
ABSTRACT 

BALLOU, ANNE LAEL. Probiotic Modulation of the Avian Microbiome Releases Systemic 

Signals that Alter the Lymphocyte Transcriptome. (Under the direction of Dr. Matthew 

Koci). 

The gastrointestinal (GI) microbiome plays an important role in animal development, 

health, and performance.  Previous research in our laboratory has demonstrated probiotic 

supplementation alters host intestinal development, mucosal and systemic immune responses, 

and increases ATP production in circulating leukocytes.  The ability to influence these 

diverse systems could be a powerful tool for promoting health and maximizing performance 

of food animals.  However, to achieve this level of control I need to identify the specific 

members of the microbiome involved, understand where they reside in the host, and 

understand what governs their colonization.  The goal of this dissertation research was to 

address this knowledge gap.  Over the course of several distinct, yet interconnected studies I 

investigated the kinetics of microbial colonization of the chicken cecum from hatch to 

maturity, examined the impact of early exposure to distinct bacteria on long-term population 

dynamics, compared the microbial differences along the entire length of the gastrointestinal 

tract, studied role different diets have on the microbial populations in different regions of the 

gut, and developed an in vitro system to characterize probiotic-induced signals disseminated 

in the blood that regulate host immunity.   

From these studies I learned the microbiome of growing chicks starts off with only a 

few members (Enterobacteriaceae), but develops rapidly, adding complexity and diversity.  

First increasing the numbers of Firmicutes around day 7 until it reaches maturity by day 28.  

As the microbiome develops, the influence of the treatments becomes more apparent; 

however, treatments that influence colonization early in life before the microbiome is 

established appear to have lost lasting effects.  Additionally, taxonomic differences may not 



be the best predictor of biologically relevant changes in the microbiomes as predicted 

metagenomic content suggest fewer functional differences despite the strong taxonomic 

differences.  

Evaluation of the crop, gizzard, duodenum, jejunum, ileum, and cecum of chickens 

demonstrated GI location was the strongest predictor of similarity among samples, 

influencing the microbiome more than diet or probiotic treatment.  Of the locations 

evaluated, the cecum had the highest phylogenetic diversity, but the ileal microbiome had 

more treatment-related changes, and more predicted metagenomic differences.  Further, the 

ileum of probiotic-fed animals had reductions in bacteria associated with inflammation and 

increased potential for production of anti-inflammatory butyrate.  This suggests changes in 

ileal microbiota are more closely related to changes in host physiology, highlighting the need 

for a better understanding of how treatments influence changes in the microbiome along the 

GI. 

Finally, I hypothesized that previously observed changes in immune energy 

metabolism were regulated by a probiotic-stimulated factor in the serum.  To test this I 

developed an in vitro cell culture assay and demonstrated serum isolated from probiotic-fed 

animals can augment the amount of ATP/cell in vitro.  The specific serum factor still has not 

been identified; however, the results of this study suggest it is a compound under 30 kDa in 

size, lipid or associated with lipids, and based on the response of the evaluated cell lines, its 

effect is specific to immune cells.  Transcriptomic analysis of an avian T-cell line (CU205) 

stimulated with serum from probiotic-treated animals demonstrates gene expression changes 

consistent with an increase in cell survival and T-helper cell differentiation as compared to 

the control.   



This research has added to our understanding of how probiotics alter the GI 

microbiome to affect host immune function.  It indicates that probiotic-directed alteration of 

the ileal microbiome during development could result in the upregulation of a serum 

compound that stimulates circulating immune cells in a variety of ways.  Continued study of 

this system will reveal how these ileal changes lead to the lymphocyte-stimulating serum 

signal, as well as other immune functions impacted by this probiotic.
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CHAPTER 1: LITERATURE REVIEW 
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INTRODUCTION 

For centuries, people have used bacteria and their metabolic products in their fight 

against pathogens. In many ways civilization is based on bacterial fermentation.  

Fermentation of foods and drinks, as well as silage for livestock, preserves foods that would 

otherwise be susceptible to spoilage and pathogen growth (1, 2).  As our understanding of the 

microbial world grows, so does our appreciation of its importance in our nutrition and health.  

Animals and humans alike are susceptible to many changes in their gut bacteria (3–6), and 

preserving a healthy equilibrium in the gut may reduce pathogen and stress-related 

morbidity.   

However, there is a large gap in our understanding of the complex relationship 

between the microbiome and the host and to what extent that relationship can be manipulated 

to benefit the host.  The benefits of understanding and controlling this relationship have 

tremendous promise for disease prevention, improved digestion and absorption, and may 

even extend to endocrine and nervous function (7, 8).   

There are several popular treatments for supporting animal health and productivity, 

including probiotics, prebiotics, synbiotics, as well as enzymes and essential oils.  Probiotics 

are live bacteria intended to confer some benefit to the host, though the nature of the claimed 

benefit varies by product.  Prebiotics are nutrients that are unavailable to the host, but may be 

digested or used by the microbial community.  They include saccharides such as mannan 

oligosaccharides, galactose oligosaccharides, or more complex nutrients like yeast cell walls 

(9).  Synbiotic products combine both probiotics and prebiotics.  A full discussion of all these 

treatments is beyond the scope of this literature review, and the majority of this review will 
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focus on probiotics as a method for altering microbial populations.  Most probiotics are 

orally administered bacterial or yeast products, commonly monocultures or mixed cultures of 

lactic-acid producing bacteria (LAB) such as Bacillus, Lactobacillus, Bifidobacterium, or 

Enterococcus.  See Table 1.1 for a selection of common probiotic products for a variety of 

species.   

One of the major barriers to effective use of probiotics is the complexity of the 

gastrointestinal (GI) environment and its inhabitants.  There are a variety of probiotic 

bacteria, with different mechanisms of action.  They interact with their host through both 

direct contact via interactions with microbe-specific host receptors, as well as through their 

secreted proteins and metabolites.  Microbes also affect their environment through 

consumption and release of dietary nutrients.  The relative effectiveness of probiotic species 

is dependent on several factors, including host species, host health status, diet, and 

constituents of the established gut microbial populations.  Our current understanding of the 

gut microbiome, its regulation and development, how it affects the host, and the role of 

probiotics as a driver of microbiome-mediated animal health, are explored in this review.     

 

ROLE OF MICROBES IN DEVELOPMENT OF THE GI 

Kinetics of gut colonization  

In conventionally raised animals exposed to a diverse array of microbes from their 

environment and diet, the microbiome and GI develop in tandem from birth/hatch to 

maturity.  Studies in mice reveal that use of antibiotics early in life hinder the development of 

microbial diversity and alter the composition of the microbiome extending out several 
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months beyond cessation of treatment (10).  Metagenomic analysis of these altered microbial 

communities also revealed functional differences related to antibiotic treatment, suggesting 

that early bacterial exposure may have long-term impacts on GI function.  Studies evaluating 

the impact of dietary factors such as fat and fiber show similar findings (11, 12).  

The development of stable microbial populations in the avian gut occurs rapidly.  In 

the chicken, the cecal microbiome appears to stabilize around day 21, with rapid changes 

occurring during the first 7-10 days of life.  Oakley et al (2014) found that the ceca of newly 

hatched chicks were low in absolute numbers of bacteria, but they were proportionally high 

in Clostridium.  By day 7 Flavonifractor, Pseudoflavonifractor, and a Lachnospiraceae were 

the dominant taxa, and day 21 was characterized by high Faecalibacterium.  By day 42, the 

cecal microbiome was more diverse, with several abundant members, but no single dominant 

genus; day 42 bacteria included Faecalibacterium, Oscillospira, Dorea and Alistipes, all of 

which are Clostridiales or Bacteroidetes genera (13).  Yin and associates found that normal 

colonization and inoculation with synthetic bacterial communities derived from chemostat-

grown cecal populations both produced GI microbiota rich in Lachnospiraceae, Bacteroides, 

Ruminococcaeae, and Prevotellaceae (14).  In other studies, inoculation of chicks with 

chemostat-grown cecal microbes protected against Salmonella Typhimurium colonization 

better than the naturally developing microbiome (15, 16).  Improved understanding of how 

the GI and microbiome develop, and how probiotics, antibiotics, and other microbiome-

altering treatments affect long-term composition will be important in promoting and 

maintaining GI health. 
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Impact of bacteria on GI morphology and growth.  

There are numerous physiological features of gut development that are aberrant or 

absent in gnotobiotic animals, and may therefore be susceptible to manipulation by 

probiotics.  Germ-free mice show enlarged ceca, and several histomorphometric differences 

from their conventional counterparts (17).  Absence of gut microbes reduces villus surface 

area by 30% (18).  On the cellular level, this reduction in villus size could be due to slower 

division in intestinal crypts leading to fewer crypt cells overall.  Banasaz et al. determined 

that establishing a monoculture of Lactobacillus rhamnosus GG in germ-free mice was 

enough to restore or exceed normal cell division and crypt number (19, 20).  

Supplementation with a probiotic including Lactobacillus acidiophilus and Lactobacillus 

casei increased villus height and size in conventionally raised poultry (21).  

Barrier function may also be adversely affected by abnormal colonization; 

Bacteroides thetaiotaomicron, E. coli, as well as several Lactobacillus species, have been 

shown to strengthen tight junctions through the maintenance of desmosomes and occludins, 

upregulating ZO-1 and ZO-2 proteins (22, 23).  While poor barrier integrity can increase 

passive uptake of some nutrients, it can also result in loss of electrochemical gradient, ions, 

water, and other nutrients if the concentration gradient is unfavorable. 

Certain probiotics may alleviate pathogen growth and inflammation at the mucosa by 

modulating the viscosity of digesta (24, 25).  Rye and wheat increase the viscosity of 

intestinal contents due to their high non-starch polysaccharide (NSP) content.  This can result 

in overgrowth of opportunistic bacteria such as Clostridium perfringens, increasing mucosal 

inflammation and junction leakage (26, 27).  This high viscosity also has implications for 
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whole animal development and health as it impairs absorption of vitamins and minerals 

enough to cause bone mineralization problems leading to leg deformities in turkeys and 

broiler chickens (25).  Several microbial species have enzymes capable of breaking down 

these NSP, decreasing digesta viscosity and resolving mucosal inflammation, malabsorption-

related bone mineralization problems (24, 25).  

Another aspect of GI physiology affected by microbial colonization is the production 

of mucus, particularly mucin-2.  In conventionally raised animals, the mucus layer provides 

protection to enterocytes, and helps filter many types of bacteria while allowing for efficient 

movement of nutrients to the apical surface (28, 29). Germ-free mice and chicks have fewer 

goblet cells and a thinner mucus layer (17, 30).  Addition of a probiotic consortium of lactic 

acid bacteria to the diet resulted in a thicker and more complete mucus layer (31).   

Microbiome-related changes in digestion-association gene expression during 

development may have long-term implications in GI function.  For example, inoculation of 

newly hatched chicks with cecal derived microbial populations alters gene expression in the 

ileum relative to conventionally colonized birds (14).  Genes upregulated included many 

related to nutrient and ion transport, as well as genes involved in WNT signaling, a major 

developmental regulator.  This suggests a role for gut bacteria in the development of mature 

GI physiology and function.  Other studies have shown a variety of probiotics administered 

early in life can stimulate immune gene expression and humoral immune activity (32–34).   
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Mucosal immune development 

Much of what we know regarding the role of bacteria in GI immune development 

comes from gnotobiotic mice.  Mouse studies dating back over 40 years demonstrate that 

certain gut colonizers may be necessary for normal gut-associated lymphoid tissue (GALT) 

development.  For example, Peyer’s patches, aggregated lymphoid nodules in the intestine, 

are smaller in gnotobiotic models (35, 36).  Monocolonization of mice with Bifidobacterium 

infantis restored normal IgE-mediated oral tolerance relative to gnotobiotic controls (37).   

Some aspects of GALT development may be time sensitive.  Reconstitution of young 

gnotobiotic mice’s microbiome restores normal oral tolerance, while reconstitution in adults 

does not (37).   

Postnatal or posthatch colonization of the gut also appears to be important for 

generating a balance between pro- and anti-inflammatory immune responses in the gut.  This 

balance is necessary for homeostasis between the host and its resident microbes (38, 39).  

Few studies have evaluated the immune development in germ-free chicks, but these support 

the general findings of similar mouse studies.  GALT development is stunted in the absence 

of microbes (40), and serum IgG and IgA levels were much lower in gnotobiotic chicks than 

in their conventional counterparts, as were intestinal immunoglobulin producing cells (41).   

Studies evaluating the effect of probiotic supplementation in poultry support the 

ability of the chicken microbiome to affect gene expression of immune genes in the gut.  In 

the ileum, anti-inflammatory IL-10 increased in the probiotic group, while pro-inflammatory 

IL-12RB2, and NFKB decreased (34).  Further, evaluation of intra-epithelial lymphocytes 

(IEL) in the duodenum and jejunum of broilers fed the same probiotic from day of hatch 



 

 

 

8 

revealed higher proportions of several T-cell subsets, potentially conferring increased 

protection against intestinal pathogens (42). 

 

Microbial niches with in the gastrointestinal tract  

The role of location-specific GI physiology in development of a stable microbial 

community is not yet well understood.  In the chicken, as in all animals with substantial 

hindgut fermentation, the cecum houses the most diverse and dense microbial population.  

The small intestine microbial population is less diverse than the cecum, but more susceptible 

to dietary influences and passage rate.  It contains fewer bacteria per gram of contents than a 

normal cecum (43).  However, as the small intestine is the major absorptive region (44), 

changes in microbial populations could have massive impacts on host function and 

development.  Research into the importance of bacterial composition in these locations tends 

to rely on a binary model involving research comparing and contrasting gnotobiotic and 

conventional animals.  To best utilize the microbiome to promote health, it is vital to 

understand the contribution of individual taxa to the whole community.  

Few high-throughput microbiome studies in poultry have evaluated populations 

outside the cecum, but this is beginning to change.  Ranjitkar et al (2016) evaluated the avian 

GI microbiome across both age and intestinal location.  The broad conclusion was that 

Lactobacillus was the dominant taxon in all locations except the cecum from 8 days of age 

until 36 days of age.  The crop was almost exclusively populated by Lactobacillus, while the 

gizzard contained about 60% Lactobacillus.  Other gizzard species include several 

Clostridiaceae taxa, and variable levels of Proteobacteria and Actinobacteria.  Despite being 
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seen in other chicken studies, Erysipelotrichales, Actinobacteria, and Bacillales were low or 

absent in the ileum; this suggests variability of the normal small intestinal microbiome or 

alternatively potential differences due to sampling methodologies (43, 45).  In the cecum, 

Lachnospiraceae, Ruminococcaceae, and Rikenellaceae were dominant taxa.  These are 

commonly found taxa in the chicken microbiome, though their abundance appears to vary 

from study to study (13, 45, 46).  Lachnospiraceae declined in abundance from day 8 to day 

21, while Rikenellaceae abundance increased, primarily through the genus Alistipes.  Since 

this study did not evaluate multiple small intestinal locations but instead used the ileum to 

represent the entire small intestine, the duodenal and jejunal microbiomes are not well-

characterized (47).   

In addition to longitudinal differences in the GI microbiome, transverse analysis of 

the microbiome demonstrates that the bacteria associated with the mucosa can be very 

different from the feed or lumen associated population (48, 49).  In both the small intestine 

and colon of rhesus macaques, the mucosa-associated microbial community is enriched in 

aerobic and facultative anaerobic species, while the luminal community is higher in obligate 

anaerobes (49).  Additionally, the mucosa has higher levels of gram negative taxa, while the 

lumen is high in Firmicutes (50).  With the increasing number of chicken-focused 

microbiome studies, meta-analysis will soon allow scientists to gain a more complete picture 

of the normal composition of the avian microbiome across geographical regions, breeds, 

ages, and diets.  With this information, we will be better able to correlate experimental 

variables with changes in microbiome composition/function and host function.  
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ROLE OF MICROBES IN FUNCTION AND HEALTH 

Interactions between diet, the microbiome, and digestive function  

The diet can both provide a steady supply of microbes for colonization as well as 

drive microbiome composition through nutrient availability.  Different feed components 

carry with them the bacteria native to their original environment, and any they have 

incorporated during processing and transport.  However, the presence or absence of preferred 

nutrients will strongly impact which ingested and commensal populations thrive and which 

are excluded from the GI ecosystem (51, 52).  For example, nondigestible starch supports the 

growth of fermentative bacteria in multiple host species, including swine and humans (53, 

54).  The byproducts of starch fermentation by these bacteria are often beneficial to the host, 

and include short chain fatty acids (SCFA), which can have anti-pathogenic and anti-

inflammatory effects (55, 56).  These SCFA are also thought to stimulate the release of 

enteroendocrine molecules such as peptide YY, and glucagon-like peptide 1, involved in 

satiety (52).   

Several studies in both humans and mice show the effects of dietary changes on 

microbiome composition (11, 57, 58).  These studies typically present comparisons between 

diets that differ significantly in energy level or composition.  For example, humans eating 

either isocaloric vegan or meat+dairy diets displayed substantial changes in their microbiome 

composition relative to each other and to the subjects’ baseline profiles (57).  These changes 

extended beyond phylogenetic profile and into the functional profile of the gut; secondary 

bile salts (a product of microbial metabolism) were increased in the animal diet group, and 

several microbial markers of gut inflammation were higher, as well (11).   
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As dietary carbohydrates are the primary energy source of the chicken, as well as its 

microbiome, the impact of carbohydrate types and inclusion levels on microbial composition 

is of considerable interest.  Barley, rye and wheat are higher in non-starch polysaccharides 

(NSP) than corn.  NSP are correlated with growth of Clostridium perfringens, a causative 

agent in necrotizing enteritis.  The inclusion of the probiotic Lactobacillus reuteri expressing 

heterologous β-glucanase has been reported to break down the NSP in a barley-based diet, 

improving feed efficiency and potentially removing one of the primary etiological factors in 

necrotizing enteritis (59).  Another study showed few effects of corn:wheat ratios and 

ensiling on microbial composition or bile salt profile in broiler chickens (47).  Addition of 

short and medium-chain fatty acids to the diet of broilers had no effect on microbiome 

composition in the cecum at 7, 21, and 42 days (13), but it is possible that these additives are 

consumed prior to reaching the cecal microbiome.   

Few studies have evaluated the interactions between dietary fat and protein sources 

and the microbiome in poultry, but there are indications that these macronutrients play a role 

in microbial composition, as well.  Replacing varying levels of soy bean meal with fermented 

cottonseed meal increases levels of Lactobacilli while decreasing coliform bacteria in the 

cecum (60).  Comparison of the guts of chickens fed either soy protein concentrate or 

fishmeal reveal higher C perfringens growth in fishmeal groups.  The fishmeal diet was 

shown to have higher levels of glycine and methionine, and may support the growth of C. 

perfringens more than the amino acid profile of soy-based diets (61). Evaluation of the 

impact of dietary fat source (soy vs lard and tallow) indicates that use of soy fat over animal 

based fat may reduce levels of C. perfringens (62).  Studies in swine with dietary poly-
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unsaturated fatty acids (PUFA) demonstrate they can alter the microbiome (63), however a 

similar study in chickens did not showed minimal changes to the microbiome (64).  More 

research is necessary to determine the role of proteins and lipids on microbiome composition, 

and whether variations in these macronutrients may impact host function through the 

microbiome. 

