cannibalism and death

(Cheng and Muir, 2007, Hartcher et al., 2015). In addition, the victim birds with feather loss require
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more feed intake to maintain thermal comfort and energy storage, resulting in increased feed
consumption and economic costs for the poultry industry (Drake et al., 2010). Although several
preventative approaches such as beak trimming, genetic selection, and illumination control have
been implemented in poultry production, these management practices cannot completely prevent
the incidence of aggression and related injurious behaviors. Hence, it is pivotal to develop a new
approach to control aggression, improve bird welfare, and increase the profits of the poultry
industry.

In recent years, great research attention has been paid to the gut microbiota and its link
with host physiological and psychological health via the gut-brain axis. The first evidence for the
existence of the gut-brain axis was reported in the early 19" century, and researchers found that a
person’s mood could been governed by the gut state (Cannon, 1909; Wolf and Wolff, 1943).
Correspondingly, the gut microbiota has been recognized as an endocrine organ influencing both
mood stabilization and behavioral exhibition of the host via regulating biofunctions of
neurotransmitters and neurotrophic factors (Sudo et al., 2004), inflammatory process (Hand et al.,
2016), and energy metabolism (Zheng et al., 2021). In humans, disordered gut microbiota
composition has been linked to the pathophysiology of mental disorders (Cryan and Dinan, 2012).
For instance, patients with depression have decreased abundance of phyla Firmicutes and
increased Bacteroidetes and Proteobacteria as compared to healthy individuals (Yu et al., 2017).
Furthermore, several bacterial taxa such as the Enterobacteriaceae family have been used as a
biomarker for evaluating the severity of depression (Jiang et al., 2015; Zheng et al., 2016). The
causal link between the gut microbiota and brain function has been further revealed in germ-free
(GF) mice. For example, fecal microbiota transplantation (FMT) from patients with depression
could induce the specific depression-like behavior, together with a decrease in several brain
neurotransmitters such as serotonin (5-HT), norepinephrine (NE), and epinephrine (EP) in GF
recipients (Zheng et al., 2016). Meanwhile, a positive correlation between decreased levels of 5-

HT and the bacterial taxa such as genus Akkermansia has been revealed in the same study. Similar
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findings of FMT eliciting the phenotype of the donors in the recipients have been reported in
several psychiatric disorders including autism (Hisao et al., 2013; Kang et al., 2019), schizophrenia
(Zhu et al., 2020), and Alzheimer’s disease (Sun et al., 2019a), which indicates the functional link
between the gut bacteria and brain physiology. Based on these previous findings, we hypothesized
gut microbiota may present similar efficiency in regulating aggressive behavior in chickens.

The regulation of behaviors is primarily mediated through altering central neuronal
activities (Berman et al., 1997). Serotonin (5-HT) is a primary modulatory neurotransmitter
involved in this process. Approximately 5% of the body’s 5-HT is synthesized in the brain, while
95% is released from the enterochromaffin cells within the gut epithelia (Gershon, 2003). In
humans, the changes of 5-HT within the central nervous system (CNS) have been linked with
mood and behavioral disorders including interpersonal aggression and impulsive behavior
(Pourhamzeh et al., 2021). The 5-HT deficiency theory of aggression is driven by the negative
correlation between the central 5-HT and aggressiveness in humans (Klasen et al., 2019; Kolla and
Houle, 2019) and various experimental animals (K&stner et al., 2019; Weinberg-Wolf and Chang,
2019). Like in mammals, aggressive birds usually exhibit lower 5-HT concentrations in specific
brain regions such as the hypothalamus (Dennis et al., 2008). Additionally, the gut microbiota
contributes to the synthesis of peripheral 5-HT. Due to the impermeable properties of the blood-
brain barrier (BBB), peripheral 5-HT cannot pass this barrier to directly regulate brain function.
As such, the pathophysiological roles of peripheral 5-HT in behavioral and motivational regulation
are still unclear. It should be noted that the body’s 5-HT can be derived from an essential amino
acid, L-tryptophan, the precursor of 5-HT, which can pass through the BBB and directly and
indirectly influences the mood, cognition, and behavioral exhibition of the host (Sandyk, 1992).
Correspondingly, several gut bacterial taxa such as Lactobacillus influence the tryptophan
synthesis of the host (Gao et al., 2018). Thus, it would be of interest to further investigate the

effects of gut microbial modification on host aggressiveness.
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Few studies have been conducted to evaluate the effects of gut microbial modulations on
aggression. In poultry, the cecum contains the greatest microbial population and largest
concentrations of microbial cells as compared with other segments of the gastrointestinal (Gl) tract,
which constantly attracts interest in investigating the function of gut microbiota on host biological
homeostasis (Yan et al., 2017; Glendinning et al., 2020). Therefore, the objective of this study was
to determine if early-life cecal microbiota transplantation (CMT) would potentially reduce
aggressive behaviors through modulating the function of the central serotonergic and

dopaminergic systems via the gut-brain axis.

3.3 Materials and methods

3.3.1 Birds, diets, and management

All experimental procedures were approved by the Purdue University Animal Care and
Use Committee (PACUC# 1712001657); and the study was conducted in accordance with the
guidelines set by the Federation of Animal Science Societies (2010). Chicken lines 63 and 72
developed by Avian Disease and Oncology Laboratory (East Lansing, MI) selected for Marek’s
disease resistance or susceptibility were used as donor chickens (Bacon et al., 2001).

