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ABSTRACT 
 

The study of small molecules, or metabolites, is a vital tool when studying 
biological systems, such as the gut microbiome. The collection of small molecules 
within a system, known as the metabolome, provides information about the 
physiological status and is directly related to phenotype. The metabolome is highly 
sensitive to environmental factors and is more dynamic than the proteome, 
transcriptome, or genome. Like the metabolome, the gut microbiome is easily 
impacted by environmental factors, such as diet and stress, which leads to 
changes in composition and/or function of the microbes. In turn, these alterations 
in the gut microbiome heavily impact metabolome, demonstrating the intrinsic link 
between the gut microbiome and metabolism.  The first chapter demonstrates how 
dietary supplements can alter the human gut microbiome and metabolome. The 
second study investigates how heat stress, an environmental factor, systemically 
impacts poultry metabolism. The final chapter of this dissertation uses a culture-
based technique to identify potential nutrient requirements for a gut parasite 
infecting poultry. Together, this dissertation highlights the applicability of using 
mass spectrometry-based metabolomics to investigate various systems relating to 
the gut microbiome. 

While it is well known that diet impacts the gut microbiome composition and 
function, there is little known about the impact of protein consumption on the 
microbiome in young physically active adults. This study used a multi-omics 
approach to analyze the fecal metabolome and microbiome of participants who 
reported using protein supplements and those who did not. This study determined 
that unique metabolic profiles are not related to traits, energy and fatigue, and  
protein supplementation led to alterations in nitrogen metabolism. Specifically, 
purine degradation was favored in the participants who reported using protein 
supplements. 

Heat stress is known to alter the gut microbiome causing gut injury altering 
intestinal permeability in poultry. However, the underlying mechanism is not fully 
defined. Therefore, this study explored the systemic impact of heat stress on 
poultry and revealed that heat stress impacts the broiler chick metabolome in the 
small intestines, intestinal digesta, and plasma in a duration dependent manner. 
Energy metabolism was altered in all regions analyzed, specifically, with 
alterations in purine metabolism.  

The final chapter focuses on understanding the nutrient requirements of the 
gut parasite, Histomonas meleagridis, that infects poultry. As a result of this study, 
it was proposed the riboflavin, which contributed most to the differences in 
metabolic profiles between the cells grown with and without rice starch, may be a 
necessary nutrient requirement for Histomonas meleagridis. 
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INTRODUCTION 

Gut microbiome and metabolism 
The gut microbiome is one of the most complex ecosystems as it harbors 

roughly 100 trillion microbial cells, including bacteria, viruses, fungi, archaea, and 
eukaryotic microbes.1 These microbes are responsible for maintaining many 
functions crucial for the health of the host (human and animal). Some of these 
crucial functions include aiding in digestion and metabolism, energy production, 
protection against pathogens, regulation of host immunity, and strengthening the 
integrity of the gut.2 Collectively, the gut microbiota contains many more genes 
than the host and, therefore, is capable of performing numerous metabolic 
functions that the host does not have the ability to do.3 These microbes have even 
been referred to as the hidden metabolic “organ” because of their advanced 
metabolic capacity and vital impact on the wellbeing of the host.1 

 For example, the gut microbiome has the ability to synthesize various 
vitamins (riboflavin, biotin, and thiamine), biotransform bile, and metabolize 
carbohydrates that the host in unable to digest.4 This demonstrates the intrinsic 
link between the gut microbiome and host metabolism as the host depends on 
microbial-derived metabolites since it lacks the necessary enzymes for digestion.5, 

6 This highlights the host dependency on the microbes to provide essential 
nutrients. These microbial-derived metabolites can be absorbed in the intestinal 
tissue and eventually enter circulation, highlighting how the gut microbiota directly 
influences host health and metabolism.2  

However, the gut microbiome is very sensitive to environmental factors 
which leads to alterations in microbial composition as the gut microbiota coevolves 
with the host. Even minute changes in microbial composition can have an impact, 
either beneficial or harmful, to the host.1 A disruption in the gut microbiota, which 
is known as dysbiosis, has recently been implicated in pathogenesis of many 
diseases, such as metabolic syndrome, inflammatory bowel disease, 
cardiovascular disease, and obesity to name a few.7  This demonstrates the 
necessity to better understand how environmental factors impact the gut 
microbiome in order maintain normal physiology and host health.  

Furthermore, many research efforts have recently focused on the impacts 
of diet on gut microbiome alterations.8-11 Animal studies have shown that changes 
in diet can shift the composition of the gut microbiota within a day.12-14 However, 
one aspect of diet that has not been well studied with regards to the impact on the 
microbiota is the use of protein supplements that are frequently taken in an attempt 
to build muscle by young physically active adults.15 While the impact of protein 
supplements on the gut microbiome of elite athletes has been studied, the impact 
on young physically active adults is not well understood. Therefore, this 
dissertation will bridge the knowledge gap on the impact of protein 
supplementation in young physically active adults, as elite athletes represent a 
unique subset of consumers.16 In addition, exposure to heat stress has been 
shown to alter and damage the gut in broiler chicks, though the underlying 
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mechanisms leading to gut injury are still unknown.17, 18 Together, this exhibits the 
need to expand the current knowledge of how both protein supplementation and 
heat stress impacts the functionality and composition of the gut microbiota. Also, 
as the gut is provides essential nutrients to the host, parasites can take advantage 
of this and parasitic invasion can detrimentally impact the host.19 Since these 
parasites are reliant on the gut microbiota for nutrients, determining the specific 
nutrients required for parasitic growth could aid in combating parasitic infection.  

Investigating the gut microbiota can be very difficult due to the complexity 
of the gut. However, recent advances in culture-independent metagenomics 
techniques and mass spectrometry-based metabolomics has allowed for the 
advances in understanding the gut microbiota. With the crucial role of the gut 
microbiota on host health, it is imperative to understand how extrinsic factors alter 
the gut microbiota and the consequential impact of these factors on the host health. 

Metabolomics overview 
Metabolomics is the study of small, biologically relevant molecules and is 

the newest addition to the omics cascade. Metabolomics has emerged as a very 
useful tool in systems biology as it provides a unique perspective relative to other 
omics techniques.20 Metabolomics is also very powerful in investigating an array 
of applications: environmental, agricultural, human health, and microbiology. One 
of the key distinctions about metabolomics is that it provides information on what 
actually is happening whereas genomics and proteomics offer information about 
what might happen.20 Thus, metabolomics is directly linked to biological function 
and cellular phenotypes. The metabolome, or collection of small molecules, is 
highly sensitive to intrinsic and extrinsic factors.21 When trying to study complex 
biological systems, such as the gut microbiome, it is beneficial to combine 
metabolomics with other omics techniques, such as metagenomics, to allow for a 
more holistic understanding of the system.  

Though metabolomics is a very useful technique, it is quite a challenging 
analytical technique. Metabolites have vast structural heterogeneity, which poses 
a challenge when analyzing complex biological samples. However, recent 
advances in mass spectrometry-based metabolomics have allowed for highly 
robust, reproducible, selective and sensitive qualitative or quantitative analysis of 
endogenous metabolites.22 Specifically, this has been made possible with ultra 
high-performance liquid chromatography high resolution mass spectrometry 
(UHPLC-HRMS) with the introduction of the orbitrap mass analyzer. 23 UHPLC-
HRMS based metabolomics has recently became one of the most commonly used 
analytical techniques to study complex biological systems as untargeted 
metabolomics analysis allows for full scan analysis. 

However, another challenge arises with full scan analysis in that there is an 
enormous amount of data produced with features detected from a single scan, 
though software packages have been produced to aid with data processing.20, 24, 

25 This also highlights another interesting challenge for metabolomics studies; in a 
single analysis, there are thousands of features detected but only a small portion 
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of these metabolites have been annotated because the current understanding of 
the metabolome has only began to scrape the surface of all of the metabolites 
estimated to comprise a complete metabolome.26 This is an exciting challenge for 
metabolomics as overcoming this challenge would vastly improve the current 
understanding biology and could help identify previously unknown metabolic 
pathways. 

Outline of dissertation 
 As the gut microbiome is intrinsically linked to metabolism, this dissertation 
will highlight the application of metabolomics in investigating three unique systems 
related to the gut. These studies will contribute to expanding the current knowledge 
on the relationship between the gut and metabolism using an untargeted mass 
spectrometry-based metabolomics approach. The first study will combine 
metagenomics and metabolomics to determine the impact protein 
supplementation has on the human gut microbiome and metabolome in young 
physically active adults. To accomplish this, fecal samples were collected from 
young physically active adults who did and did not report using protein 
supplements. The second chapter will investigate the systemic impact of heat 
stress exposure on broiler chicks. Samples were collected from the small intestines 
(duodenum, jejunum, and ileum), intestinal digesta (ileal and cecal), and plasma 
of birds under different conditions: pre-heat stress, thermoneutral-control, pair fed, 
acute heat stress, and cyclic heat stress. The final chapter will focus on 
determining the nutrient requirements for the gut parasite, Histomonas 
meleagridis. Here, the metabolome of H. meleagridis and undefined gut microbes 
were compared when grown in Dwyer’s media with and without rice starch 
supplementation to potentially identify essential nutrient requirements for H. 
meleagridis growth. 
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CHAPTER 1 AN EXPLORATORY STUDY: GUT MICROBIOME 
ALTERATIONS IN YOUNG PHYSICALLY ACTIVE ADULTS 

WITH AND WITHOUT SELF-REPORTED PROTEIN 
SUPPLEMENTATION AND THE RELATIONSHIP TO TRAITS 

ENERGY AND FATIGUE 
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    1.1 Abstract  
  
The gut microbiome is highly sensitive and easily altered by environmental 
factors such as diet. Muscle builders frequently alter their dietary intake by 
consuming protein supplements, however, there is little information regarding 
how consumption of protein supplements alters the gut microbiome and 
metabolome. The goal of this study was to analyze the gut microbiome and 
metabolome of self-identified muscle builders who did or did not report 
consuming protein supplements. There were 22 total participants (14 males and 
8 females) who reported consuming a protein supplement (PS), and 17 



6 
 

participants (12 males and 5 females) who did not report using a protein 
supplement (No PS). Of these 39 participants, 20 (14 males and 6 females) 
participants completed a survey about traits energy and fatigue. This traits survey 
was used for an exploratory investigation into the correlation between traits 
mental energy (ME), mental fatigue (MF), physical energy (PE), physical fatigue 
(PF), and the gut microbiome. All participants provided a fecal sample and 
completed a 24-hour food recall (ASA24). Fecal metabolome and microbiome 
were analyzed using untargeted metabolomics and 16S rRNA gene sequencing, 
respectively. The untargeted metabolomics analysis showed that the PS cohort 
had a unique metabolic profile that was distinct from the No PS cohort using 
partial least-squares discriminant analysis (PLS-DA).  The differences in the 
metabolic profiles were driven by allantoin (VIP score = 2.85, PS 2.3-fold higher), 
a catabolic product of uric acid. High protein diets contain large quantities of 
purines, which gut microbes degrade to uric acid then allantoin, and the PS 
group consumed significantly more protein (118±12g No PS vs. 169±18g PS, 
p=0.02). Concurrently, the order Lactobacillales, which facilitates purine 
absorption and uric acid decomposition, was higher in the PS group (22.6+49 No 
PS vs. 136.5+38.1, PS (p=0.007)). Both fecal metagenomic and metabolomic 
analysis revealed the PS group’s higher protein intake impacted nitrogen 
metabolism, specifically altering nucleotide degradation. In addition, the results 
from the traits study cohort indicated that though distinct metabolic profiles were 
observed, traits energy and fatigue did not correlate to these differences. 
However, the order Anaerostipes was positively correlated with ME (0.048, p = 
0.032) and negatively correlated with MF (−0.532, p = 0.016) and PF (−0.448, p 
= 0.048) demonstrating that energy and fatigue are unique traits that could be 
defined by distinct bacterial communities though more robust studies are needed 
to confirm these exploratory findings. Overall, this study used fecal samples 
collected from young physically active adults to determine the impact of protein 
supplementation on the gut microbiome and metabolome as well as determine if 
traits ME, MF, PF, and PF have unique microbiome and metabolome profiles in 
the gut. 

1.2 Introduction 
 

The gut microbiome is one of the most complex biological ecosystems as it 
contains roughly 100 trillion microorganisms and encodes 100 times more genes 
than the human genome.27, 28 The microbes in the gut play many roles critical to 
human health such as maintaining normal gut physiology, aiding in digestion and 
metabolism, and producing energy.2 Even minor alterations in the relative 
abundance of microbes in the gut can impact, either beneficial of harmful, human 
health. It is well known that environmental factors play a impactful role in shaping 
the composition and metabolic activity of the human gut microbiota.29 Diet is one 
of the leading environmental factors impacting the composition and function of the 
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gut microbiome, which in turn impacts overall health. Studies have shown that 
alterations in diet can induce large metabolic shifts within just 24 hours.28, 30 

In order to study highly complex systems, such as the gut microbiome, 
biological processes should be studied holistically using an integrative multi-omics 
approach. Over the last decade, recent advances in metagenomics sequencing 
technology and mass spectrometry have paved the way for multi-omics 
approaches studying the gut microbiome. Utilizing a multi-omics approach is 
beneficial because it not only provides information on the microbes present, it also 
provides insight into the physiological state of the cells, which relates to microbial 
function.31 This holistic view of the gut microbiome allows for a better 
understanding of how environmental factors, such as diet, induce alterations in the 
gut impacting human health. 

It is common for individuals wanting to build muscle to combine exercise with 
increased protein intake. This increased protein intake can either come from a 
dietary source or in the form of supplements. A recent review article reported that 
40-100% of athletes used some type of supplement, including protein, intending to 
improve athletic performance.32  Most of the protein supplement products on the 
market are whey, casein, or soy-based, and research has shown that whey, 
casein, and/or soy protein promote similar amounts of protein synthesis and 
strength gains.33 Using a multi-omics approach to investigate the microbiome of 
participants who consumed whey protein for 8 weeks combined with resistance 
training, Cronin et al.34 showed alteration in the diversity of their gut virome were 
apparent. They also noted that subtle compositional and functional changes were 
evident in the microbiome participants who underwent 8 weeks of combined 
aerobic and resistance training but were otherwise sedentary. 

Physical activity has been shown to alter the gut microbiome as elite athletes 
generally have a higher gut microbial diversity with an increase in bacterial species 
involved in carbohydrate metabolism, fiber metabolism, and amino acid 
biosynthesis.35 While researchers have studied the impact of protein 
supplementation on the gut microbiome in elite athletes, elite athletes represent a 
unique subset of the population.36 Currently, the fastest growing market for protein 
supplement consumption are recreational and lifestyle users.16 Despite this, there 
has been limited research efforts to investigate the impact of protein 
supplementation in young physically active adults. Therefore, this goal of this study 
was to address this knowledge gap and understand how protein supplementation 
influences the gut microbiome and metabolome in young physically active adults.   

Similarly, there is evidence to support that diet is associated with traits energy 
and fatigue as it is hypothesized that consuming polyphenol-rich diets may be 
associated with increased feelings of mental energy.37, 38 Mediterranean diets have 
also been reported to reduce fatigue, however no distinction on mental and 
physical fatigue was made.39 Based on these studies, it is hypothesized that diets 
associated with energy or fatigue could be associated with changes in the gut 
microbiome function or composition. This exploratory study will aim to identify 
specific alterations in the gut microbiome associated with traits mental energy 
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(ME), mental fatigue (MF), physical energy (PE), and physical fatigue (PF). Due to 
the sparsity of available literature on the impacts of protein supplementation on the 
gut microbiome and how the gut microbiome relates to traits ME, MF, PE, and PF, 
this exploratory work used a mutli-omics approach in hopes of identifying 
alterations in the bacteria and metabolites present in the fecal matter. A schematic 
for recruiting participants is shown in Figure 1.1.  

1.3 Results 
Participant characteristics are shown in Table 1.1.  There were no 

significant differences in age, weight, height, or BMI between the PS and No PS 
groups.  Seventy-one percent of the No PS group were male, while 64% of the PS 
group were male. The participants self-identified as muscle builders. As part of the 
selection criteria, each potential participant provided the maximum weight they 
could lift for the squat, bench press or deadlift.  On average both groups could lift 
1.9 + 0.2 lift weight (lbs)/body weight (lbs); (range of 1.0 to 3.6 lbs/lbs). Seventeen 
participants reported how long they had been lifting, which averaged 11 + 2 yrs. 
The data collected from the training worksheet confirmed that our participants 
participated in activities designed to maintain or increase their current muscle 
mass specifically. Also, this information was compiled and reported as upper and 
lower body resistance exercise volume (Table 1.1). 

The participant's physical activity was assessed using the IPAQ. There was 
no significant difference in the amount of time the participants spent sitting daily, 
although the PS group tended to sit less (No PS: 324 + 250; PS: 267 + 124 
minutes/day). As for physical activity, total walking (No PS: 1893 + 432; PS: 2318 
+ 544 METS-minutes/week) and moderate activity (No PS: 2613 + 645; PS: 3432 
+ 733 METS-minutes/week) did not differ significantly between the two groups. 
Both groups' total physical activity level was consistent with a high level of physical 
activity (vigorous activity >1500 MET minutes per week). Still, total physical activity 
was significantly higher for the PS group because they spent significantly more 
time doing vigorous activity.  

Twenty-four participants (65%) reported using a supplement (not protein), 
and 41 different supplements were reported. The most commonly used 
supplement was creatine (13.8%), and the supplements that four or more 
participants used were: AminoX branch chain amino acids by BSN (7.5%), a 
multivitamin pill (6.3%), beta-alanine (5%), fish oil (5%), and glutamine (5%). 