It is not surprising that changes in dietary composition leads to shifts in the microbial 

composition.  Fiber, protein, fat, vitamins and minerals all demand different digestive 

strategies from the host that may change the luminal environment (65–67).  Not only can diet 

affect host GI physiology and through it the microbiome, the GI microbiome exerts an effect 

on the host through the products of bacterial digestion and metabolism.  Hungate and others 

have studied the role of foregut and hindgut bacteria in digestion of resistant starch and 

cellulose for decades (68–70).  Not only do GI bacteria release certain nutrients for host 

consumption, they can stimulate the production of host factors such as enzymes and bile salts 

(47, 71–73). 

Several Lactobacillus species were evaluated singly or in combination, for their 

ability to alter secreted amylase, protease, and lipase activity in the GI.  Of 12 strains tested, 

all combinations and dosages increased amylase activity, but none measurably affected lipase 

or protease activity.  This increase in amylase activity was accompanied by improved feed 

efficiency, and a higher growth rate (72).  A similar study testing Bacillus coagulans NJ0516 

also reported increased amylase and protease activity in the duodenum relative to control fed 

animals (73).   
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Ranjitkar et al (2016) demonstrated that increasing levels of Lactobacillus salivarius 

and various clostridial species increase the rate of bile acid deconjugation in poultry, a 

process that may impact lipid absorption in the ileum.  Degirolama et al (2014) demonstrated 

that supplementation with the probiotic consortium VSL#3 stimulated bile acid levels in the 

lumen of mice, as well as bile salt hydrolase activity, responsible for deconjugation of bile 

acids (71).  The mechanism involved in increased bile acid secretion in this case appears to 

be VSL#3-related downregulation of the enterohepatic farnesoid X receptor-fibroblast 

growth factor 15 (FXR-FGF15) pathway (71).   

There is a lack of studies evaluating the role of probiotic treatments and microbiome 

composition on expression of other digestive enzymes in poultry.  However, decreased brush 

border enzyme activity in Eimeria-infected chickens does demonstrate that microbes are 

capable of altering enzyme expression in poultry (74), but to what extent commensal and 

probiotic organisms routinely do so is still unknown.  In other species, there is considerable 

evidence that microbial colonization affects the expression and density of vital brush-border 

membrane enzymes.  This is particularly apparent in mammals, where transition from milk to 

solid foods is often preceded by a shift in both microbial composition and levels of lactase, 

sucrase, gamma-glutamyltranspeptidase, and other digestive enzymes (75).  These changes 

are accompanied by a shift away from facultative anaerobes such as E coli and streptococci 

toward obligate anaerobes that characterize more mature microbiomes (Bacteroides and 

Clostridium) (76).  Upregulation of digestive enzymes through bacterial stimulation could 

improve digestive efficiency.  As several probiotic species improve feed efficiency in poultry 
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through unknown mechanisms (72, 77, 78), the impact of probiotics and other gut microbes 

on host enzyme activity should be explored further.   

 

Metabolism   

Poultry scientists are just beginning to identify microbial mediators of host gene and 

protein expression.  For example, supplementation of broilers with Enterococcus faecium, a 

popular probiotic in poultry products, is associated with improved meat quality and yield in 

broilers, potentially through changes in the muscle and hepatic proteomes; several 

antioxidants were increased in these tissues, as were genes related to glycolysis and other 

energy metabolism pathways (79, 80).   

In mouse studies, germ-free animals are known to be resistant to diet-induced obesity, 

requiring more nutrients than conventional counterparts do (81).  This cannot entirely be 

accounted for by the loss of microbial enzymes for the breakdown of carbohydrates not 

otherwise available to the host.  Germ-free animals on a high-fat, high-sugar diet show 

similar difficulties in efficiently utilizing the available nutrients (82).  Studies in humans and 

mice revealed that certain microbial profiles increase circulating levels of leptin, glucose, and 

insulin, and hepatic lipogenesis increases following conventionalization (81, 83).  Further 

research into these phenomena will improve our understanding of how to use GI 

microbiomes to impact host functions of interest. 
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Mucosal immune activity 

Multiple studies have described how altering the microbiome affects GALT, while 

others have focused on how GALT regulate the microbiome and prevent invasion (33, 41, 

42, 84, 85). The relationship between host immune tissues and GI microbes is multifactorial 

and sensitive to a number of genetic and environmental factors.   

Many of the interactions between host and microbial cells are mediated by host 

receptors that recognize a broad array of microbial cell components (microbe-associated 

molecular patterns; MAMPs), such as flagellin, glycoproteins, and lectins (86).  These 

pattern recognition receptors (PRRs) are expressed on a variety of cell types, particularly 

antigen-presenting immune cells like dendritic cells and macrophages, and some enterocytes; 

they include groups of receptors such as toll-like receptors (TLR), nod-like receptors (NLR), 

and C-type lectin receptors (86, 87).  The signaling pathways activated by interactions 

between MAMPs and PRRs can be activating or inhibitory, and lead to a variety of different 

immune responses (88).  There is growing evidence that some commensal and symbiotic 

bacteria have MAMPs that promote a tolerant host phenotype, and some have termed these 

molecular patterns SAMPs (symbiotic-associated molecular patterns) (89).  Bacteriodes 

fragilis polysaccharide A, for example, interacts with TLR2 on regulatory T-cells (Tregs) to 

promote tolerance and inhibit TH17 responses (85, 89). 

Other bacteria, particularly Clostridia species, are able to stimulate the development 

of Tregs as well (84, 85, 89, 90), while attachment of segmented filamentous bacteria (SFB), 

notably Candidatus Savagella, in the ileum has been shown to stimulate differentiation of 

pro-inflammatory TH17 type cells (91).  Colonization of germ-free mice with a monoculture 



 

 

 

16 

of SFB is enough to induce autoimmune encephalomyelitis in susceptible models (5, 92), and 

persistent TH17 responses are associated with autoimmune disorders such as multiple 

sclerosis, rheumatoid arthritis, and inflammatory bowel disease (93).  Addition of probiotic 

bacteria to the chicken microbiome alters gene expression in both the ileum and the cecum: 

in the ileum, a combination of probiotic species increased anti-inflammatory IL-10, while 

pro-inflammatory IL-12RB2 and NF-κB decrease (34).  Research with Lactobacillus 

acidiophilus increased expression of interferon α (IFN-α), IFN-γ, IL-18, MyD88, and other 

immune-related genes in the cecal tonsils of chickens (94).    

These changes are consistent with an increased TH2 response in the ileum, but an 

increased TH1 response in the cecum.  The functional results of this may be more IgA-

mediated immunity in the ileum, while T-cell mediated and pro-inflammatory immune 

activity increases in the cecum.  In support of this, several researchers have demonstrated that 

probiotic supplementation increases IgA in the small intestine (34, 95, 96).  In contrast, 

Crhanova et al (2011) demonstrated that Salmonella Enteritidis infection shifted cecal gene 

expression from a TH1 phenotype characterized by IFN-γ and iNOS to a TH17 response 

characterized by high levels of IL-17 (97).   

There are many other examples of probiotic bacteria activating or inhibiting 

expression of major regulators and cytokines of innate immunity, such as NF-κB, Akt, 

interleukin 10 (IL-10), IL-12, transforming growth factor β (TGF-β), tumor necrosis factor 

(TNF), and others (98–101).  The varied signaling pathways involved in host response to 

probiotics and other microbes even include recognition of Lactobacillus gasseri nucleotides 

by murine B-cells (102).  The different response to these treatments seen between the ileum 
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and cecum suggests that each intestinal location may respond independently and even 

contradictorily to microbes.   

 

Systemic immune activity   

The immune system mounts robust humoral (antibody) responses to bacterial 

proteins, and in recent years, it has become apparent that some bacteria are capable of 

exerting an adjuvant-like effect.  Studies in chickens have shown that Lactobacillus and 

Bifidobacterium-based probiotics can promote antigen-specific humoral immune responses 

against other antigens (33, 34).  Additionally, chicks stimulated with a commercial probiotic 

containing Lactobacillus acidophilus, Bifidobacterium bifidum, and Streptococcus faecalis 

increased production of anti-C. perfringens natural antibodies in the blood and mucosa (103). 

These antibodies are generally reactive to a broad range of antigens, and provide protection 

against certain pathogens prior to maturation of the humoral response in young birds (104).  

It is thought that the B-cell subset responsible for producing natural antibodies (B-1 cells) are 

stimulated by commensal and probiotic bacteria through TLR and other PRRs, independent 

of the normal T-cell mediated pathways (96).    

The ability of bacteria to stimulate immune responses against other microbes is not 

limited to the humoral immune response.  Hand et al (2012) showed that Toxoplasma gondii 

infection in mice stimulates the production of CD4+ T-cells that develop into long-lived 

memory cells.  These populations were not only reactive to T gondii antigens; T-cell 

populations were generated against antigens derived from the commensal population, 

providing an avenue for temporary infections to play a long-term role in the composition of 
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the microbiome (105).  There are other examples of the microbiome and microbial treatments 

affecting cell-mediated immune responses, both in the mucosa and systemically (106, 107).  

For example, feeding broiler chickens a Lactobacillus-based probiotic consortium prior to 

challenging with Eimeria acervulina resulted in more intra-epithelial T-cells in the 

duodenum and jejunum and fewer oocytes than in control animals (42).  Lactobacillus and 

Saccharomyces have been shown to increase CD4 and CD8 T-cell numbers as a proportion 

of total lymphocytes in the  jejunum and duodenum, but do not stimulate B-cells in the same 

manner (77).   

Colonic Tregs increase in mice given Clostridium species, suggesting indigenous 

Clostridia may be necessary for the generation and maintenance of immune tolerance toward 

commensals.  Further, these Clostridia are associated with high levels of TGF-β in the 

lamina propria, an important factor in the generation of colonic Tregs (90).  Lactobacillus 

(reuteri and casei), and Bifidobacterium breve stimulate Treg differentiation and proliferation 

in the murine GI through different contact-dependent mechanisms involving intraepithelial 

dendritic cells (99, 108). 

Colonic murine Tregs can also be stimulated in both germ free and conventional 

models with SCFA.  As major byproducts of anaerobic fermentation by many hindgut 

bacteria, SCFA play a role in colonic/cecal pH and serve as an energy source to enterocytes.  

Feeding poultry prebiotic polysaccharides and Bacillus cereus increases both 

antibody titer against Newcastle disease virus, and circulating T-cell numbers at 21 and 42 

days of age (109).  Newcastle disease virus, primarily a respiratory virus, is an example of a 
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systemic disease that may be mitigated by preventative treatments aimed at the intestinal 

microbiome.   

Though the impact of probiotics on avian natural killer (NK) and natural killer T-cells 

(NKT) has not been evaluated, these cell types are reactive to microbial signals in other 

model species, and represent other immune cell types outside the GI that respond to changes 

in the GI microbiome.  NK-cells are largely a part of the innate immune response, and are 

responsible for the cytotoxic killing of tumorous and virus-infected cells.  NKT-cells are 

often seen as bridges between innate and active cell-mediated immunity, as they express a 

limited number of T-cell receptors with an affinity for glycolipids (110).  NKT-cells increase 

in colonic and lung mucosal tissues in germ free mice, contributing to inflammatory bowel 

disease and allergic asthma relative to conventionally colonized animals (111). The 

accumulation of NKT-cells in these tissues can be prevented by neonatal colonization, but 

the proinflammatory NKT-driven response cannot be rescued by colonizing adult mice (111).  

In conventional mice, oral inoculation with Butyricum fibrisolvens MDT-1 increases both 

NK and NKT-cells in the spleen by 3.5 and 4-fold, respectively (112). 

 

PRIMALAC USE AS A MODEL FOR THE STUDY OF THE AVIAN MICROBIOME 

IN IMMUNE FUNCTION 

The goal of this PhD project was to better understand how the avian gut microbiome 

influences immune function.  A probiotic product, PrimaLac (Lactobacillus acidophilus, 

Lactobacillus casei, Bifidobacterium bifidum, Enterococcus faecium), has been used to drive 

these changes.  PrimaLac supplementation has been shown to affect the physiology of the 
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developing avian GI in several ways.  Villus height and perimeter were increased, and the 

number of observed goblet cells in was increased, as well (21).  In addition to these 

morphological effects, it was observed that the mucous layer appeared to be more consistent 

in probiotic-treated animals, and there were fewer SFB attached to the ileal surface.  Further 

evaluation of the probiotic-fed GI showed a number of gene expression changes in the ileum.  

The probiotic increased IL-10 mRNA in the ileum and reduced IL-12RB2, NFκB, CD28 

(34).  These and other changes in transcription implicate the IL-27 pathway, and an increase 

in TH2 activity over TH1 (113, 114). 

Along with gene expression changes in the GI, supplementation of broiler chickens 

with PrimaLac resulted in a faster humoral response to an antigen challenge.  Chickens 

immunized with sheep red blood cells (SRBC) had detectable anti-SRBC serum IgG 7 days 

before immunized control animals (34).  Intestinal IgA also increased following probiotic 

supplementation.  Though there was no change in whole body energy utilization between 

treatment groups as measured by O2 consumption, probiotic-fed animals used less O2 in the 

ileum and while increasing O2 consumption in the thymus (32, 34). Additionally, their 

circulating immune cells have been shown to produce and consume more adenosine 

triphosphate (ATP) than the cells of untreated animals (34).    

These results demonstrate the potential for the microbiome to interact with systemic 

host immune function, but to fully understand the mechanisms involved we need a better 

understanding of the avian microbiome, how it develops, how the microbiome differs by GI 

locations, and how each of these are impacted by manipulation by probiotic and/or other 

dietary treatments.  This dissertation reports the progress made in understanding how a 
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probiotic alters the avian microbiome and changes host lymphocyte gene expression.  This 

and future studies will enable us to improve animal health by manipulating the microbiome.  
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Table 1.1 Selected commercial probiotic products 

Product (Company) Intended Host Constituent Microbes 

PoultryStar (Biomin) Poultry 

Enterococcus faecium, Pediococcus 

acidilactici, Bifidobacterium animalis, 

Lactobacillus salivarius, Lactobacillus 

reuteri 

VSL#3 (VSL 

Pharmaceuticals) Humans 

Bifidobacterium longum, Bifidobacterium 

infantis and Bifidobacterium breve, 

Lactobacillus acidophilus, Lactobacillus 

casei, Lactobacillus bulgaricus, 

Lactobacillus plantarum,Streptococcus 

salivarius subspecies thermophilus) 

TruBiotic (Bayer) Humans 

Lactobacillus acidophilus LA-5, 

Bifidobacterium animalis BB-12 

Dr. Mercola Complete 

(Mercola) Humans 

Lactobacillus acidophilus DDS-1, 

Bifidobacterium lactis, Lactobacillus 

plantarum,Lactobacillus casei, Lactobacillus 

rhamnosus, Lactobacillus brevis, 

Bifidobacterium longum, Streptococcus 

thermophilus, Bifidobacterium bifidum 

Enviva PRO (Danisco) 

Ruminants, 

Swine, Poultry 3 Bacillus subtilis strains 

Bovamin (Chr Hansen) Ruminants  

Lactobacillus acidophilus strain NP51, 

Probionibacterium freudenreichii strain 

NP24 

PoultriMax (Chr 

Hansen) Poultry Lactobacillus animalis 

Yea-Sacc (Alltech) 

Horses, 

Ruminants Saccharomyces cerevisiae 

Alterion (Adisseo) Poultry Bacillus subtilis 

XP DFM (Diamond-V) Ruminants 

Lactobacillus acidophilus, 

Probionibacterium freudenreichii, 

Lactobacillus casei, Lactobacillus lactis, 

Pediococcus cerevisiae, Enterococcus 

faecium, Bacillus subtilis, Bacillus 

licheniformis 
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CHAPTER 2: DEVELOPMENT OF THE CHICK MICROBIOME: HOW EARLY 

EXPOSURE INFLUENCES FUTURE MICROBIAL DIVERSITY1 

 

  

                                                 

1 AL Ballou, RA Ali, MA Mendoza, JC Ellis, HM Hassan, WJ Croom, MD Koci. Frontiers 

in Veterinary Science. 2016 
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ABSTRACT 

The concept of improving animal health through improved gut health has existed in 

food animal production for decades; however, only recently have we had the tools to identify 

microbes in the intestine associated with improved performance.  Currently, little is known 

about how the avian microbiome develops or the factors that affect its composition.  To begin 

to address this knowledge gap, the present study assessed the development of the cecal 

microbiome in chicks from hatch to 28 days of age with and without a live Salmonella 

vaccine and/or probiotic supplement; both are products intended to promote gut health. The 

microbiome of growing chicks develops rapidly from days 1-3, and the microbiome is 

primarily Enterobacteriaceae, but Firmicutes increase in abundance and taxonomic diversity 

starting around day 7.  As the microbiome continues to develop, the influence of the 

treatments becomes stronger. Predicted metagenomic content suggests that functionally, 

treatment may stimulate more differences at day 14, despite the strong taxonomic differences 

at day 28.  These results demonstrate that these live microbial treatments do impact the 

development of the bacterial taxa found in the growing chicks; however, additional 

experiments are needed to understand the biochemical and functional consequences of these 

alterations. 
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INTRODUCTION 

Increasing evidence in multiple species demonstrate the impact gut microbes have on 

intestinal function, digestion, host metabolism, and immune function (1,2).  While the food 

animal industry has employed various methods to control and augment the bacteria in the gut 

for decades, this has been done with little understanding of the complexity of the microbial 

populations and their association with animal health.  The advent of microbiome analysis will 

allow for better use of these products and the rational design of new therapies to promote 

animal health and performance.   An estimated $585 million/year is spent globally on 

interventions to manage disease in food animals (3); many of these diseases are intestinal in 

nature (4), and the indirect costs of these intestinal diseases are far greater.  The application 

of modern nucleotide sequencing and associated bioinformatics techniques to the avian 

gastrointestinal microbiome will lead to breakthroughs in our understanding of digestive 

processes, host metabolic regulation, immune function, and intestinal dysfunction and 

pathology.  Collectively, increased understanding of the host-microbiome relationship, and 

the development of techniques to improve these interactions, could reduce the prevalence of 

food borne pathogens. In order to effectively apply modern microbial ecology research 

techniques and elucidate the manner in which the avian intestinal microbiome interacts with 

the host genome, it is imperative to develop a comprehensive understanding of how the avian 

microbiome develops under different physiological states and management practices.  

There is a dearth of information available on the development and definition of a 

normal avian gut microbiome.  Recent investigations have begun to identify species 

commonly seen in adult chickens, but little is known about the intermediate and developing 
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community (5–7).  Furthermore, there is a paucity of information of the effects of treatments 

that target the gut environment on the development of the intestinal microbiome of chickens.  