Eighty-four 1-day-old male chicks of Dekalb XL, a commercial strain, were used as
recipients. Water and feed were provided ad libitum. The general management, including
vaccination, dietary formulation and nutrient contents, ambient temperature, and lighting program

followed the Hy-line guidelines (2019).

3.3.2 Study design, treatment administration, and sample collection

At 60 week of age, cecal contents were randomly collected from 10 hens per line (63 and
72) and evenly pooled within the line. 5 grams of pooled cecal contents were suspended with gut
microbiome media (Goodman et al., 2011) at a ratio of 1:10 and then kept in the -20°C freezer for

oral gavage.
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Recipients were randomly assigned into 1 of 3 treatments with 7 cages per treatment and 4
birds per cage (n=7): CTRL (0.1 ml saline, control), 63-CMT (0.1 ml of line 63 cecal solution), and
7>-CMT (0.1 ml of line 7, cecal solution) for a 16-week trial. Oral gavage was performed from d
1 to d 10, and the effectiveness of transplantation was boosted weekly from wk 3 to 5.

The hypothalamus and both sides of cecal contents were collected from 1 bird per cage at
week 5 and 16, respectively (n=7). Cecal contents and hypothalamic tissues were snap-frozen and

stored at -80 <C until analysis.

3.3.3 Behavioral analysis

Paired behavioral test

Paired behavioral test was conducted among the treatments at wk 5, 11, and 16 following
the procedure published previously (Dennis and Cheng, 2011). Briefly, birds with similar BW
from the different treatments were randomly assigned to pairs for aggression tests (n=7). The test
was conducted in novel cages allowing 750 cm?/bird. 7 pairs were tested at the same time in the
morning between 8:00 am -12:00 pm in the testing room and each pair was tested for 30 min.
Afterward, the frequency of aggressive behavior was analyzed and counted as the average number
of pecks per bird per cage in a 30-min period. The definition of aggression was “Occurs when one
bird raises head and forcefully stabs beak either once or multiple times at another bird. Aggressive
pecks will usually be directed at the head but may also be directed at the body. The recipient will
usually show avoidance behavior by ducking or moving away from aggressive birds” (Daigle et

al., 2014).

Home-cage aggressive behavior

The behavior of birds in the home-cage was recorded using digital video recording (DVR)
systems (Geovision GV-1480) linked to overhead ceiling-mounted cameras (Panasonic WV-

CP254H). Home-cage behavior was recorded for a 24-h period at wk 5 and 16 (n=5). Each week
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of the recorded video was viewed using EZViewLog500 in real-time and collected from 1h after
lights on and 1h before lights off (5:58 am - 6:58 am, 7:58 pm - 8:58 pm). The frequency of
aggressive pecking was counted during the 2-h video segments and calculated as the average
number of pecks per bird per hour (the number of pecks per cage per hour divided by the number

of birds in each cage).

3.3.4 Quantitative reverse transcription polymerase chain reaction (RT-gPCR)

Total RNA of the hypothalamic samples was extracted using RNeasy Mini Lipid Kit
(Catalog #: 74804, Qiagen, Valencia, CA) following instructions provided by the company. The
purity and concentration of total RNA were checked using a NanoDrop 2000 (Thermo Scientific,
Wilmington, DE). The reverse transcription was conducted by using the Reverse Transcription
Reagent Pack (Catalog #: N8080234, Applied Biosystems, Foster City, CA). A mixture of reverse
transcription reagents consists of 2 ul RNase inhibitor, 2.5 pl multi-scribe reverse transcriptase, 5
pl random hexamers, 10 pl of TagMan reverse transcription buffer, 20 pl deoxy nucleotides, and
22 ul of magnesium chloride. A total master mixture of each sample consists of 61.5 pl with the
quantified RNA sample and RNase-free water for a final 100 ul. The RNA samples were reverse
transcribed to cDNA by Techne TC-3000G PCR Thermal Cycler (Bibby Scientific Limited, Stone
UK). To explore the microbiota modulation on the relative mMRNA expression of the serotonin
pathway, the mMRNA expressions of related genes (Table 3.1) in the right side of hypothalamic
tissues were detected by RT-qPCR using the methods described previously (Dennis and Cheng,
2011). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference gene.
Results were quantitated by the standard curve method. Standards were measured in triplicates

with a standard deviation of less than 2.0 and a coefficient of variation less than 2.0%.
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3.3.5 High-performance liquid chromatography (HPLC)

To determine the serotonergic activities of brain samples, duplicate samples were run by
HPLC (UltiMate™ 3000 RSLCnano System, Thermo Fisher Scientific Inc., Waltham, MA), as
previously described (Yan et al., 2020). Briefly, the left side of the hypothalamus was weighed
and homogenized in 0.2 M perchloric acid at a ratio of 1:10 and then vortexed for 1 minute.
Afterward, the supernatant was centrifuged at 15,000 < g for 10 min at 4<C for HPLC analysis;
and then filtered through a 0.2 pm polyvinylidene fluoride filter into a sample vial. The flow rate
of the mobile phase (Sigma, USA) was 0.7 mL/min, and the cell potential was set at 0 mV, 225
mV, and 550 mV. Each sample was tested twice at 10 pi per injection. The concentrations of 5-
HIAA, 5-HT, tryptophan, NE, EP, DOPAC, and DA were calculated as nanograms per milliliter

(ng/g) through a reference curve generated from corresponding standards.