Dietary intake is reported in Table 1.2.  There were no significant group 
differences in energy intake, but the macronutrient distribution of the calories from 
protein and fat was significantly different.  The No PS group consumed significantly 
more fat than the PS group (Table 1.1). Because the percent of calories derived 
from carbohydrates was similar between the groups (Table 1.1), the difference was 
made up with protein. The PS group derived more calories from protein (28 + 2%), 
while the No PS derived 20 + 2% of their calories from protein (p<0.0027). This 
marked difference in protein intake reflected a difference of more than 0.5 g/kg of  
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Figure 1.1 Flowchart showing participant recruitment. 
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Table 1.1 Subject Characteristics 
 

NPS  
(No protein supplement) 

(n=17) 

PS  
(Protein 

supplement)  
(n=22) P-value 

Age 33 + 21 32 + 1 0.84 
Weight (lbs) 176 + 8 173 + 7 0.79 
Height (inches) 67 + 1 67 + 1 0.72 
BMI 27 + 1 27 + 1 0.99 
Males 12 14  
Females 5 8  
Total Physical 
Activity (MET-
minutes per week) 

7040 + 1282 12081 + 1870 0.03 

Total Vigorous 
Activity (MET-
minutes/week) 

2535 + 830 6331 + 1284 0.02 

Upper Body 
Resistance 
Exercise Volume 
(kg/week) 

15,743 + 13,103 31,067 + 49,323 0.15 

Lower Body 
Resistance 
Exercise Volume 
(kg/week) 

16,694 + 19,430 56,464 + 127,594 0.16 

Bristol Scale 3.8 + 0.4 3.3 + 0.2 0.25 
Number of 
Supplements 
(count) 0.9 + 1.5 1.4 + 2.4 0.45 

1 mean + SEM 
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Table 1.2 Dietary Intake 

 NPS (n=17) PS (n=22) P-value 

Number of Foods 19 + 21 21 + 2 0.26 

Energy (kcal) 2551 + 429 2452 + 199 0.84 

Protein (g) 117.6 + 11.8 169.3 + 17.6 0.02 

Protein (g/kg body weight) 1.49 + 0.14 2.15 + 0.19 0.009 

Calories from protein (%) 20.1 + 1.5 27.5 + 1.7 0.003 

Carbohydrate (g) 228.3 + 37.9 239.3 + 25.9 0.81 

Calories from carbohydrates (%) 36.5 + 2.9 39.3 + 2.6 0.48 

Fiber (g) 18.9 + 2.1 27.3 + 3.1 0.03 

Total Sugar (g) 93.3 + 20.7 88.1 + 13.4 0.84 

Kcal from sugar (%) 13.7 + 1.7 14.1 + 1.50 0.84 
Ratio of protein to carbohydrate 
(g:g) 0.67 + 0.11 0.89 + 0.16 0.26 

Fat (g) 109.0 + 13.7 92.9 + 9.0 0.33 

Total saturated fatty acids 34.1 + 6.0 29.3 + 3.2 0.49 

Total polyunsaturated fatty acids 24.8 + 2.7 19.6 + 2.1 0.14 
Total monounsaturated fatty 
acids 40.6 + 5.1 35.6 + 4.2 0.46 

Calories from fat (%) 40.8 + 2.7 33.9 + 1.9 0.05 

Iron (mg) 14.7 + 1.5 19.5 + 1.8 0.05 

Magnesium (mg) 369 + 30 533 + 77 0.03 

Potassium (mg) 3064 + 303 3996 + 395 0.07 

Vitamin C (mg) 120 + 22 217 + 49 0.08 

Folate, food (mcg) 263 + 30 375 + 56 0.09 
Intact fruits (whole or cut) of 
citrus, melons, and berries (cup 
eq.) 0.065 + 0.04 0.443 + 0.15 0.02 
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Table 1.2 continued 

Beans and Peas (legumes) 
computed as protein foods 
(oz.eq.) 0.132 + 0.12 0.97 + 0.4 0.045 
Beans and Peas (legumes) 
computed as vegetables (cup 
eq.) 0.032 + 0.03 0.24 + 0.10 0.045 

Healthy Eating Index (HEI) 54.0 + 13.3 61.8 + 15.1 0.088 

Water (g) 3914 + 304 4266 + 441 0.51 
Alcohol (g) (14 g = 1 standard 
drink) 31.4 + 25.8 1.92 + 1.1 0.27 

Caffeine (mg) 180.3 + 42.3 156.1 + 28.5 0.64 
1mean + SEM 
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protein intake for the PS group. This protein was primarily derived from food 
sources as only 4 of the 22 participants consumed a protein supplement 
(25.3+3.8g, 13% of their total protein intake) on the day of the recall. Most of the 
difference in protein intake between the PS and No PS was derived from beans 
and peas. The PS group was asked to report the protein supplement they typically 
consumed. Twenty-one different supplements were reported, and 17 (81%) 
contained whey protein. 
 Despite a similar carbohydrate intake, the PS group consumed about 1.5 
times more fiber than the No PS group. Total sugar consumption was not 
significantly different between the groups but the No PS group tended to consume 
more sugar. Finally, alcohol and caffeine intake tended to be higher in the No PS 
group, although not significant.  

The 2010-2015 HEI index, a value that determines how closely one's diet 
adheres to the US Dietary Guidelines, is 59 for the American diet 
(https://www.fns.usda.gov/healthy-eating-index-hei).  A score of 100 indicates one 
is adhering to the guidelines. The average score for both the No PS and PS groups 
was close to 59 (Table 1.2); the No PS group having a lower HEI score than the 
PS group, although not significant.   

Bacterial diversity was measured within a sample (alpha) and between 
samples (beta). We used Chao, Shannon, Faith PD, and Simpson to measure 
alpha diversity. These indexes consider the number of unique operational 
taxonomic units (OTUs), richness, the relative abundance of OTUs, and evenness. 
All four measures found that the No PS and PS groups had similar alpha diversity. 
Bray-Curtis, Jaccard, and UniFrac were used to measure beta diversity. Only 
Jaccard similarity (ANOSIM) was significantly different (p=0.035). As shown in 
Figure 1.2, the two groups overlapped with a modest difference in community 
separation between the two groups. 

Table 1.3 shows the bacterial species that were significantly different 
between the No PS and PS groups. In all cases, a greater relative abundance of 
the taxa was observed in the PS group. As expected, the changes occurred in the 
more predominant bacteria phyla, Bacteroidetes, Firmicutes, and Actinobacteria, 
which made up 46%, 43%, and 2.5% of the bacteria present in the gut, 
respectively. The most changes in taxa were observed in the Firmicutes phylum 
(74%). The significantly different changes observed in Actinobacteria derived from 
the Coriobacterilia class with Adlercreutzia at the genus level. For the 
Bacteroidetes phylum, the changes were seen in the Baceroidales order at the 
family or genus level. Five different families within the Firmicutes were affected. 
The most striking difference was with the bacteria Ruminococcaceae family, 34 
times greater in the PS group than the No PS group.  

The bacteria identified as significantly different were correlated with dietary 
protein, fiber, and fat. These associations are shown in Table 1.3, and the 
bacteria species belonged to the Actinobacteria, Bacteroidetes, and Firmicutes 
phyla. All correlations were positive, with more bacteria associating with dietary   
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Figure 1.2 Jaccard plot of beta diversity. Each orange dot corresponds to a 
participant (No PS) who reported not using protein supplements. The 
orange circle highlights the range of values. Each green dot represents one 
participant who reported using protein supplements (PS). The green circle 
shows the variation. Although the groups overlap, the differences were 
significant (p = 0.035), demonstrating community separation by this 
method.
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Table 1.3 Relative abundance of bacterial species that were significantly different 

 NPS PS  
Association with Dietary 

Protein 
Association with 

Dietary Fat 

Bacteria Relative Abundance P-value 
Correlation 
Coefficient P-value 

Correlation 
Coefficient P-value 

p__Actinobacteria;c__Cori
obacteriia 94.9 ± 33.61 565.5 ± 158.0 0.008 .332 0.039 .513 0.0008 

p__Actinobacteria;c__Cori
obacteriia;o__Coriobacteri
ales 

94.9 ± 33.6 565.5 ± 158.0 0.008 .332 0.039 .513 0.0008 

p__Actinobacteria;c__Cori
obacteriia;o__Coriobacteri
ales;f__Coriobacteriaceae 

94.9 ± 33.6 565.5 ± 158.0 0.008 .332 0.039 .513 0.0008 

p__Actinobacteria;c__Cori
obacteriia;o__Coriobacteri
ales;f__Coriobacteriaceae
;g__Adlercreutzia 

4.3 ± 2.1 54.3 ± 14.1 0.002     

p__Bacteroidetes;c__Bact
eroidia 

8923.1 ± 
1941.1 

16425.5 ± 
1362.1 0.004 .333 0.038 .393 0.013 

p__Bacteroidetes;c__Bact
eroidia;o__Bacteroidales 

8923.1 ± 
1941.1 

16425.5 ± 
1362.1 0.004 .333 0.038 .393 0.013 

p__Bacteroidetes;c__Bact
eroidia;o__Bacteroidales;f
__Bacteroidaceae;g__Bac
teroides;__ 

181.6 ± 
45.4 438.4± 81.4 0.0096     

p__Bacteroidetes;c__Bact
eroidia;o__Bacteroidales;f
__Rikenellaceae 

857.8 ± 
269.3 

2083.7 ± 
265.7 0.003     
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Table 1.3 continued 

p__Bacteroidetes;c__Bact
eroidia;o__Bacteroidales;f
__Rikenellaceae;g__ 

850.2 ± 
267.7 

2068.4 ± 
263.4 0.0026     

p__Firmicutes;c__Bacilli 30.5 ± 6.8 195.3 ± 42.3 0.0009     
p__Firmicutes;c__Bacilli;o
__Lactobacillales 22.6 ± 4.9 136.5 ± 38.1 0.007     

p__Firmicutes;c__Bacilli;o
__Turicibacterales 7.1 ± 4.5 58.5 ± 17.6 0.009     

p__Firmicutes;c__Bacilli;o
__Turicibacterales;f__Turi
cibacteraceae 

7.1 ± 4.5 58.5 ± 17.6 0.009     

p__Firmicutes;c__Bacilli;o
__Turicibacterales;f__Turi
cibacteraceae;g__Turiciba
cter 

7.1 ± 4.5 58.5 ± 17.6 0.0094     

p__Firmicutes;c__Clostridi
a 

6433.2 ± 
1303.2 

16415.6 ± 
1526.5 

0.0000
2   .413 0.009 

p__Firmicutes;c__Clostridi
a;o__Clostridiales 

6431.3 ± 
1303.0 

16403.7 ± 
1522.5 

0.0000
2   .414 0.009 

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__ 

242.7 ± 
74.3 739.8 ± 153.0 0.007 .322 0.046 .462 0.003 

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__;g__ 

242.7 ± 
74.3 739.8 ± 153.0 0.0066 .322 0.046 .462 0.003 

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Clos
tridiaceae 

97.8 ± 23.3 250.4 ± 47.2 0.007     
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Table 1.3 continued 
p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Lach
nospiraceae 

2960.9 ± 
639.1 

7179.0 ± 
686.7 0.0001   .382 0.016 

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Lach
nospiraceae;g__ 

665.6 ± 
147.1 

1401.9 ± 
118.5 0.0004   .344 0.032 

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Lach
nospiraceae;g__[Ruminoc
occus] 

190.7 ± 
42.5 539.7 ± 80.0 0.0005   .380 0.017 

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Lach
nospiraceae;g__[Ruminoc
occus];s__torques 

13.7 ± 6.4 110 ± 32.7 0.008     

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Lach
nospiraceae;g__Anaerosti
pes 

17.2 ± 4.9 56.4 ± 12.4 0.0066     

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Lach
nospiraceae;g__Coprococ
cus 

371 ± 123 1238.5 ± 
191.7 0.0006     

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Rum
inococcaceae 

2328.5 ± 
565.8 

6663.8 ± 
732.5 

0.0000
4   .373 0.019 

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Rum
inococcaceae;__ 

55.9 ± 10.8 373.2 ± 75.4 0.0004     
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Table 1.3 continued 
p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Rum
inococcaceae;g__ 

259.7 ± 
74.4 798.3 ± 178.9 0.0097   .443 0.005 

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Rum
inococcaceae;g__Faecalib
acterium 

1372.5 ± 
450.4 

3488.4 ± 
257.8 0.0004     

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Rum
inococcaceae;g__Oscillos
pira 

318.6 ± 
73.6 822.5 ± 111.8 0.0006   .445 0.005 

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Rum
inococcaceae;g__Rumino
coccus 

314 ± 84 1167.9 ± 
275.1 0.0065     

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Veill
onellaceae 

569.2 ± 
122.6 

1127.6 ± 
147.1 

0.0060
0 .345 0.031 .362 0.024 

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Veill
onellaceae;g__Phascolarc
tobacterium 

171.1 ± 
78.3 746.2 ± 151.8 0.0021   .518 0.0007 

p__Firmicutes;c__Clostridi
a;o__Clostridiales;f__Veill
onellaceae;g__Phascolarc
tobacterium;s__ 

205.5 ± 
79.7 719.7 ± 155.8 0.0062   .518 0.0007 

1 mean + SEM  
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fat than protein or fiber. Although dietary fat was not significantly different between 
the groups, 41% of the No PS dietary calorie intake came from fat, while 34% of 
the PS dietary calories were derived from fat. Only two bacterial species correlated 
with dietary fiber (not shown in table): 
p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Coprococc
us (p<0.032) and 
p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Oscillospi
ra (p<0.032). 

The predicted functional pathways that were significantly different are 
shown in Figure 1.3. Ten pathways emerged as significantly different between the 
No PS and PS groups. Eight of the ten pathways (arginine and proline metabolism; 
biosynthesis of unsaturated fatty acids; caffeine metabolism; circadian rhythm-
plant; fatty acid elongation in mitochondria; non-homologous end-joining; steroid 
biosynthesis; and systemic lupus erythematosus) were more highly expressed in 
the PS group. Nucleotide metabolism and RIG-1-like receptor signaling pathway 
were more highly expressed in the No PS samples. 

Alterations in the fecal metabolome are shown in Figure 1.7. Heatmaps 
serve as a visualization tool for changes in the relative abundance of metabolites 
(Fig 1.7). A few metabolites were significantly different in relative abundance 
between the two groups (Figure 4A): allantoin (p<0.01), dipicolinate (p<0.05), 
tricarballylic acid (p<0.01), octulose 8/1 phosphate (p<0.05), xanthosine (p<0.01), 
dATP (p<0.01), abscisate (p<0.01), pimelic acid (p<0.01), methyl glutaric acid 
(p<0.05), lactate (p<0.01), sucralose (p<0.01), S-ribosyl-L-homocysteine (p<0.05), 
homocysteine (p<0.01), quinolinate (p<0.05), sulfolactate (p<0.01), and 
homocarnosine (p<0.01). Despite few significant changes, the 3D PLS-DA showed 
separation of the PS group and the No PS group, indicating different metabolic 
profiles between the groups (Figure 1.4A). Metabolites with a  variable importance 
in projection (VIP) score >1 drove the separation in the PLS-DA plot, contributing 
most to the differences observed between groups (Figure 1.4B). Using metabolites 
with a VIP score > 1 for pathway analysis, it was evident that purine and pyrimidine 
metabolism were altered in response to protein supplementation. Additionally, 
glycolysis, cysteine and methionine metabolism, and the TCA cycle were also 
perturbed (Figure 1.4C). All of the altered pathways are interconnected with 
nitrogen metabolism (Figure 1.5).  

The bacteria correlated with each trait are shown in Table 1.4. Traits ME 
and PF were correlated with more than one phylum, respectively. Only trait 
mental energy was correlated with members of the Actinobacteria and 
Verrumomicrobia, while members of Proteobacteria and Bacteroidetes were only 
associated with trait PF. Interestingly, at least one member of the Firmicutes 
phyla was correlated with every trait, but only one Fir-micute member, 
c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Anaerostipes;s__, was 
correlated with more than one trait (i.e., ME, MF, PF).  
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Figure 1.3 Predicted functional pathways. Pathways that were significantly 
different between the two groups are shown along with the Bonferroni-
corrected p-value. Orange bars are the No PS group, while the green bars 
are the PS group. 
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Figure 1.4 Metabolomics analysis showing PS induces metabolic 
alterations. (A) 3D PLS-DA plot showing separation of the PS and NPS 
groups, indicating unique metabolic profiles. (B) This plot shows the top 
15 metabolites with the highest VIP scores contributing most to the 
observed separation of groups. Allantoin contributes most to the 
separation of the PS and NPS groups in the PLS-DA plot. (C) 
Metabolites with a VIP score > 1 were used for pathway analysis. The 
pathways impacted most by PS include pyrimidine metabolism, 
glycolysis and gluconeogenesis, cysteine and methionine metabolism, 
purine metabolism, and the TCA cycle. 
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Figure 1.5 Nitrogen metabolism pathways. Assembling the metabolome 
and microbiome data suggested nitrogen metabolism was altered in the gut 
environment of participants who reported consuming a protein supplement 
compared to those who did not. Blue boxes represent information derived 
from the participant’s dietary recall. The orange and green arrows in each 
box show which group had higher or lower intake. Evidence derived from 
predicted functional pathways is highlighted in pink, while the purple 
boxes are metabolites or pathways identified by metabolomics. 
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Table 1.4 Bacteria taxa significantly correlated with specific traits. Same 
colored bacteria names correlate with more than one trait. 

 Correlation 
Coefficient 

Significa
nce 

Trait Mental Energy   
p__Actinobacteria 0.469 0.037 
p__Firmicutes 0.520 0.019 
p__Firmicutes;c__Bacilli;o__Turicibacterales 0.470 0.037 
p__Firmicutes;c__Bacilli;o__Turicibacterales;f__Turicibacteraceae 0.470 0.037 
p__Firmicutes;c__Bacilli;o__Turicibacterales;f__Turicibacteraceae;g__Turiciba
cter 0.470 0.037 
p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__;s__ 0.461 0.041 
p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__[Rumino
coccus];s__gnavus 0.478 0.033 

p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Anaerost
ipes;s__ * 0.480 0.032 

p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__;s__ 0.454 0.044 
p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Coproco
ccus;s__catus 0.479 0.032 
p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Roseburi
a;s__faecis 0.558 0.011 

p__Verrucomicrobia;c__Verrucomicrobiae 0.475 0.034 
p__Verrucomicrobia;c__Verrucomicrobiae;o__Verrucomicrobiales 0.475 0.034 
p__Verrucomicrobia;c__Verrucomicrobiae;o__Verrucomicrobiales;f__Verruco
microbiaceae 0.475 0.034 

p__Verrucomicrobia;c__Verrucomicrobiae;o__Verrucomicrobiales;f__Verruco
microbiaceae; 
g__Akkermansia 

0.475 0.034 

Trait Mental Fatigue   
p__Firmicutes;c__Erysipelotrichi 0.451 0.046 
p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales 0.451 0.046 
p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f__Erysipelotrichaceae 0.451 0.046 
p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Anaerost
ipes;s__ −0.532 0.016 

Trait Physical Energy   
p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f__Erysipelotrichaceae;
g__Holdemania −0.533 0.015 
p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Dorea;s
__ −0.463 0.040 

p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptostreptococcaceae;g__;s
__ −0.461 0.041 

   
Trait Physical Fatigue   
p__Firmicutes;c__Clostridia;o__Clostridiales;f__Christensenellaceae;g__;s__ −0.630 0.003 
p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Anaerost
ipes;s__ −0.448 0.048 

p__Proteobacteria;c__Gammaproteobacteria;o__Pasteurellales 0.445 0.049 
p__Proteobacteria;c__Gammaproteobacteria;o__Pasteurellales;f__Pasteurella
ceae 0.445 0.049 

p__Proteobacteria;c__Gammaproteobacteria;o__Pasteurellales;f__Pasteurella
ceae;g__Haemophilus 0.512 0.021 
p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Bacteroidaceae;g__Bac
teroides;s__ −0.451 0.046 
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PCA analysis revealed that the subjects naturally separated into two 
distinct clusters (left or right, Figure 1.6A). Of the identified metabolites, 100 
metabolites had a significantly higher relative abundance in the left group 
(presented in blue), including but not limited to biotin, serine, and shikimate. The 
right group (presented in red) had only six metabolites with a higher relative 
abundance, including propionyl-CoA, acetyl-CoA, and NAD+. There were no 
statistically significant differences in PF, PE, MF, or ME when comparing the 
subjects on the left to those on the right (Figure 1.6B). Therefore, the separation 
of the clusters observed on the PCA plot cannot be attributed to traits, so distinct 
metabolic profiles based on MF, ME, PF, and PE were not observed in the study. 