This impairs our ability to understand how these gut-targeted treatments interact with each 

other and the host, and how they might affect gut activity and health.  A better understanding 

of these interactions will allow for the rational use of bacterial groups to promote specific 

host responses.  

The goal of this study was to understand the ontogeny of the chicken intestinal 

microbiome, and how commonly used live bacterial treatments influence this dynamic 

microbial community.  Specifically, we included two live bacterial products currently used in 

the industry that are intended to improve animal health through manipulation of the host 

microbiota.  We used a live attenuated Salmonella enterica, serovar Typhimurium vaccine 

(Salmune®, CEVA Biomune) and a probiotic feed supplement comprised of Lactobacillus 

acidophilus, Lactobacillus casei, Enterococcus faecium, and Bifidobacterium bifidium 

(PrimaLac, Star Labs).  We hypothesized that the species richness of the microbiome would 

increase rapidly, and that the addition of live bacterial treatments would alter the 

development of microbial diversity and the composition of the microbiome. The results from 

this study demonstrated exposing developing chickens to individual or combined bacterial 

regimens leads to treatment-specific microbial populations.  These populations continue to 

diverge with age, even in animals receiving only a one-time dose of the Salmonella 

Typhimurium vaccine at day of hatch.  Predicted metagenomic content in these populations 

suggest changes in potential microbial metabolic activity and microbe-derived signaling 
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molecules; however these changes were less numerous than the taxonomic changes seen in 

the same populations. 

 

MATERIAL AND METHODS 

Animals and Treatments 

Two hundred one-day-old female commercial white leghorn laying type chickens (W-

36, Hy-line International) were assigned to one of 4 treatments (50 chicks/treatment) in a 2x2 

factorial design. The four groups were designated as follows: Diluent-Control (DC); Diluent-

Probiotic (DP); Vaccine-Control (VC); and Vaccine-Probiotic (VP).  Animals received either 

a one-time dose of a live, attenuated Salmonella Typhimurium (ST) spray vaccine 

(Salmune®, Ceva Biomune, Lenexa, KS; Vaccine group) or a sham vaccination consisting of 

the vaccine diluent, water (Diluent group).  The vaccine and diluent spray were administered 

as recommended by the manufacturer.  These treatment groups were further divided into two 

dietary groups; one group (Control) was fed a standard corn-soybean starter diet 

(Supplemental Table 1) and the probiotic group was fed an identical starter diet 

supplemented with 0.1% (w/w) of the probiotic PrimaLac® (Lactobacillus acidophilus, 

Lactobacillus casei, Enterococcus faecium, Bifidobacterium bifidium; Star Labs Inc., 

Clarksdale, MO; Probiotic group). Probiotic pre-mix was added to the probiotic groups’ feed 

prior to the experiment and animals in all groups were fed ad libitum for four weeks. 

Animals in all groups were housed in 934-1-WP isolators (L. H. Leathers Inc, Athens 

GA) climate-controlled HEPA-filtered isolation units.  The animals were maintained and 
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euthanized under an approved protocol from the North Carolina State University Institutional 

Animal Care and Use Committee (OLAW #A3331-01). 

 

Sample Collection 

 Six chickens from each treatment group were euthanized (CO2 followed by cervical 

dislocation) on days 0, 1, 3, 7, 14 and 28 and the contents of one cecal lobe collected and 

maintained on ice. At early timepoints, some chicks yielded minimal or no cecal digesta; 

these are noted in Supplemental Table 2.  The cecal samples were weighed and diluted with 

600 μl of 30% glycerol in PBS for storage at -80° C.   

 

DNA isolation and 16S sequencing 

 DNA was isolated from each cecal sample using the MO BIO Power Soil kit (MO 

BIO, Carlsbad, CA) with the following modifications: a 10-minute, 65° C incubation step 

was added and samples were then homogenized for 45s at 5100 RPM using garnet bead-

containing tubes and a Precellys 24 homogenizer (Precellys, Montigny-le-Bretonneux, 

France).   

 DNA recovered from the extraction process was quantified using a NanoDrop 2000 

spectrophotometer (NanoDrop, Wilmington, DE) and 10 ng from each sample were aliquoted 

into 96-well plates in a random order.  Some animals contained only small amounts of cecal 

digesta, particularly at days 0-3, resulting in very small amounts of DNA for some samples.  

DNA from these samples was included in the sequencing process, despite the possibility of 

poor quality sequencing (Supplemental Table 2).  MiSeq library preparation and 151x151 
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paired-end sequencing (Illumina, San Diego, CA) were performed by the Argonne National 

Laboratory Institute for Genomics and Systems Biology Next Generation Sequencing Core 

using a protocol and primers recommended and previously described by the Earth 

Microbiome project and others. Primers used spanned the V4 region of the 16S rRNA gene 

(515F: GTGYCAGCMGCCGCGGTAA, 806R: GGACTACHVGGGTWTCTAAT) (8).  

This primer set is commonly used to evaluate the microbiome community across a variety of 

fields, and is well validated in several models, including the chicken (8–11).  Studies 

estimating microbial composition using V4 report diversity measurements comparable to 

those obtained with full-length 16S sequences (12). 

 

Sequence data analysis 

 The unpaired raw sequencing reads were paired and filtered using EA-Utils (13).  

Paired reads were processed using the QIIME suite of tools (v 1.8.0) (14); barcode matching 

and quality filtering were conducted prior to picking operational taxonomic units (OTUs).  

The 16S sequencing process did not yield equal sequence coverage for all samples, and some 

samples had very low sequence coverage.  Samples with low sequence coverage or 

consistently poor quality were excluded from analysis.  Additionally, some ceca from early 

time points contained little to no recoverable digesta.  Consequently, a small number of 

samples from different time points were removed at this stage (Supplemental Table 2).  

OTUs were picked using an open-reference protocol.  Briefly, sequences were grouped into 

OTUs based on 97% sequence identity using uclust and the Greengenes reference database 

(15,16).  OTUs that failed to match to the database were reclustered, resampled and re-
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compared to the database; in this way, new reference sequences are compared to the database 

in order to minimize the number of excluded sequences.  Finally, OTUs that failed to align to 

any sequences in the reference database are de novo clustered.  Representative sequences 

from each OTU were picked and assigned taxonomy using the uclust consensus taxonomy 

assigner.  During this process, sequences with high identity (> 97%) were grouped into the 

same OTU, and are reported at the lowest level of taxonomic identification common to all 

sequences (17,18).  Sequence coverage was normalized across samples in each analysis.  

Taxonomic assignments, and alpha and beta diversity metrics were generated using QIIME 

and Primer-E (v6.1.16; Primer-E LTD, Ivybridge, UK). Principal coordinate analysis (PCoA) 

plots used in this study were generated in Primer-E using the Bray-Curtis distance metric 

(19).   

Permutational multivariate analysis of variance (PERMANOVA) was conducted 

using the PERMANOVA+ add-on to Primer-E.  Main and pair-wise tests were conducted 

using up to 1000 permutations of residuals under a reduced model. Similarity percentage 

analysis (SIMPER) of taxonomic groups between treatment groups and times was made in 

Primer-E using Bray-Curtis distances. Analysis of similarity (ANOSIM) tests were 

conducted using Primer-E.  Tests were conducted using up to 1000 permutations and the 

Spearman rank correlation method. A global test statistic (R) was generated for each 

treatment; the rank similarities between and within treatments were calculated and compared.  

The global R statistic is a measure of the strength of a treatment group’s association with 

microbiome composition, with 1 being the strongest association and 0 being no association.   
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Metagenomic inferences from the 16S amplicon data were made using the QIIME 

suite of tools (14,17,18,15), PICRUSt (20) and KEGG (21); statistics and visualization of 

functional data were depicted using STAMP (22). Closed-reference OTU-picking protocols 

were used to identify 16S sequences belonging to annotated genomes.  Briefly, sequences 

were grouped into OTUs based on 97% sequence identity using uclust and the Greengenes 

reference database.  Representative sequences from each OTU were picked and assigned 

taxonomy using the uclust consensus taxonomy assigner.  PICRUSt and KEGG were used to 

generate a list of functional genes predicted to be present in the sample and to organize these 

genes into gene pathways. Using STAMP, heatmaps were generated displaying differences in 

gene group abundance at each time point.  In order to minimize the number of treatment-

based differences that may not be biologically relevant, analysis was limited to those 

differences with an effect size greater than 0.7 as calculated by STAMP (eta-squared method) 

(22).  Storey’s FDR correction was applied to all comparisons between treatments (23).  

Nearest neighbor hierarchical clustering was used to group each sample according to 

abundance of gene groups in question.   

 

RESULTS 

Microbiome composition and complexity change rapidly with age 

 16S rRNA sequence analysis of the microbiome from the ceca of untreated animals 

(DC) demonstrated a microbiome with low diversity in days 0 and 1, dominated by 

Enterobacteriaceae and to a lesser extent Enterococcus (Figure 1).  The number of OTUs 

detected in the microbiome increased significantly (P < 0.05) by day 3 (data not shown). This 
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increase in bacterial richness starts with Ruminococcaceae groups during the first week of 

life and continues with other Firmicutes.  By day 14, and extending through day 28, 

Ruminococcus and other Firmicutes outnumber Enterobacteriaceae (Figure 1). 

 

Age more influential in microbiome development than treatment 

   Principal coordinate analysis of samples across all time points and treatment groups 

reveals that the effect of animal age on community composition was larger than that of 

bacterial treatment (Figure 2A).  The ANOSIM-generated global test statistics for time 

(R=0.67) and the treatments (Vaccine R=0.361, Probiotic R=0.317) demonstrate the relative 

impact of each on the community.  At time points 0 – 7, the samples show large within time 

point variability.  At day 28, within time point variability is decreased and samples are tightly 

clustered in the PCoA plot (Figure 2A).  Community analysis of cecal samples across time 

points and treatment groups show that Gram negative bacteria (Proteobacteria) dominate at 

early time points, whilst Gram positive Firmicutes, especially Clostridia taxa become more 

prominent with age (Figure 2B).    

 

Treatments alter microbial composition and rate of development 

Analyses of microbial populations were conducted within each time point (days 1, 7, 

14, and 28) to assess the impact of treatment on composition and richness of the microbiome 

independent of age.  No differences in microbial composition were detected at day 1, but 

significant differences in cecal microbiome composition were observed among all 4 

treatment groups by day 7 (Figure 3A).  A PERMANOVA showed all 4 treatment groups are 
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distinct in composition at days 7, 14, and 28 (P < 0.05).  A comparison of taxonomic richness 

(alpha diversity) among treatment groups at days 1, 7, 14, and 28 was made using rarefaction 

plots.  The treatment groups show similar levels of unique taxa at day 1; however, at days 7 

and 14, probiotic groups tend to have fewer unique taxa (P < 0.1 at day 7, P < 0.05 at day 

14).  Interestingly, there was no significant difference in alpha diversity at day 28 (Figure 

3B). 

 

Treatment with live bacteria affects abundance of taxa not associated with treatment 

Similarity percentage analysis (SIMPER) conducted between treatment groups at 

days 14 and 28 indicates that the differences between treatment groups can largely be 

attributed to changes in the most abundant order, Clostridiales, including Lachnospiraceae 

and Ruminococcaceae genera (Tables 1 and 2).  MANOVA was used to identify 

differentially abundant taxa between treatment groups, with an FDR correction made to 

account for multiple comparisons.  At day 14, DC animals harbored a significantly higher 

proportion of Enterobacteriaceae (Table 1) with 16% Enterobacteriaceae as compared to 3-

9% in the other treatments.  Lactobacillus was significantly increased in the DP group 

relative to DC.  At day 14, 83% of significantly different taxa were Firmicutes, and 63% 

were Clostridia.   

Analysis of the taxonomic groups represented in each treatment at day 28 indicate 

that most significant changes occur in the Firmicutes phylum, including differences in the 

abundance of Ruminococcaceae, Lachnospiraceae, and Peptostreptococcaceae (Table 2).  
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Lactobacillus is also increased in the DP group relative to DC.  Eighty-one percent of all 

significantly different taxa at day 28 were in the Order Clostridiales.   

 

Treatment-induced changes in microbiome diversity lead to predicted changes in 

abundance of functional gene families 

 Estimates were made of the functional changes that may occur in the cecal 

microbiome following treatment using closed-reference OTU-picking and PICRUSt.  Gene 

groups targeted for statistical analysis had an FDR-corrected P < 0.01, and an effect size of 

0.7 or higher.  At day 14, samples cluster primarily by probiotic treatment, and the VP group 

is most distinct from other treatments.  The combination of ST and probiotic treatments 

increases the expected proportion of genes related to environment-sensing; two-component 

systems, bacterial motility, chemotaxis, and flagellar component assembly genes were 

predicted to increase.  DC, DP, and VC groups have relatively higher abundance of genes 

related to amino acid metabolism, DNA repair and replication, and translation (Figure 4A).  

The differences between DC, DP, and VC groups were minor, but the DP group displayed 

the lowest expected abundance of two-component system and bacterial motility genes. 

 Fewer gene groups met the inclusion criteria at day 28, and the total relative 

abundance of included gene groups was lower than at day 14.  At day 28, DP and VP 

treatment groups display higher predicted levels of genes related to one carbon metabolism, 

terpenoid synthesis, and translation proteins (Figure 4B).  DC and DP groups had higher 

proportions of fatty acid metabolism, drug metabolism, and signal transduction gene 

pathways.   
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 Relative abundance tables of taxa and predicted gene groups were used to generate 

area charts of between-treatment changes in taxa and gene groups.  Vaccine and Probiotic 

groups differ from the DC group taxonomically at both day 14 and day 28.  Gene group 

abundance shows less treatment-specific variability (Figure 5).  

 

DISCUSSION 

Little is known about the development of the microbiome in young birds, and how it 

is affected by different stimuli (7).  The goal of this study was to characterize the healthy 

developing microbiome in chickens and understand how commonly used bacterial treatments 

intended to improve or maintain health would affect this process.  This is important in the 

food animal industry as there are numerous feed additives intended to improve animal health, 

either directly or indirectly through improving gut health.  However; the mechanisms by 

which these amendments work are poorly understood.  Most claim to enhance health and 

performance via manipulation of the host intestinal microbiome, but the mechanism of action 

has been studied in very few of these products (24,25).   

In the present study, we administered two commonly used live bacterial treatments 

applied in poultry production to enhance intestinal health and function.  According to the 

manufacturer, the live Salmonella Typhimurium vaccine used here is intended to prevent 

colonization of the gut and internal organs by multiple types of Salmonella including 

Heidelberg, Typhimurium, Hadar, Kentucky, and Enteritidis (26).  Similarly, the probiotic 

used here is intended to maintain healthy microbiota balance in the gut (27).  We investigated 

to what extent these health-promoting treatments affect the microbiome of young chicks.  
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We found that the post-hatch intestinal microbiome has low diversity dominated by 

Gram negative bacteria, particularly Enterobacteriaceae, which includes Salmonella, 

Klebsiella, Proteus, and E coli.  During the first week of life there is a shift to a much more 

diverse community comprised of a wide variety of Gram positive bacteria, mainly within the 

Clostridiales group, resulting in a correspondingly smaller proportion of Gram negative 

bacteria (Figure 1).  The proportion of Gram negative bacteria in the cecum at day 28 is less 

than 6%, and it is almost entirely Enterobacteriaceae.   

Data from the present study suggest a microbiome more affected by age than 

treatment (Figure 2A).  Irrespective of treatment, all groups show a sharp decline in 

Enterobacteriaceae with age, including the vaccinated groups, where levels of 

Enterobacteriaceae would be expected to increase following Salmonella (member of the 

Enterobacteriaceae family) vaccination.  Nor does addition of a Firmicutes-based probiotic 

product stimulate more rapid conversion to a Firmicutes-dominated microbiome (Figure 2B) 

in probiotic-fed animals.  Day-old birds begin with a gut colonized by few bacterial species 

at a concentration several orders of magnitude lower than mature animals (28,29), so it is 

likely that the primary driver of age-dependent increase in complexity is bacteria colonizing 

a previously empty niche.  However, diet can also play a major role in the composition of the 

microbiome and exerts an influence on the developing and mature gut (30,31).  Studies by 

Sergeant, et al characterizing the microbiome of wheat-fed chickens reported Megamonas 

and Negativicutes as more abundant in their adult birds, while the Firmicutes most 

commonly seen in this trial, Lachnospiraceae and Ruminococcaceae, were less abundant 

(32). The effect of gut development on the intestinal  microbiome is more difficult to 
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quantify; though studies of germ free and gnotobiotic mice clearly demonstrate the 

microbiome is essential to the development of a fully-functioning gut (33,34), whether the 

developmental stage of the gut is a variable influencing the development of the microbiome 

is less clear.   

Despite the strong relationship between age and composition of the microbiome, the 

bacterial treatments included in this study did affect the microbiome.  Principal coordinate 

analysis of the four treatment groups at days 1, 7, 14, and 28 illustrate the impact of both 

vaccination and probiotic supplementation on the microbiome (Figure 3A).   Despite the fact 

that the vaccine is only administered on day 0, global R statistics demonstrate the impact of 

ST on the composition of the microbiome is on par with that of the continuously fed 

probiotic at days 14 (vaccine = 0.802, probiotic = 0.882) and 28 (vaccine = 0.697, probiotic = 

0.705).  The magnitude of the effect of the one-time ST inoculation is nearly as great as that 

of the continuously fed probiotic despite low levels of the ST-containing taxonomic group 

Enterobacteriaceae after day 7, suggesting early colonizers influence the relative abundance 

of the microbiome despite being transient themselves.  While little is known about the long-

term effects of early microbiome perturbation, some studies support this idea (35,36).   

To understand the impact of treatment at the taxonomic level, SIMPER was 

conducted to identify species contributing to differences between treated and untreated 

animals.  Most of the differences between DC and treated animals at days 14 and 28 involve 

Lachnospiraceae, Ruminococcaceae, and other Clostridiales (Tables 3 and 4).  Though 

abundance of Lactobacillus in the DP and VP groups is higher at day 14 (P < 0.05), the 

magnitude of the increase in VP over DC is not great enough for Lactobacillus to be a major 
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source of dissimilarity.  There is little microbiological evidence that the bacterial products 

applied in this study interfere with each other; levels of Lactobacillus are not significantly 

lower in the VP group than the DP group, and VP animals remain ST-positive at day 28 (data 

not shown).  There are signs of treatment interaction; however, ST vaccination decreases 

abundance of the group Clostridiales other, and the combination of probiotic and vaccine 

results in the strongest difference from the DP group; 11% reduced to 1% of the identified 

bacteria, perhaps indicating a synergy between the two treatments that makes the cecum a 

more hostile environment for this group of bacteria.   