3.3.6  Cecal microbial profiles

DNA extraction and 16S rRNA amplicon sequence

Total genomic DNA was extracted from cecal samples using the QlAamp Fast DNA Stool
Mini kit (Catalog #: 51504 Qiagen, Valencia, CA) following the manufacturer’s instructions. 16S
rRNA gene sequence was conducted to characterize the effects of CMT on gut microbial diversity
and community structures of recipient chickens (Caporaso et al., 2011). Briefly, the V4 region of
the 16S rRNA gene was amplified from genomic DNA wusing 515F
(GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT). Each 25 pL
PCR reaction contains 9.5 L of PCR-grade water (Certified DNA-Free), 12.5 pL of QuantaBio’s
AccuStart 11 PCR ToughMix (2x concentration, 1x final), 1 L Golay barcode tagged Forward
Primer (5 UM concentration, 200 pM final), 1 L Reverse Primer (5 M concentration, 200 pM
final), and 1 L of template DNA. The conditions for PCR were as follows: 94 <C for 3 minutes
to denature the DNA, with 35 cycles at 94 <C for 45 s, 50 <C for 60 s, and 72 <C for 90 s; with a

final extension of 10 min at 72 <C to ensure complete amplification. Amplicons are then quantified
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using PicoGreen (Invitrogen). After quantification, volumes of each of the products were pooled
into a single tube and cleaned up using AMPure XP Beads (Beckman Coulter), and then quantified
using a fluorometer (Qubit, Invitrogen). After quantification, the molarity of the pool was
determined and diluted down to 2 nM, denatured, and then diluted to a final concentration of 6.75
pM with a 10% PhiX spike for sequencing on the Illumina MiSeq (Caporaso et al., 2012). The
amplicons were sequenced using the Illumine Miseq platform (2 x 150 bp paired-end run) at the

Argonne National Laboratory (Chicago, USA).

Quality control and sequence analyses

Amplicons were trimmed at the 13" base of each sequence for both the forward and reverse
sequence and denoised with Divisive Amplicon Denoising Algorithm (DADA 2) pipelines via
Qiime 2 (v2020.2). Amplicon sequence variants (ASVs) were generated using DADA 2; and the
ASV sequences were classified using the 99% Silva v132 taxonomic database as a reference
(https://data.qiime2.0rg/2020.2/common/silva-132-99-515-806-nb-classifier). Cecal samples
were rarefied to 13,580 and 24,907 sequencing reads at wk 5 and 16, respectively.

a-diversity: The community richness and evenness of gut microbiota were reflected by
Chaol and evenness metrics respectively. The community diversity of gut microbiota was
evaluated by Shannon and Faith’s PD metrics. All the metrics of alpha diversity were analyzed
using R studio (version 3.6.2). The Shapiro-Wilk test was used to analyze the normality of the data
and Box-Cox was used for transformation. For the normalized data, statistical analysis was carried
out one-way ANOVA and the Tukey-Kramer test was used to partition any significant differences
among means due to treatment main effects. For the unnormalized data, Kruskal-Wallis test was
used and followed by Dunn’s test for multiple comparisons.

p-diversity: Unweighted UniFrac and weighted UniFrac distance metric (phylogenetic
distance), Jaccard and Bray Curtis were conducted to compare the microbial community structure.

To visualize the dissimilarity of microbiota communities, the plots of PCoA based on Bray-Curtis,
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weighted UniFrac, unweighted UniFrac, and Jaccard metrics were performed using the Phyloseq,
DESeq2, and ggplot2 packages in addition to custom scripts in the R studio (version 3.6.2). The
treatment effects were evaluated using Adonis and the pairwise comparison was assessed using
permutational multivariate analysis of variance (PERMANOVA) test and false discovery rate
(FDR) adjusted P-value (g-value) was used for multiple comparisons in Qiime 2 (v.2020.2).
Bacterial taxa: To identify the most differential bacterial taxa among treatment, analysis
was performed by the R studio (version 3.6.2) to identify differentially enriched bacterial taxa on
the summarized phylum and genus levels at the ASV level using the DESeq2 package (version
1.30.1). Significant differences in Log2 fold changes were determined by the Wald test with P-
value correction by Benjamin and Hochberg. Levels of significance were determined when

P <0.05 and LDA score > 2.

3.3.7 Statistical analysis

The fixed effects were treatment and age. Physiological and behavioral data was considered
as response variables. Data was analyzed using R studio (version 3.6.2) except for behavioral data
of home-cage. The behavioral data of the home cages was analyzed using PROC MIXED repeated
measures procedures in SAS 9.4 (SAS Institute Inc., Cary, NC). Days of the video recording within
each week were considered as repeated measures. The frequency of aggression in home cages was
normalized using Box-Cox transformation before analysis. The behavioral data of the paired test
were analyzed using the Kruskal-Wallis test and followed by Dunn’s test for multiple comparisons.
Other normalized physiological data was carried out by one-way ANOVA and the Tukey-Kramer
test was used to partition any significant differences among least square means due to treatment
effect (Steel et al., 1997). For each treatment, Spearman’s rank test was used to find the correlation
between the significantly differential taxa and neurotransmitter concentrations. Significance was

set at P < 0.05 and a trend was defined as 0.05 <P <0.1.