1.4 Discussion  
To our knowledge, this is the first study to investigate the gut microbiome of 

young physically active adults who self-identified as muscle builders taking a 
protein supplementation. Often a high protein, low dietary fiber diet is associated 
with bodybuilding. Scientific studies have shown that fiber and protein can 
influence the abundance of microbial communities present in the gut, although 
protein's effects are less understood than fiber. The recommended fiber intake for 
men and women under 50 years of age is 38 g/day and 25 g/day, respectively.40  
However, research has shown that many individuals fall short of these guidelines.  
For example, in a study comparing the gut microbiota of 15 distance runners and 
15 bodybuilders, Jang et al.41 reported that dietary fiber intake was similar between 
the two groups: 17 g/day (distance runners) and 19 g/day (bodybuilders). However, 
the average protein intake was 103 g for the distance runners and 236 g for the 
bodybuilders. Interestingly, there were differences in the gut microbiome between 
these groups.  At the genus and species levels, Faecalibacterium, Clostridium, 
Haemophilus, and Eisenbergiella were the highest (p < 0.05) in bodybuilders while 
Bifidobacterium and Parasutterella were the lowest (p< 0.05) in bodybuilders.  In 
our study, fiber intake for our groups was similar to Jang et al.'s41 study, but 
unexpectedly, the PS group consumed 8 gms more fiber than the No PS group.  
However, neither group met the recommended amount of fiber daily.  Our 
participant's average protein intake was less than Jang et al.41 bodybuilder's 
protein intake. Faecalibacterium was the only bacteria for which we observed 
changes that Jang et al.41 also reported. 

The Recommended Dietary Intake for protein is 0.8 g/kg body weight42 
based on net nitrogen balance, translating to a mean dietary need of 63 g/day for 
our athletes. However, protein is needed to build and repair muscle, so 1.2 to 2.0 
g protein/kg body weight/day is recommended for strength-training athletes.43 Our 
participants consumed 1.5 to 2.2 g protein/kg body weight; the No PS group at the 
lower end and the PS group at the upper end of the recommendation. On a 
moderately high protein diet in which protein makes up 15% of total energy intake, 
17 g dietary protein/day goes undigested in the small intestine and enters the colon 
for putrification.44  In our study, protein intake was 20-27% of calories. Based on  
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Figure 1.6 A principal component analysis (PCA) for the 20 survey 
subjects. (A) clearly shows two distinct clusters: left blue and right red. (B) 
shows the average ± SD for each trait. MF, ME, PF, and PE were not 
significantly different between the two clusters. 
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Gibson et al.'s 44 findings, we deduct more than 17 g of protein reached the colon 
for putrification. 

A high protein, low carbohydrate diet favors a pathogenic, pro-inflammatory 
colonic microbiota. Jang et al.41 concluded from their study of sedentary 
individuals, bodybuilders and distance runners that a high protein diet might 
negatively impact gut microdiversity and decrease short chain fatty acid-producing 
commensal bacteria.  Increased protein fermentation can be attenuated by the 
addition of dietary fiber .45 While our PS group had a higher protein intake, their 
fiber intake was less than the dietary recommended amount and therefore may not 
have been sufficient to provide this benefit. We did note an increase in several 
butyrate producing species in the gut microbiota of the PS group. 

In addition to protein intake, diet quality affects gut microbiome diversity46. 
HEI is a measure of dietary quality, and both groups score demonstrated that they 
did not meet the US Dietary Guidelines. Thus, only one diversity measure was 
significantly different between the two groups, so despite the significant difference 
in protein and fiber intake, these differences were not enough to alter gut 
microbiota diversity. Other studies have reported no change in gut microbial 
diversity following resistance exercise.41, 47, 48 

In healthy individuals, the phyla Firmicutes, Bacteroidetes, Actinobacteria, 
and Proteobacteria make up 98% of the bacteria present in the human GI tract.49, 

50 Our study observed changes in the relative abundance of species within three 
of these phyla, Firmicutes, Bacteroidetes, and Actinobacteria. More changes were 
seen in the Firmicutes phyla, and many taxa in this phyla are butyrate-producing.51 
Lactobacillales abundance was significantly greater in the PS group and this family 
of bacteria functions in purine absorption52 and uric acid decomposition.53 

Host health is affected by the structure and diversity of the gut microbiota. 
At the genus level, we observed higher levels of Adlercreutzia, Bacteroides, 
Turicibacter, Anaerostipes, Coprococcus, Faecalibacterium, Oscillospira, 
Roseburia, Blautia, Ruminococcus, and Phascolarctobacterium in the protein 
supplemented group. Oscillospira is a common gut bacterial genus, and several 
recent gut microbiota investigations have demonstrated its underlying significance 
for host health in several chronic diseases like obesity.54  Chen et al.54 found it 
inversely correlated with Bristol stool type and that it may play a role in decreased 
bowel movements and aggravate constipation. Constipation can be a problem with 
bodybuilders who consume large amounts of protein. However, none of our 
participants reported constipation, we excluded participants taking laxatives, and 
the Bristol score was similar between both groups (~3). This score characterizes 
stool as sausage-like with cracks on the surface. As well, Oscillospira has also 
been positively associated with leanness.55 Phascolarctobacterium is a substantial 
acetate/propionate producer (short-chain fatty acids) and is associated with the 
metabolic state and positive mood.56 Jang et al.41 found Faecalibacterium 
significantly higher in bodybuilders compared to distance runners and sedentary 
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individuals. Also, they reported Blautia, a short-chain fatty acid producer, to be the 
lowest in the bodybuilders compared to controls. 

Only a few studies have looked at the effect of protein supplementation, 
usually whey, on the gut microbiomes of athletes. For example, Moreno-Perez et 
al. supplemented cross-country runners with 10g whey isolate and 10 g beef 
hydrolysate in 200 ml orange drink for 10 weeks. They found increased abundance 
of the Bacteriodetes phylum and decreased Roseburia, Blautia, and 
Bifidobacterium longum.  While our participants did not supplement daily, we also 
found an increased relative abundance of Roseburia and Blauta in our PS group.  

Nitrogen metabolism can be altered by protein consumption. A high-protein 
diet contains a large quantity of purine, a nucleotide. Purines play a vital role in 
energy metabolism and are used as building blocks for DNA synthesis.57 Uric acid 
is produced when purines are enzymatically degraded.58 Uric acid is then further 
degraded to allantoin, the metabolite with the highest VIP score. The PS group 
had a significantly higher allantoin relative abundance in their feces compared to 
the No PS group.  Since allantoin and uric acid, along with other metabolites 
involved in purine metabolism, are driving the separation between the PS and No 
PS groups, it can be concluded that higher levels of dietary protein favor purine 
degradation. This evidence is further supported by a greater relative abundance of 
f. Lactobacillales in the PS group (p = 0.007), a bacteria family that functions in 
purine absorption and uric acid decomposition.59 Additionally, genes encoding for 
nucleotide metabolism were significantly more abundant in the No PS group. This 
observation could be expected because the No PS group had a lower protein 
intake, which leads to fewer purines, creating a greater need for genes involved in 
purine metabolism. It has been documented that purine-rich diet can activate the 
purine degredation pathway which results in the production of uric acid and 
allantoin.60 It is not surprising that protein supplementation results in increased 
purine degradation. 

Interestingly, Anaerostipes was correlated with trait ME, MF, and PF in the 
anticipated direction. Higher levels of Anaerostipes are associated with activation 
of fatty acid oxidation, synthesis, and lipolysis inhibition, which in turn decreases 
circulating lipid plasma levels and body weight.61 It also suppresses colon 
inflammation and can downregulate insulin signal transduction in adipose tissue. 
Although this study did not differentiate which function the bacteria serve in each 
trait, based on previous findings62 and the other bacteria associated with the traits, 
the authors hypothesize that Anaerostipes’ anti-inflammatory function may be 
associated with MF and PF. In contrast, the metabolic function of the Anaerostipes 
bacteria may be correlated with trait ME. 

This study is not without its limitations.   First, the participants were recruited 
online, and although we emailed many potential candidates, we demonstrated that 
participants could be recruited in this manner. Second, once lockdowns from the 
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COVID pandemic started, we could no longer recruit participants which reduced 
our sample size. Third, we had to rely on the participants self-reporting their 
resistance training because they were recruited and participated in the study 
online.    Self-reporting has inherent errors, but we used several measures, self-
reported workout form, and IPAQ, to verify their training claims. These were used 
to determine if the participants were physically active and had consistent 
resistance training.  Fourth, the two groups were divided based on the participant's 
reported protein supplement use.  All PS group participants reported using a 
protein supplement, while the No PS group reported not using a protein 
supplement to promote muscle gains. We also verified this with the ASA24 24-
hour recall. The ASA24 reports supplement usage, and only the participants in the 
protein supplemented group reported using a protein supplement 24 hours before 
they collected their fecal sample.  

1.5 Methods 
This multi-omics study aimed to identify the bacteria present in the fecal 

matter of young physically active adults using resistance exercise who reported 
taking or not taking a protein supplement. Participants were recruited from Sports 
and Health Science majors at the online university, American Public University 
System (APUS). This study was approved by the Institutional Review Board at 
APUS (protocol # 2018-097) and the Louisiana State University Health Sciences 
Center (LSUHSC) (protocol # 10217). 

1.5.1 Experimental Approach  

A schematic for recruiting participants is shown in Figure 1.1. Participants 
were excluded if they met at least one of the following criteria:  1) took an antibiotic 
in the last three months, 2) consumed an anti-diarrhea medicine in the last week, 
3) took a laxative in the last week, 4) consumed prebiotics in the last week, 5) 
consumed probiotics in the last week, 6) been diagnosed with cancer, 7) have 
Crohn's disease, 8) taking prescription drugs other than oral contraceptives, 9) 
cutting for an upcoming competition or tournament, 10) under 25 years of age, or 
11) lived outside the contiguous United States. We asked potential participants to 
share their maximum squat, bench press or deadlift and then calculated a weight 
lifted to body mass ratio.  Those who could not lift at least half of their body weight 
were excluded. Each participant was asked if they consumed a protein supplement 
so they could be assigned to one of two groups: protein supplement (PS) and no 
protein supplement (No PS). The participants that met the criteria were sent an 
email welcoming them to the study and requested verification that they were willing 
to participate.  If their response was positive, they were sent a fecal collection kit. 
After collecting their fecal sample, the participant completed a supplement 
questionnaire, a workout questionnaire, an online version of the International 
Physical Activity Questions (IPAQ), and a 24-hour food recall using the ASA24. 
Each participant completed the study at their physical location anywhere in the 
contiguous United States.  Participants were recruited in two cohorts one year 
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apart at the same time of year (October/November/December). For successful 
participation in the study, the participant had to complete: 1) written informed 
consent, 2) signed HIPAA consent, 3) acknowledgement that they were training to 
build muscle, 4) completed the required questionnaires, and 5) returned fecal 
sample. Thirty-nine participants provided a fecal sample and completed all the 
required forms.  

Of the 39 individuals who participated in the study, 20 of the subjects 
consented and completed the survey regarding traits energy and fatigue. All study 
procedures were approved by the Institutional Review Board at the American 
Public University System (2021–045–OL, 14 April 2021). The survey was 
conducted online using Qualtrics (Qualtrics, XM, Provo, UT). The mental and 
physical state and trait energy and fatigue scales [18] were used to discriminate 
between mental and physical energy and fatigue. The reliability and temporal 
stability of these scales has been previously demonstrated [21–23,43–47]. For the 
current study, reliability was tested using Cronbach’s Alpha test in SPSS (IBM 
Corp. Released 2020. IBM SPSS Statistics for Windows, Version 27.0. Armonk, 
NY, USA: IBM Corp). The scores were PE, 0.767, PF, 0.899, ME, 0.890, and MF, 
0.893. 

1.5.2 Sample Collection 

A fecal sample was collected using an at-home, self-collection kit (The 
Biocollective, Denver, CO) sent to them via Fed Ex overnight along with a freezer 
brick, Styrofoam shipping container, and cardboard box to fit over the Styrofoam 
shipping container. The kit contained a specially designed biocollector that was 
placed over the toilet for fecal collection. Once the fecal sample (without urine) was 
collected, the biocollector was inserted into a special zip locking barrier bag that 
was inserted into a ziplock specimen bag. Then the specimen bag was placed in 
a Styrofoam shipping container, and a frozen freezer brick was placed on top. The 
Styrofoam container was placed into the cardboard box, sealed, and shipped 
overnight.  To prevent receiving samples on a Saturday or Sunday, the participant 
was instructed to ship the sample on the same day of collection and collect it on a 
Monday-Thursday, no holidays. If the sample was not returned within 24 hours of 
collection, the sample was discarded, and the participant was excluded from the 
study.  Upon receipt in the lab at LSUHSC, the sample was mixed in the sample 
bag in a biosafety level 2 hood and small portions aliquoted into sterile 
microcentrifuge tubes designed for cold storage. The tubes were placed in liquid 
nitrogen for quick freezing and stored in a  -80° C freezer. At the same time, a 
sample of approximately 250 mg was processed for DNA isolation using the 
QIAamp PowerFecal DNA Kit (Qiagen, Germantown, MD, USA), which included 
bead-beating. The isolated DNA was stored at -80° C until microbial community 
analysis. 
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1.5.3 Dietary Assessment 

Participants were asked to recall the foods they ate 24 hours prior to their 
fecal sample collection.  They used the freely available, automated, web-based, 
self-administered 24-hour dietary assessment (ASA24) 
(https://epi.grants.cancer.gov/asa24/)63, which is available on the web and mobile 
devices and is funded and maintained by the National Cancer Institute. Each 
participant was sent a unique user ID and password. Although the ASA24 program 
collects information on supplement use, we also asked participants to provide 
information about their supplement on a separate form.  The 2010-2015 Healthy 
Eating Index (HEI) was calculated from the food group data provided by ASA24 
using the SAS program code available for free online by the National Cancer 
Institute (https://epi.grants.cancer.gov/hei/calculating-hei-scores.html). 

1.5.4 Physical Activity Assessment 

Physical activity was assessed using the International Physical Activity 
Questionnaire (IPAQ) long-form converted to an online format.  Also, each 
participant was asked to provide their muscle-building workout routine on a 
separate form since the IPAQ does not ask specifically about resistance training.  
In this form, participants reported the exercise name, workouts per week, sets per 
workout, reps per set, weight lifted, and 1-RM.  Volume loads (weight lifted in kg x 
reps x sets x workouts per week) for upper body or lower body exercises were 
calculated similarly to the methods of Haff.64  

1.5.5 Microbial Community Analysis 

A Thermo Scientific™ NanoDrop™ spectrophotometer (ThermoFisher 
Scientific, Waltham, MA) was used to determine the quantity and purity of the 
isolated fecal DNA. Two amplification steps using the AccuPrime Taq high fidelity 
DNA polymerase system (Invitrogen, Carlsbad, CA) were performed to prepare a 
sequencing library. Also, a negative control with the control from DNA extraction 
and a positive control of Microbial Mock Community HM-276D (BEI Resources, 
Manassas, VA) were set during amplicon library preparation. Genomic DNA and 
the gene-specific primers with Illumina adaptors were used to amplify the 16S 
ribosomal DNA hypervariable region V4: Forward 
5'TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 
GTGCCAGCMGCCGCGGTAA3'; Reverse 5' 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 
GGACTACHVGGGTWTCTAAT 3'.  AMPure XP beads were used to purify the 
indexed amplicon libraries, quantified using Quant-I PCR products. The purified 
amplicon DNA was amplified using the primers with different molecular barcodes: 
forward 5' AATGATACGGCGACCACCGAGATCTACAC [i5] 
TCGTCGGCAGCGTC 3'; reverse 5' CAAGCAGAAGACGGCATACGAGAT [i7] 
GTCTCGTGGGCTCGG 3'. The indexed amplicon libraries were purified using 
AMPure XP beads, quantified using Quant-iT PicoGreen (Invitrogen), then 
normalized and pooled. The KAPA Library Quantification Kit (Kapa Biosystems) 
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was used to quantify the pooled library, which was diluted and denatured according 
to Illumina's sequencing library preparation guidelines. As an internal control and 
to increase 16S RNA amplicon library diversity, 10% PhiX was added to the 
sequencing library. The paired-end sequencing was performed on an Illumina 
MiSeq (Illumina, San Diego, CA) using the 2×250bp V2 sequencing kit. 

QIIME2 (Quantitative Insights Into Microbial Ecology) with the DADA2 
plugin65 was used to process raw fastq files. Forward and reverse reads were 
truncated to a uniform length of 240 bp, and 20 bp were trimmed off the front of 
each read to remove the primer. DADA2 identified amplicon sequence variants 
(ASVs) were merged, and any that fell out of the expected 250bp – 255bp length 
were discarded.  Any ASVs that appeared in only one sample were removed using 
contingency-based filtering, and chimeric ASVs were removed using the 
consensus method.  ASVs were aligned using mafft and fasttree66, and a 
phylogenetic tree for diversity analysis was built.  Greengenes v13.8 was used for 
taxonomic classification.67  After primary data analysis, the remaining reads were 
analyzed using QIIME2.68 

The QIIME analysis included 39 samples and read counts ranging from 
6,729 to 99,983, with an average read count per sample of 44812. Alpha 
rarefaction was performed at a level of 6,729 reads to include all samples. 

1.5.6 Prediction of Metabolic Profile 

The 16S sequencing data was used to identify potential microbial functions. 
The raw data were formatted and imported into QIIME2. Closed-reference 
clustering against the Greengenes 13_5 97% OTUs reference database was used 
to develop a dereplicated feature table and representative sequences. The closed-
reference OTU table was used as input into the PICRUSt69 pipeline, and the 
resulting PICRUSt metagenome data were further analyzed using STAMP 
(Statistical Analysis of Metagenomic Profiles).70  Pathways were labeled at Level 
2 since several pathways were not classified at Level 1, which causes an error in 
STAMP. From this, KEGG (Kyoto Encyclopedia of Genes and Genomes) 
pathways were compared between protein supplemented (PS) and nonprotein 
supplemented (No PS) participants.  