 Changes in taxonomic diversity are the most used indicator to infer changes in 

microbiological activity, but it is becoming apparent that many of the functions of a normal 

microbiome can be carried out by a number of microbial groups (37,38).  Therefore, 

understanding how treatments affect taxonomic abundance may not provide us with a 

complete understanding of how they impact healthy and diseased guts, or develop therapies 

that target the predominant cause of gut dysbiosis; a change in function.  In its entirety, the 

chicken gut is estimated to be colonized by as many as 1013 microbes, and they have a 

combined genetic potential far in excess of the ~20,000 genes identified in the chicken 

genome (39,40).  PICRUSt uses the 16S rRNA genes obtained during sequencing to infer the 

presence of functional genes known or predicted to be associated with those 16S sequences.  

At day 14, there were predicted increases in the VP group in genes related to motility, 

flagellar assembly, chemotaxis, and two-component system. In contrast, VP microbiomes 

displayed lower abundance of many protein and energy metabolism genes, as well as genes 

related to DNA replication and protein translation (Figure 4A).  Supporting the taxonomic 
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data suggesting that the microbiome is still equilibrating at day 14 (Figures 2 and 3), the 

functional changes at day 28 are both fewer and less dramatic (Figure 5).  The VP group 

exhibits the most variation of the 4 treatments, and suggests changes in a few cellular 

metabolism pathways.  Interestingly, the effect of probiotic supplementation and its 

interaction with the vaccine appears to stimulate more functional changes than the vaccine 

group alone.  At days 14 and 28 the DP and VP groups were more likely to have either the 

highest or lowest levels of any given gene group. 

A possible contributor to the lack of more dramatic functional diversity between 

treatment groups at day 28 could be limitations inherent to this technique and its application 

to avian microbial communities.  One of these is its reliance on sequenced and annotated 

genomes.  Though comparisons between PICRUSt results and metagenomics data from the 

same samples have shown the predictive value of PICRUSt analysis is very good (20,41), 

16S genes without a confident phylogenetic assignment cannot be used as marker genes.  

Because of this, about 15% of the 16S sequences were filtered out at day 14 and over 20% at 

day 28.  This number of unknown or uncharacterized sequences may be higher in the avian 

microbiome than in the human or murine microbiome, as the databases used in this process 

were all developed based on mammalian microbiota; chicken-specific microbes that may be 

important in this system could be excluded from analysis because they are not part of the 16s 

and/or KEGG databases.  However, this analytical technique has been successfully used on 

avian microbiomes in the past (6).  While the difference in excluded taxa between time points 

is not large, it is possible that the bacteria excluded from analysis are active in the 

community; evaluation of those taxa excluded from PICRUSt analysis indicates that some 
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are differentially abundant between treatment groups (Supplemental Tables 3 and 4).  These 

bacteria could play a significant role in the activity of the microbiome.  Bacteria falling under 

the Clostriadiales Other group were consistently higher in the DC group relative to other 

treatments, and could represent an unmeasured source of functional differences between 

treatment groups.  However, their metagenomic contribution to the community cannot be 

known without further characterization of their genome. 

The relative lack of functional gene differences at day 28 could also be an indication 

that despite continuing taxonomic differences, the microbiome in each treatment is 

converging toward a similar metabolic pattern.  Conservation of function across a variety of 

microbial profiles has been described in other studies, and extreme dysregulation of the 

microbiome may be required before severe or protracted functional changes occur (37).  

Figure 5 illustrates this concept; while the bacterial treatments applied in this study affect 

both the taxonomic and inferred metagenomic composition of the microbiome, even 

statistically significant changes in function gene content are minor when compared to the 

taxonomic changes seen in the same animals.   

In the present study, the chickens were all free of visible disease or stress, and it is 

possible their gut microbiota were functioning in their optimal range with or without 

treatment.  It is also important to note these birds were not given a pathogen challenge or 

other stressor of any kind.  The addition of vaccinations or probiotics to a chicken with a 

dysbiotic gut microbiome might yield more significant functional changes.  Recent studies 

demonstrated that exposure of mice to antibiotics at an early age can have a deleterious effect 

on the diversity of the microbiome for several months following treatment (42).  This study 
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showed no such effect from probiotic or vaccination.  The value of select dietary treatments 

and management practices in poultry production may be their ability to increase the speed at 

which a disturbed or stunted microbiome is able to return to a normal functional state.   

 In conclusion, one-time oral inoculation with a live ST strain and daily ingestion of a 

probiotic feed supplement both alter the microbiome of growing chicks.  These differences 

persisted throughout the study, and are centered on changes in the abundance of core 

microbes present in all treatment groups.  The results of this trial suggest that common 

bacterial treatments such as probiotics and bacterial vaccines affect the taxonomic 

composition of the microbiome, but only have transient or small effects on the function and 

activity of the microbiome under non-stressed growth conditions.  In contrast, as has been 

seen in other studies (7), age played a major role in the composition and richness of the 

bacterial community.  Major shifts from day of hatch to day 14 centered on the early 

dominance of Enterobacteriaceae, followed by a transition to Firmicutes-dominated ceca.  

Future studies will focus on understanding the functional and phylogenetic parameters of a 

normal developing microbiome, and to evaluate the effect of treatments like these on that 

normal range of microbial profiles.   
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Table 2.1.  Similarity percentage analysis (SIMPER) of treatment groups at day 14a. 

     Average abundance % Contribution 

to dissimilarity
b Phylum Class Order Family Genus DC DP 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 1% 16% *
d 19.4 

Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae
c  16% 3% * 15.65 

Firmicutes Clostridia Clostridiales Lachnospiraceae Ruminococcus 25% 26% 15.27 
Firmicutes Clostridia Clostridiales Ruminococcaceae  19% 14% * 9.01 
Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillospira 11% 15% 8.58 

     DC VC  
Firmicutes Clostridia Clostridiales Lachnospiraceae  8% 16% * 15.4 
Firmicutes Clostridia Clostridiales   4% 12% * 14.57 
Firmicutes Clostridia Clostridiales Ruminococcaceae  19% 13% * 13.61 
Firmicutes Clostridia Clostridiales Lachnospiraceae Ruminococcus 25% 24% 13.28 
Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae  16% 9% * 13.12 

     DC VP  
Firmicutes Clostridia Clostridiales Lachnospiraceae  8% 39% * 25.58 
Firmicutes Clostridia Clostridiales Lachnospiraceae Ruminococcus 25% 2% * 18.69 
Firmicutes Clostridia Clostridiales Ruminococcaceae  19% 3% * 13.46 
Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae  16% 5% * 9.07 
Firmicutes Clostridia Clostridiales   4% 14% * 8.95 
aTop 5 taxa shown for each comparison 
bPercent contribution to total dissimilarity between treatment groups under comparison 
cIf a sequence matches more than one possible taxon, classification stops at the next highest level 
dIndicates significance at P<0.05  
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Table 2.2.  Similarity percentage analysis (SIMPER) of treatment groups at day 28a. 

 

     Average abundance % Contribution 

to dissimilarity
b Phylum Class Order Family Genus DC DP 

Firmicutes Clostridia Clostridiales Lachnospiraceae Ruminococcus
c 12% 19% 16.65 

Firmicutes Clostridia Clostridiales Ruminococcaceae 11% 18% *
d 12.94 

Firmicutes Clostridia Clostridiales Other Other
e 11% 5% * 9.57 

Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillospira 12% 8% * 9.22 
Firmicutes Clostridia Erysipelotrichales Erysipelotrichaceae 2% 5% 7.73 

     DC VC  
Firmicutes Clostridia Clostridiales   12% 21% * 15.41 
Firmicutes Clostridia Clostridiales Lachnospiraceae 15% 10% * 13.49 
Firmicutes Clostridia Clostridiales Other Other 11% 4% * 12.26 
Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus 5% 9% 7.53 
Firmicutes Clostridia Clostridiales Lachnospiraceae Ruminococcus 12% 12% 7.45 

     DC VP  
Firmicutes Clostridia Clostridiales   12% 36% * 32.27 
Firmicutes Clostridia Clostridiales Lachnospiraceae 15% 5% * 14.03 
Firmicutes Clostridia Clostridiales Other Other 11% 1% * 13.05 
Firmicutes Clostridia Clostridiales Ruminococcaceae 11% 16% * 6.85 
Firmicutes Clostridia Clostridiales Lachnospiraceae Ruminococcus 12% 11% 5.11 
aTop 5 taxa shown for each comparison 
bPercent contribution to total dissimilarity between treatment groups under comparison 
cIf a sequence matches more than one possible taxon, classification stops at the next highest level  
dIndicates significance at P ≤ 0.05 
e”Other” indicates the sequence in question has not been assigned to a taxonomic group at that level 
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Table S2.1. Diet Composition 

Feed component % 

Ground Corn 62.66 

Soybean Meal  28.4 

Limestone 1.2 

Dicalcium Phosphate (18.5% P) 1.45 

Lysine HCl (78.5%) 0.24 

DL-Methionine 0.2 

Salt 0.4 

Poultry TM (TM-90) 0.2 

Choline Chloride (60%) 0.05 

Vitamin Premix (NCSU-90) 0.1 

Poultry Fat (Pet Food Grade) 5 

 

 

 

Table S2.2. Number of samples included in analysis for each treatment and time-point 

  Treatment 

  DC DP VC VP 

Time-point 

0 5b 4b 0ab 1b 

1 5b 4b 5b 2b 

3 6 6 5b 5a 

7 5b 6 6 6 

14 6 5a 6 5b 

28 6 5a 6 6 
aSamples were removed due to low sequence coverage 
bSamples unavailable or removed due to low concentration/quality DNA  
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Table S2.3. Taxa removed from data set prior to PIRCRUSt analysis, day 14 

Order Family Genus Vaccine-Probiotic Diluent-Control Vaccine-Control Diluent-Probiotic FDR P-valuea 

Clostridiales Other Other 0.041214068b 0.064510661 0.015479525 0.015402587 0.017 

Coriobacteriales Coriobacteriaceae Eggerthella 6.04E-06 4.22E-06 0.00022303 0 0.017 

Clostridiales Lachnospiraceae Other 0.011904706 0.008327372 0.022081509 0.00564618 0.017 

Clostridiales Clostridiaceae Other 0.006184172 0.001117249 0.001332672 0.003856649 0.017 

Bacillales Other Other 0 0 0 0.000271699 0.017 

Clostridiales Ruminococcaceae Other 0.001114086 0.000300223 0.000643586 0.00058587 0.031 

Bacillales Bacillaceae Other 5.08E-06 1.49E-05 0 0.015280536 0.072 

Bacillales Bacillaceae Bacillus 0 0 0 0.001512628 0.072 

Bacillales Planococcaceae Other 0 0 0 0.000587725 0.072 

Bacillales Planococcaceae Planomicrobium 0 0 0 0.000115094 0.072 

Bacillales Planococcaceae Rummeliibacillus 0 0 0 4.46E-05 0.072 

Turicibacterales Turicibacteraceae Turicibacter 0 0 0 0.000108341 0.072 

Rickettsiales Mitochondria Other 6.04E-06 0 2.90E-05 0 0.072 

Thiotrichales Thiotrichaceae B46 0 3.17E-05 4.89E-06 0 0.072 

Lactobacillales Other Other 0 1.84E-05 9.09E-06 0.000199248 0.072 

Clostridiales Peptostreptococcaceae Other 0 7.43E-05 3.43E-05 0.000249114 0.072 

Other Other Other 0.000492427 0.001540406 0.000857901 0.001166976 0.072 

Enterobacteriales Enterobacteriaceae Other 0.002747429 0.002343169 0.001742816 0.000487024 0.114 

Lactobacillales Enterococcaceae Other 2.77E-05 9.34E-06 3.32E-05 0.000111409 0.282 

Other Other Other 1.22E-05 1.90E-05 0 0 0.419 

Other Other Other 1.81E-05 0 0 0 0.493 

Rhizobiales Brucellaceae Other 2.21E-05 0 0 0 0.493 

Lactobacillales Leuconostocaceae  0 1.49E-05 2.25E-05 0 0.509 
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Table S2.3 Continued       

Clostridiales Clostridiaceae  3.02E-05 5.83E-06 5.17E-05 8.88E-05 0.509 

Bacteroidales [Barnesiellaceae] Other 0 9.50E-06 0 0 0.509 

Other Other Other 0 0 9.81E-06 0 0.509 

Clostridiales Clostridiaceae Sarcina 0 1.17E-05 0 0 0.509 

Clostridiales Lachnospiraceae Lachnospira 0 0 1.47E-05 0 0.509 

Other Other Other 0 1.17E-05 9.09E-06 0 0.663 

Other Other Other 0 9.92E-06 9.09E-06 0 0.663 
aFalse-discovery-corrected P-values from Kruskal-Wallis tests. 

bValues represent relative abundance as a proportion of 1. 
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Table S2.4. Taxa removed from dataset prior to PICRUSt analysis, day 28 

Order Family Genus Diluent-Control Diluent-Probiotic Vaccine-Control Vaccine-Probiotic FDR P-valueb 

Coriobacteriales Coriobacteriaceae Eggerthella 0b 0 0.001462938 0.000180123 0.008 

Clostridiales Other Other 0.108313679 0.052878584 0.043422939 0.012453526 0.011 

Enterobacteriales Enterobacteriaceae Other 0.000790157 0.001483962 0.001049698 0.000143583 0.176 

Clostridiales Clostridiaceae Other 0.003119151 0.001172701 0.00253042 0.002301304 0.276 

Clostridiales Ruminococcaceae Other 0.002158875 0.00093703 0.00156716 0.00147708 0.276 

Enterobacteriales Enterobacteriaceae Citrobacter 4.23E-05 1.01E-05 0 0 0.276 

Bacillales Bacillaceae Other 0 0.000680933 0 1.12E-05 0.276 

Clostridiales Lachnospiraceae Butyrivibrio 1.94E-05 3.10E-05 0 0 0.276 

Bacillales Bacillaceae Bacillus 2.59E-05 0 0 0 0.280 

Clostridiales Peptostreptococcaceae Other 6.82E-06 1.60E-05 3.80E-05 0.000155064 0.307 

Clostridiales Lachnospiraceae Other 0.014636359 0.014745188 0.017493251 0.011349562 0.325 

Bacillales Other Other 0 2.14E-05 0 3.22E-05 0.345 

Clostridiales Clostridiaceae Alkaliphilus 0 0 0 9.41E-06 0.358 

Clostridiales Lachnospiraceae Lachnospira 2.22E-05 1.78E-05 0 0 0.358 

Rickettsiales Mitochondria Other 3.59E-05 1.33E-05 4.71E-06 3.39E-05 0.450 

Other Other Other 3.27E-05 9.05E-05 0 5.83E-05 0.458 

Other Other Other 0 1.01E-05 0 0 0.458 

Rubrobacterales Rubrobacteraceae Rubrobacter 1.36E-05 0 0 0 0.458 

Bacillales Bacillaceae Anaerobacillus 3.31E-05 0 0 0 0.458 

Bacillales Planococcaceae Planomicrobium 0 1.25E-05 0 0 0.458 

Lactobacillales Other Other 0 2.14E-05 0 0 0.458 

Clostridiales Lachnospiraceae Clostridium 0 1.60E-05 0 0 0.458 
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Table S2.4 Continued       

Erysipelotrichales Erysipelotrichaceae Other 1.36E-05 0 0 0 0.458 

Burkholderiales Alcaligenaceae Sutterella 1.25E-05 0 0 0 0.458 

Desulfobacterales Desulfobulbaceae  0 1.07E-05 0 0 0.458 

Enterobacteriales Enterobacteriaceae Klebsiella 1.36E-05 0 0 0 0.458 

Enterobacteriales Enterobacteriaceae Proteus 0 1.60E-05 0 0 0.458 

Lactobacillales Enterococcaceae Other 6.40E-05 3.74E-05 1.88E-05 1.50E-05 0.473 

Bacillales Planococcaceae Other 0 0 0 7.62E-06 0.532 

Bacillales Planococcaceae Rummeliibacillus 0 0 0 1.52E-05 0.532 

Clostridiales Ruminococcaceae Ethanoligenens 0 0 0 8.82E-06 0.532 

Other Other Other 1.23E-05 0 0 7.62E-06 0.583 

Clostridiales Lachnospiraceae Anaerostipes 0 2.50E-05 0 8.82E-06 0.583 

Bacillales Planococcaceae  0 1.60E-05 0 1.90E-05 0.583 

Pseudanabaenales Pseudanabaenaceae Leptolyngbya 1.32E-05 1.25E-05 0 8.82E-06 0.739 

Other Other Other 0.001976425 0.00209155 0.001295505 0.001626973 0.840 
aFalse-discovery-corrected P-values from Kruskal-Wallis tests. 

bValues represent relative abundance as a proportion of 1. 
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Figure 2.1. As the cecal microbiome develops, the dominant taxa shift from Gram 

negative to Gram positive bacteria.  A heatmap of taxonomic groups present in untreated 

(DC) samples over time was generated with Qiime. The composition of the microbiome in 

DC animals was evaluated to identify trends in the development of the normal microbiome 

over time.  There is a consistent decrease in the proportion of Enterobacteriaceae and 

Enterococcus over time, and an increase in levels of Clostridiales groups like Ruminococcus 

and Oscillospira. Sequence coverage was normalized to 16,260 reads/sample.   
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Figure 2.2. Age is the dominant factor in the composition of the microbiome.   (A) 

Principal coordinate analysis of samples was conducted using Primer-E and samples were 

labeled based on age. Samples are clustered on two axes based on a multi-dimensional 

analysis of their sequence diversity and abundance.  As the animals age, their microbiome 

increases in complexity but decreases in variability between samples, even between treatment 

groups. The effect of age was stronger than the effect of vaccine or probiotic. Differences 

between all time points were significant at permutational P-value < 0.05, with the exception 

of day 0 vs days 1 and 3. Coordinate loading for each principal coordinate shows the primary 

taxonomic groups contributing to each axis.  Each data point represents a sample in the 

appropriate time point, and samples from all treatment groups are included in the analysis.  

(B) The phylum and class of sequences with an average relative abundance of 1% or greater 

are displayed by time point and treatment.  All treatment groups started with high levels of 

Gammaproteobacteria which shifted with age into a Firmicutes-dominated community with 

large numbers of Clostridia.  Taxonomy assignments were generated with QIIME, and PCoA 

plots were generated with Primer-E.  Sequence coverage was normalized to 16,260 

reads/sample.   
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Figure 2.3. Principal coordinate analysis and rarefaction analyses demonstrate the 

impact of the treatments over time.  (A) Principal coordinate analysis generated with 

Primer-E demonstrate the effect of treatments at 1, 7, 14, and 28 days of age.  There are no 

significant treatment differences at day 1.  By day 7, treatment groups are statistically 

different based on PERMANOVA tests.  Treatment groups cluster visually at day 14 and 28.  