100



3.4  Results
3.4.1 Analysis of 16S rRNA gene sequence

Changes in the microbial community diversity and structures

a-diversity: 16S rRNA gene sequence of cecal contents were examined using to evaluate
the efficiency of CMT on gut microbiota modification at wk 5 and 16. In donor birds, the selection
based on resistance to Marek's disease caused variations in the structure of the gut microbial
community. Birds of line 72 had a greater phylogenetic diversity than birds of line 63 (Figure 3.1A).
Correspondingly, the CMT from the donor lines differently influenced the cecal microbial
diversity of recipient birds. Regarding to alpha diversity, 7,-CMT birds had the greater
phylogenetic diversity (Faith’s Pd index) compared with 63-CMT but not CTRL birds at wk 5
(Figure 3.1B). These differences were continuously detected at wk 16 (P = 0.090). However, there
were no treatment differences on Chaol richness (Figure 3.1D), evenness (Figure 3.1F), and
Shannon diversity indices (Figure 3.1H) at both wk 5 and 16.

p-diversity: A summary of beta diversity is presented in Table 3.3. There were significant
differences between donor lines in the beta diversity indicated by Bray Curtis (P = 0.001), Jaccard
(P =0.001), Unweighted (P = 0.011), and weighted UniFrac (P = 0.014) calculations. Similarly,
treatment effects in recipients were found on Jaccard (P = 0.020) and Unweighted UniFrac
calculations (P = 0.005) at wk 5 but not at wk 16 (P > 0.05, Table 3.3). The post hoc pairwise
testing indicated there were significant differences in the microbial community structures between
63-CMT birds and 7,-CMT birds (Unweighted UniFrac, P = 0.006, Table 3.4). The outcomes of

the PCoA plots of these metrics were illustrated in Figure 3.2.

Differential bacterial taxa by treatment

The differential bacterial taxa were further examined. At wk 5, the number of differentially
abundant bacterial taxa between 63-CMT birds vs. 7o-CMT birds, 7,-CMT birds vs. CTRL birds,
and 63-CMT birds vs. CTRL birds were 38, 68, and 52 amplicon sequence variants (ASVs)
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(Figures 3.3), respectively. Compared with CTRL birds, 10 genera (GCA-900066225,
Butyricicoccus, Lachnoclostridium, Christensenellaceae R-7 group, Flavonifractor,
Ruminococcaceae UCG-014, Faecalibacterium, Alistipes, Fournierella, Ruminococcaceae UCG-
005) were abundant in 63-CMT birds; while 7,-CMT birds had 13 enriched genera compared to
CTRL birds, including Alistipes, Candidatus Arthromitus, Dielma, Merdibacter,
Faecalibacterium,  Flavonifractor, = GCA-900066225,  Anaerofilum,  Ruminococcus 2,
Ruminococcaceae UCG-005, Ruminococcaceae NK4A214 group, Ruminococcaceae UCG-014,
Lachnoclostridium. Compared with 63-CMT birds, 10 genera (Akkermansia, Dielma, Merdibacter,
Anaeroplasma, Ruminococcaceae UCG-008, Faecalibacterium, GCA-900066225,
Ruminococcaceae UCG-014, CAG-56, Blautia) were more abundant in 7,-CMT birds. Those
ASVs belong to the phyla Bacteroidota, Cyanobacteria, Firmicutes, Tenericutes,
Verrucomicrobiota.

At wk 16, there were 30, 14, and 25 amplicon sequence variant (ASV) differences between
63-CMT birds vs. 7.-CMT birds, 7.-CMT birds vs. CTRL birds, and. 63-CMT birds vs, CTRL

birds, respectively (Figures 3.3). Compared with CTRL birds, 5 genera were more abundant
(Alistipes, Clostridia_UCG-014, Incertae_Sedis, Lachnoclostridium, Lachnospiraceae) in 63-

CMT birds, while 7,-CMT birds had enriched Bacteroides and Clostridia_UCG-014 enriched
compared with CTRL. Compared with 63-CMT, 3 genera (Bacillus, Escherichia-Shigella,
Bacteroides) were more abundant in 7.-CMT birds. Those ASVs belong to the phyla Bacteroidota,

Firmicutes, Proteobacteria.

3.4.2 Alterations in the neuroendocrine systems

The effects of early-life CMT on the central serotonergic and catecholaminergic systems
of recipient birds are presented in Figure 3.4. At wk 5, 63-CMT birds had higher concentrations of
hypothalamic 5-HT (P = 0.037) and 5-HIAA (P = 0.007, Figure 3.4A). At wk 16, the treatment-

induced serotonergic difference was further increased, 63-CMT birds had the highest 5-HT
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turnover among treatments at wk 16 (P = 0.011, Figure 3.4D). In addition, 63-CMT birds tended
to have higher concentrations of hypothalamic tryptophan at both wk 5 (P = 0.089) and wk 16 (P
= 0.063, Figure 3.4C). Microbiota modulation also impacted the activation of the
catecholaminergic system, 7,-CMT birds had the lowest NE and DA concentrations among
treatments (P = 0.072 and 0.031, Figure 3.4E) at wk 5. There were no treatment effects on
dopamine turnover (P = 0.447 and 0.957, Figure 3.4F, H) and the TPH2, Htrla, Htrlb, and 5htt
MRNA expressions (P > 0.05, Table 3.2) except that abundance of MAOA mRNA was increased
in 63-CMT group at wk 16 (P = 0.024).