1.5.7 Metabolomics 

Samples were processed at the Biological and Small Molecule Mass 
Spectrometry Core (BSMMSC) at the University of Tennessee, Knoxville, TN 
(RRID: SCR_021368). The fecal sample from each participant was divided into 
aliquots (roughly 50-100 mg) and extracted in biological triplicate. Polar 
metabolites were extracted from fecal samples using an acidic acetonitrile 
extraction procedure, using 40:40:20 HPLC grade ACN/MeOH/H2O with 0.1 M 
formic acid.71 Global metabolic profiling, using ultra high-performance liquid 
chromatography high resolution mass spectrometry (UHPLC-HRMS), was used to 
analyze the fecal microbiome. A 25-minute reverse-phase chromatographic 
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separation was performed using a Synergi 2.6 µm Hydro RP column (100 mm x 
2.1 mm, 100 Å; Phenomenex, Torrance, CA) and an UltiMate 3000 pump (Dionex). 
After chromatic separation, analytes were ionized using negative mode 
electrospray ionization. A Thermo Scientific Exactive Plus Orbitrap (San Jose, CA) 
was utilized for mass analysis operating in full-scan mode.23, 72 A package from 
ProteoWizard, msConvert was used to convert raw spectral files to .mzML 
format.73 Metabolomics analysis and visualization engine (MAVEN) was used to 
identify metabolites based on exact mass (±5 ppm) and retention time using an in-
house library.24, 74 A total of 170 metabolites were identified metabolites from the 
untargeted metabolomics analysis.  

1.5.8 Statistical Analysis 

A power calculation determined 24 participants were needed per group (PS 
and No PS). Thirty-nine participants completed the study prior to beginning of the 
COVID19 pandemic. It was decided to stop participant recruitment at the start of 
the pandemic since the time length was unknown, and we did not want to risk 
exposure to the virus from fecal samples.   

Data were expressed as mean ± SEM (standard error of the mean), and the 
tables presented the actual p-value.  A value of p<0.05 was considered statistically 
significant and was determined a priori. SPSS (IBM Corp. Released 2020. IBM 
SPSS Statistics for Windows, Version 27.0. Armonk, NY: IBM Corp) was used for 
statistical comparisons. Differences in alpha and beta diversity were determined 
using QIIME 1.9.0, and figures were drawn using GraphPad Prism 9 (GraphPad 
Software, San Diego, CA). Significant differences in bacterial species between the 
No PS and PS groups were determined using Mann Whitney U.  Only p-values 
<0.01 are reported for the bacterial species identified as significantly different.  
STAMP was used to determine statistical differences in functional pathways 
between the groups and to generate post hoc (Tukey-Kramer) plots for each 
KEGG pathway that was significantly different between No PS and PS. 

Metabolite peak intensities were normalized by weight of each fecal sample 
aliquot. MetaboAnalyst 5.0 was used to generate partial least-squares discriminant 
analysis (PLS-DA) plots, variable importance in projection (VIP) scores, and 
pathway analysis using the normalized metabolomics data. In MetaboAnalyst, the 
normalized data were filtered by interquartile range, log-transformed, and Pareto 
scaled.25 Heatmaps were generated using R (version 1.0.153), which display log2 
fold changes and p-values calculated by a Student’s T-test.  

1.6 Conclusions 
This exploratory study showed that the gut metabolome and microbiome is 

impacted by protein supplementation and/or diet. While the alterations were 
minimal, protein supplementation did induce changes in the function and 
composition of the gut microbiota. There was a clear impact on nitrogen 
metabolism in response to protein supplementation. The PS group had a distinct 
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metabolic profile from the No PS group, and allantoin was the metabolite 
contributing most to these differences. This revealed that the PS group was 
favoring the degradation of purines, as uric acid was also increased in the PS 
group. Opposite to this, the participants form the No PS group seemed to favor 
nucleotide biosynthesis and metabolism as they had more genes associated with 
nucleotide metabolism suggesting the greater need of the gut microbiota to 
synthesize nucleic acids due to not being supplied an excess exogenous nitrogen 
source. The health consequences to the host are unknown but several 
metabolites, for example, uric acid, the precursor of allantoin, are associated with 
inflammatory processes.75 Additional studies are warranted to determine the 
health consequences to the host. This study also showed that traits ME, MF, PE, 
and PF did not display unique metabolic profiles but could be defined by distinct 
bacterial communities, though more robust studies are needed to validate the 
findings from this exploratory study. 
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APPENDIX 
 
 
 
 
 

log2 fold change

Higher relative 
abundance No 
PS 

Higher relative 
abundance PS 

  Figure 1.7 Heatmap showing the log2 fold change and p-values for all 
identified metabolites in fecal samples. Metabolite relative abundances were 
altered by PS. 
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CHAPTER 2 HEAT STRESS INDUCES UNIQUE METABOLIC 
ALTERATIONS IN THE SMALL INTESTINES, INTESTINAL 

DIGESTA, AND PLASMA OF BROILER CHICKS 
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2.1 Abstract 
Heat stress is devastating to poultry production sustainability worldwide. In 

addition to its adverse effects on growth, welfare, meat quality, and mortality, HS 
alters the gut integrity, leading to dysbiosis and leaky gut syndrome; however, the 
underlying mechanisms are not fully defined. Here, a high-throughput mass 
spectrometric metabolomics approach was utilized to probe the metabolite profile 
in the small intestines (duodenum, jejunum, and ileum), intestinal digesta (ileal and 
cecal), and plasma of modern male broilers exposed to acute heat stress (AHS, 2 
h/day for 2 weeks) or chronic cyclic heat stress (CHS, 8 h/day for 2 weeks) in 
comparison with thermoneutral (TN-control) and pair-fed (PF) birds. Ultra high- 
performance liquid chromatography coupled with high resolution mass 
spectrometry (UHPLC–HRMS) identified a total of 218 metabolites. Partial least 
squares discriminant analysis (PLS-DA) plots (both 2D and 3D maps) showed 
clear separation between the TN-control and each treated group, indicating a 
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unique metabolic profile in heat stressed birds. PLS-DA analysis revealed that the 
small intestines showed the greatest impact from heat stress exposure. Heat 
stress induced metabolic changes were apparent in the intestinal digesta and 
plasma, though changes in the cecal digesta were minimal. Within the heat stress 
groups, PLS-DA displayed different clusters when comparing metabolite profiles 
from AHS and CHS birds, suggesting that the metabolite signatures were also 
dependent on HS duration. Further analyses revealed pathways affected by heat 
stress, with a clear impact on energy and purine metabolism. Taken together, 
these data showed that, independently of feed intake depression, heat stress 
systemically induced significant changes in the metabolite profile in a duration-
dependent manner and demonstrated mitochondrial mediated cellular 
reprogramming in response to heat stress. 

2.2 Introduction 
Poultry meat is highly regarded as an efficient source for high quality 

proteins with affordable prices and without religious taboos. With a global annual 
average production of 99,901 × 103 metric tons, strengthened by intensive genetic 
selection and long-term genetic gain (growth rate, breast yield, feed efficiency) and 
improvement of housing and management, broiler (meat-type) chickens are a 
central component of the worldwide meat production market and support the 
livelihoods and food security of billions of people.76 However, these unprecedented 
and successful advances were associated with several unexpected and 
undesirable changes, such as the emergence of metabolic disorders (muscle 
myopathies, etc.) and hypersensitivity to high environmental temperatures.77 

Climate change and global warming are real concerns, as unusually warm 
hot seasons and temperature anomalies have markedly increased and broadened 
over the past decades.78-82 Global warming and heat stress are adversely affecting 
every biological system, including birds, large animals, insects, and crops, and 
thereby threatening the sustainability of global agricultural production.82-84 Of 
particular interest, broiler chickens are very susceptible to heat stress, as they lack 
sweat glands, are covered with feathers, and have high metabolic activity and core 
body temperatures.85-87 The strong adverse effects of heat stress on poultry 
performance, well-being, mortality, meat yield and quality are well documented.88-

94 One of the prominent negative effects of heat stress is gut injury; however, its 
underlying mechanisms are not well understood.95, 96 The brain–gut axis, involving 
the enteric nervous system (ENS), the autonomic nervous system (ANS), the 
hypothalamus–pituitary axis (HPA), and the central nervous system (CNS), is very 
responsive to any stress, including heat load.97-100 Although the complexity of the 
brain–gut interactions, functionality, and network is still at the beginning of 
unraveling, there is evidence that heat stress triggers the activation of HPA and 
ANS, leading to increased corticosterone levels and pro-inflammatory cytokines, 
which in turn affect the intestinal homeostatic functions.101 For instance, it has been 
shown that the abovementioned changes, in combination with depressed feed 
intake induced by heat stress, alter gut motility, flux patterns, secretory activity, 
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content viscosity, and pH.96, 102, 103 It is important to highlight that, to dissipate heat 
during high ambient temperature, heat-stressed birds divert blood flow to the 
periphery (skin).104-107 This, in turn, leads to a hypoxia-like state in several internal 
organs, including the gut.17, 108 Combined with low nutrient supply, which is 
exacerbated by depression in energy intake, hypoxia would result in adenosine 
triphosphate (ATP) depletion, promoting oxidative and nitrosative stress that leads 
to leaky gut syndrome.109-111 The integrity of the intestinal barrier and its effective 
functionality are vital for the overall health and performance of broilers.112-114 As 
heat stress is a global socio-economic burden that jeopardizes poultry welfare, 
profitability, and global food security, and as larger and widespread heat waves 
are predicted for the next century, there is a critical need to define the mechanisms 
of heat stress responses and their effect on poultry intestinal permeability.115-117 

Previous studies have shown that heat stress alters the expression of 
intestinal heat-shock proteins, cyto(chemo)kines, tight junction proteins, and 
nutrient transporters, thereby inducing leaky gut syndrome.88, 118, 119 To gain further 
in-depth insights into heat stress responses and intestinal barrier integrity, the 
present study was conducted using an ultra-high performance liquid 
chromatography–high resolution mass spectrometry (UHPLC–HRMS) based 
metabolomics approach to determine the metabolic profiles of the duodenum, 
jejunum, ileum, ileal digesta, cecal digesta, and plasma of modern broilers 
exposed to acute (2 h) or chronic cyclic (8 h/day for 2 weeks) heat stress in 
comparison with thermoneutral and pair-fed birds (Fig. 2.1). To data, this is the first 
study to utilize UHPLC-HRMS based metabolomics to examine to the systemic 
impact heat stress has on the broiler metabolome. Recent advances in mass 
spectrometry have allowed metabolomics to become a vital tool for systems 
biology.120 The metabolome is dynamic and highly sensitive to environmental 
alterations, which makes metabolomics an ideal tool to use for uncovering the 
impact of heat stress at the molecular level.121 This study bridges the knowledge 
gap between the physiological and systemic metabolic impacts of heat stress on 
broiler chicks.  

2.3 Results 

2.3.1 Significant differences between small intestine, intestinal digesta, and 

plasma  

UHPLC-HRMS based metabolomics analysis was utilized to investigate the 
systemic impact of heat stress on the metabolome of the duodenum, jejunum, 
ileum, ileal digesta, cecal digesta, and plasma of broiler chicks. This study also 
included the following groups: pre-heat stress (PHS), thermoneutral control (TN-
control), pair fed (PF), acute heat stress (AHS), and cyclic heat stress (CHS). This 
analysis identified a total of 218 metabolites with 128 (58.7%) metabolites detected 
in all matrices. Of the 218 identified metabolites, 17 (7.8%) were unique to the 
samples collected from the small intestine tissue (duodenum, jejunum, and ileum) 
and 15 (6.9%) were unique to the digesta samples (ileal and cecal) (Fig. 2.2).  
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Figure 2.1 Experimental design representation and heat stress challenge. 
Temperature was gradually reduced from 32 °C to approximately 23 °C on d 
21. At d 29, the experiment followed a completely randomized design with 
three treatments (8 replicate pens/treatment, 28 birds/pen): a control group 
(TN) where the birds were raised under thermoneutral condition (23 °C) 
from d 29–42, a chronic cyclic heat-stressed group (CHS) where the birds 
were exposed to high ambient temperature (35 °C) for 8 h/d (9:30 am to 5:30 
pm) from d 29–42, and a pair-fed group (PF) where the birds were raised 
like the control group (similar environmental conditions, 23 °C) and fed the 
same amount of feed as the CHS group. Two additional groups were also 
used: an acute heat-stressed group (AHS) where some TN birds were 
exposed to 35 °C for 2 h before sampling on d 42, and a preheat-stressed 
group (PHS) where CHS birds were sampled before starting the heat stress 
on d 42. AHS, acute heat stress; CHS, chronic cyclic heat stress; HS, heat 
stress; PHS, preheat stress; PF, pair fed. 
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Figure 2. 2 Venn diagram comparing the detected metabolites in each region. 
There were 17 metabolites unique to the tissue (duodenum, jejunum, and 
ileum), 15 metabolites unique to the digesta (ileal and cecal), and  
metabolites unique to the plasma. 
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There were not any identified metabolites unique to the plasma samples. Initially, 
PLS-DA was utilized to pinpoint features contributing to metabolome differences 
of all samples collected in this experiment. All samples within a defined cluster in 
the PLS-DA model share a similar metabolic profile, and the separation of clusters 
indicates that each cluster has a metabolic profile that is unique from the other 
clusters. When using groupings for sample location (duodenum, jejunum, ileum, 
ileal digesta, cecal digesta, and plasma) along with treatment (TN-control, PHS, 
PF, AHS, and CHS) in a PLS-DA (Fig. 2.3), four distinct clusters are evident. As 
expected, these four clusters correspond to the small intestine (duodenum, 
jejunum, and ileum), ileal digesta, cecal digesta, and plasma indicating that the 
factor with the most impact on the metabolic profile was the sample biological 
location regardless of heat stress. Within each of the four clusters, the impact of 
heat stress is nonexistent. Similarly, when using PLS-DA to analyze each 
treatment (PHS, TN-control, PF, AHS, and CHS) individually (Fig. 2.4), the same 
four distinct clusters were evident – small intestine, ileal digesta, cecal digesta, and 
plasma. However, the impact of heat stress on the broiler chick gut metabolome 
becomes clearly evident when analyzing each location independently. 

2.3.2 Heat stress induces a significant impact on the metabolic profile of 

broiler chicks 

Small Intestines 
Metabolomics analysis of the duodenum, jejunum, and ileum identified 177 
metabolites. Of these 177 metabolites, 17 were unique to the tissue of the small 
intestine. Heatmaps, which display the log2 fold change in metabolite relative 
abundance, were used to provide a general overview of the metabolite relative 
abundances for each treatment group compared to TN-control group for the 
duodenum, jejunum, and ileum (Figs. 2.19-2.21). Based on the heatmaps, the 
region of the small intestine with the greatest impact from heat stress is the jejunum 
as the brightness of colors on the heatmap correspond to the magnitude of change 
in metabolite relative abundance.  

Moreover, the number of metabolites that were considered to be 
significantly altered by heat stress (p<0.05 and fold change>|1.5|) in the duodenum 
and ileum were similar while it was revealed that the duodenum had 12 and 14 
metabolites significantly altered by AHS and CHS, respectively, and the ileum had 
9 and 13 metabolites significantly altered by AHS and CHS, respectively (Table 
2.1). The metabolites that are unique to each region could be used as potential 
signatures of either AHS or CHS for each region. Specifically, four metabolites 
were significantly increased in relative abundance in the duodenum due to the 
impact of AHS (prephenate, pimelic acid, 3-Hydroxyisovalerate, and ADP-glucose) 
while eight metabolites were significantly decreased (homocarnosine, N-
Carbamoyl-L-aspartate, dihydroorotate, dAMP, glycinamide ribotide (GAR), 
AICAR, S-Adenosyl-L-homocysteine, and orotate). The impact of CHS on the  
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Figure 2. 3 3D partial least-squares discriminant analysis (PLS-DA) displays that biological location, 
rather than HS, has the greatest impact on the metabolic profiles as four distinct clusters are 
present (small intestines, ileal digesta, cecal digesta, and plasma) when all samples are plotted with 
treatment and biological location information used for grouping. Within each cluster, there is no 
apparent distinction for heat stress. 
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Figure 2.4 Partial least-squares discriminant analysis (PLS-DA) plots for each treatment. Within each 
treatment, samples were grouped by biological location (duodenum, jejunum, ileum, ileal digesta, cecal 
digesta, and plasma). Each plot shows 4 distinct clusters that correspond to the small intestines, cecal 
digesta, ileal digesta, and plasma. Pre-heat stress (PHS), TN-control (TN-control), pair-fed (PF), acute heat 
stress (AHS), cyclic heat stress (CHS), cecal digesta (CD), ileal digesta (ID), plasma (P), jejunum (J), ileum 
(I), duodenum (D).
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Table 2.1 Overview of metabolites significantly altered by heat stress. Metabolites were considered to be 
significantly altered if p<0.05 and had a fold change of I1.5I. Pre-heat stress (PHS), TN-control (TN-control), 
pair-fed (PF), acute heat stress (AHS), cyclic heat stress (CHS), heat stress (HS) 

 

 
 
 
  

Duodenum Jejunum Ileum Ileal digesta Cecal digesta Plasma
AHS CHS AHS CHS AHS CHS AHS CHS AHS CHS AHS CHS

Total identified metabolites 177 177 177 177 177 177 201 201 201 201 154 154

Significantly altered metabolites 12 14 73 74 9 13 5 9 15 9 6 7

Significantly increased in HS 4 7 64 70 6 3 3 7 7 2 5 4

Significantly decreased in HS 8 7 9 4 3 10 2 2 8 7 1 3
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duodenal metabolome led to seven metabolites having a significant increase in 
relative abundance (prephenate, cysteate, NADH, ADP-glucose, NAD+, NADP+, 
and D-erythrose 4-phosphate) and seven having a significantly decreased 
abundance in the duodenum due to CHS exposure (homocarnosine, N-
acetylputrescine, 1-methylhistidine, histidine, phosphothreonine, glucose 
phosphate, and aconitate). Likewise, AHS induced a significant increase in six 
metabolites (salicylate, homocysteic acid, N-acetylglucosamine, 3-
hydroxyisovalerate, 1-methyladenosine, and xanthosine) and a decrease in three 
metabolites (N-carbamoyl-L-aspartate, taurodeoxycholate, and GAR) in the ileum. 
CHS exposure resulted in an increased abundance of three metabolites 
(hydroxyphenylacetate, salicylate, and oxaloacetate) and a decreased abundance 
of 10 metabolites (homocarnosine, 1-methylhistidine, glutamine, ophthalmate, 
taurodeoxycholate, NADH, UDP, CMP, IMP, and CDP) in the ileal metabolome. In 
contrast to the duodenum and ileum, the jejunum showed the most impact from 
heat stress with roughly six times more metabolites significantly altered by heat 
stress with 73 and 74 metabolites significantly altered by AHS and CHS, 
respectively (Table 2.2) 

To visualize the impact of heat stress on the individual regions of the small 
intestines, PLS-DA was used to compare all treatments (PHS, PF, TN-control, 
AHS, and CHS) within the duodenum, jejunum, and ileum separately (Fig. 2.5). 
This analysis shows that heat stress induces the greatest impact on the jejunum 
in the small intestines as the AHS and CHS groups show complete separation from 
the TN and PHS groups. In the duodenum, only the CHS group showed complete 
separation from the PHS and PF group, while the AHS and CHS groups showed 
overlap with the TN-control group. In contrast, the AHS group in the ileum showed 
complete overlap with all other groups (PHS, TN-control, PF, and CHS) while the 
CHS group showed overlap will all groups, excluding the PF group. 