All treatment groups at days 7, 14, and 28 were different at permutational P < 0.05. (B) 

Rarefaction of observed species (unique OTUs) at individual time points was conducted 

using QIIME, and demonstrate the rapid development of taxonomic diversity.  Treatment 

groups show similar diversity at Day 1.  At day 7, DP and VP tend to have lower diversity 

than VC (P = 0.078 and 0.054, respectively).  At day 14, DP and VP diversity is significantly 

lower than DC and VC diversity (P < 0.05).  By day 28, community diversity is similar 

between treatments. Sequence coverage was normalized for each time point individually: day 

1 (16,577 reads/sample), day 7 (16,668 reads/sample), day 14 (20,263 reads/sample), day 28 

(20,263 reads/sample). 
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Figure 2.4. At both day 14 and day 28, the VP group shows the greatest divergence in 

predicted metagenomic content.  PICRUSt was used to generate a list of genes inferred to 

be present in the samples, their relative abundance, and the gene pathways with which they 

are associated.  A heatmap was generated with STAMP.  Samples were clustered using a 

nearest neighbor metric, and pathways were colored based on their percent abundance 

relative to all measured genes. All listed gene groups are significantly different between 

treatment groups with an effect size > 0.70 and FDR-corrected P < 0.01.  The combination of 

vaccine and probiotic treatments stimulates changes in several gene groups and pathways at 

day 14 (A), namely increases in chemotaxis, two-component system, flagellar assembly, and 

bacterial motility.  Decreases in the VP group include metabolic processes such as amino 

acid metabolism, DNA replication, and protein translation.  (B) There are fewer significantly 

different pathways at day 28 and changes are largely related to cell metabolism. 
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Figure 2.5.  Comparison of taxonomic and gene-group abundance trends at day 14 and 

day 28.  Relative abundance of taxonomic groups and predicted abundance of functional 

gene groups demonstrate the stability of gene group abundances relative to changes in 

taxonomic groups. Relative abundance tables for taxa and gene group were assembled and 

used to generate area charts of all samples at days 14 and 28.  The relative abundance of 

every identified taxonomic or functional gene group is shown for each sample; (A) predicted 

gene groups at day 14, (B) taxonomic groups at day 14, (C) predicted gene groups at day 28, 

(D) taxonomic groups at day 28.  At day 14, there are clear taxonomic differences between 

treatments (A), and smaller changes in the abundance of a few gene groups (B).  At day 28, 

taxonomic changes (C) are accompanied by few visible changes in gene group abundance 

(D). 
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CHAPTER 3: DIFFERENTIAL EFFECT OF DIET AND PROBIOTICS ON 

MICROBIAL POPULATIONS ALONG THE AVIAN GASTROINTESTINAL 

TRACT.2  

                                                 
2 AL Ballou, RA Ali, MD Koci. Applied and Environmental Microbiology. Submitted 
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ABSTRACT 

 As food and bacteria are consumed by the host, it moves through the various 

segments of the gastrointestinal (GI) tract.  Each region has a unique role in digestion and 

absorption.  The response of the microbes in these different regions to stimuli can affect the 

host as well as the microbial populations in subsequent regions.  As the microbiome field 

moves from associating changing tax with host phenotypes, towards identifying specific 

bacterial-host interactions responsible for functional differences it is critical that we 

understand how the microbiome changes along the GI tract.  To begin to address this, we 

collected digesta from six locations (crop, gizzard, duodenum, jejunum, ileum, and cecum) 

along the gastrointestinal tract of chickens receiving one of two diets with or without a 

probiotic.  Analysis of 16S rDNA sequences revealed that GI location was the strongest 

predictor of similarity among samples, influencing the microbiome more than diet or 

probiotic treatment.  Of the locations evaluated, the cecum had the highest phylogenetic 

diversity.  However, the ileal microbiome had more treatment-related changes than the 

cecum.  Furthermore, in silico metagenomics (PICRUSt) analysis suggested changes in the 

ileum had a greater potential for functional differences.  The ileum of probiotic-fed animals 

had reductions in bacteria associated with inflammation and increased potential for 

production of the anti-inflammatory short chain fatty acid, butyrate.  These data suggest 

changes in ileal microbiota are more closely related to changes in host physiology.  This 

highlights the need for a better understanding of how specific treatments influence changes in 

the microbiome along the GI.  
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IMPORTANCE  

The gut is often discussed as one organ, but functionally it is segmented into regions 

with distinct roles in digestion and absorption.  These different regions result in distinct 

environments for bacteria to live.  Changes in the distinct bacterial populations in any region 

can affect the host.  Understanding the regional differences in these communities is critical to 

our ability to use the microbiome to maximize host health.  In this study, we evaluated the 

microbial populations of six gut segments in chickens eating one of two diets, with or 

without a probiotic.  Gut location played a stronger role in the makeup of the microbial 

population than the diets or probiotic; however, when examined individually, the ileum had 

the most probiotic-induced changes with the greatest potential for affecting the host.  As we 

work to understand how probiotics affect host health, these results demonstrate our attention 

should focus on host-microbe interactions in the ileum.  
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INTRODUCTION 

Every animal relies on their gut microbiome for normal function.  The microbiome 

has the ability to regulate immune function, gastrointestinal (GI) development, metabolism, 

and more (1–4).  Many questions remain, however, regarding how and where gut bacteria 

exert an effect on the host, and this lack of information currently limits our ability to 

determine the mechanics of probiotic-host interactions.  Most microbiome-focused studies 

evaluate the microbe-rich feces or colon, but this likely over represents the organisms in this 

final region of the GI tract.  The avian GI changes considerably from region to region, 

reflecting the physiological role of each segment.  In the crop, consumed food is stored 

exposed to amylase and other salivary enzymes.  As the process of digestion begins in the 

mildly acidic (pH of 4-5) environment, fermentative bacteria also bloom (5, 6).  Food then 

moves quickly through the proventriculus where gastric acids and enzymes are secreted, 

followed by the gizzard, where the combination of muscular contractions and gastric acid 

further breaks down the particles in an environment with activated enzymes such as trypsin 

and chymotrypsin and a pH of 3.5-4 (7). The bulk of digestion and absorption occurs in the 

pH-neutral small intestine (SI), a region also rich in immune cells (7, 8).  The cecum is the 

primary site of fermentation in the chicken, and supports as much as 10x more anaerobic 

bacteria than the other GI regions (7).  Host-microbiome interactions in the SI and upper GI 

could have important impact on nutrition, GI health, and immune function.  Understanding 

the microbial differences between regions of the GI tract is critical to our ability to regulate 

the host microbiome to boost health and productivity.   
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 There are an ever-increasing number of products being used in humans and animals 

to regulate host health, through the augmentation of the microbiome.  The most common 

approach has been through the use of probiotics; however, our understanding of where in the 

GI tract these products exhibit their effect is limited.  The body of research related to 

probiotics in poultry is growing, and probiotics in poultry have been shown to stimulate 

immune function, GI development, and performance (9–13).  Previous studies in our 

laboratory demonstrated the addition of a specific probiotic consortium alters gut 

development and immune function in the small intestine and upper GI (10, 11, 14).  

Additionally, this probiotic upregulates systemic immune activity, suggesting that changes in 

the small intestine may impact the whole animal (10).  Further study of these probiotics 

species will demonstrate how they interact with the microbiome and host in these locations, 

enabling us to improve animal health through the microbiome.   

The scientists and animal producers using these probiotics prefer a variety of diets 

based on availability, desired outcome, and economics.  Not only do these diets come with 

nutritional variations that may impact microbial growth in the GI, they are also accompanied 

by diverse groups of bacteria associated with their individual components.  These 

populations may contribute to the microbiome in some regions, but compete with the 

established populations in others.  Several studies in humans and mice have shown diet to be 

an important factor in microbiome development and composition (15–17).  These changes 

extended beyond phylogenetic profile impacting host gene expression and digestive activity, 

as well (17).  However, not all dietary changes provoke a response in the microbiome (18).  
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Diet-based effects may be both specific to the GI location, and dependent on the nature of the 

diet.   

The purpose of this study was to provide insight into regulation of microbiome 

composition through dietary treatments and host physiology.  To accomplish this, we 

evaluated the impact of two nutritionally complete diets and a probiotic product on chickens 

and their microbiomes at several GI locations.  The results suggest the microbiome of each 

major GI segment reflects its physiological environment, and that the small intestine is an 

important region for host-microbe interactions. 

 

MATERIALS AND METHODS 

Experimental Design 

Twenty-four 1-day-old mixed sex broiler-type chicks were randomly assigned to 1 of 

2 diets and 1 of 2 probiotic groups.  Diets were a corn-soybean based diet obtained from 

Purina (Diet A; LabDiet®, St. Louis, MO; Table 1), and a corn-soybean diet obtained from 

the NC State University feed mill (Diet B; Table 1).  Within each diet, 6 animals received 

either the diet alone (CON) or the diet with the addition of 0.3% probiotic (PB).  The 

probiotic, PrimaLac® contains Lactobacillus acidophilus, Lactobacillus casei, Enterococcus 

faecium, and Bifidobacterium bifidium (Star Labs Inc., Clarksdale, MO).  It was added to the 

probiotic groups’ feed prior to the experiment (approximately 3x105 CFU/gram feed).  

Animals in all groups were fed ad libitum for four weeks.  Animals in the same treatment 

group were cohoused in pens on mesh floors.  All animals were maintained and euthanized 
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under an approved protocol from the North Carolina State University Institutional Animal 

Care and Use Committee (OLAW #D16-00214). 

 

Sample Collection 

Six chickens from each treatment group were euthanized on day 28 and the contents 

of 6 GI locations (crop, gizzard, duodenum, jejunum, ileum, and cecum) were sampled.  

Digesta were placed into microfuge tubes and frozen at -80°C prior to DNA isolation.  The 

crop was subsampled, while the low volume of the gizzard necessitated collecting the 

entirety of its contents.  Duodenal samples were collected at the mid-point of the duodenal 

loop, jejunal samples were collected at the mid-point between the end of the duodenal loop 

and Meckel’s diverticulum, and ileal samples were collected from the mid-point between 

Meckel’s diverticulum and the ileo-cecal junction.  Cecal samples were expressed from the 

top of cecum only. 

 

DNA Isolation and 16S Sequencing 

 DNA was isolated using the MO BIO Power Soil kit (MO BIO, Carlsbad, CA) with 

the following modifications: a 10-minute, 65° C incubation step was added and samples were 

homogenized for 45s at 5100 RPM using the provided garnet bead-containing tubes and a 

Precellys 24 homogenizer (Precellys, Montigny-le-Bretonneux, France).  DNA was 

quantified using a NanoDrop 2000 spectrophotometer (NanoDrop, Wilmington, DE).  

Library preparation and MiSeq 151x151 paired-end sequencing (Illumina, San Diego, CA) 
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were performed by the Argonne National Laboratory Institute for Genomics and Systems 

Biology Next Generation Sequencing Core using a protocol and primers recommended and 

previously described by the Earth Microbiome project and others (19). Primers spanned the 

V4 region of the 16S rRNA gene (515F: GTGYCAGCMGCCGCGGTAA, 806R: 

GGACTACHVGGGTWTCTAAT).  Studies estimating microbial composition using the V4 region 

report diversity measurements comparable to those obtained with full-length 16S sequences 

(20). 

 

Sequence Data Analysis 

 The unpaired raw sequencing reads were paired and filtered using EA-Utils (Aronesty 

E. 2011. ea-utils : Command-line tools for processing biological sequencing data.).  Paired 

reads were processed using the QIIME suite of tools (v 1.8.0) (21) and barcode matching and 

quality filtering were conducted prior to picking operational taxonomic units (OTUs).  OTUs 

were picked using an open-reference protocol.  Prior to further analysis, samples were 

rarefied to 11,900 sequences/sample; samples with low sequence coverage (below 11,900 

sequences/sample; 4 out of 129 samples) or low sequence quality (1 ileal sample) were 

excluded from analysis.  Taxonomic assignments, alpha and beta diversity metrics, and 

statistical analysis were generated using QIIME and Primer-E (Clarke K, Gorley R. 2001. 

PRIMER v6 PRIMER-E Ltd., Ivybridge, UK) as described (21, 22) as well as the Phyloseq R 

package (23).  
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The figures used in this study were generated in R.  PCoA (principal coordinates 

analysis) was conducted using Bray-Curtis distances in the Phyloseq package.  Permutational 

multivariate analysis of variance (PERMANOVA) was conducted using the PERMANOVA+ 

add-on to Primer-E.  Main and pair-wise tests were conducted using up to 1000 permutations 

of residuals under a reduced model.  The Shannon diversity index for each location and 

treatment was generated using samples rarified to 11900 sequences/sample.  The 

compare_alpha_diversity.py script from QIIME was used to conduct nonparametric two-

sample t-tests on the Shannon diversity estimates between sample locations using 999 

permutations, employing a false discovery rate (FDR) correction. 

Metagenomic inferences from 16S amplicon data were made using the QIIME suite 

of tools (21, 24–26), PICRUSt (27) and KEGG (28).  Statistics and visualization of 

functional data were depicted using STAMP (29), as described (22). Benjamini-Hochberg 

FDR correction was applied to all comparisons between treatments, and significance is 

defined at q ≤ 0.05.  Principal coordinates analysis plots and extended error bar plots were 

generated at the 3rd level of the KEGG hierarchy (gene groups) (28).   

 

Accession numbers 

The sequences generated for this study have been submitted to the Sequence Read Archive, 

and are available for download.  Accession numbers are sequential from SAMN06029764-

SAMN06029892.  SRA study SRP095024. 
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RESULTS 

Evaluation of microbial profiles along the digestive tract. 

In order to obtain an understanding of how location and dietary treatments impact 

microbiome composition, 16S rDNA sequence data (6 GI locations x 6 animals x 4 

treatments) were analyzed for differences in alpha and beta diversity (Fig 1 and 2).  Principal 

coordinates analysis (PCoA) and PERMANOVA of the whole dataset revealed greater 

within-location similarity than within-treatment similarity (Fig 1A; Table S1, Table S2).  For 

example, the cecum, gizzard, and crop populations were highly similar from one animal to 

another, regardless of treatment.  Samples from the small intestinal locations (duodenum, 

jejunum, and ileum) were more variable within location than the cecum, gizzard, and crop.  

Samples from each diet were also evaluated for their microbial composition and these 

samples clustered together, separate from digesta samples, while the PB supplement samples 

clustered with the gizzard samples (Fig 1A).   

Treatment-based clustering of samples was more apparent when each location was 

examined individually, eliminating the effect of location (Fig 1B-H).  The microbial 

composition of the feed samples was not measurably affected by 0.3% PB supplementation.  

However, the composition of the PB supplement was notably different than that of either 

feed (Fig 1B).  Addition of PB to diet B had minimal impact on the overall community at 

each location (see Table S1), while A:PB was significantly different from A:CON in the 

ileum and cecum (Fig 1G and H, Table S1).  Comparison also revealed differences based on 

diet, rather than PB status (Fig 1C, D, G, and H; Table S1).     
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Changes in taxonomic richness were evaluated by location and treatment.  Based on 

the Shannon diversity index, the avian cecum had highest diversity (Fig 2) of any location, 

followed by the PB supplement.  The small intestine locations showed similar richness 

estimates. 

Approximately 20% of the sequences identified in the PB supplement were 

Lactobacillus, while Streptophyta, likely derived from the plant material in the probiotic’s 

carrier material, makes up another 19%. These and a diverse assortment of 12 other taxa 

made up 95% of the 16S sequences found in the probiotic (data not shown).  Bacillus, parent 

class to Enterococcus faecium, comprised about 2% of the supplement, and very few 

Bifidobacterium sequences were recovered, either in the supplement or in the GI samples.   

The phylogenetic composition of the microbiome was further evaluated at each GI 

location in order to determine specific taxonomic changes related to changes in the GI 

environment (Fig 3).  The dominant phyla in both feeds were Cyanobacteria and 

Proteobacteria. The crop contained high levels of Firmicutes, while the gizzard was more 

similar to the feed profile, with high levels of Cyanobacteria and Proteobacteria (Fig 3A).  

The crop, small intestine and cecum were dominated by Firmicutes, with varying levels of 

Cyanobacteria and Proteobacteria (Fig3A-C).  The cecum also contained moderate levels of 

Bacteroides (14-31%), which did not make up a major portion of the microbiome in any 

other location except the B:PB ileum (Fig 3F and G).  Though Firmicutes were abundant in 

most GI segments, Clostridiales dominated in the cecum, while Lactobacillales made up the 

majority of Firmicutes OTUs in the small intestine and crop (Fig 4). 
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Diet and probiotic affect microbiome composition in multiple locations.   

Statistical analysis of the taxonomic and predicted functional composition of the 

microbiome was conducted by location and treatment in order to determine which locations 

experienced treatment-specific changes.  Figure 5 illustrates the effect of diet and PB on the 

abundance of “Candidatus Savagella” (previously grouped with “Candidatus Arthromitus”) 

in the gut (30).  The majority of “Candidatus Savagella” sequences were located in the 

ileum, with a small fraction in the jejunum (Fig 5A).  Levels of “Candidatus Savagella” were 

over 2-fold higher in the A:CON group than in the B:CON group, and addition of PB 

reduced “Candidatus Savagella” in the ileum in both diets (Fig 5A).  PB treatment also 

increased total Ruminococcaeae, Lachnospiraceae, and Peptostreptococcaceae (Fig 5B).  

Ileal Lactobacillus abundance was variable, ranging from 21-81% (data not shown). 

Diet affected the microbiome of some gut locations.  Cecal samples from Diet A 

showed higher levels of Lachnospiraceae (P=0.002) than Diet B, including Blautia, Dorea, 

and other undefined genera.  Irrespective of diet, PB decreased an uncharacterized 

Clostridiales group, dropping it from 21 to 12% (data not shown).  In the A:PB group, 

Lactobacillus was significantly higher (P=0.05) at 15% of the total, compared with 1-3% in 

the other treatments.  Rikenellaceae showed an opposite trend in the A:PB treatment; it 

dropped relative to A:CON, from 26-31% to 14% of total sequences (P=0.11) (data not 

shown).   

 



 

 

 

 

 

 

84 

Diet and probiotic interact to alter potential metagenomic content in the ileum. 

The genomic potential of each sample was evaluated to identify possible changes in 

functional capacity due to treatment. The PICRUSt-derived inferred metagenomic content of 

each sample is summarized in Figure 6. PCoA scaling is highly similar between phylogenetic 

and metagenomic analysis (Fig 1A and 6A).  The cecum maintained a high level of 

functional similarity between all samples while also being distinct from other locations (Fig 

6A).  Two functional gene groups in the cecum were impacted by treatment; expression of 

glycine/serine/threonine metabolism genes and protein folding/processing genes were 

decreased in the A:PB group relative to A:CON (Fig 6B). 

In the ileum, 15 gene groups were affected by the interaction of diet and PB (Fig 7).  

No differences were identified between CON and PB groups in Diet B (data not shown).  The 

potential for increased expression of glycolysis/gluconeogenesis, ion-coupled transporters, 

benzoate metabolism, and butanoate metabolism was seen in the A:PB group, while bacterial 

secretion systems, branch chain amino acid degradation, and phenylpropanoid biosynthesis 

were higher in A:CON (Fig 7B).   