3.4.3 Correlations of neurotransmitter concentration with bacterial taxa

At wk 5, genus Ruminococcaceae UCG-005 was positively correlated with brain serotonin
levels in 63-CMT birds (P = 0.036, Figure 3.5), while genus GCA-900066225 was negatively
correlated with 5-HIAA in 7.-CMT birds (P = 0.039, Figure 3.5).

3.4.4 Differences in behavioral exhibitions

Compared to 7,-CMT and CTRL birds, 63-CMT birds had less frequent aggressive pecking
both in the home cages (P = 0.039, Figure 3.6) and the paired test at wk 5 (P = 0.040, Figure 3.7).
At wk 16, 7,-CMT birds tended to exhibit more aggressive pecking during the paired test (P =
0.093), but no treatment effects were found on the frequency of aggressive pecking in home cages

at wk 16 (P = 0.455, Figure 3.6).

3.5 Discussion

Growing evidence has highlighted the involvement of gut microbiota in the regulation of
host physiological and behavioral homeostasis via the gut-brain axis and the potential implications
of modification of gut microbiota in treating patients with psychiatric and mental disorders

(Settanni et al., 2021). In the current study, to assess if the gut microbiota plays a similar role in
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chickens, we transplanted cecal content from the divergent chicken lines with gentle or aggressive
behavior into the Gl tract of Dekalb XL roosters, a commercial strain. The recipient birds
receiving the different cecal content were characterized by the changes in their diversity of the
cecal microbial community and the activities of the central serotonergic and dopaminergic
systems, which may be associated with the donor lines’ unique behavioral exhibitions.

In chickens, the development of gut microbiota is usually in a succession manner where
the microbial community diversity is age-dependent (Rychlik, 2020). During the early immature
stage, the intestinal microbiota is highly variable in close with endocrine and immune
development causing long-lasting effects. Much research, therefore, has been devoted to an early-
life intervention of the gut microbiota composition in the host’s health. In humans, it has been
evidenced that selectively promoting the beneficial bacteria in infants, such as supplementation
of prebiotics, is critical for the overall health status of the host in later life (Wall et al., 2009).
Similarly, in chicks, in ovo delivery of probiotics promotes humoral and cellular immune
responses (Slawinska et al., 2016). During a chick growth cycle, ongoing environmental
exposures constantly change its gut microbial community diversity and ultimately establish a
relatively stabilized microbiota until reaching adulthood (Videvall et al., 2019). In our study, the
CMT-induced effects on the beta diversity were age-dependent; that is, the differences in beta
diversity were no longer present when birds mature (around 16 wk of age). Additionally, birds
were exposed to the same environment and diet throughout the trial. Taken together, this may
indicate that CMT has greater influences on the establishment of gut microbiota at an early age,
whereas at adulthoods, host genotype, environmental factors, and genetic-environmental
interactions may have a more significant impact than CMT on the microbial community structures
in recipient birds. Previous studies have shown that patients with neuropsychiatric disorders
including Parkinson’s disease (PD) (Zhang et al., 2020) and autism spectrum disorder (Wan et al.,
2021), have a higher alpha diversity as compared with healthy individuals, which may indicate

the association between the diversity and disease exist. Similarly, in broilers, Eimeria inoculation
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(a model for coccidiosis) induces an increased cecal microbial richness and overall diversity than
healthy control birds (Zhou et al., 2020). In line with this finding, we found that 7,-CMT birds
(received cecal content from 7, donors with susceptibility to Marek’s disease) had a higher
phylogenetic diversity as compared with 63-CMT, which may be associated with the susceptible
properties to Marek’s disease of donor 7. However, the underlying mechanisms regarding the
diversity-disease relationship remain unclear.

It has been suggested that genus Akkermansia facilitated the degradation of the mucin
layer and increased intestinal permeability, which may be associated with the development of
neurodegenerative diseases such as Parkinson’s disease (Nishiwaki et al., 2020). McGaughey et
al. (2019) reported that relative abundances of Akkermansia spp. were positively correlated with
behavioral metrics of both anxiety and depression. Additionally, previous studies found a positive
correlation between the abundances of an Akkermansia spp. and tyrosine levels in cecal contents
of layer-type chickens (Redweik et al., 2020). Increased tyrosine may influence levels of NE and
affects brain physiology and behavior. Likely, the enriched genus Akkermansia in 7.-CMT birds
may play similar roles in regulating aggression at an early age. Furthermore, the enriched genera
Ruminococcaceae UCG-005 and Butyricicoccus in 63-CMT birds were reported to function as
short chain fatty acids (SCFAs) producers, by which it may indirectly regulate the synthesis of
neurotransmitters in the host (Li et al., 2021). For instance, Reigstad et al. (2015) reported that
SCFAs could influence the levels of 5-HT and tryptophan in the colon. Taken together, it may
suggest that gut microbiota may functionally regulate mental health by influencing the function
of the 5-HTergic system via the gut-microbiota-brain axis. At wk 16, 7.-CMT birds had enriched
genera, Bacillus, Escherichia/Shigella, and Bacteroides as compared with 63-CMT birds. These
genera are recognized as opportunistic pathogens producing exotoxins and accelerating
inflammation in the host (Jiang et al., 2018). In chickens, enriched Escherichia/Shigella may
disrupt the colonization of resident bacteria and further increase the susceptibility to other