In order to identify specific metabolites or metabolic pathways directly 
impacted by heat stress, pairwise comparisons were made using PLS-DA plots 
along with variable importance in projection (VIP) scores. Each metabolite is 
assigned a VIP score, and a VIP score >1 indicates that metabolite is significantly 
driving the separation of groups in the PLS-DA. For the duodenum, jejunum, and 
ileum pairwise comparisons (Fig. 2.6-2.8), there is clear separation of the TN-
control group from all other treatment groups in the 3D PLS-DA plots with AHS 
and CHS exhibiting the greatest separation.  
All metabolites with a VIP score >1 for each region of the small intestines were 
used to compare metabolites altered most by heat stress across the small 
intestines. Using a Venn diagram122 (Fig. 2.9), five metabolites were found to be 
conserved between the duodenum, jejunum, and ileum and have a convincing 
impact on the separation of the TN-control and AHS groups. These metabolites 
are prephenate, phenyllactic acid, 3-hydroxyisovalerate, histamine, and 
phosphoenolpyruvate. With the exception of histamine, exposure to heat stress 
induced a consistent increase in these metabolite relative abundances in all three 
regions of the small intestine. Histamine did not follow this same trend as its
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Table 2.2 Metabolites significantly increased or decreased by acute heat stress (AHS) or cyclic heat stress 
(CHS) in the jejunum. 

Jejunum 
AHS CHS 

Increased Decreased Increased Decreased 

Creatinine 3-Phosphoserine Creatinine Dephospho-CoA 

N-Acetylputrescine Dihydroorotate N-Acetylputrescine Thymidine 

Phenyllactic acid Taurodeoxycholate Cystathionine CMP 

Phenylpyruvate dCMP Indole 
7-
Methylguanosine 

Acetylphosphate Dephospho-CoA Acetylphosphate   

2-Aminoadipate Glycinamide ribotide (GAR) 2-Aminoadipate   

Dimethylglycine Thymidine Glutamate   

Glutamate CMP Glutamine   

Glutamine 7-Methylguanosine Glutathione disulfide   

Glutathione   Homoserine/Threonine   

Glutathione disulfide   Methionine   
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Table 2.2 continued 
 
Homoserine/Threonine   N-Acetyl-beta-alanine   

Methionine   N-Acetylornithine   

N-Acetylornithine   Ophthalmate   

Pyroglutamic acid   Pyroglutamic acid   

Aspartate   Aspartate   

Hydroxyproline   Cystine   

Ornithine   Hydroxyproline   

Phenylalanine   Lysine   

Tyrosine   Ornithine   

Acetyllysine   Phenylalanine   

Alanine/Sarcosine   Proline   

Citrulline   Tyrosine   

Creatine   Valine/betaine   

Leucine/Isoleucine   Acetyllysine   
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Table 2.2 continued 
 
N-Acetylglutamate   Alanine/Sarcosine   

Serine   Citrulline   

Histamine   Creatine   

aminoisobutyric acid   Leucine/Isoleucine   

Cysteine   N-Acetylglutamate   

Glycine   Serine   

Taurine   Histamine   

Xylitol   Tryptophan   

N-Acetylglucosamine   Arginine   

Sedoheptoluse bisphosphate Cysteine   

Lactate   Glycine   

2-Hydroxy-2-methylsuccinate Taurine   

aminocaproic acid   Xylitol   

Hydroxyisocaproic acid   xylose   
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Table 2.2 continued 
 
methyl succinic acid    N-Acetylglucosamine   

3-Hydroxyisovalerate   Sedoheptoluse bisphosphate 

GDP   Phosphoenolpyruvate   

UDP   Lactate   

UDP-glucose   2-Hydroxy-2-methylsuccinate 

UDP-glucuronate   aminocaproic acid   

Uridine   Carnitine   

Xanthosine 5'-phosphate   methyl succinic acid    

cAMP   3-Hydroxyisovalerate   

ADP   Deoxyuridine   

GMP   dTMP   

UDP-N-acetylglucosamine   dUMP   

AMP/dGMP   GDP   

Guanine   Inosine   
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Table 2.2 continued 
 
Hypoxanthine   UDP-glucose   

2-hydroxyglutaric acid   Uridine   

Glycolate   Xanthosine 5'-phosphate   

homocitrulline   GMP   

glutaric acid   UDP-N-acetylglucosamine   

Uric acid   Guanine   

Uracil   Hypoxanthine   

Homovanillic acid (HVA)   Octulose bisphosphate   

Malate   2-hydroxyglutaric acid   

Riboflavin   homocitrulline   

Biotin   glutaric acid   

    Uric acid   

    Uracil   

    Ribose phosphate   
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 Table 2.2 continued    Malate   

    Riboflavin   

    Biotin   
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Figure 2.5 Partial least-squares discriminant analysis (PLS-DA) plots for 
each region of the small intestines (duodenum, jejunum, and ileum). Within 
each treatment, samples were grouped by treatment Pre-heat stress (PHS), 
TN-control (TN-control), pair-fed (PF), acute heat stress (AHS), cyclic heat 
stress (CHS). The heat stress samples were most clearly separated from 
the other treatment groups in the jejunum. 
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Figure 2.6 2D (top) Partial least-squares discriminant analysis (PLS-DA) 
plots for pairwise comparisons of each treatment to the TN-control in the 
duodenum. CHS has the most separation from the control. The treatment 
groups show more separation from the TN-control in 3D (bottom) PLS-DA 
plots. Pre-heat stress (PHS), TN-control (TN-control), pair-fed (PF), acute 
heat stress (AHS), cyclic heat stress (CHS), cecal digesta (CD), ileal digesta 
(ID), plasma (P), jejunum (J), ileum (I), duodenum (D) 
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Figure 2.7 2D (top) Partial least-squares discriminant analysis (PLS-DA) 
plots for pairwise comparisons of each treatment to the TN-control in the 
jejunum. CHS and AHS had the most  separation from the control. The 
treatment groups show more separation from the TN-control in 3D (bottom 
) PLS-DA plots. Pre-heat stress (PHS), TN-control (TN-control), pair-fed 
(PF), acute heat stress (AHS), cyclic heat stress (CHS), cecal digesta (CD), 
ileal digesta (ID), plasma (P), jejunum (J), ileum (I), duodenum (D) 
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Figure 2.8 2D (top) Partial least-squares discriminant analysis (PLS-DA) 
plots for pairwise comparisons of each treatment to the TN-control in the 
ileum. CHS and AHS had the most  separation from the control. The 
treatment groups show more separation from the TN-control in 3D (bottom) 
PLS-DA plots. Pre-heat stress (PHS), TN-control (TN-control), pair-fed (PF), 
acute heat stress (AHS), cyclic heat stress (CHS), cecal digesta (CD), ileal 
digesta (ID), plasma (P), jejunum (J), ileum (I), duodenum (D) 
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Figure 2.9 Metabolites with a variable importance in projection (VIP) score 
>1 in each pairwise comparison within the small intestine regions was used 
to generate a Venn diagram to determine metabolites that significantly 
contributed to the differences between the acute heat stress (AHS) and TN-
control (TN-control) metabolic profiles in all three regions.   
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abundance was decreased by heat stress exposure in the duodenum and ileum 
but increased in the jejunum. Furthermore, seven metabolites were found to be 
highly influential in driving the separation of the TN-control and CHS groups across 
the small intestines (Fig. 10). These metabolites are phosphothreonine, NAD+, 
ADP-glucose, 2-isopropylmalate, cystathionine, uric acid, and deoxyinosine and of 
these only three displayed consistent trends. Unlike the trends induced by AHS, 
only one metabolite, deoxyinosine, consistently increased in response to exposure 
to CHS throughout the small intestines.  Two other metabolites with a consistent 
trend in response to heat stress, ADP glucose and uric acid, which were increased 
in the duodenum and jejunum but decreased in the ileum.  
 
Intestinal Digesta 
 The intestinal digesta (contents) metabolome is also altered by heat stress 
exposure, though it does show more resilience to perturbations in metabolism. Of 
the 218 metabolites identified in this study, 201 were detected in the digesta, and  
15 of these were unique to the digesta (Fig. 2.2). The heatmaps provide an 
overview of the identified metabolite relative abundances for each treatment 
compared to the TN-control group in the ileal and cecal digesta (Fig. 2.22-2.23). 
There was a total of 5 and 9 metabolites in the ileal digesta significantly altered in 
response to AHS and CHS, respectively. AHS exposure led to three metabolites 
(acetylphosphate, xylitol, and 1-methyladenosine) having a significantly increased 
relative abundance and two (2-oxoisovalerate and nicotinate) metabolites having 
a significantly decreased relative abundance (Table 2.1). Similarly, CHS exposure 
led to seven metabolites (cystathionine, hydroxyphenylacetate, carbamoyl 
phosphate, N-acetylglucosamine, 1-methyladenosine, uracil, and D-gluconate) 
having a significantly increased relative abundance and two (2-oxoisovalerate and 
nicotinate) metabolites having a significantly decreased relative abundance. 
Interestingly, the only two metabolites that were significantly decreased in the ileal 
digesta were conserved in both AHS and CHS exposure. In the cecal digesta, 
there were 15 and 9 metabolites significantly altered in response to AHS and CHS, 
respectively. AHS induced a significant increase in the relative abundance of 
seven metabolites (citraconate, 2-isopropylmalate, NADP+, 7-methylguanosine, 
octulose 8,1 phosphate, (iso)citrate, and folate) and a significant decrease in eight 
metabolites (N-acetylglutamine, acetyllysine, N-acetylglutamate, pimelic acid, 
deoxyadenosine, phosphorylethanolamine, pyrophosphate, and pantothenate). 
Additionally, CHS led to the significant increase of two metabolite ((iso)citrate and 
folate) and a significant decrease in seven metabolites (2-aminoadipate, 3-
phosphoserine, trehalose 6-phosphate, methyl succinic acid, 
phosphorylethanolamine, glutaric acid, and pyrophosphate). 
 From PLS-DA analysis of the ileal digesta with all treatment groups, it 
appears that heat stress minimally impacts the metabolic profile of the ileal 
digesta as all groups are overlapping (Fig. 2.11). Out of all regions analyzed, 
heat stress altered metabolism least in the ileal digesta. However, the PLS-DA  
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Figure 2.10 Metabolites with a variable importance in projection (VIP) score 
>1 in each pairwise comparison within the small intestine regions was used 
to generate a Venn diagram to determine metabolites that significantly 
contributed to the differences between the cyclic heat stress (CHS) and TN-
control (TN-control) metabolic profiles in all three regions.   
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Figure 2.11 2D (left) Partial least-squares discriminant analysis (PLS-DA) 
plots for the ileal digesta. 3D (right) PLS-DA plots for the ileal digesta. C) 
2D PLS-DA plots for the cecal digesta. D) 3D PLS-DA plots for the cecal 
digesta (right plot shows the rotated side view for better separation).  Pre-
heat stress (PHS), TN-control (TN-control), pair-fed (PF), acute heat stress 
(AHS), cyclic heat stress (CHS). 
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for the cecal digesta shows that there is a clear difference in the metabolic profiles 
of AHS and CHS birds as these groups are completely separated from the TN-
control and PHS groups (Fig. 2.11). The AHS and CHS groups do overlap with the 
PF group in the cecal digesta. 
Pairwise comparisons within the ileal and cecal digesta were used to determine 
the metabolites impacted most by heat stress in the intestinal contents. Though 
the impact of heat stress on the ileal digesta was not evident in the PLS-DA with 
all treatment groups, pairwise comparisons (Fig. 2.12) demonstrated clear 
separation of the TN-control group from all other treatment groups in the 3D PLS-
DA plots, which made it clear that the metabolite profiles in the ileal digesta are 
moderately different when exposed to heat stress. The PF and CHS groups 
exhibited the most separation from the TN-control group. Moreover, the pairwise 
comparisons for the cecal digesta (Fig. 2.13) show that all groups are separated 
from the TN-control group with AHS and CHS having the most separation. Heat 
stress exposure does induce a substantial impact on the cecal digesta 
metabolome. 
 To better understand how heat stress exposure alters the intestinal digesta 
metabolome, metabolites with a VIP score >1 for both the ileal and cecal digesta 
were analyzed. For AHS exposure, there were 16 metabolites with a VIP score > 
1 conserved between the two regions (Fig. 2.14). These metabolites are: folate, 
deoxyadenosine, cAMP, dephospho-CoA, (iso)citrate, dTDP, N-acetylglutamate, 
acetylphosphate, citraconate, norepinephrine, riboflavin, 3,4-
dihydroxyphenylacetate (DOPAC), D-gluconate, pyridoxine, aconitate, and CMP. 
Of these 16 metabolites, 13 were found to have the same trend in response to 
AHS in the ileal and cecal digesta. Folate, dephospho-CoA, (iso)citrate, 
acetylphosphate, citraconate, norepinephrine, riboflavin, DOPAC, D-gluconate, 
pyridoxine, and aconitate increased in relative abundance while cAMP and N-
acetylglutamate decreased in relative abundance in response to AHS exposure. 
These results imply that these metabolites are considerable indicators of AHS in 
the intestinal digesta. 

The other metabolites did not follow the same increasing or decreasing 
trend for both regions of the digesta. Similarly, CHS exposure had 13 metabolites 
with a VIP score >1 in both digesta regions that were conserved (Fig. 2.15). These 
metabolites are: D-glucarate, phosphorylethanolamine, 3-phosphoserine, 
deoxyadenosine, NAD+, adenine, trehalose 6-phosphate, hydroxyphenylacetate, 
glutathione, nicotinate, and methyl glutaric acid. Only five metabolites had a 
consistent response to CHS in both the ileal and cecal digesta. As possible 
indicators of CHS in the intestinal digeta based on these data, acetyl-CoA 
increased in response to CHS while 3-phosphoserine, NAD+, adenine, and methyl 
glutaric acid decreased in response to CHS. 
 
Plasma 
 Metabolomics analysis revealed that the plasma metabolome is clearly 
altered resulting from exposure to heat stress. There were 154 metabolites  
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Figure 2.12 2D (top) Partial least-squares discriminant analysis (PLS-DA) 
plots for pairwise comparisons of each treatment to the TN-control in the 
ileal digesta. The treatment groups show more separation from the TN-
control in 3D (bottom) PLS-DA plots. Pre-heat stress (PHS), TN-control (TN-
control), pair-fed (PF), acute heat stress (AHS), cyclic heat stress (CHS), 
cecal digesta (CD), ileal digesta (ID), plasma (P), jejunum (J), ileum (I), 
duodenum (D) 
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Figure 2.13 2D (top) Partial least-squares discriminant analysis (PLS-DA) 
plots for pairwise comparisons of each treatment to the TN-control in the 
cecal digesta. CHS and AHS had the most separation from the control. The 
treatment groups show more separation from the TN-control in 3D (bottom) 
PLS-DA plots. Pre-heat stress (PHS), TN-control (TN-control), pair-fed (PF), 
acute heat stress (AHS), cyclic heat stress (CHS), cecal digesta (CD), ileal 
digesta (ID), plasma (P), jejunum (J), ileum (I), duodenum (D)
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Figure 2.14 Metabolites with a variable importance in projection (VIP) score 
>1 in each pairwise comparison within the intestinal digesta was used to 
generate a Venn diagram to determine metabolites that significantly 
contributed to the differences between the acute heat stress (AHS) and TN-
control (TN-control) metabolic profiles in the digesta.   
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Figure 2.15 Metabolites with a variable importance in projection (VIP) score 
>1 in each pairwise comparison within the intestinal digesta was used to 
generate a Venn diagram to determine metabolites that significantly 
contributed to the differences between the cyclic heat stress (CHS) and TN-
control (TN-control) metabolic profiles in the digesta.   
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identified in the plasma, and the heatmap (Fig. 2.24) depicts an overview of 
individual metabolite alterations in each treatment group compared to the TN-
control. There were six and seven metabolites significantly altered by AHS and 
CHS, respectively (Table 2.1). Of the six metabolites significantly impacted by AHS 
in the plasma, five metabolites were increased in relative abundance (N-
acetylglutamate, hydroxyisocaproic acid, cytidine, guanosine, and inosine) while 
one metabolite was significantly decreased in relative abundance (homocitrulline). 
Similarly, CHS exposure led to the increased relative abundance of four 
metabolites (inosine, tricarballylic acid, 2,3-dihydroxybenzoate, and alpha-
ketoglutarate) and decreased relative abundance of three metabolites 
(homocarnosine, aspartate, and hypoxanthine).  

Using the PLS-DA with sample groups for all treatments collected from the 
plasma, it is evident that heat stress provokes a shift in the metabolic profile of the 
plasma as there is clear separation of AHS and CHS from the TN-control in the 3D  
plot (Fig. 2.16). Both the AHS and CHS groups overlap with the PF group, and 
there is minimal overlap between the PHS and CHS groups. Furthermore, pairwise 
comparisons (Fig. 2.17) aided in identifying the specific metabolic impact of heat 
stress exposure. The PF, AHS, and CHS groups showed complete separation from 
the TN-control group while the PHS group overlapped with the TN-control. The 
metabolite with the highest VIP score, contributing most to the differences between 
the metabolic profiles of the AHS and TN-control group in the plasma, is GDP (VIP 
= 3.2). GDP increased in response to AHS exposure. For CHS, ADP-glucose had 
the highest VIP score (VIP = 3.3) and was increased in response to CHS exposure. 
 