The probiotic supplement metagenome was different from that of the feed samples in 

over 100 gene groups.  Overall percent of sequences related to metabolism declines in the 

supplement relative to both diets (50.4% vs 51.7% and 52.7%, not shown), while sequences 

matching genes in the subset of carbohydrate metabolism increase in relative abundance 

(9.2% vs 8.0% and 8.2%, not shown). Of the 7 gene groups in the carbohydrate metabolism 

category significantly different between the supplement and diets, propionate and butyrate 
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metabolism genes were two of the most affected groups, both increasing by 2-fold or more 

(Fig S1).  

 

DISCUSSION 

Across plant and animal systems, the correlation of certain microorganisms with 

improved growth, development, and disease resistance has driven research to mining these 

commensal organisms for new therapies.  To do this we need to be able to differentiate 

between correlation and causation with respect to microbiota and host changes.  As the host 

microbiome is perturbed, one can observe changes in dozens if not hundreds of taxa.  

However, many of these are likely second and third order changes.  As digestion and 

absorption continues in the upper GI, it will change the nutrients available for bacteria in the 

lower GI.  To realize the therapeutic possibilities of the microbiome, we need to identify 

where in the host the microbiome is affected as well as begin to appreciate what taxonomic 

changes are most responsible for changes in host physiology.   

Previous studies in our laboratory, using the same commercial probiotic, 

demonstrated changes in gut development, increased immune response, increased turnover of 

ATP in circulating immune cells, energy partitioning within the host (10, 11, 14), changes in 

bacterial populations (22), as well as changes in host mucosal gene expression (10).  

Curiously, the effect on mucosal gene expression varied by intestinal location.  In the ileum 

of birds fed the probiotic we observed a gene expression profile associated with decreased 

inflammation and a Th-2 type cytokine profile (10); while the cecum of probiotic-fed animals 
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had an expression profile associated with inflammation (unpublished observation).  To begin 

to understand how the probiotic was affecting the microbiota we initially examined the 

development of the cecal microbiome over time and how it correlated with changes in host 

physiology (22).  These studies demonstrated changes in several taxa; however, these 

changes, while statistically significant and interesting, failed to explain concurrent changes in 

host physiology.   

In the current study, we assayed for changes in the microbiome all along the GI to 

better appreciate the impact the probiotic has on entire ecosystem, and how changes in one 

section of the GI may influence other regions.  In addition, we included two nutritionally 

complete basal diets. This produced two distinct “control” microbial populations which were 

then changed by the probiotic treatment.  This provided us with the ability to generalize our 

results across multiple diet sources.   

 

Analysis of microbiome composition by location 

Relative to the cecum, little has been published about the composition of the crop, 

gizzard, and proximal SI, and any similarities they might have to one another or the biome of 

feed stocks (18, 31).  Without this baseline information on the normal microbiome of the 

upper GI and SI, it is difficult to develop therapies that would target the microbiomes of 

these regions.  Phylum-level evaluation of the microbiome in each location would suggest a 

high level of similarity between the crop, small intestine, and cecum (Fig 3).  Figure 4 

provides more insight into how microbial communities change longitudinally along the 
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digestive tract.  Despite being the first gastric compartment and a holding location for newly 

ingested feed, the crop maintains a Lactobacillus-based microbial community distinct from 

the feed-derived taxa.  The gizzard appears to be much more influenced by diet-derived 

microbes (Fig 3A-C, Fig 4).  However,  previous evaluations of the gizzard microbiome did 

not report high levels of Cyanobacteria, instead listing Lactobacillus and other Firmicutes as 

dominant taxa (32, 33).  The discrepancy may be due to diet source, sequencing, and/or 

analysis protocols.  If Cyanobacteria (likely chloroplasts from plant material) sequences 

were filtered from the gizzard samples, Lactobacillus would be the most abundant genera in 

the gizzard, as in the crop and SI.  Unfortunately, the microbiomes of the diets in these earlier 

studies were not reported so it is difficult to draw any conclusions.  As no evaluation of diets 

from these other studies were available, it is not possible to ascertain the cause of the 

differences. 

Though there are no statistical differences between SI locations, analysis of the ileum 

suggests it experiences less variation in microbial composition than the duodenum and 

jejunum. The SI is characterized by high levels of Firmicutes (58-61% Lactobacillus, 9-23% 

various Clostridiales genera) with declining levels of Cyanobacteria (8%-23%, Fig 3D-F).  

Most evaluations of avian and mammalian SI microbes list Lactobacillus as the most 

abundant genus in the region, and these bacteria are thought to play an important role in 

pathogen resistance by regulating pH and producing various bacteriocins (34).   

Similar studies evaluating the avian cecal microbiome consistently list Bacteroidetes 

and Clostridia as high abundance members, with Prevotella and Proteobacteria levels high 
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in some studies (18, 33, 35, 36).  Though Clostridiales account for an average of 60% of total 

sequences, Prevotella was not a major member of the cecum in this experiment.  Fellow 

Bacteroidales taxa Rikenellaceae was present with a range of 15-30%.  Lactobacillus levels 

varied between 1.5-15% (data not shown), in sharp contrast to the dominance of 

Lactobacillus in the SI.  The distinct compositional differences between the cecum, gizzard, 

crop, and small intestines evidenced by this (Table S2; Fig 1A) and other studies suggest that 

it would be prudent for researchers to identify and evaluate the locations likely to be 

impacted by treatment variables, rather than using cecal or fecal samples as representatives 

(18, 33, 36).  Even within the SI, regions may respond differently to treatment (37). 

 

The ileal microbiome responds to diet and probiotic treatment 

Currently, the cecum and large intestine are the most heavily-sampled GI regions for 

microbial ecology studies (35, 36, 38). We are learning much about how these microbial 

communities are formed and how they communicate with their hosts.  The avian ileum, 

immediately anterior to the ceca, is remarkably different in composition than the cecum, and 

based on other studies may more closely resemble fecal communities (39).  In this study, the 

ileum and the cecum were the only locations that mounted a consistent response to the 

probiotic (Table S1).   

The single largest treatment effect in the ileum was a sharp reduction in “Candidatus 

Savagella” abundance with PB supplementation (Fig 5A).  This genus was previously 

identified morphologically as segmented filamentous bacteria (SFB).  Histological evaluation 
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of PB-treated animals from previous studies have shown visible reduction in SFB 

colonization in the ileum of growing birds consistent with this observation (11).  While these 

bacteria are common in the ileum, and not considered pathogenic, excessive colonization 

may stimulate damaging and energetically expensive inflammatory responses in otherwise 

healthy subjects.   Monocultures of SFB inoculated into gnotobiotic animals stimulate TH17-

type responses in the ileum, and can generate experimental autoimmune disease in 

susceptible models (40, 41).   In contrast to “Candidatus Savagella”, several other taxa 

within the Clostridiales group (Lachnospiraceae, Ruminococcaceae, and 

Peptostreptococcaceae) were increased after treatment (Fig 5B).  The significance of these 

increases in the ileum with PB treatment is unclear.  Lachnospiraceae and Ruminococcaeae 

contain many butyrate producers, and are common commensals in the cecum and colon of a 

variety of animals (34, 42).  Increasing Lachnospiraceae and Ruminococcaeae could indicate 

an increase in ileal short chain fatty-acid levels, which are associated with reduced 

inflammation in humans and mice (43, 44).   

Despite clear PB-associated changes in microbiome composition, levels of 

Lactobacillus, the primary genus in the PB supplement, were variable (21-81%) and not 

clearly responsive to treatment; Lactobacillus did increase between A:CON and A:PB, but 

Lactobacillus was high (80%) in B:CON and levels actually decrease to 50% in the PB 

group.  Despite this, the changes seen in response to PB treatment could support the health of 

the ileal environment by reducing potentially inflammatory bacteria, while increasing 
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fermentative bacteria.  These results are in line with previous studies demonstrating this 

probiotic improves GI morphology and decreases host inflammatory genes in the ileum (10). 

 

The cecal microbiome responds to diet more than probiotic 

The impact of changes in the cecal microbiome on the host are less clear.  Shifts in 

abundance, due to either diet or PB, occurred in bacteria that are commonly found in the 

cecum.  Diet A showed higher levels of Lachnospiraceae than Diet B samples, and 

irrespective of diet, PB decreased an uncharacterized Clostridiales group by nearly 50%.  

Increases in beneficial fermenters such as Lachnospiraceae in Diet A over Diet B may be the 

result of higher levels of wheat germ and alfalfa meal in A, as several studies on the role of 

fiber type and level show (45, 46).   Despite PB-related increases in Lachnospiraceae and 

Ruminococcaceae in the ileum, cecal populations do not appear to be sensitive to PB 

treatment.  A possible explanation for this is the relatively low levels of PB taxa in the cecum 

(Lactobacillus ranges from 1-15%, relative to the 58-61% range in the ileum).  Lactobacillus 

levels are typically much higher in the SI than cecum independent of probiotic treatment, and 

much of the research done with this probiotic suggests it exerts more influence on the upper 

GI and SI rather than the cecum (10, 11, 14).    

 

Probiotics affect imputed microbiome activity 

In an attempt to identify microbial signals capable of stimulating host immune cells, 

we conducted an in silico prediction of the functional capacity of the microbiome in the 
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ileum and cecum.  We expected taxonomic changes in the community would alter its 

functional capacity by adding certain genes to the metagenome and removing others.  

Multidimensional scaling (PCoA) of the metagenome is very similar in structure to that of 

the 16S data (compare Fig 1A to Fig 6A), however unlike the cecum-specific 16S PCoA (Fig 

1H), the cecal metagenome shows no clustering or statistical difference based on treatment 

(Fig 6B), in agreement with similar studies evaluating 16S vs metagenomic response to 

dietary treatments (31).  Only two gene groups were significantly different between any 

treatment group.  The A:PB group showed a modest reduction over A:CON in genes 

associated with amino acid metabolism and protein folding and processing (data not shown).  

This result demonstrates the level of functional redundancy in most microbiomes: there were 

several taxonomic changes such that there may have been expected functional changes, but 

with a large amount of overlap in the genomes of many bacteria.  A change in taxonomy may 

only result in minor changes in metagenomics content, an effect that has been noted before 

(22).   

In contrast, a similar survey of ileal samples reveals more meaningful changes in 

metagenomic content between A:CON and A:PB (Fig 7A).  The changes include increases in 

genes for glycolysis and gluconeogenesis, ion transporters, and butanoate metabolism (Fig 

7B). The increase in butanoate-related genes is the most intriguing result relative to the 

probiotic used in this study.  This probiotic reduces ileal mucosal expression of NF-κB and 

IL-12RB (markers of inflammation), while increasing the anti-inflammatory cytokine IL-10 

(10).  Studies on the impact of butanoate (butyrate) on intestinal tissues report that it 
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suppresses NF-κB, while butyrate-treated human cell lines express less IL-12 and more IL-10 

(47, 48).  Further studies will be necessary to determine the role of butyrate in the host 

response to PB, and whether any increase in butyrate production is a direct result of the PB or 

a downstream effect of treatment mediated by other microbes.  This predicted increase in 

butyrate genes may be due to the increased abundance of butyrate producing 

Lachnospiraceae and Ruminococcaceae taxa seen with PB supplementation (Fig 5B) (49).  

However, the PB supplement contains far greater potential for butyrate metabolism (Fig S1) 

than either feed alone, indicating the effect could also stem directly from the bacteria present 

in the supplement.  There is currently no information in the literature regarding the 

production of butyrate by the species in this product, however one popular Lactobacillus 

probiotic product VSL#3 is known to stimulate butyrate in mice (50). 

 

CONCLUSION 

The microbial composition and environment of each intestinal location are strong 

factors in host function and gene expression.  It is the sum total of these changes that 

determine how a host responds to treatments targeting the microbiome.  Based on the results 

of this study, animals may benefit from probiotic supplementation even in the absence of 

digestive stress.  Probiotic-treated animals showed reduced “Candidatus Savagella” and 

increased potential for butyrate in the ileum, both of which may contribute to less 

inflammation even in healthy animals.  Although we can only speculate why in this study, 

the source of diet had an impact on microbes at some points along the GI tract. This makes 
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clear the extent to which even subtle differences in diet preparation or composition may lead 

to broader effects in the animal.  With this in mind, diet composition and microbiome should 

be a consideration in any study involving gut microbial populations.  Further study of this 

probiotic’s effects on the host and microbiome will focus on the ileum to identify specific 

microbes and microbe-derived metabolites associated with host physiological and gene 

expression changes, as well as the biological significance of these host changes. 
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Table 3.1. Comparison of NRC-compliant Diets.a  

 Diet Ab Diet Bc NRCd 

Crude Protein (%) 21.6 23 20-23 

Crude Fat (%) 4.1 6 -e 

Calcium (%) 0.92 0.9 -  

Methionine (%) 0.46 0.558 0.38-0.5 

Lysine (%) 1.22 1.29 1.1 

Metabolizable Energy (kcal/g) 3.02 3.15 3.0-3.2 

aBoth diets composed of ~1.4:1 corn:soybean within the NRC recommendations for broiler 

chicks 

bLab animal diet purchased from Purina Mills. 

cFeed produced at the NC State research feed mill 

dNational Research Council recommended nutritional requirements2 

eNo recommendation given 
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Table S3.1. P-values of treatment effects by location 

 
PERMANOVA P-valuesa 

Comparison Crop Gizzard Duodenum Jejunum Ileum Cecum 

Diet B CONb, Diet B PBc 0.541 0.414 0.889 0.062 0.174 0.296 

Diet B CON, Diet A CON 0.113 0.224 0.103 0.152 0.027 0.141 

Diet B CON, Diet A PB 0.224 0.038 0.723 0.088 0.254 0.012 

Diet B PB, Diet A CON 0.012 0.09 0.083 0.55 0.05 0.219 

Diet B PB, Diet A PB 0.189 0.024 0.637 0.234 0.093 0.004 

Diet A CON, Diet A PB 0.354 0.174 0.376 0.736 0.005 0.004 

a Permutational Multivariate Analysis of Variance 

bControl 

cProbiotic 
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Table S3.2. P-values for location effects 

Comparison PERMANOVAa P-value 

Crop, Gizzard 0.001 

Crop, Jejunum 0.76 

Crop, Cecum 0.001 

Crop, Duodenum 0.001 

Crop, Ileum 0.026 

Crop, Feed 0.001 

Gizzard, Jejunum 0.001 

Gizzard, Cecum 0.001 

Gizzard, Duodenum 0.001 

Gizzard, Ileum 0.001 

Gizzard, Feed 0.046 

Jejunum, Cecum 0.001 

Jejunum, Duodenum 0.182 

Jejunum, Ileum 0.363 

Jejunum, Feed 0.001 

Cecum, Duodenum 0.001 

Cecum, Ileum 0.001 

Cecum, Feed 0.001 

Duodenum, Ileum 0.554 

Duodenum, Feed 0.001 

Ileum, Feed 0.001 

a Permutational Multivariate Analysis of Variance 
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Figure 3.1. GI Location is the primary variable by which microbial samples cluster.  

Chickens were fed 2 diets, with or without PB supplementation for 28 days.  Digesta was 

collected from the feed, crop, gizzard, duodenum, jejunum, ileum, and cecum and microbial 

diversity assessed by 16S rDNA sequencing. Principal coordinates analysis (PCoA) was 

conducted using Bray-Curtis distances, first with all samples colored by location, then within 

each location colored by treatment. P-values were derived from Permutational multivariate 

analysis of variance (PERMANOVA). (A) All locations comparisons are different except 

Jejunum:Ileum, Jejunum:Duodenum, Jejunum:Crop, and Duodenum:Ileum. PCoA of the 

sample data demonstrates relative differences in microbial diversity between locations.  

Samples from all 4 treatment groups are included in each location. (B-H) Samples from each 

location were evaluated to illustrate differences between treatment groups by location. A = 

Diet A Purina Mills diet, B = NC State feed mill diet, PB = probiotic (0.3% w/w), CON = no 

probiotic.  
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Figure 3.2. Phylogenetic diversity is greatest in the cecum.  Microbial DNA was isolated 

from the feed, crop, gizzard, duodenum, jejunum, ileum, and cecum and assessed by 16S 

rDNA sequencing. The Shannon diversity estimate for each treatment group in each location 

was calculated using data normalized to 11900 sequences/sample.  Outliers are shown as 

points outside boxes.    Diet A = Purina Mills diet, Diet B = NC State feed mill diet, PB = 

probiotic (0.3% w/w), CON = no probiotic.  PB Supplement = probiotic product alone. 

Locations with different superscripts are different, FDR-corrected P<0.05.  Significance was 

determined using nonparametric T-tests.  
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Figure 3.3.  Location-specific communities respond to dietary and probiotic treatments.   
Microbial DNA was isolated from the feed, crop, gizzard, duodenum, jejunum, ileum, and 

cecum and assessed by 16S rDNA sequencing. Samples from each location were grouped by 

treatment and the top 10 relatively abundant phyla were evaluated for each treatment group.  

Stacked bars represent all OTUs arranged from most abundant (bottom) to least (top), with 

OTUs colored by phylum.  In every location, Firmicutes, Cyanobacteria, Bacteroidetes, and 

Proteobacteria are most abundant.  The gizzard (C) and cecum (G) were  phylogenetically 

distinct from the crop and intestines (D-F); the gizzard contained higher levels of feed-

derived Cyanobacteria and Proteobacteria (A), in contrast to the remaining locations, where 

Firmicutes were dominant.  In the cecum, Bacteroides and Tenericutes were more abundant 

in all treatment groups than in other locations. 

 



 

 

 

 

 

 

105 



 

 

 

 

 

 

106 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Community composition changes distally, reflecting changes in input and 

function.  Data were normalized to 11900 sequences/sample and samples were combined by 

location.  The 100 most abundant OTUs were ordered within location by Bray-Curtis 

distances, and reported at the order level.  Streptophyta and Rickettsiales from the feed are 

seen in the upper GI and SI, but not cecum.  Clostridiales increase distally, while 

Lactobacillus decrease. 
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Figure 3.5.  “Candidatus Savagella” levels drop in the ileum of probtiotic-treated birds.   
(A)  Samples were normalized to 11,900 sequences/sample and “Candidatus Savagella” 

abundance was measured in each treatment group across six locations.  Stacked bars 

represent the number of “Candidatus Savagella” sequences in each treatment, colored by 

location. “Candidatus Savagella” decreases significantly (P<0.05) between CON and PB 

groups. (B) The composition of the 100 most abundant OTUs from the order Clostridiales 

was evaluated in the ileum.  Clostridiales were divided into families (see top label), and 

further divided within family by genus (see legend).  Clostridiales includes Clostridiaceae, 

of which “Candidatus Savagella” is the primary member in this experiment, as well as 

hindgut fermenters Lachnospiraceae and Ruminococcaeae.  Each pair of stacked bar charts 

represents one family of Clostridiales and the OTUs within each bar chart are colored by 

genus (see legend).  Gray represents OTUs unassigned at the genus level (defaults to family).  