pathogens (Zhou et al., 2020). Exposure to pathogenic bacteria in the gut induces behavioral
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problems in humans including depression-like behavior (Sun et al., 2019b). Goehler et al. (2008)
also found that patients with cognitive issues exhibited overgrowth of Escherichia/Shigella in the
gut. Overall, these findings imply that the potential link between the gut microbiota and abnormal
behaviors such as aggression. It would be of interest for future studies to explore the association
between these bacterial taxa and gut metabolomic profiling to identify the mechanism behind the
behavioral changes.

Neurotransmitters are active messengers that promote communication between neurons
and various organs and tissues, directly and indirectly regulating host behavior. In recent years,
accumulating evidence supports the theory that gut microbiota plays an essential role in
modulating brain function via the gut-brain axis by affecting the synthesis and release of various
neurotransmitters (Strandwitz, 2018). Compared with control mice, decreased level of 5-HT has
been found in the blood and colon in GF mice (Vincent et al., 2018). Interestingly, such changes
can be recovered by administering a consortium of spore-forming species (Wikoff et al., 2009).
Similarly, gut bacteria present a similar function in modulating neurotransmission in the current
study. 63-CMT birds had significantly higher concentrations of hypothalamic 5-HT among
treatments at wk 5. Previous studies have reported that the substantial role of central 5-HT in
regulating aggression in animal and human trials (Rillich and Stevenson, 2018; K&tner, 2019).
In rodents, killing behavior could be blocked by experimental elevating 5-HT in the brain,
including the lateral hypothalamus (Tani et al., 1987; Nikulina, 1991). In addition, blocking 5-HT
transporters has been used as an efficient treatment for patients with social impulsivity or
aggression (Pierz and Thase, 2014). Dennis et al. (2018) also reported that excessive embryonic
serotonin modulates aggressive and fearful behaviors during sexual maturity in chickens. Hence,
the elevated 5-HT levels were in line with the behavioral results received from the home cages
and paired test: 63-CMT birds had higher hypothalamic 5-HT concentrations and exhibited less
aggression as compared with 7,-CMT birds. Moreover, 5-HIAA, as the metabolite of 5-HT, is

thought to be negatively correlated with aggression (Mehlman et al., 1994). Interestingly, 63-CMT
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birds exhibited higher levels of 5-HIAA among treatment groups, which may indicate higher
serotonergic activities. As discussed before, the SCFA-producer genus Ruminococcaceae UCG-
005 may indirectly enhance the 5-HT levels by influencing the tryptophan levels in the gut (Russo
et al., 2019). Interestingly, we found a positive correlation between genus Ruminococcaceae
UCG-005 and 5-HT levels in 63-CMT birds. Furthermore, genus GCA-900066225 was found to
be negatively correlated with the concentrations of 5-HIAA in 7,-CMT birds. Collectively, this
may suggest that gut bacteria regulate aggressive behavior in recipient birds by enhancing
hypothalamic serotonergic neurotransmission.

Given the chief role of serotonergic activities in aggression, CMT-induced expressions of
several key genes involved in the synthesis and metabolism of 5-HT were further examined in the
study. Generally, the activity of the 5-HTergic system is regulated by the enzyme tryptophan
hydroxylase (TPH), a rate-limiting enzyme of 5-HT synthesis, and monoamine oxidase (MAO),
an enzyme that catalyzes monoamines including 5-HT (Kriegebaum et al., 2010). Though the
enzyme TPH presents in 2 isoforms including TPH1 and TPH2, the biosynthesis of brain 5-HT is
primarily controlled by TPH2 (Israelyan and Margolis, 2019). It has been previously reported that
TPH2 deficient mice have exaggerated aggression (Mosienko et al., 2012). However, we did not
observe the CMT-induced changes in the mRNA abundance of TPH2 in our study. This may
suggest the identified differential bacterial taxa may not affect the TPH2 levels in recipient birds.
Subsequent studies have suggested that the catalytic activity of monoamine oxidase A (MAOA)
in the brain may serve as a biomarker for assessing aggression (Hemmings et al., 2018). In a
clinical study, individuals with antisocial personality disorders have lower levels of brain MAOA
compared with controls (Kolla et al., 2015). Similarly, elevated levels of intermale aggression
were presented in MAOA knockout mice, which further suggest the inversive correlation between
the MAOA levels and aggression (Tricklebank and Petrinovic, 2019). In supporting the hypothesis,
63-CMT birds had a significantly higher MAOA gene expression at wk 16, which may correlate

with a tendency of less aggression. In general, the up-regulation of MAOA is associated with
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enhanced 5-HT turnover, pointing to the lower aggressive behavior (Ahmed et al., 2014; Roy and
Linnoila, 1988). Interestingly, we found that 63-CMT tended to have higher concentrations of
tryptophan and serotonin turnover at the same time point. Collectively, this may indicate gut
microbiota may regulate aggressive behavior via alterations in the 5-HTergic system metabolism.