2.3.3 The impact of heat stress on the metabolome is duration dependent 
It is worth noting that, independent of feed depression, the duration of heat 

stress exposure influences the metabolome. For example, in the duodenum where 
this trend is especially apparent, the PHS group shows near indistinguishable 
overlap with the TN-control and PF groups. However, while the AHS group does 
overlap with the TN-control, PF, and PHS groups, there is more distinct separation 
from these groups as the exposure to heat stress increases. Then, as the heat 
stress duration is further increased with the CHS group, clear separation from the 
PF and PHS groups becomes evident. Furthermore, the only other group 
overlapping with CHS in the 3D PLS-DA (Fig. 2.18) is the AHS group 
demonstrating that increased duration of heat stress exposure further modulates 
the metabolome. In fact, pimelic acid and 3-hydroxyisovalerate, which were 
elevated, and N-carbamoyl-L-aspartate, dihydroorotate, dAMP, GAR, AICAR, S-
adenosyl-L-homocysteine, and orotate, which were depressed, were specific to 
AHS exposure. Meanwhile, cysteate, NADH, NAD+, NADP+, and D-erythrose 4-
phosphate, which were elevated, and N-acetylputrescine, 1-methylhistidine, 
histidine, phosphothreonine, glucose phosphate, and aconitate, which were 
depressed, were specific to birds exposed to CHS. While this duration dependent 
trend was not as obvious in other regions, there are metabolites unique to AHS or  
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Figure 2.16 2D and 3D Partial least-squares discriminant analysis (PLS-DA) plots for the plasma. The side 
view of the the 3D PLS-DA (right) shows separation of the heat stress groups from the control. Pre-heat 
stress (PHS), TN-control (TN-control), pair-fed (PF), acute heat stress (AHS), cyclic heat stress (CHS).
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Figure 2.17 2D (top) Partial least-squares discriminant analysis (PLS-DA) 
plots for pairwise comparisons of each treatment to the TN-control in the 
plasma. CHS and AHS had the most separation from the control. The 
treatment groups show more separation from the TN-control in 3D (bottom) 
PLS-DA plots. Pre-heat stress (PHS), TN-control (TN-control), pair-fed (PF), 
acute heat stress (AHS), cyclic heat stress (CHS), cecal digesta (CD), ileal 
digesta (ID), plasma (P), jejunum (J), ileum (I), duodenum (D) 
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Figure 2.18 3D Partial least-squares discriminant analysis (PLS-DA) plots 
for each biological region. Within each region, samples were grouped by 
treatment Pre-heat stress (PHS), TN-control (TN-control), pair-fed (PF), 
acute heat stress (AHS), cyclic heat stress (CHS). This analysis shows the I 
the jejunum there was clear separation of the heat stress groups from all 
other groups. 
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CHS exposure in all other regions analyzed. The only exception is the ileal digesta 
where there are not any metabolites uniquely depressed in response to AHS and 
CHS. Here, only two metabolites (2-oxoisovalerate and nicotinate) are depressed 
in response to heat stress exposure, and these metabolites are conserved for both 
AHS and CHS. 

2.4 Discussion 
Heat stress, which is the most challenging environmental stressor, has recently 

had a profound detrimental impact on the poultry industry due to the loss of meat 
production and quality.123 This has caused a disruption in production sustainability 
which has led to substantial economic burdens worldwide.81, 124 In addition to its 
apparent impact on growth, appetite, and meat quality88-91, 125, heat stress has also 
been proven to impair body systems and physiology.126-128 Gut injury is one of the  
most prominent effects of heat stress, though the underlying mechanisms are still 
not well defined or understood.17, 101, 108, 129 It has been shown that heat stress 
damages the gut by impairing the integrity and permeability of the intestine.18, 130 
Specifically, previous studies have demonstrated that heat stress induces leaky 
gut syndrome by altering expression of nutrient transporters, tight junction proteins, 
cyto(chemo)kines, and intestinal heat-shock proteins.88, 118, 119 Leaky gut syndrome 
increases the permeability of the intestinal mucosa permitting the leakage of toxic 
digestive metabolites, bacteria, bacterial toxins, and small molecules into 
circulation in the bloodstream. 131  

Since the underlying mechanism of heat stress induced gut injury is still 
undefined, this study aimed to determine the metabolic profiles of the small 
intestine, intestinal digesta, and plasma in heat-stressed broilers. The tissue from 
the small intestine provided information about nutrients being absorbed and 
metabolic state of the tissue, while the intestinal digesta provided insight to the 
available nutrients. The data from plasma were used to analyze the metabolic 
changes to the nutrients in circulation. Studying the heat stress induced 
metabolome differences serves as a way to understand the underlying 
physiological impacts of heat stress on the gut and circulating nutrients. 
Untargeted mass spectrometry-based metabolomics, with its high throughput 
capabilities, resolution and sensitivity, enabled the study of water-soluble small 
molecules detected in each biological matrix. This study established that heat 
stress significantly alters the metabolomes of the small intestine, intestinal digesta, 
and plasma, with a clear duration dependent impact, specifically on the duodenum.  

As expected, metabolomics analysis revealed distinct metabolic profiles for the 
small intestine, intestinal digesta, and plasma, regardless of heat stress exposure. 
This distinction is expected due to these biological locations having different 
physiological functions and microbial populations and activity. Though this 
separation is anticipated, it is not guaranteed as the metabolites identified in this 
study were known metabolites related to central carbon metabolism, which only 
make up a small fraction of total metabolites, and are common among most 
organisms. Since these data do exhibit obvious separation based on biological 
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location and function, this is an indicator of reliable, high-quality data. The sum of 
normalized relative abundances of identified metabolites is the lowest in the 
plasma compared to other regions (Fig. 2.25), regardless of heat stress exposure. 
Interestingly, while the ileal digesta had the highest abundance of metabolites, the 
impact of heat stress was the least evident in this region, likely indicating that the 
small molecules being passed through the digesta as waste are minimally 
impacted by heat stress exposure. 

2.4.1 Heat stress impacts energy metabolism 

Based on the untargeted metabolomics analysis, the impact of heat stress 
exposure on energy metabolism is quite compelling as alterations in purine, 
histidine, amino acid, and one-carbon metabolism, glycolysis, and the TCA cycle 
are evident. Specifically, the impact of heat stress on purine metabolism was highly 
conserved across the small intestine, intestinal digesta, and plasma for both AHS 
and CHS exposure. This is in accordance with other studies which have shown 
that heat stress impacts purine metabolism.132 Purine metabolism was the only 
metabolic pathway altered by heat stress in all analyzed regions for both AHS and 
CHS. This is intriguing because purines play a crucial role in energy metabolism 
as they provide a cell with the vital energy and cofactors needed to promote cell 
growth and maintain cellular metabolism. In addition, purines serve as building 
blocks for nucleic acids and play a role in intracellular signaling.133 In mammals, 
the majority of the cellular purine pool is acquired through the recycling of bases 
via the purine salvage pathway where adenine, guanine, and hypoxanthine are 
produced from AMP, GMP, and IMP, respectively.133 Purines can also be 
synthesized using de novo purine biosynthesis in which GAR and AICAR are 
intermediates and NAD+ is needed for these reactions.133 GAR, AICAR, and NAD+ 
were all significantly impacted by heat stress exposure. Similarly, when purines 
are degraded, uric acid is produced, and uric acid was identified as one of the few 
metabolites responsible for driving the separation between the CHS exposed birds 
and TN-control birds in all three regions of the small intestine analyzed. From this, 
it can be inferred that one of the leading implications of heat stress is the impact 
on energy metabolism. This is consistent with previous studies as it has been 
shown that male BALB/c mice exposed to heat stress exhibited impairment of 
protein synthesis which led to intestinal injury through a mitochondrial-dependent 
pathway.134 It is possible that the alterations to energy metabolism could arise from 
feed depression that accompanies heat stress as this decreased the nutrient 
intake. However, some metabolites that were significantly impacted by heat stress 
were not significantly impacted by the PF group when compared to the TN-control, 
such as NAD+, uric acid, GMP, and xanthosine. From this, it can be suggested 
that the impact of heat stress, rather than feed depression, more strongly 
contributes to alterations in energy metabolism.   
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2.4.2 Heat stress induces considerable changes in the small intestines 

Heat stress induced the most dramatic metabolic alterations in the small 
intestines out of all regions analyzed. This could be attributed to the villi present in 
the epithelial cells of the intestines. Intestinal villi contain large numbers of 
mitochondria which function to provide ATP for active transport of nutrients.135 Villi 
are most numerous in the duodenum and jejunum of the small intestines, which 
provides a possible explanation as to why heat stress has a greater impact on the 
duodenum and jejunum than the ileum.135 This also helps explain why the impact 
on energy metabolism is most apparent in the duodenum and jejunum. It is clear 
that, in the small intestines, the jejunum was impacted most by heat stress as the 
PLS-DA analysis of the small intestines revealed that there was an undeniable 
impact of heat stress on the jejunum (Fig 2.18). In addition, the jejunum had nearly 
five times more metabolites significantly altered by heat stress than any other 
region analyzed (Table 2.1). 

Using the pathway analysis feature in MetaboAnalyst 5.0 and metabolites 
with a VIP score >1 for each pairwise comparison (TN-control vs (AHS or CHS)), 
the metabolic pathways impacted most by heat stress in the small intestines were 
determined for both AHS and CHS. Purine, pyrimidine, glutathione, and arginine 
metabolism were impacted by both AHS and CHS. There were not any pathways 
uniquely impacted by AHS, however, proline and taurine metabolism and the TCA 
cycle were unique to CHS exposure. This provides evidence that heat stress 
impacts the small intestines in a duration dependent manner.  

For example, all metabolites conserved in all analyzed regions of the small 
intestines that had the most impact on driving the separation of the TN-control birds 
and heat stress birds differed between AHS and CHS. Specifically, unique to AHS, 
prephenate was increased in response to AHS exposure. Prephenate is involved 
in aromatic amino acid biosynthesis and the shikimate pathway and is synthesized 
by bacteria, plants, and some parasitic protozoans but not mammals.136, 137 This 
provides evidence that microbial derived metabolites are altered in response to 
AHS. Therefore, it could be suggested that AHS stimulates alterations in gut 
microbial function or composition which could be related to dysbiosis and leaky gut 
syndrome as previous studies have demonstrated that the intestinal microbiota in 
chickens can be altered by environmental factors.138, 139 However, to fully 
understand the correlations among heat stress, gut microbial composition and 
function, and the metabolome, additional studies with metagenomics sequencing 
are needed. Additionally, unique to AHS, 3-hydroxyisovalerate, a normal 
mammalian metabolite that is a byproduct of the leucine degradation pathway, is 
produced in the mitochondria via a biotin-dependent reaction.140 Increased levels 
of 3-hydroxyisovalerate are associated with mitochondrial toxicity and dysfunction, 
redox dyshomeostasis, aciduria, and ketogenesis disorders141, most of which are 
induced by AHS.142 The increased levels of 3-hydroxyisovalerate observed in this 
study in response to heat stress promotes the conclusion that heat stress impacts 
energy metabolism.  
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It is also worth noting that one carbon metabolism, specifically the 
methionine cycle, was impacted by both AHS and CHS exposure. However, the 
extent of impact differed by duration. AHS led to a significant increase in 
methionine, cysteine, and glutathione and a significant decrease in S-
adenosylhomocysteine. However, with CHS exposure, there is a significant in 
increase in methionine, and cysteine, and cystathionine. These data likely indicate 
that the methylation status of macromolecules has been altered in response to 
heat stress in a duration dependent manner.143 These modifications in one carbon 
metabolism reveal how heat stress redirects cellular metabolism. 

NAD+, uric acid, deoxyinosine, and cystathionine are involved in purine 
metabolism and antioxidant defense and have significant VIP scores exclusively 
with CHS.  Deoxyinosine and uric acid are both increased in response to CHS 
exposure in the duodenum and jejunum. Deoxyinosine is also increased in the 
ileum, but uric acid is decreased in the ileum, though this decrease is not significant 
(p=0.13). As, the ileum is the region of the small intestines impacted least by heat 
stress, and this could potentially be attributed to the reduction in epithelial villi 
which plays a role in energy metabolism. The increase in deoxyinosine and uric 
acid provide evidence that CHS promotes purine degradation, which is in 
accordance with other studies showing that heat stress affects purine 
metabolism.132 Under oxidative stress, the mitochondria may redirect cellular 
metabolism to increase uric acid production to defend against reactive oxygen 
species (ROS) as uric acid is a powerful antioxidant.57 Additionally, cystathionine, 
which was significantly increased in the jejunum (p= 0.0045), is involved in the 
transsulfuration pathway and leads to the production of glutathione stimulating the 
antioxidant defense system.144 Combined, this further supports the conclusion of 
mitochondrial reprogramming in response to heat stress.  

In addition to mitochondrial origin, the observed high levels of NAD+, 
NADH, and NADP+, which were in agreement with previous studies145, suggest 
that CHS induced ROS via the nicotinamide adenine dinucleotide phosphate 
oxidase pathway.145 In this pathway, NADPH is converted to NADP+.146 These 
metabolites have multiple roles, for instance, NAD+ plays a crucial role in the 
maintenance of mitochondrial function.147 NAD+ and NADPH play essential roles 
in immunity and inflammation, mainly dependent on the redox signaling.148 NADH 
is a central hydride donor that drives the mitochondrial oxidative phosphorylation 
(OXPHOS) for ATP generation along with ROS production and the conversion of 
lactic acid to pyruvate.149 Beyond its crucial role as a coenzyme in energy 
metabolism, NAD+ has been shown in recent years to play a vital role in stress 
resistance, DNA repair, cell death, and regulating cellular metabolism through 
mitochondrial mediated epigenetic modifications and histone demethylations.150-

154 Together, there is strong evidence to support the impact of heat stress on 
mitochondrial energy metabolism in the small intestines.  
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2.4.3 Intestinal digesta and plasma metabolomes are affected by heat 

stress 

Metabolites with a VIP score >1 for each pairwise comparison (TN-control 
vs either AHS or CHS) were used to pinpoint metabolic pathways impacted most 
by heat stress in the intestinal digesta and plasma for both AHS and CHS. For the 
ileal and cecal digesta, the TCA cycle and purine metabolism were impacted by 
both AHS and CHS. As mentioned previously, the impact on purine metabolism 
was conserved across all regions and discussed in depth. However, the TCA cycle 
is unique to the intestinal digesta. Specifically, (iso)citrate was elevated in 
response to both AHS and CHS in the ileal and cecal digesta. However, the change 
in abundance of (iso)citrate was only significant in the cecal digesta. This is not 
surprising because, as previously mentioned, the ileal digesta displays the least 
impact of heat stress out of all analyzed regions. (Iso)citrate is a precursor to 
glutamate, and glutamate is one of the amino acids that is needed for the synthesis 
of glutathione.155 Since glutathione is an antioxidant that is synthesized to help 
prevent oxidative damage by neutralizing ROS, this further validates that heat 
stress stimulates the antioxidant defense system. 

In contrast to the small intestines, there are pathways unique to AHS 
exposure in the intestinal digesta. These pathways are riboflavin and pyrimidine 
metabolism, the pentose phosphate pathway (PPP), and one carbon pool by 
folate. The PPP has been demonstrated to be a major regulator for cellular 
reduction-oxidation (redox) homeostasis and biosynthesis and promotes 
nucleotide synthesis.156 The involvement of the PPP was evidenced  by the 
increased abundance of riboflavin, which is an intermediate in the PPP.157 This 
supports the notion of a metabolic steady-state adaptation under AHS, rerouting 
from glycolysis to the PPP as a metabolic transition to counteract heat stress.158-

160 Similarly, riboflavin, or vitamin B2, has been shown to play a crucial role in 
boosting the antioxidant and immune systems under stress conditions.161, 162 It is 
also possible that riboflavin could be involved in cellular oxidation and 
mitochondrial energy production via the electron transport chain (ETC)163 to 
sustain membrane stability and adequate energy-related cellular functions under 
AHS; however, further studies associated with the riboflavin/FAD cycle are 
warranted. Also, it is not surprising to see that one carbon metabolism by folate is 
impacted by AHS because riboflavin plays a crucial role in folate recycling as it 
acts as a cofactor in the conversion of 5,10 methyleneTHF to 5-methylTHF.164 It is 
also worth pointing out that in the intestinal digesta, methylated amino acids, 
acetylated amino acids, and methylated nucleosides appear to be significantly 
altered by AHS exposure. These compounds are used in mitochondrial mediated 
epigenetic regulation to redirect cellular metabolism.152  Further confirming that 
cellular metabolism is reprogrammed in response to AHS exposure.  

Similarly, for the impact of CHS exposure on the intestinal digesta cysteine, 
methionine, arginine, glutathione, and pyruvate metabolism are altered in 
response to CHS. A possible explanation for alterations in cysteine, methionine, 
and glutathione metabolism could be a result of metabolism is being rerouted to 
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produce antioxidants to defend against ROS. Cystathionine and folate were 
significantly increased in response to CHS, which is likely indicating the switch 
from glycolysis to the PPP in order to conserve energy. Arginine can be converted 
to glutamate which is needed for glutathione synthesis, and pyruvate is precursor 
to acetyl-CoA which is used for epigenetic modifications and histone acetylation.152  

The plasma follows a similar trend with altered purine metabolism 
conserved between AHS and CHS. In the plasma, there no significantly altered 
pathways unique to AHS. However, cysteine, methionine, alanine, aspartate, 
glutamate, pyruvate and riboflavin metabolism and glycolysis are unique to CHS. 
This provides another example of the duration dependent impacts of heat stress. 
Here, it is evident the CHS impacts the nutrients in circulation as a result of cellular 
reprogramming. 

2.5 Methods 

2.5.1 Ethics Statement 

The present study was conducted in accordance with the recommendations 
in the guide for the care and use of laboratory animals of the National Institutes of 
Health, and the protocol was approved by the Institutional Animal Care and Use 
Committee (#21050) at the University of Arkansas. 

2.5.2 Birds, Diets, and Heat Stress Challenge 

One-day old male broiler (meat-type) chicks (n = 672) were obtained from 
commercial Cobb-Vantress hatchery (Siloam Springs, Arkansas), neck tagged, 
individually weighed, and randomly allocated to 12 environmental chambers (2 
floor pens/chamber, 24 pens in total, 28 birds/pen). Each pen was covered with 7 
cm fresh pine shavings and equipped with a plastic hanging poultry feeder and an 
automatic vacuum-sealing O-ring drinker. Birds were given ad libitum access to 
clean and fresh water and a corn–soybean meal basal diet (starter d 1–14, grower 
d 15–28, and finisher d 29–42). The diet composition has been previously 
described.88 Temperature was maintained at 32 °C for the first 3 days, and then 
gradually reduced approximately 3 °C each week until it reached 23 °C on d 21. 
The average relative humidity was 30%. The lighting program was 24 h light for 
the first 3 days, reduced to 23 h light:1 h dark during d 4–7, and reduced further to 
18 h light: 6 h dark thereafter. The experiment followed a completely randomized 
design with three treatments (8 replicate pens/treatment): a control group (TN) 
where the birds were raised under thermoneutral condition (23 °C) from d 29–42, 
a chronic cyclic heat-stressed group (CHS) where the birds were exposed to high 
ambient temperature (35 °C) for 8 h/d (9:30 am to 5:30 pm) from d 29–42 to mimic 
summer time in Arkansas, and a pair-fed group (PF) where the birds were raised 
like the control group (similar environmental conditions, 23 °C) and fed the same 
amount of feed as the CHS group. Using the pair-fed TN group would help to 
distinguish between the effect of feed depression and the effect of heat stress. 
Feed intake and water consumption were recorded daily. Individual body weight 
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was recorded weekly. Body core temperature was continuously monitored using 
Thermochron temperature logger (iButton, DS19221, Embedded Data Systems, 
Lawrenceburg, KY, USA). The environmental temperature and humidity were also 
continuously recorded in each chamber. At the end of the experiment (d 42), 
duodenum, jejunum, and ileum segments, ileal and cecal digesta, and plasma from 
each group (TN, CHS, PF, n = 8/group) were collected, rinsed in PBS 1x, snap 
frozen in liquid nitrogen, and stored at −80 °C for metabolomics analysis. Samples 
were also collected from two additional groups: an acute heat-stressed group 
(AHS), where some TN birds were exposed to 35 °C for 2 h before sampling on d 
42, and a preheat-stressed group (PHS), where CHS birds were sampled before 
starting the heat stress on d 42 (Fig. 1). 