Clostridiaceae were significantly decreased (P<0.05), however, other families presented here 

were not significantly different between treatments. 
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Figure 3.6. Samples cluster by location in both functional and 16S gene analysis.   

PICRUSt (phylogenetic investigation of communities by reconstruction of unobserved states) 

analysis was conducted on the whole dataset as well as subsets, generating a list of functional 

genes and their predicted changes based on 16s rDNA content. (A) Bray-Curtis distances 

between samples were used to generate a PCoA plot of all samples. As with taxonomic-based 

PCoA, location is the strongest determinant of functional profile. Increased variability in the 

PICRUSt analysis results in far fewer significant differences between treatment groups (not 

shown). (B) PCoA of cecal samples shows no differences based on treatment; only two 

functional gene groups were affected by treatment in the cecum (not shown). 
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Figure 3.7.  Treatments are associated with predicted functional changes in the ileum.   

PICRUSt analysis of ileal samples reveals changes in several gene groups between the Diet 

A CON and Diet A PB groups. (A) PCoA of ileal samples from Diet A CON and Diet A PB 

samples demonstrates that the functional gene composition of the treatment groups is 

dependent on diet treatment more than probiotic treatment. (B) After individual KEGG 

orthologs were compiled into functional groups, predicted metagenomics content from the 

Diet A treatments was evaluated on an individual gene group basis; individual functional 

groups affected by probiotic treatment are organized by alphabetical order.  Functional 

groups are broad categorical groups containing genes associated with a set of pathways 

and/or functions.  All shown predicted changes are statistically significant at an FDR-

corrected q-value less than 0.05 using Welch’s uncorrected T-test. Similar analysis of 

interactions between the Diet B treatments did not reveal any significant alterations.  

Abundance=percent of total genes/treatment. 

-0.1

0.0

0.1

0.2

-0.4 -0.2 0.0 0.2

PCoA1   [67.7%]

P
C

o
A

2
  

 [
1

2
.4

%
]

Treatment A:CON A:PB
A

Benzoate degradation

Butanoate metabolism

Dioxin degradation

Glycan biosynthesis and metabolism

Glycolysis / Gluconeogenesis

Nucleotide metabolism

One carbon pool by folate

Other ion-coupled transporters

Phenylpropanoid biosynthesis

Secretion system

Synthesis and degradation of ketone bodies

Transcription related proteins

Valine, leucine and isoleucine degradation

0.00 0.03 0.06 0.09

Abundance

B



 

 

 

 

 

 

112 

 

Figure S3.1.  Abundance of butanoate metabolism genes is increased in the PB 

supplement.  Feed and supplement samples were evaluated for changes in metagenomic 

content using PICRUSt. Bacteria associated with the PB supplement have over 5x abundance 

of butanoate metabolism genes. 
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CHAPTER 4: PROBIOTICS ALTER ENERGY CONSUMPTION AND GENE 

EXPRESSION IN CHICKEN LYMPHOCYTES 
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ABSTRACT 

 The gastrointestinal (GI) microbiome plays an important role in the development and 

function the GI and the immune system.  Probiotics provide promising treatments for 

improving animal health, but their modes of action are still largely unknown.  Previous 

research in our laboratory has demonstrated supplementation with a lactic acid bacteria 

probiotic product alters host energy partitioning in immune tissues, including increased ATP 

production and consumption in circulating leukocytes.  These changes were associated with a 

more rapid antibody response to antigen.  To better understand the communication between 

probiotics and the immune system our laboratory has developed an in vitro model to 

characterizing factors involved.  We hypothesized that the changes observed in immune 

tissue activity and energy metabolism were regulated by a probiotic-stimulated factor in the 

serum.  In the current study we examined the ability of serum isolated from probiotic-fed 

animals to augment ATP production in vitro.  Chicken cell lines were cultured for 4 days in 

media supplemented with serum from treated and control birds.  Hepatocytes cultured in 

serum from probiotic-fed birds showed no response, while macrophages showed decreased 

ATP concentrations (15%; P<0.05) and B and T-cell lines had higher concentrations of ATP 

(12% and 43%; P < 0.05) compared to controls.  Transcriptomic analysis of the avian T-cell 

cell line CU205 following incubation with serum from probiotic-treated animals was 

consistent with an increase in cell survival and differentiation.  Collectively, the results of 

this study suggest probiotic supplementation upregulates a soluble signal in circulation 

capable of regulating lymphocyte function.  Further studies will evaluate these and other 
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potential compounds as the source of probiotic-associated increases in immune cell activity, 

and seek to determine their origin.   
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INTRODUCTION 

While many scientists have explored the impact of the gut microbiome on host 

metabolism, digestion, and intestinal dysregulation (1, 2), only in the last decade have they 

given much attention to how the gut microbiome regulates immune activity, especially in 

food animals (3–5). This makes gut microbiome-host interactions an untapped well for new 

approaches to improve animal health. Multiple studies have described how altering the 

microbiome affects gut-associated lymphoid tissues (GALT; (6–9) and it is becoming clear 

that the microbiome also affects systemic immune function (10–12).  However, we know 

little about how the complex microbiome communicates with the immune system.   

We have used a Lactobacillus-based probiotic as a driver of microbial change in the 

avian gut to better understand how the microbiome impacts immune function.  In the course 

of our research, this probiotic has been shown to affect both the host and the microbiome in 

multiple GI locations (13–15).  In the ileum, the probiotic increases anti-inflammatory IL-10, 

while pro-inflammatory IL-12RB2 and NF-κB decrease (15).  At the same time, segmented 

filamentous bacteria, associated with TH17-type inflammatory responses, decline (13).  

Changes to immune function were also observed outside the gut, as probiotic-fed animals 

mounted an antigen-specific antibody responses at least 7 days faster than in control animals 

(15).  The ability of Lactobacillus and Bifidobacterium-based probiotics to promote antigen-

specific humoral immune responses has been reported by numerous groups (8, 10, 16).   

Study of the metabolic activity of these animals shows the thymus of probiotic-treated 

animals consumes more oxygen even in the absence of an immune challenge, indicating a 
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higher rate of energy consumption in immune tissues.  This increase in thymus respiration is 

offset by a decrease in respiration in the small intestine, resulting in no change in respiration 

in the animal as a whole (17).  Further evaluation of immune cells has shown that peripheral 

blood mononuclear cells (PBMC) from these animals produce and consume more ATP per 

unit time than PBMC from control animals (15).  This research suggests that the probiotic in 

question stimulates circulating lymphocytes and that the increased energetic cost of this 

stimulation is offset by a compensatory decrease in energy consumed by the GI (15, 17).  It is 

unclear at this time how the probiotic communicates with the host to stimulate these cells, 

and whether other facets of the immune response are affected beyond antibody production.   

The purpose of this research was to evaluate how the probiotic stimulates systemic 

immune cells, and to better understand what these changes mean for the animal.  To begin to 

address this, we evaluated the ability of serum from probiotic- and control-fed animals to 

stimulate chicken lymphocytes.  Further, we evaluated the transcriptome of these cells in 

order to characterize their response to probiotic treatment.  This research expands our 

understanding of how probiotics may be used to benefit not only the gut, but the whole 

animal.   

 

MATERIALS AND METHODS 

Animals 

One-day-old mixed sex broiler-type chickens were randomly assigned to either a 

regular diet (CON) or the CON diet with the addition of 0.3% probiotic (PB; PrimaLac®; 
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Lactobacillus acidophilus, Lactobacillus casei, Enterococcus faecium, Bifidobacterium 

bifidium; Star Labs Inc., Clarksdale, MO), resulting in the addition of approximately 3x105 

colony-forming units (CFU) of probiotic bacteria/gram feed.  All animals were fed ad libitum 

for four weeks.  Animals were maintained and euthanized as described (15) under an 

approved protocol from the North Carolina State University Institutional Animal Care and 

Use Committee (OLAW #D16-00214). 

 

Primary peripheral blood mononuclear cells (PBMC) isolation 

PBMC were isolated from the whole blood of 28 day old chickens (5 

animals/treatment group) by collection into heparinized tubes followed by density 

centrifugation through Ficoll-Paque (density = 1.073 g/ml; GE Healthcare Life Sciences, 

Pittsburgh, PA), as previously described (18).  Briefly, 2 ml of blood was diluted with 2 ml 

phosphate-buffered saline (PBS), which was layered over 4 ml Ficoll-Paque in glass tubes.  

Tubes were centrifuged at 400 x g for 40 minutes at room temperature.  PBMC were 

collected from the interface between the plasma and Ficoll-Paque layers.   

 

Serum collection and processing 

Whole blood was collected from 6 animals per treatment at 14, 21, and 28 days of 

age.  The blood was incubated at room temperature for 4-6 hours to allow clotting, then 

centrifuged at 2500 x g for 15 minutes at 4°C.  Serum was collected following centrifugation 

and stored at -20°C.  Aliquots of the whole serum obtained from CON- or PB-treated animals 
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was pooled by equal volumes within treatment group prior to use in in vitro assays.  Subsets 

of pooled serum were treated with a combination of butanol and di-isopropyl ether (BDIPE; 

35:65 v/v; Fisher Scientific, Hampton, NH) to remove lipid components.  Two volumes of 

BDIPE were added for each volume of serum, and samples were incubated at 4 °C for 60 min 

with rocking, as described (19), to extract unesterified fatty acids, triglycerides, cholesterol, 

and phospholipids.  Following incubation, the aqueous phase was transferred to a new tube 

for later use.  The organic phase containing the extracted lipids was discarded. 

Alternatively, subsets of serum from each timepoint were subjected to molecular 

weight (MW) size fractionation using 15ml Vivaspin ultrafiltration tubes fitted with 

polyethersulfone membranes (MW cutoffs of 5 kDa, 10 kDa, and 30 kDa), as directed 

(Sartorius, Goettingen, Germany).  Serum samples from the CON- and PB-treated groups 

were added to individual tubes and centrifuged at 3220 x g for 60-120 minutes, as needed to 

achieve a ratio of 20% volume in upper fractions, and 80% in lower fractions based on 

volumetric graduations on the filter tubes.  Specific pathogen free (SPF) chicken serum 

(Sigma-Aldrich, St. Louis, MO), used for normal cell culture, was also fractionated in order 

to generate reciprocal fractions for treatment serum fractions (Fig S4.1).  For example, the 

lower-MW PB serum fraction was combined with the upper-MW SPF serum fraction (80% 

and 20% v/v respectively) or the upper-MW PB serum fraction was added to the lower-MW 

SPF fraction (20% and 80% v/v respectively) in order to restore the full complement of 

normal proteins to the serum sample. 
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Cell lines 

 Chicken lymphoblastoid T-cell line, Cu205, (20) and lymphoblastoid B-cell line, 

RP9, (21) were maintained in RPMI supplemented with 1% fetal bovine serum (FBS), 10% 

SPF chicken serum, and 2 mM L-glutamine at 41 ° C, 6% CO2.  Chicken hepatocarcinoma 

cell line, LMH, (22) was maintained in DMEM with 10% chicken serum and 1% FBS at 

37°C and 6% CO2. Macrophage cell line, MQ-NCSU, (23) was maintained in LM Hahn’s 

media supplemented with 10% FBS, 8% chicken serum, 2mM L-glutamine, and 10 µM 2-

mercaptoethanol at 37°C and 6% CO2.  

 

Cellular ATP quantification in cell lines 

 PBMC and cell lines were assayed for differences in ATP content.  PBMC were 

evaluated immediately following isolation and quantification, while cell lines were cultured 

for 2 or 4 days in media supplemented with 10% whole or fractionated serum pooled from 

CON- or PB-treated animals.  For both PBMC and cell lines intracellular ATP levels were 

quantified using an ATP-dependent luciferase assay CellTiterGlo (Promega, Madison, WI) 

following the manufacturer’s instructions.  Briefly, cells were counted using a 

hemocytometer and seeded into 6-10 replicate wells of a 96-well plate.  Cell density at 

plating was 100,000 cells/well for PBMC and 5000 cells/well for all cell lines.  Following 

plating of PBMC or 2-4 days of incubation of cell lines, cells were treated with CellTiterGlo 

reagent (1:1 v/v), shaken at 120 RPM at room temperature for 2 minutes and incubated at 

room temperature for 10 minutes.  Luminescence was then measured as relative light units 
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(RLU) using a Thermo Fluoroskan Ascent FL (Thermo Scientific, Waltham, MA).  RLU 

values were converted to ATP concentration using an ATP standard curve 0-250 nmol/well.  

Assays with avian cell lines were conducted following a 4-day incubation with serum or 

processed serum.  The suspension cell lines (CU205 and RP9 cells) have a growth rate 2-4x 

that of the adherent cell lines (LMH and MQ-NCSU) and were not contact inhibited; 

therefore at 48 hours these cells were recounted and passaged into wells at 5000 cells/well.  

To account for potential differences in cell growth between wells of cell lines an additional 

cell titration assay was conducted on replicate wells at the time ATP was measured.  Briefly, 

the CyQuant NF (Thermo Scientific, Waltham, MA) reagent was added 1:1 to 6-10 replicate 

wells in each treatment and to a serial 2-fold dilution of cells.  After a 45 min incubation at 

37°C, mean fluorescence intensity (MFI; 485/520nm ex/em) was recorded for each well 

(Fluoroskan Ascent FL, Thermo Scientific, Waltham, MA) in order to generate a cell/well 

average for each treatment.  Results reported as RLU or ATP pmol per cell.  

 

RNA Isolation and Sequencing 

CU205 cells were cultured with CON whole serum, PB whole serum, Con <30 kDa 

serum fraction, or PB <30 kDa serum fraction.  Following 2 and 4 days of incubation cells 

were collected and total RNA was isolated as directed for the NucleoSpin RNA isolation kit 

(Machery-Nagel, Duren, Germany).  Ribosomal RNA was removed from total RNA, and 

libraries were generated from the remaining RNA using Illumina TruSeq kits (San Diego, 

CA).  Library preparation and sequencing were performed by the Genomic Sciences 
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Laboratory at North Carolina State University across 2 lanes of an Illumina HiSeq.  Each 

sample was sequenced on both lanes, and the two files merged prior to analysis.  Duplicate 

fastq files for each sample from each HiSeq lane were merged to yield a single file per 

sample, and quality-based filtering and trimming was performed using FASTQC (24).  Group 

quality metrics were generated using MultiQC (25).  The merged raw sequences for each 

sample are available through the Sequence Read Archive (project accession SRP095299).   

 

Transcriptomic Analysis 

 The Tuxedo protocol (26) was used to aligned and analyze sequences, with the 

exception that HISAT2 (27) with default parameters was used for spliced alignments in place 

of TOPHAT.  The output was used to assemble transcripts and generate FPKM estimates 

with CuffLinks.  Sequences were assembled against the Gallus_gallus-5.0 genome assembly 

(GenBank assembly GCF_000002315.4).  CuffDiff and CummeRbund were used for 

differential abundance analysis and visualization, as previously described (26, 28, 29). 

 Network-based analysis of gene expression changes was conducted with Ingenuity 

Pathway Analysis (IPA; Qiagen, Venlo, Netherlands).  Differentially expressed genes were 

evaluated for their impact on known and predicted gene pathways, networks, and functions.  

Briefly, CuffDiff gene expression data was input into the software package, and filtered 

based on a minimum FPKM of 5, and a maximum FDR-corrected q-value of 0.05.  IPA’s 

Core Analysis function was used to compare the experimental dataset with gene expression 

values from primary and immortal lymphocyte literature.  Gene networks and functions 
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identified by IPA were significantly different at p < 0.05.  Predicted activation or inhibition 

of functions and upstream regulators have an IPA-assigned activation z-score of 1.5 or 

higher, unless otherwise stated (30). 

 

RESULTS AND DISCUSSION  

Circulating PBMC have more ATP/cell in PB-treated animals 

 There are numerous reports, across multiple host species, of probiotics affecting 

immune function; however, the mechanisms involved are not understood.  Previous research 

in our laboratory demonstrated immune tissues from PB-treated animals have elevated 

oxygen consumption and PBMC produce and consume more ATP than CON-treated animals 

(15).  This suggests probiotic-mediated enhanced immune responses could be due, at least in 

part, to increased energy available for immune cell activity.  The current study was designed 

to begin to understand the mechanism behind this phenomenon.  Initially, PBMC were 

isolated from 28 day old CON and PB-treated broiler chickens and assayed for ATP content 

immediately after isolation. PBMC from PB-treated animals generate 18% more ATP-

dependent luminescence than cells from control animals (P < 0.01, Fig 4.1).  These results 

were consistent with previously reported probiotic-induced change in PBMC ATP (15).   

 

In vitro lymphocyte cell lines grown in serum from PB-treated animals have more ATP 

 The observation that consumption of a probiotic supplemented diet changes the 

amount of ATP in parental immune cells leads to the question; how is the signal 
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communicated from the intestine to immune cells in circulation?  We hypothesized that the 

ATP-stimulating signal was a soluble factor in the blood.  To test this, we assayed the ability 

of serum from PB-treated and CON-treated animals to alter ATP levels in avian cells in vitro.  

Using a panel of cell lines representing different host tissues; LMH (hepatoctyes), MQ-

NCSU (macrophages), and RP9 (B-cell-like) and CU205 (T-cell-like) cells, we assayed for 

increases in ATP per cell following 2 and 4 days of incubation with serum from PB-treated 

animals as compared to control.  Each were grown in media containing 10% v/v serum from 

either PB-treated or CON-treated animals in place of their normal SPF chicken or fetal 

bovine maintenance serum.  

The response to serum was consistent between day 2 and day 4 of incubation, but 

difference between cells treated with serum from PB-treated animals and CON-treated 

animals was more pronounced at day 4 with the exception of LMH cells which showed no 

treatment-dependent ATP changes at either time point (Fig 4.2).  There was no consistent 

difference in proliferation between treatment groups in any cell type.   The MQ-NCSU cells 

grown in serum from PB-treated animals had lower ATP per cell, as compared with control, 

while both lymphocyte cell lines (CU205 and RP9) grown in serum from PB-treated animals 

were found to have increased ATP per cell (Fig 4.2) as compared to those grown in serum 

from CON-treated animals.  These results suggest there is some soluble factor or factors 

capable of modulating the amount of ATP/cell of immune cells in the serum of PB-treated 

animals.  This effect appears to be specific to immune cells, as there was no change in ATP 

levels in the LMH cell line.  However, the effect on immune cells appears to be dependent on 
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the cell type.  It is unclear if the differences between the macrophage cell line and the two 

lymphocyte cell lines represent cell-specific responses to the same signal or the presence of 

multiple cell-type-specific factors in the serum.  While the differential response of immune 

cell subsets is important to understand, for the purposes of this study we chose to focus on 

the increase in ATP in the Cu205 cell line.  The macrophage response will be the focus of 

subsequent studies. 