The substantial role of catecholamines in responding to various environmental stimuli and
influencing behavioral patterns has long been appreciated (Antelman and Caggiula, 1977; Saboory
et al., 2020). Catecholamines are a combination of stress-related hormones and neurotransmitters
including NE, EP, and DA, which have multiple functions including fear response in animals
(Dennis, 2016). Like 5-HT, catecholamines cannot penetrate the BBB under normal circumstances
(Schwabe et al., 2012). However, as essential amino acid and a precursor of NE, tyrosine could be
transported to brain neurons and synthesize catecholamines to influence brain function. In the
current study, 7.-CMT birds with more aggressive behavior had the lowest hypothalamic NE and
DA at wk 5 but not at wk 16. The lower NE may indicate reduced activation of the noradrenergic
system (Mizrahi et al., 2012). Therefore, in 7o-CMT birds, the decreased levels of NE at wk 5 may
be attributed to the negative feedback of the noradrenergic system when birds exhibit aggression.
Similar to what was seen in 7,-CMT birds, an early study in rodents also showed that stress-
induced increases in NE could be attenuated by the exhibition of aggression (Tsuda, 1988).
Furthermore, the altered dopaminergic transmission was observed among recipient birds,
evidenced by the lowest concentrations of hypothalamic DA in 72-CMT birds at wk 5. Dopamine,
as a precursor of NE, was negatively correlated with aggression in the midbrain (Leonard, 2001).
As such, the reduced concentrations of DA in 7.-CMT birds further supported our hypothesis that
gut microbiota may work together with the catecholaminergic system to modulate aggression in

recipient birds.
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3.6 Conclusion

Our results indicate that CMT at an early age could induce donor-dependent alterations of
the gut microbial composition and diversity and related changes in the neuroendocrine system,
including the activities of serotonergic and catecholaminergic systems in recipient birds. The
results provide a possible mechanism underlying aggressive behavior in poultry through the
interactions between the gut microbiota and brain neurotransmitters. The outcomes indicate that
early postnatal CMT has the potential to be a management strategy for reducing aggressive

behavior in egg-laying strain chickens.
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Table 3.1 Relevant genes involved in the serotonin pathway.

Function Genes Assay ID
Synthesis TPH2 Gg03345550 _m1
Reuptake 5-HTT Gg03349687_m1
Auto-receptor signaling Htrala, Gg07157052_s1,
Htrlb Gg07157117 sl
Metabolism MAOA Gg03350714 _m1l

Table 3.2 Effects of cecal microbiota transplantation on relative mRNA expression of genes
involved in serotoninergic pathway in the hypothalamus of roosters at week 5 and 16.

Treatment MAOA TPH2 5-HTT Htrla Htrlb
Week 5
63-CMT 1.507 0.333 1.121 1.465 1.193
7,-CMT 1.561 0.454 0.724 1.440 1.455
1.449 0.395 0.917 1.500 1.358
Control
SEM 0.116 0.054 0.165 0.113 0.129
P- value 0.796 0.307 0.259 0.932 0.373
Week 16
63-CMT 25178 0.829 1.625 0.862 2.352
72-CMT 1.797° 0.844 1.535 0.774 2.316
Control 1.899% 1.000 2.041 0.808 2.119
SEM 0.045 0.124 0.213 0.070 0.092
P- value 0.024 0.449 0.227 0.671 0.183

Values are least square means =SEM, n=7. ® indicates significant difference (P < 0.05).
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Table 3.3 PERMANOVA testing of the effects of cecal microbiota transplantation on beta
diversity of donor and recipient birds.

Overall effect: Donor birds P - value
Bray Curtis 0.001
Jaccard 0.001
Unweighted UniFrac 0.011
Weighted UniFrac 0.014

Recipient birds

Overall effect of CMT at week 5 P - value
Bray Curtis 0.346
Jaccard 0.020
Unweighted UniFrac 0.005
Weighted UniFrac 0.530
Overall effect of CMT at week 16 P - value
Bray Curtis 0.533
Jaccard 0.724
Unweighted UniFrac 0.475
Weighted UniFrac 0.672

Donors: line 63 and 72, n=10; Recipients: 63-CMT, 7.-CMT, CTRL, n=7.
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Table 3.4 Pairwise PERMANOVA results of Unweighted _UniFrac and Jaccard metrics at week 5.

Pairwise PERMANOVA - Unweighted_UniFrac: effects of CMT at wk 5

Group 1 Group 2 Permutations pseudo-F P-value g-value
CTRL 72-CMT 999 1.605 0.036 0.036
CTRL 63-CMT 999 2.751 0.036 0.036
72-CMT 63-CMT 999 4.587 0.002 0.006

Pairwise PERMANOVA - Jaccard: effects of CMT at wk 5

Group 1 Group 2 Permutations pseudo-F P-value g-value
CTRL 72-CMT 999 1.639 0.010 0.030
CTRL 63-CMT 999 1.384 0.048 0.072
72-CMT 63-CMT 999 1.183 0.134 0.134