2.5.3 Sample Collection and Preparation 

Tissue samples were ground, and intestinal digesta and plasma samples 
were aliquoted, snap frozen in liquid nitrogen, and sent to the Biological and Small 
Molecule Mass Spectrometry Core (BSMMSC, The University of Tennessee, 
Knoxville, TN, USA). Tissue samples were pre-weighed (50-100 mg), and 
intestinal digesta and plasma samples were aliquoted (100 !L) prior to extraction. 
These weights and volumes were used to normalize the raw metabolite peak 
intensities.  Metabolites were extracted with 1.5 mL of extraction solvent (40:40:20 
HPLC grade methanol: acetonitrile: water with formic acid at a final concentration 
of 0.1 M), pre-chilled at 4 °C, and incubated at −20 °C for 20 min. Samples were 
centrifuged (13,300× g, 5 min, 4 °C), and supernatants were collected. Solvent 
was evaporated under a stream of nitrogen, and metabolites were suspended with 
300 µL of HPLC-grade water prior to mass analysis. 
 

2.5.4 Ultra-High Performance Liquid Chromatography—High Resolution 

Mass Spectrometry (UHPLC–HRMS) Metabolomics Analysis 

UHPLC–HRMS analysis has been described previously.15, 165 Briefly, 
metabolites were separated on a Dionex UltiMate 3000 RS (Sunnyvale, CA, USA) 
by injecting a 10 µL sample on a Synergy reverse phase Hydro-RP 100 Å, 100 mm 
× 2.00 mm, 2.5 µm pore size LC column (Phenomenex, Torrance, CA, USA) kept 
at 25 °C. The previously validated global metabolomics method ran for 26 min with 
the application of a multistep gradient.166 To separate the analytes, two HPLC-
grade solvents were used in gradient steps. Solvent A (97:3 H2O:MeOH with 11 
mM tributylamine and 15 mM acetic acid) and solvent B (100% MeOH). The 
gradient was performed as follows: 0 min, 0% B; 5 min, 20% B; 13 min, 55% B; 
15.5 min, 95% B; 19 min, 0% B; 25 min, 0% B with a flow rate of 200 μL/min. The 
eluent was administered into the mass spectrometer via an electrospray ionization 
(ESI) source conjoined to an Exactive™ Plus Orbitrap Mass Spectrometer 
(Thermo Scientific, Waltham, MA, USA) under the following established 
parameters of aux gas: 8; sheath gas: 25; sweep gas: 3; spray voltage: 3.00 kV; 
and capillary temperature: 300 °C. The parameters of the mass spectrometer were 
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set as follows: resolution: 140,000; automatic gain control (AGC): 3 × 106; 
maximum IT time: 100; scan range: 85–1000 m/z. Raw data were obtained from 
the Xcalibur MS software (Thermo Electron Corp, Waltham, MA, USA) and 
converted to mzML format by ProteoWizard tool MSConverter.73, 167 The converted 
data were analyzed using MAVEN24, and peaks were annotated with a maximum 
allowed error of ±5 ppm. Area under the chromatographic curve was integrated 
based upon an in-house verified list of metabolites using exact mass and known 
retention times.168 All metabolite values were normalized based on the mass or 
volume of the sample extracted prior to all statistical calculations. 

2.5.6 Data Processing and Statistical Analysis 

Metabolites showing differences higher or lower than 1.5 folds and p-value 
less than 0.05 in the comparison between each of the treatment groups (AHS, 
PHS, CHS, and PF) and TN-control birds were considered significantly different. 
Heatmaps, which displayed log2 fold changes for identified metabolites, were 
created using R (version 1.0.153). p-values were calculated using student’s t-test. 
For group discrimination, partial least squares discriminant analysis (PLS-DA) and 
variable importance in projection (VIP) scores were constructed using the 
MetaboAnalyst 5.0.25 Metabolites with VIP values > 1 were the ones that 
contributed to the group differentiation, and this was considered as a significant 
VIP score. 

2.6 Conclusions 
In conclusion, this study is the first to use a high-throughput mass 

spectrometric metabolomics approach to probe the systemic impact of heat 
stress-induced metabolic changes in broilers. The metabolic profiles of the small 
intestines (duodenum, jejunum, and ileum), intestinal digesta (ileal and cecal), 
and plasma of broilers were characterized in response to heat stress exposure. 
The results demonstrated that, independently of feed intake depression, heat 
stress induced significant changes in metabolic pathways in a duration-
dependent manner and identified potential markers for heat stress in each 
region. These data imply that heat stress, having the most impact on the small 
intestines, modifies the intestinal microbiota and host-dependent metabolites. 
Specifically, with the results provided from study, it can be speculated that heat 
stress induces mitochondrial mediated cellular reprogramming, as the impact on 
purine and energy metabolism was evident in each region. However, this study 
was limited to only male broilers, preventing analysis of sex-based differences on 
the impact of heat stress. Although this data-driven approach was not designed 
to provide mechanistic and functional evidence, pathway analysis provided 
additional understanding of the systemic heat stress responses in broilers and 
opened a new vista for future investigations. 
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Figure 2.19 Heatmap displaying log2fold change for all identified 
metabolites in the duodenum. Pre-heat stress (PHS), TN-control (TN-
control), pair-fed (PF), acute heat stress (AHS), cyclic heat stress (CHS) 
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Figure 2.20 Heatmap displaying log2fold change for all identified 
metabolites in the jejunum. Pre-heat stress (PHS), TN-control (TN-
control), pair-fed (PF), acute heat stress (AHS), cyclic heat stress (CHS) 
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Figure 2.21 Heatmap displaying log2fold change for all identified 
metabolites in the ileum. Pre-heat stress (PHS), TN-control (TN-control), 
pair-fed (PF), acute heat stress (AHS), cyclic heat stress (CHS) 
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Figure 2.22 Heatmap displaying log2fold change for all identified 
metabolites in the ileal digesta. Pre-heat stress (PHS), TN-control (TN-
control), pair-fed (PF), acute heat stress (AHS), cyclic heat stress (CHS) 
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Figure 2.23 Heatmap displaying log2fold change for all identified 
metabolites in the cecal digesta. Pre-heat stress (PHS), TN-control (TN-
control), pair-fed (PF), acute heat stress (AHS), cyclic heat stress (CHS) 
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Figure 2.24 Heatmap displaying log2fold change for all identified 
metabolites in the plasma. Pre-heat stress (PHS), TN-control (TN-
control), pair-fed (PF), acute heat stress (AHS), cyclic heat stress (CHS) 
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Figure 2.25 The sum of the moralized relative abundance of all identified 
metabolites for each region and treatment was compared. Pre-heat stress 
(PHS), TN-control (TN-control), pair-fed (PF), acute heat stress (AHS), cyclic 
heat stress (CHS), cecal digesta (CD), ileal digesta (ID), plasma (P), jejunum 
(J), ileum (I), duodenum (D) 
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CHAPTER 3  METABOLIC PROFILE OF HISTOMONAS 
MELEAGRIDIS AND UNDEFINED BACTERIAL POPULATIONS IN 
DWYER’S MEDIA WITH AND WITHOUT RICE STARCH IDENTIFIES 
RIBOFLAVIN AS A POSSIBLE REQUIREMENT FOR AXENIC 
CULTURES 
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3.1 Abstract 
The parasite induced poultry disease, histomonosis, is prevalent worldwide 

and threatens the poultry industry with serious economic losses due to its impact 
on the mortality and morbidity in turkey and chicken flocks. Histomonosis is caused 
by the infection of the unicellular parasite Histomonas meleagridis (H. meleagridis). 
Previously, anti-histomonal drugs were available but recently these drugs have 
been banned due to the issue of consumer protection in countries with strict 
pharmaceutical regulations, including the US. Consequently, this has led to the 
reemergence of H. meleagridis infection, which poses an eminent threat for the 
poultry industry. The need for new approaches in treating or preventing 
histomonosis has opened a new vista for scientific exploration, including 
understanding the nutrient requirements for H. meleagridis survival, which is what 
this study aimed to elucidate. Here, an ultra-high performance liquid 
chromatography high resolution mass spectrometry (UHPLC-HRMS) based 
metabolomics approach was utilized to investigate essential nutrient requirements 
for H. meleagridis growth. Typically, H. meleagridis, along with an undefined 
composition of microbes, is grown in Dwyer’s media, which has been used for the 
last few decades, for lab experiments. Dwyer’s media contains rice starch, and it 
has been found that H. meleagridis will not grow if rice starch is omitted from the 
media. Therefore, this study analyzed H. meleagridis grown in Dwyer’s media with 
and without rice starch in order to gain a deeper understanding of why H. 
meleagridis will not grow when rice starch is omitted form the media. Samples were 
collected from cultures grown with and without rice starch over 166 hours, which 
encompassed each phase of the growth curve. The growth dynamics in Dwyer’s 
media with and without rice starch of H. meleagridis compared to the undefined 
bacterial population revealed that the absence of rice starch does not affect 
bacterial growth, however, it does inhibit H. meleagridis growth. The untargeted 
metabolomics data supported this with the heatmap illustrating a significant 
decrease in nearly all identified metabolites for the culture grown in the absence 
of rice starch. Further analysis using partial least-squares discriminant analysis 
(PLS-DA) and variable importance in projection (VIP) revealed that cells grown in 
Dwyer’s media with rice starch had a distinctly different metabolic profile than cells 
grown with rice starch omitted as the PLS-DA showed two groups with clear 
separation. Riboflavin (vitamin B2) contributed most to the separation of cells 
grown with and without rice starch (VIP = 5.4). Riboflavin is converted to FMN and 
FAD, which are the main flavin cofactors are essential for all living cells. These 
data suggest that omission of rice starch from Dwyer’s media causes a riboflavin 
deficiency inhibiting H. meleagridis growth. While there is very limited information 
about the nutrient requirements for H. meleagridis, it is plausible that riboflavin is 
essential for axenic H. meleagridis growth. 

3.2 Introduction 
Histomonas meleagridis (H. meleagridis) is an important protozoan parasite 

of birds that primarily infects the cecum of birds, though infection can also reach 
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to the liver.169, 170 A H. meleagridis outbreak can have devastating impacts on the 
poultry industry, with the mortality rate in turkeys approaching nearly 100%.171, 172 
In the 1970s, histomonosis was well controlled as drugs were available for the 
treatment and prevention H. meleagridis infection. Since histomonosis no longer 
posed an eminent threat, there was little research conducted on H. meleagridis. 
However, starting in the late 1990s, there was a ban on all drugs used for the 
prevention and treatment of histomonosis preventing use in food producing 
animals.173 This has led to the reemergence of H. meleagridis infection, with 
numerous histomonosis outbreaks observed in recent years.174, 175 Because of 
this, there has been a renewed concern regarding H. meleagridis leading to new 
studies with the goal of better understanding H. meleagridis.171 Since  H. 
meleagridis is a parasite, it depends on its host for survival as it cannot grow, 
reproduce, or live without the nutrients supplied by the host.171 H. meleagridis lacks 
mitochondria and rely on hydrogenosomes and nutrients provided from the host 
for energy metabolism.176-178 This makes it difficult when studying H. meleagridis 
in a lab setting because it challenging to differentiate H. meleagridis driven 
alterations from bacterial host driven alterations.  

H. meleagridis has been grown on Dwyer’s media for the last few 
decades.179 Although the original media described by Dwyer contains chick 
embryo extract, this component has been omitted later to leave the Dwyer’s media 
with only rice starch, serum and M 199 as main components.180 Since then, several 
manipulations were attempted to increase the yield of the parasite in Dwyer’s 
media and to understand H. meleagridis growth requirements.181-183 A starch 
source and serum were found to be essential components of Dwyer’s media and 
H. meleagridis was not able to establish in media lacking any or both of them. 181, 

182 There are ample proposed theories on the role of the rice starch in H. 
meleagridis media. Van der Heijden et al. described that H. meleagridis are only 
able to digest rice starch particles with size less than five microns. They proposed 
that the bigger particles are probably digested by the bacteria to provide H. 
meleagridis with further nutrients.181 The role played by bacteria is also not 
completely understood. The bacteria are introduced to the cultures with the 
inoculum from the cecum and trials to have axenic H. meleagridis cultures were 
not successful.184, 185 

To study H. meleagridis in the lab, a cecal swab from an infected bird is 
obtained. This cecal swab contains H. meleagridis as well as undefined bacterial 
populations. In order to understand the role of the rice starch in Dwyer’s media 
used for H. meleagridis lab cultures, a metabolic analysis of intracellular 
metabolites of H. meleagridis and the undefined bacteria grown in Dwyer’s media 
with and without rice starch was conducted.  Understanding the role of rice starch 
in the media will have great implications the ability to modify Dwyer’s media to 
increase its applications and gain a better understanding about the nutrient 
requirements of H. meleagridis. Understanding the small molecule interactions 
between the bacteria and H. meleagridis is crucial in order to aid in identifying the 
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role the bacteria play in H. meleagridis growth. In addition to that, if this experiment 
were able to understand the essential nutrients required for the organism, this 
would aid in having axenic cultures, which would open a new vista for scientific 
exploration of H. meleagridis. Using a global metabolomics approach, the goal was 
to identify essential components required for H. meleagridis growth which could 
allow us to replace or omit the rice starch with a more defined. It is hypothesized 
that there is a difference in growth of H. meleagridis in Dwyer’s media with (SD) 
and without rice (NR) which will lead to difference in the metabolic profiles of cells 
grown in the SD compared to NR media. Therefore, this study aimed to identify the 
key metabolites that are driving this difference and altering them in future 
experiments to eventually replace the rice starch and potentially culture H. 
meleagridis axenically.   

3.3 Results 

3.3.1 Histomonas meleagridis growth 

There was a significant difference in H. meleagridis growth in SD compared 
to NR media. At 42, 66, 114, 142, 166 HPI, H. meleagridis mean log count was 
higher in SD than in NR media (p<0.001). There was a decline in H. meleagridis 
growth starting approximately 6 hours after inoculation in media lacking rice. In 
contrast, H. meleagridis grow considerably in SD media and reached the peak at 
114 hours which was followed by a rapid decline (Fig. 3.1).  

3.3.2 Growth of undefined bacteria 

Bacterial growth showed a typical bacterial growth curve (Fig. 3.2) with the 
lag phase ending at 6 HPI, exponential phase from 6 to 18 HPI and a stationary 
phase from 18-114 HPI. Bacteria declined starting at 142 HPI. There was no 
significant difference in mean log count of bacteria in SD and NR media except at 
6 HPI where bacterial count was significantly higher in SD compared to NR media 
(p=0.002).   

3.3.3 Metabolic profile of Histomonas meleagridis and undefined bacterial 

populations in Dwyer’s media with and without rice 

From the intracellular metabolic analysis of samples collected from SD and 
NR media, there was a total of 170 metabolites identified (Fig. 3.3). The heatmap 
was used for visualization of the metabolite fold changes between the SD and NR 
media throughout the various time points. The greatest magnitude of change 
between the metabolite relative abundances is evident from 66-142 HPI, as 
indicated by the brightness of the fold changes in the heatmap, which is consistent 
with the greatest changes in magnitude of the H. meleagridis growth curve. 
Interestingly, almost all of the identified metabolites decreased in NR media 
compared to SD media at 66-142 HPI. 

From the heat map, there is an interesting trend for the samples collected 
for the blank and 0 timepoint between SD and NR. Though the majority of detected  
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Figure 3. 1 Growth curve of Histomonas meleagridis grown in Dwyer’s 
media with (SDM) and without (NR) rice starch. The mean of the log values 
is represented on the vertical axis and the hours post inoculation (HPI) on 
the horizontal axis. 
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Figure 3.2 Growth curve of undefined bacteria in H. meleagridis cultures 
using Dwyer’s media with (SDM) and without (NR) rice starch. The mean of 
the log values is represented on the vertical axis and the hours post 
inoculation (HPI) on the horizontal axis. CFU is colony forming unit.   
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Figure 3.3 Heatmap of intracellular metabolites of Histomonas meleagridis 
and undefined bacteria in Dwyer’s media with (SD) and without (NR) rice 
starch showing the change in relative abundance of metabolites between 
the two media at various timepoints. Fold change equals log2 (average 
relative abundance for NR / average relative abundance for SD). Orange 
indicates metabolite has higher relative abundance in NR treatment, while 
blue indicates the metabolite has lower abundance in NR treatment, and 
black represents metabolite that do not change in relative abundance 
between the two treatments. The brightness represents the magnitude of 
change. P-values indicate if the change in relative metabolite abundance is 
significantly different between media conditions as follows, * ≤ 0.1, * * ≤ 
0.05, * * *   ≤ 0.01. NR is no rice media, SD is standard Dwyer’s media, AA is 
amino acids and TCA is tricarboxylic acid cycle. 
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metabolites are not significantly different at these timepoints, it is still noteworthy 
that some metabolites are significantly different. That was further investigated 
using PLS-DA to identify differences in the metabolic profiles and the metabolites 
responsible for driving these differences (Fig. 3.4). There were distinct metabolic 
profiles between SD and NR media for the blank and 0 HPI as indicated in Fig. 3.4 
by visual separation of groups. From this PLS-DA analysis, all detected 
metabolites are assigned a variable importance in projection (VIP) score and any 
metabolite with a VIP score > 1 significantly contributes to the separation of groups 
and drives the differences in the metabolic profiles. Riboflavin was the metabolite 
with the highest VIP score in the comparison for the blank and 0 HPI (Fig. 3.5). 

3.4 Discussion 
Histomonosis is a reemerging disease caused by infection of the parasite 

H. meleagridis and poses a serious threat to the poultry industry.186 H. meleagridis 
infection is most problematic in turkeys and chickens, with nearly a 100% mortality 
rate in turkeys. If one bird in a flock becomes infected, within two weeks, the entire 
flock could be infected leading to the loss of an entire flock.171 Previously, 
histomonosis was well controlled by nitroimidazoles and nitrofurans. During this 
period, the amount of research on H. meleagridis significantly decreased. 
However, in recent years, these drugs used for the treatment and prevention of H. 
meleagridis have been banned for use in animals used for food production due to 
consumer safety concerns. The reemergence of H. meleagridis infection, along 
with the potential impact of economic loss infection poses, has encouraged more 
research in the last few years. One specific avenue of research has focused on 
gaining a better understanding of H. meleagridis nutrient requirements. However, 
this is complicated by the inability to grow axenic cultures of H. meleagridis, as it 
is a parasite that depends on the host for survival.  Understanding the specific 
nutrient requirements would greatly advance the current knowledge of H. 
meleagridis and potentially lead to new preventative or treatment methods for H. 
meleagridis infection as studies on axenic H. meleagridis would be possible. Lab 
experiments studying H. meleagridis use Dwyer’s media containing rice starch, 
and is known that H. meleagridis will not grow if the rice starch is omitted from the 
media.180 Therefore, this study was conducted to investigate the metabolome of 
H. meleagridis grown in Dwyer’s media with and without rice starch in order to gain 
a deeper understanding of why H. meleagridis will not grow when rice starch is 
omitted form the media, which would provide insight into specific nutrient 
requirements of H. meleagridis. 