Donors: line 63 and 72, n=10; Recipients: 63-CMT, 7,-CMT, CTRL, n=7.
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Figure 3.1 Effects of cecal microbiota transplantation on alpha-diversity (evenness, chaol
richness, faith_pd, and shannon) of the roosters at week 5 and 16.
Values are median =SEM, n=7. " indicates significant differences (P < 0.05), B shows trend
differences (0.05 < P <0.1). Donor birds: Figures A, C, E, and G; Recipient birds: Figures B, D,
F, and H.
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Figure 3.2 Principal coordinate analysis of beta diversity metrics (A, Jaccard; B, Bray_curtis; C,
unweighted_uniFrac; D, weighted_uniFrac) of roosters at week 5 and 16 (n=7). Each dot
represents one bird, PCol and PCo2 represent the percentage of variance explained by each
coordinate.
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Figure 3.3 DESeq2 analysis of differentially abundant ASVs between A) 63-CMT group and
CTRL group B) 63-CMT group and 72-CMT group ¢) 7.-CMT group and CTRL group at week 5
(top) and 16 (bottom).
Estimations of log2 fold change values for each ASV were computed and each point represents

an ASV that was significantly different (P <0.05). Each color represents a phylum;

Bacteroidetes (green), Firmicutes (red), Cyanobacteria (orange) and Verrucomicrobia (purple).
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Figure 3.4 Effects of cecal microbiota transplantation on serotonergic activities in the
hypothalamus of roosters at week 5 and 16.
Values are least square means =SEM, n=7. " indicates significant differences (P < 0.05), and
AB shows trend differences (0.05 < P <0.1).
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Figure 3.5 Spearman correlations of neurotransmitter (and its metabolites) concentration with
bacterial taxa (ASVs) in 7,-CMT and 63-CMT birds at week 5. * indicates significant differences
(P <0.05).
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Figure 3.6 Frequency of aggressive pecking of roosters in the home cages (=SEM) at week 5
and 16.
Values are least square means +=SEM, n=5. " indicates significant differences (P < 0.05), and *
shows trend differences (0.05 <P <0.1).
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Figure 3.7 Frequency of aggressive pecking of roosters during paired tests (=SEM) at week 5,
11, and 16.
Values are means =SEM, n=7. * indicates significant differences (P < 0.05), and * shows trend
differences (0.05 <P <0.1).
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CHAPTER 4. SUMMARY

Aggression is a highly complex behavior. From an evolutionary point of view, aggression
in animals is related to survival, growth, and reproduction (Buss et al., 1997). Some routine
management practices used in the current poultry production systems, such as mixing and
regrouping chickens, can commonly disrupt the established social structure and induce excessive
social stress and aggression (Hubbard et al., 2021). On commercial poultry farms, aggression leads
to feather and tissue damage, pain, and subsequently mortalities, which compromises poultry
production, health, and welfare. Although several approaches such as beak trimming, genetic
selection, and lighting control have been implemented, the use of these alternatives is controversial.
Thus, developing an effective approach to prevent such behaviors is critical for substantial poultry
production.

Emerging evidence has indicated that the maintenance of gastrointestinal homeostasis is
essential for the overall health of the host. Gut microbiota modulates the nutrient resorption,
immunity, neuroendocrine function, and stress capability of the host by interacting with various
organs including the intestine, spleen, brain, and adrenal gland (Feng et al., 2018). Much recent
research, therefore, has focused on the modulation of gut microbiota including fecal microbiota
transplantation in treating patients with gastrointestinal disease or mental disorders. The aim of
this project was to investigate if cecal microbiota transplantation (CMT) presents similar efficiency
in improving the health and welfare status by reducing aggressive behavior in egg-laying chickens.
Chicken lines 63 (gentle birds) and 7> (aggressive birds) were used as donors and a commercial
strain Dekalb XL was used as recipients for CMT. Cecal microbiota transplantation was conducted
through oral gavage once daily from day 1 to day 10 and then boosted once weekly from week 3
to week 5. Results indicated that CMT led to the line-correlated effects on the immune capability
of the recipient birds, which was reflected by changes in the concentrations of antibodies such as

IgG and production of inflammatory cytokines including IL-6, IL-10, and TNF-a at both mRNA
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and protein levels. In addition, CMT led to divergent changes in the behavioral exhibition of
recipients, which was accompanied by the changes in cecal microbial compositions and central
serotonergic activities in recipient birds. The identified correlations between bacterial taxa and
serotonin levels in recipients may provide a possible mechanism underlying aggressive behavior
in poultry through communication between the gut microbiota and brain serotonergic activity.
Previous studies have shown that gut microbiota can bidirectionally communicate with the central
nervous system via the gut-brain axis and affect the metabolism or biosynthesis of neuroactive
compounds and neurotransmitters, by which it regulates cognition, mood, and exhibition of
behaviors (Lyte, 2013). Especially, serotonin, a key modulatory neurotransmitter in the central
nervous system, regulates aggression in humans and various species of animals including rodents
and chickens (Dennis et al., 2008; Manchia et al., 2017).

In conclusion, results from this study indicate that postnatal CMT has the potential to
modify aggression in chickens through the regulation of gut microbiota composition, central
serotonergic activity, peripheral immunity, and stress response via the gut-immune-brain axis. The
results provide novel insights into targeting gut microbiota to prevent aggression in poultry and

offer a theoretical basis for preventing abnormal behavior in other farm animals.
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