Dwyer’s media has been used since the 1970s for cultivation of 
Histomonas meleagridis and is the routinely used media in most laboratories  
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Figure 3.4 Partial least squares discriminant analysis (PLS-DA) of 
metabolites in Dwyer’s media with (SD) and without (NR) rice inoculated 
with H. meleagridis and undefined bacterial population at blank and 0 HPI 
(t0). Ellipse represents 95% confidence interval. 
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Figure 3.5 Variable importance in projection (VIP) scores for the top 15 
metabolites contributing most to the differences in the metabolic profile 
between Dwyer’s media with and without rice inoculated with H. 

meleagridis and undefined bacteria in the media blank and 0 HPI. 
Metabolites with a VIP score over 1 are driving the separation in the PLS-
DA plot. Riboflavin has the highest VIP score in all 5 components (5.3907-
1.1438).  
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today with minor modifications.179 In this study, a modified formula of the original 
Dwyer’s media recipe was used to cultivate H. meleagridis. This modified recipe 
contains rice starch and no chick embryo extract. It has been confirmed that rice 
starch is an impurity and rice granules’ size have some implications on the H. 
meleagridis yield in media.181 In this study, a global metabolomics analysis of the 
H. meleagridis intracellular metabolome grown in Dwyer’s media with or without 
rice was compared to investigate the role of rice starch in media. It is important to 
note that these cultures contained undefined bacteria that was inoculated in media 
from when the Histomonas strain was originally isolated through obtaining a cecal 
swab from an infected bird. Although the biomass in the cultures consisted of H. 
meleagridis and the bacteria, the heat map shows that is it likely that H. meleagridis 
is responsible for driving the changes in the metabolic profile as the metabolite fold 
changes and greatly correspond to the growth curve of H. meleagridis.  
Specifically, from 114-166 HPI nearly all detected metabolites are significantly less 
abundant in NR which is indicative of the lack of H. meleagridis growth. 

Researcher propose a mutualistic relationship between Histomonas and 
bacteria as opposed to a predator prey relationship.184 From the current study, it 
is proposed that the bacteria may be playing a role in providing the Histomonas 
with riboflavin (B2) which is required for many biological processes in the cell as 
flavins are crucial for energy metabolism and fatty acid oxidation. Riboflavin is a 
water-soluble vitamin that can be found in three forms, non-phosphorylated 
riboflavin that is not incorporated with protein and found in intestine of animals, 
flavin mononucleotide (FMN) that is taken by enterocytes and transferred to liver 
on albumin where it is incorporated into flavoproteins or metabolized into flavin 
adenine dinucleotide (FAD) that is incorporated into flavoproteins in liver.187 
Although riboflavin is present in the intestine and animal cells have specialized 
transporter proteins, mammalian cells are not capable of synthesizing riboflavin 
and depends completely on uptake of it from the intestine. Microbiota residing in 
the intestinal tract of animals are capable of synthetizing riboflavin, and studies 
have indicated that gut microbes can play important roles in providing 
micronutrients like vitamin B2.188 Bacteria are capable of acquiring vitamin B2 
through two different mechanisms: either through a specific riboflavin biosynthetic 
pathway (RBP) or through using specialized importer proteins if the riboflavin is 
abundant in its microenvironment thus saving energy.189, 190 However, it has been 
shown that if riboflavin is environmentally available, bacteria will shut down 
riboflavin biosynthesis because bacteria prefer to import exogenous riboflavin to 
save on energy.191 

Additionally, bacterial secreted flavins are key metabolites in a variety of 
physiological processes in pro and eukaryotes.190 A deficiency in riboflavin would 
inhibit cellular growth and metabolism as FMN and FAD synthesis would be 
inhibited. This could explain the decreased abundance of nearly all metabolites in 
the NR treatment on the heatmap. FMN and FAD act as important cofactors and 
play major role in energy metabolism, cellular function, growth and development, 
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neurotransmitters metabolism and metabolism of carbohydrates.190, 192 In fact, 
deficiency of vitamin B2 in birds presents as neurological symptoms.193 It is likely 
that H. meleagridis requires riboflavin for its biological processes and depends on 
bacteria to provide this essential component as it’s known that parasites in the gut 
depend on bacterial hosts for riboflavin. It was observed in this experiment that 
riboflavin was higher in NR media than SD only in blank samples. The media used 
in this experiment was prepared in clean non-sterile conditions and although the 
bacteria in blank samples was less than our ability to detect, media left in incubator 
for the next day changes in color without the addition of any histomonads. This 
means the media have living bacteria. The increase in riboflavin in NR media may 
be attributed to the lack of external source of riboflavin for the bacteria. In 
response, the bacteria could be actively synthesizing it. In the SD media, the white 
rice starch is a good source of riboflavin providing an environment rich in riboflavin 
precursors for the bacteria.194 However, the addition of Histomonas in cultures 
causes increase in the requirements for riboflavin which is could be followed by 
increase riboflavin synthesis by the bacteria. It is clear that in SD media, the 
riboflavin amount corresponds to the Histomonas growth and that decline in 
bacterial populations at 114 HPI is followed by Histomonas decline at 142HPI (Fig. 
3.6). Higher abundance of a metabolite may be due to one of two factors, increased 
production of the metabolite or decreased consumption. With respect to the 
importance of riboflavin in cells, it is proposed that riboflavin is excessively 
produced by the bacteria to benefit both the bacterial and Histomonas cells. 
Labeled isotope tracing experiments may be helpful in investigating this proposal. 

There is little is known about the growth requirement of H. meleagridis. 
However, it has been shown that H. meleagridis depends on bacteria in vitro, as 
in vivo studies have observed that H. meleagridis will only cause lesions in chicken 
if bacteria is present.195 This supports the idea that H. meleagridis relies on the 
bacteria to provide riboflavin, which is a necessity for energy metabolism. In 
addition, it is unknown if H. meleagridis has the necessary cellular machinery to 
synthesize riboflavin or if it completely dependent on the host to fulfill its riboflavin 
requirements.  

H. meleagridis infects the ceca and liver of birds196, and the highest 
concentration of riboflavin is found in these two organs. In these organs, riboflavin 
is either produced by bacteria in gut or carried on various proteins to the liver. H. 
meleagridis may be competing with the host on these essential nutrients. That may 
explain the weakness and dullness seen in the birds infected with the parasite197 
as they could experience riboflavin depletion. More specifically, H. meleagridis 
causes lesions in bird ceca and it was found that the cecum of turkeys and 
chickens have double the riboflavin amount compared to the rest of the intestine.198 
However, fecal material from cecectomized birds contained approximately the 
same content as in normal birds.198 Laying hens transfer riboflavin into the yolk 
and albumen then to embryos. Liver and eggs are an important source of Vitamin 
B2 and the chicken embryo extract was used in Histomonas culture media for a  
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Figure 3.6 Average peak intensity vs time for riboflavin in Dwyer’s media 
with (SD) and without (NR) rice before (media) and after inoculation with H. 

meleagridis and undefined bacteria showing an increase in SDM from t0-
t166 hours.  
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long time to replace the hamster liver179, which further supports our hypothesis 
that Histomonas cannot grow in the absence of rice starch from SD media due to 
the lack of riboflavin.   

3.5 Methods 

3.5.1 Histomonas meleagridis strain preparation 

Histomonas meleagridis strain used is UGA-Histo strain isolated from a 
domestic turkey in Georgia, US. The isolate was propagated on Dwyer’s media 
(M199, sodium bicarbonate, rice starch and inactivated horse serum) at 40 C in 
our laboratory and passed multiple times. The isolates were cryopreserved in liquid 
nitrogen and successfully resuscitated for various experiments. 

The strain was incubated in Dwyer’s media (SD) at 40-42℃ to reach 
logarithmic growth (after 48-72 hours) in 21 T25 flasks. Then, the contents of T25 
flasks were transferred with a plastic pipette to a 500 mL tube. Histomonads were 
counted in the 500 mL tube using hemocytometer. The tube was centrifuged at 
200xg for 2 minutes and the supernatant was discarded. The pellet was 
resuspended in warm 50 mL Dwyer’s media with no rice added (NR), centrifuged 
and the supernatant was discarded. This washing step was repeated one more 
time before final resuspension in ten mL of warm NR media. One mL of the final 
suspension (count adjusted to 109.9875 X 104 cells/ mL) was added to each of ten 
T75 flasks full of 100 mL of either SD (five flasks) or NR media (five flasks). The 
flasks were then immediately sampled (zero sample) and incubated at 40-42℃ for 
the rest of the experiment.   

3.5.2 Sample collection and preparation 

Three T75 flasks were sampled from each treatment (six flasks total) before 
inoculating them with Histomonas meleagridis to be used as blanks. Then all the 
flasks were sampled immediately after H. meleagridis inoculation (zero timepoint) 
and at 6, 18, 42, 66, 114, 142 and 166 hours post inoculation (HPI). 

Four mL of each T75 flask were filtered through 
Whatman® Nuclepore™ Track-Etched Membranes with a 0.4 μm pore size (Sigma 
Millipore, US). The filter was then folded with the cell carrying surface inside in a 2 
mL cryovial and flash frozen in liquid nitrogen.  The cryovials were stored in -80℃ 
until the extraction process. Global metabolomics analysis was performed at the 
Biological and Small Molecule Mass Spectrometry Core (BSMMSC), University of 
Tennessee, Knoxville, TN (RRID: SCR_021368). Using an acidic acetonitrile 
extraction procedure, metabolites were extracted from the filters using methanol, 
acetonitrile, and water (2:2:1) with 0.1% formic acid.  A Synergy Hydro-RP column 
(100 × 2 mm, 2.5 μm particle size) was used to separate metabolites based on 
retention time, with 10 μL of sample injected into the Dionex UltiMate 3000 UPLC 
system (Thermo Fisher Scientific, Waltham, MA). An Exactive™ Plus Orbitrap MS 
(Thermo Fisher Scientific, Waltham, MA) was used for mass spectral analysis with 
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negative mode electrospray ionization, using an established ultra-high-
performance liquid chromatography high resolution mass spectrometry (UHPLC-
HRMS) global metabolomics method of water-soluble metabolites method.166, 199  

H. meleagridis count (histomonads/mL) was recorded at each time point in 
each flask using a hemocytometer. At each time point, 200 uL of each flask were 
stored at -20℃ and were used later to prepare ten-fold serial dilutions that were 
plated on Columbia blood agar with 5% sheep blood (Thermo Scientific™, US) to 
detect the bacterial colony forming unit per mL of media. Plates were incubated at 
35℃ in CO2 incubator and colonies were counted after 24 hours incubation.  

3.5.2 Data analysis 

Growth curves of undefined bacteria and H. meleagridis were generated in 
Excel using log of values (CFU/mL for bacteria or cells/mL for H. meleagridis). 
Mixed model analysis and pairwise comparisons were performed using IBM SPSS 
statistics 27 to compare the different media used across various time points.   

Following the preliminary mass analysis, raw spectral files were converted 
to mzML files using msConvert, a package from ProteoWizard.73, 167 These files 
were imported into an open-source software, Metabolomics Analysis and 
Visualization Engine (MAVEN), to visualize extracted ion chromatograms (EICs) 
for data processing, in which peak areas were integrated for each identified 
metabolite.24, 74 Metabolites were identified in MAVEN by exact mass (±5ppm 
mass accuracy) and chromatographic retention time from an in-house standard 
library. Peak areas were averaged for biological replicates. From these data, 
heatmaps and partial least squares discriminant analysis (PLS-DA) plots were 
generated. R (version 1.0.153) was used to generate heatmaps expressing log2 
fold changes for each metabolite and p-values determined by a Student’s T-test. 
Prior to preforming PLS-DA analysis, the data were filtered using interquartile 
range (IQR), log transformed, and Pareto scaled using features in MetaboAnalyst 
5.0.200 

3.6 Conclusion 
In conclusion, physiological changes are observed when rice starch is 

omitted from the media. Omission of rice starch inhibits H. meleagridis growth, yet 
it does not induce a change in the bacterial growth. Riboflavin is an important 
nutrient that may be supplemented by rice starch. Riboflavin has been reported as 
a requirement for axenic cultivation of the anaerobic parasitic, Entamoeba 
histolytica, a protozoan closely related to H. meleagridis.196, 201 This further 
supports our hypothesis that H. meleagridis will not grow if rice starch is omitted 
from the media due to a riboflavin deficiency. From these data, it can also be 
hypothesized that Riboflavin is required for axenic cultivation of H. meleagridis. 
Experiments on replacing rice starch with various forms and concentrations of 
riboflavin are warranted. If this is possible, that may allow us in the future to use 
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antibiotics in media and grow axenic cultures with no bacteria. That will have great 
implication on future research on H. meleagridis.  
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CONCLUSION 
 

This dissertation has shown how untargeted mass spectrometry-based 
metabolomics can be applied to different biological systems to answer unique 
and complex biological questions. Untargeted metabolomics is a hypothesis 
generating technique and the data acquired from these studies can be used to 
inform future experiments. It also has shown how metabolomics is a beneficial 
tool for studying the gut microbiome as there is an intrinsic link between the gut 
microbiome and the metabolome. The metabolome is predictive of phenotype as 
it is dynamic and responsive environmental alterations. This makes 
metabolomics an attractive technique for studying the gut microbiome. 

In the first chapter, a metagenomics and metabolomics approach were 
utilized to gain a baseline understanding of how protein supplementation impacts 
the gut microbiome and metabolome. This study was also used to investigate if 
there was a unique gut microbial and metabolomic profile that corresponded with 
traits energy and fatigue. Here, fecal sample were collected from both male and 
female young physically active adults who did and did not report consuming 
protein supplements. This multi-omics analysis revealed the nitrogen 
metabolism, specifically purine degradation, was impacted most by protein 
supplementation. Both uric acid and allantoin, which are purine degradation 
products, were increased in those who reported consuming protein. To further 
support this result, Lactobacillales, which facilitates purine absorption and uric 
acid decomposition, was higher in those who reported consuming protein 
supplements. These data suggest that consuming protein supplements impacts 
nitrogen metabolism, favoring the degradation of purines. Also, it was noted that 
traits energy and fatigue did not result in distinct fecal metabolic profiles, but 
Anaerostipes could be correlated with the traits, suggesting that energy and 
fatigue are unique traits that could be defined by distinct bacterial communities. 

The second chapter studied the systemic impact of heat stress on the 
broilers. Heat stress poses a serious threat to the poultry industry with the 
reduction in meat quality and production. Samples were collected from the 
duodenum, jejunum, ileum, ileal digesta, cecal digesta, and plasma of birds. 
There were five different treatments: pre-heat stress (PHS), thermoneutral-
control (TN-control), pair-fed (PF), acute heat stress (AHS), and cyclic heat 
stress (CHS). Metabolomics analysis revealed that heat stress had the greatest 
impact on the jejunum out of all regions analyzed. There was also a duration-
dependent impact of heat stress observed, especially clear in the duodenum. For 
all regions and both AHS and CHS, energy metabolism was impacted. The 
impact of heat stress on purine metabolism was conserved throughout the study, 
implying that mitochondrial mediated cellular reprogramming is a response to 
heat stress that can lead to gut damage. 

The third chapter of this dissertation investigated the essential nutrient 
requirements of a gut parasite Histomonas meleagridis (H. meleagridis). In 
recent years, H. meleagridis has reemerged and poses an eminent threat to the 
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poultry industry as there are no drugs available to prevent or treat H. meleagridis 
infection. This infection has close to a 100% mortality rate in turkeys, so there is 
a critical need for research regarding the gut parasite. To investigate the specific 
nutrient requirements for H. meleagridis survival, H. meleagridis and an 
undefined gut bacterial population were grown in Dwyer’s media with and without 
rice starch because it is known that H. meleagridis cannot grow if rice starch is 
omitted from the media. Samples were collected throughout the full growth curve 
to analyze the metabolic profiles. It was found that omission rice starch did not 
significantly impact bacterial growth, though it was evident that H. meleagridis 
was not growing based off of growth curves. Metabolomics analysis revealed that 
riboflavin was responsible for driving the difference in metabolic profiles between 
the cells grown in Dwyer’s media with and without rice starch. Riboflavin plays a 
key role in energy metabolism as it is used for the synthesis on cofactors 
responsible for energy metabolism. It was also noted that nearly all metabolites 
had a decreased relative abundance from the cells grown in Dwyer’s media 
without rice starch, and this would be consistent with a riboflavin deficiency. 
These data imply that riboflavin is an essential nutrient for H. meleagridis growth 
and is required for axenic H. meleagridis growth. 

In summary, untargeted metabolomics was used to expand the current 
understanding of metabolism. The first and second chapter focused on how 
extrinsic factors such as diet (protein supplementation and heat stress exposure) 
alter the gut microbial metabolism. The third study set out determine the 
essential nutrient requirements for a gut parasite using a metabolomics 
approach. Future research can expand upon these findings by designing 
experiments to test the hypotheses that were generated. 

Moving forward, to further determine the health implications of protein 
supplementation on young physically active adults, serum samples should be 
collected. Uric acid was found to be increased in the fecal metabolome in 
response to protein supplementation, however, it is unknown if this is beneficial 
or harmful to humans. Though uric acid is a powerful antioxidant, accumulation 
can lead to negative health consequences such as gout. The quantification of 
uric acid in serum samples would allow for conclusions to be made about the 
impact of protein supplementation on human health. In addition, to expand upon 
the heat stress study, it would be beneficial to include female broiler chicks in 
future studies as it can be concluded from the data and results in this dissertation 
that mitochondrial mediated cellular reprogramming could be a response to heat 
stress that leads to gut damage. There is a growing amount of evidence showing 
sexual dimorphisms in mitochondrial function in diseases such as neurological 
diseases, cardiovascular diseases, and metabolic diseases. Therefore, it is 
important to determine if the metabolic impacts of heat stress on mitochondrial 
function is consistent between males and females. Lastly, to determine if 
riboflavin is an essential nutrient requirement for H. meleagridis growth, as the 
data described here suggest, additional experiments should be conducted to 
analyze H. meleagridis growth in Dwyer’s media with rice starch omitted and 
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riboflavin supplemented. It would also be beneficial to sequence the genome of 
H. meleagridis to determine if H. meleagridis has the cellular machinery 
necessary for synthesizing riboflavin.  
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