To ensure that the ATP-modulating effect observed was related to probiotic 

supplementation and not some other aspect of our experimental design, the Cu205 cells were 

assayed for changes in ATP using serum from PB- and CON-treated animals from different 

experiments, different genetic backgrounds (broiler-type and layer-type), as well as using 

different basal diets.  In each of these cases the serum from PB-treated animals induced an 

increase in ATP/cell as compared to serum from CON-treated animals (data not shown).  

These results suggest the phenomenon is linked to the use of this probiotic. 

 

Physical and biochemical characterization of serum 

 The observation that serum from PB-treated animals can modulate the level of ATP 

in lymphocyte cell lines leads to the question: how?  Initial experiments assayed for 

differences in glucose showed no significant difference between the serum from PB-treated 

and control animals (data not shown).  Additionally, the amount of glucose in the basal 

culture media far exceeded that added by the serum.  Likewise, one would expect an increase 

in glucose or other energy source to have a similar impact on all cells.  Given that serum 
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from PB-treated animals appears to have different effects on lymphocytes, macrophages and 

hepatocytes, we hypothesized this factor is more immune specific.  Unfortunately, there are 

thousands of proteins, hormones, and metabolites in serum that may regulate immune 

responses (31, 32).  

To begin to identify the factor(s) responsible for the change in lymphocyte ATP, we 

subjected the serum to a series of treatments designed to remove or enrich for the active 

compound.  To determine if the active component(s) could be lipid-based, organic solvents 

were used to extract lipids from day 28 serum.  Cell viability was normal following 

incubation in BDIPE-treated serum, and delipidation appeared to have no effect on serum 

proteins when compared to SPF serum (Fig S4.2).  Incubation of CU205 cells with BDIPE-

treated serum from CON- and PB-treated animals produced lower ATP/cell in the cells 

exposed to PB-treated serum as compared to control (P < 0.05; Fig 4.3).   

 Alternatively, serum from both CON-treated and PB-treated animals was subjected to 

physical separation based on molecular weight.  In order to provide a complete serum profile 

to cells in culture, SPF serum was also fractionated, and used to complement fractions from 

experimental serum (Fig S4.1).  Fractions above and below 30 kDa were tested in CU205 

cultures for 4 days.  ATP levels per cell were 31% higher (P < 0.01) in the under 30 kDa PB 

treatment than the under 30 kDa CON fractions (Fig 4.4), suggesting the serum factors 

involved in the increased ATP/cell fall below this molecular weight.  Comparison of ATP in 

cells grown in experimental serum above 30 kDa showed no difference between treatment 

groups (Fig 4.4).  Subsequent attempts to fractionate the serum using membranes with 
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molecular cutoffs of 5 and 10 kDa demonstrated no difference between CON- and PB-treated 

fractions (data not shown).  This suggests there may be multiple serum components of 

different molecular weights needed to stimulate ATP levels.  Alternatively, analysis of the 

fractionated sera by SDS-PAGE suggest the proteins around a stated molecular cutoff maybe 

retained in the membrane (Fig S4.2).  This is consistent with the manufacturer’s 

recommendations to use a membrane with a molecular cutoff 50% smaller than the protein to 

be collected in the upper fraction.  It should also be noted that there were no differences in 

whole serum or fractions proteins bands among CON-treated, PB-treated, or SPF serum 

visible by SDS-PAGE (Fig S4.2). 

Collectively, the results of the mass fractionation and delipidation suggests the 

probiotic-induced compound stimulating lymphocyte ATP levels is a lipoprotein under 30 

kDa.  Alternatively, the compound could associate with lipids in serum and is therefore 

extracted, or inactivated by the solvent treatment.  Finally, the possibility of a lipid 

component and <30 kDa protein component working in conjunction cannot be ruled out. 

Further study will be required to determine which scenario is correct. 

There are several cytokines in this size range, including transforming growth factor-β 

(TGF-β), interleukin-10 (IL-10), IL-2, and IL-7 (Gallus gallus proteome, 

http://www.uniprot.org/proteomes/UP000000539).  There are also numerous lipids known to 

have immune-specific effects (33–35).  Some prostaglandins, for example, are known to 

stimulate the intracellular signaling molecule cyclic AMP and affect gene and cell surface 

expression of a variety of immune genes (33).  While there are numerous serum molecules 
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that could be involved in the lymphocyte response to probiotics, few have been evaluated for 

their ability to stimulate lymphocyte energy metabolism.  However, there is evidence that 

some cytokines can regulate lymphocytes through energy metabolism; stimulation of CD28 

and IL-7R are both known to increase glucose uptake and glycolytic activity in T cells, 

increasing survival and proliferation (36, 37). 

Though there are several host-derived serum components that could account for 

metabolic response to probiotic treatment, the limited information on the active serum 

components available at this time does not exclude the possibility of microbe-derived serum 

metabolites.  In a study of conventional and germ-free mice, it was shown that 145 of 

roughly 4000 serum metabolites were unique to conventionally colonized animals, with 

many more shared metabolites affected quantitatively (38).  This indicates that normal 

microbiomes can play a significant role in serum composition.   

 

Stimulation of CU205 lymphocytes with serum from PB-treated animals alters gene 

expression 

 To continue to characterize the probiotic-induced changes to immune cells and 

understand how the PB-treated serum affects lymphocytes, we attempted to characterize the 

metabolic and transcriptomic response of the cells to the PB-treated serum.  Initial 

experiments assayed for cellular changes related to energy metabolism, specifically an 

increase in uptake of glucose and an increase in the numbers of mitochondria per cell.  These 

demonstrated no consistently significant change in either parameter (data not shown).  This 
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was surprising as an increase in ATP/cell has served as our biomarker for the probiotic-

induced change in CU205 cells.  

To better understand the global effect the serum from PB-treated animals might have 

on lymphocytes, the CU205 chicken T-cells were stimulated with serum from PB-treated and 

CON-treated animals for 2 and 4 days of incubation, using whole and under 30 kDa 

fractionated serum.  Three replicate samples from each treatment at two time points were 

sequenced, resulting in an average of 18,729,286 sequences/sample following application of 

a quality score cutoff of ≥25. Mean read length was 122 bp.  Differential expression analysis 

revealed that cells were more responsive to treatment at 2 days (231 genes changed with 

whole serum; Table S4.1) than at 4 days (84 changes with whole serum; Fig 4.5), and 2 days 

of incubation with the lower MW PB-treatment fraction stimulated far more gene expression 

differences than 2 days with whole serum (1120 vs 231; Fig 4.5A and B).  This relationship 

was not apparent at day 4; samples from PB-treatment < 30 kDa treatment showed only 30 

differentially expressed genes compared with CON-treatment < 30 kDa, while a comparison 

between whole serum groups showed 84 differences (Fig 4.5C and D).  Analysis of the 

differentially expressed genes at day two showed that the whole and fractionated serum gene 

sets had 151 genes in common (65% of all significant genes in the whole serum comparison).  

Of these shared significant genes, 97% (146) changed in the same direction between whole 

and fractionated serum comparisons.   

Interestingly, expression of annotated genes related to oxidative phosphorylation and 

glycolysis showed no pattern of change.  None of the evaluated genes were different at day 2 
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or 4 in the whole serum samples.  An increase in expression of 3 genes (COX17, VPS9D1, 

NDUFB2) out of 75 involved in oxidative phosphorylation was noted at day 2 in samples 

grown in fractionated serum; however, the changes were insufficient to predict a change in 

oxidative phosphorylation activity (data not shown).  While both of these ATP-generating 

pathways can be regulated transcriptionally, both are subject to a complex array of feedback 

mechanisms and also experience post transcriptional and post translational regulation via 

ubiquitination, phosphorylation, binding of effector proteins, and substrate availability (39, 

40).  

Of the 231 genes differentially regulated following 2 days of incubation with whole 

CON- and PB-treated serum, many are directly related to immune function (Table S4.1).  

Examination of those with the greatest fold-change (Fig 4.6A) include a collection of 13 

genes that representing the cytoskeleton, transferase enzymes, cell proliferation regulators, 

and transcription factors regulating cell differentiation.  However, most (15 out of 28, Fig 

4.6A) of these highly differentially expressed genes lack functional annotation, and cannot be 

evaluated for their role in probiotic-stimulated lymphocyte activity.  

To contextualize these changes and identify patterns of gene change for further 

evaluation, the gene expression data from 2 days post whole serum treatment was analyzed 

using the Ingenuity Pathway Analysis (IPA) platform. Based on the pattern of significant 

changes in gene expression (Table S4.1), IPA predicted decreases in activity of interferon-γ 

(IFN-γ) and transcription factor special AT-rich sequence binding protein-1 (SATB1), and 

increased activity of transcription factor STAT3, IL-1β, and TGF-β (Fig 4.6B).   
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To assess these predictions, we first examined how well the RNA transcription data 

supported these conclusions.  SATB1, STAT3, and IL-1β were not affected by treatment with 

either whole or fractionated serum.  IFN-γ expression was numerically but not significantly 

decreased (29% lower) by treatment with whole serum; however, it was reduced by 60% (q < 

0.05) in cells stimulated with <30 kDa PB-treated serum fraction compared with <30 kDa 

CON-treated serum. TGF-β expression (specifically TGFB1 and TGFB3) is not affected by 

treatment, however TGF-β receptor 2 (TGFBR2) expression was increased by 30% (q = 

0.02) following incubation with fractionated PB-treated serum.   

The increase in TGFBR2 and the predicted increase in TGF-β mediated signaling by 

IPA analysis suggested this signaling pathway maybe involved.   TGF-βR2 can increase T-

cell expansion and energy metabolism (36, 41, 42).  TGF-β is a 25 kDa secreted protein that 

is involved in many immune cell processes, including cell growth, proliferation, 

differentiation, and regulation of inflammatory responses (43). TGF-β is a strong regulator of 

T-cells, but the large number of costimulatory molecules and signaling pathways involved in 

its interactions with T-cells mean that its impact on T-cells is highly dependent on other 

factors (44).  When accompanied by co-stimulation of CD28, TGF-β1 supports the survival 

and expansion of a variety of T-cell subsets, and may be involved the gene expression 

changes supporting those functions (41, 42).  However, preliminary experiments to 

demonstrate a difference in levels of active TGF-β were inconclusive (data not shown).  

Additional network-based analysis of the day 2 whole serum samples revealed 3 

major putative functional changes related to immune cell survival and development were 
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upregulated following stimulation with PB-treated serum (Fig 4.7).  Gene expression changes 

support increased numbers of thymocytes, and development and proliferation of T-helper 

cells.  Observed gene changes that support these predicted upregulated functions include 

increased ICOS, IL-17R, transcription factor RORC, and T-cell co-receptor CD3E, and 

decreased expression of IRF 1 and 8 (Fig 4.7).  These results indicate the probiotic may 

stimulate differences in differentiation and proliferation of specific T-cell subsets that could 

affect host immune function in measurable ways, such as promoting humoral responses or 

cell-mediated responses (7, 10). 

 

CONCLUSIONS 

 Studies of PrimaLac and similar probiotic products have shown promising effects on 

avian GI physiology, growth, and feed efficiency, but their role in immune function is still 

poorly understood.  In this study, we demonstrated that probiotics stimulate the upregulation 

of a serum signal that results in higher levels of ATP in lymphocytes in vitro.  Further, this 

serum component is less than 30 kDa in weight, and appears to hydrophobic or lipid in 

nature.  The gene expression profiles of these lymphocytes reveal many changes following 

stimulation with probiotic serum, but the incomplete annotation of the chicken genome 

means 17 of the top 30 differentially expressed genes cannot be adequately evaluated.  

Analysis of annotated genes suggests this factor works to increase lymphocyte survival, 

expansion and differentiation.  The results of this study suggest probiotic supplementation 

upregulates a signal in circulation that stimulates changes in lymphocyte function.  The 
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increase in intracellular ATP in these cells is likely in support of these activities. Further 

analysis of transcriptional changes and associated physiological response to probiotic 

stimulation will improve our ability to evaluate the probiotic-host relationship in vivo, and 

thus, promote systemic and gastrointestinal health.    
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Table S4.1. Differentially expressed genes between day 2 CON and PB whole serum 

Gene 

CON 

FPKM PL FPKM 

log2 fold 

change q Value Gene Name 

ENSGALG00000019934 2.02 0.00  0.012  

ENSGALG00000029546 0.00 0.89  0.005  

ENSGALG00000034543 0.00 1.73  0.005  

ENSGALG00000042697 0.00 36.34  0.005  

ENSGALG00000002064 12.18 0.75 -4.02 0.005  

ENSGALG00000036172 0.72 4.73 2.71 0.005  

TFPI2 4.35 17.23 1.99 0.005 tissue factor pathway inhibitor 2  

TMEM18 3.13 11.44 1.87 0.005 transmembrane protein 18  

DYNLRB1 11.94 37.22 1.64 0.005 eukaryotic translation elongation factor 1 delta  

KRT18 4.32 1.43 -1.59 0.005 keratin 18, type I  

ENSGALG00000016677 30.69 90.99 1.57 0.005  

ENSGALG00000030199 7.06 20.54 1.54 0.005  

ENSGALG00000036313 7.55 2.83 -1.42 0.026  

B4GALNT3 2.49 6.56 1.40 0.005 beta-1,4-N-acetyl-galactosaminyl transferase 3  

ENSGALG00000038255 5.03 1.96 -1.36 0.009  

PTCHD3 0.93 2.11 1.18 0.038 patched domain containing 3  

ENSGALG00000037595 4.34 9.77 1.17 0.005  

RPS6KA2 2.56 5.73 1.16 0.005 ribosomal protein S6 kinase, 90kDa, polypeptide 2  

ENSGALG00000014750 2.00 4.45 1.16 0.014  

COL22A1 0.52 1.14 1.12 0.024 collagen, type XXIII, alpha 1  

TSC22D1 3.13 6.73 1.11 0.005 TSC22 domain family, member 1  

SULT1B 3.17 6.69 1.08 0.040 sulfotransferase family, cytosolic, 1B  
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Table S4.1 Continued      

SOX5 1.92 4.04 1.07 0.005 SRY  (sex determining region Y)-box 5 

ENSGALG00000022802 2.81 1.34 -1.06 0.005  

DUSP1 4.19 8.63 1.04 0.012 dynein, light chain, roadblock-type 1  

ENSGALG00000041883 8.52 17.32 1.02 0.009  

CRIP1 65.53 132.62 1.02 0.005 cytochrome P450, family 7, subfamily B, polypeptide 1  

ENSGALG00000039214 3.99 8.03 1.01 0.005  

ENSGALG00000042035 0.92 1.80 0.97 0.009  

ENSGALG00000026383 13.29 25.63 0.95 0.005  

MREG 2.36 4.55 0.95 0.032 melanoregulin  

PLEKHA8 8.61 4.48 -0.94 0.005 pleckstrin homology domain containing, family A  member 8  

CYTIP 10.17 19.44 0.93 0.005 DAB2 interacting protein  

TET3 1.30 2.47 0.92 0.005 tet methylcytosine dioxygenase 3  

MST1 7.65 14.50 0.92 0.005 macrophage stimulating 1   

ENSGALG00000043390 1.29 0.69 -0.91 0.043  

GEMIN6 18.42 9.87 -0.90 0.005 gem nuclear organelle associated protein 6  

BHLHE40 14.35 26.52 0.89 0.005 basic helix-loop-helix family member e40  

TST 9.86 18.13 0.88 0.005 thiosulfate sulfurtransferase   

DMD 0.51 0.94 0.88 0.014 DnaJ  homolog, subfamily A, member 1 (DNAJA1) 

COL23A1 7.91 14.50 0.87 0.005 coactosin-like F-actin binding protein 1  

COTL1 3.11 5.69 0.87 0.012 carboxypeptidase D  

GRIN2C 1.30 2.36 0.86 0.014 glutamate receptor, ionotropic, N-methyl D-aspartate 2C  

PKHD1 0.66 1.18 0.84 0.005 polycystic kidney and hepatic disease 1  (autosomal recessive)  

HTRA1 13.08 7.35 -0.83 0.005 HtrA serine peptidase 1  

SNRPG 333.58 187.93 -0.83 0.005 small nuclear ribonucleoprotein polypeptide G  
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Table S4.1 Continued      

IL7R 10.25 18.17 0.83 0.005 interleukin 7 receptor  

FLI1 7.97 14.09 0.82 0.005 Fli-1 proto-oncogene, ETS transcription factor  

CD38 12.19 21.49 0.82 0.005 CD3d molecule, delta  (CD3-TCR complex) 

OASL 72.23 40.98 -0.82 0.005 2'-5'-oligoadenylate synthetase-like  

SNAP91 5.99 10.55 0.82 0.005 synaptosomal-associated protein, 91kDa  

ARL15 10.08 5.78 -0.80 0.034 ADP ribosylation factor like GTPase 15  

BFSP1 2.44 4.24 0.80 0.022 beaded filament structural protein 1  

RGS1 50.14 86.90 0.79 0.005 regulator of G-protein signaling 1  

GSN 3.46 6.00 0.79 0.005 gelsolin  

TMEM144 5.17 8.90 0.78 0.028 transmembrane protein 144  

ENSGALG00000032428 27.60 16.11 -0.78 0.009  

IFI6 44.21 25.99 -0.77 0.005 interferon, alpha-inducible protein 6  

LAPTM5 18.56 31.34 0.76 0.005 lysosomal protein transmembrane 5  

LGALS3 16.67 28.07 0.75 0.009 lectin, galactoside-binding, soluble, 3  

TSPAN13 20.61 12.37 -0.74 0.005 tetraspanin 13  

ICOS 22.50 37.44 0.73 0.005 inducible T-cell co-stimulator  

ZFPM1 2.98 1.79 -0.73 0.005 zinc finger protein, FOG family member 1  

TMEM41B 27.46 16.54 -0.73 0.029 transmembrane protein 41B  

PAX9 5.35 3.22 -0.73 0.048 paired box 9  

ENSGALG00000006644 9.02 5.46 -0.72 0.005  

PTK2 11.64 7.08 -0.72 0.005 protein tyrosine kinase 2  

SLC24A3 6.08 3.71 -0.71 0.043 solute carrier family 24  (sodium/potassium/calcium exchanger), member 3 

IRF7 61.68 37.74 -0.71 0.005 interferon regulatory factor 7  

ITM2C 18.79 30.70 0.71 0.005 integral membrane protein 2C  
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Table S4.1 Continued      

SLCO4C1 13.20 21.50 0.70 0.005 solute carrier organic anion transporter family, member 4C1  

ENSGALG00000042008 95.13 154.81 0.70 0.005  

RNF213 6.98 4.31 -0.70 0.005 ring finger protein 213  

ENSGALG00000014754 26.68 42.98 0.69 0.005  

RNF157 20.29 12.65 -0.68 0.005 ring finger protein 157  

JMJD6 12.95 8.10 -0.68 0.005 jumonji domain containing 6  

GC 58.93 37.05 -0.67 0.005 group-specific component  (vitamin D binding protein) 

DENND2A 9.86 6.21 -0.67 0.005 dehydrogenase/reductase  (SDR family) X-linked (DHRSX) 

ENSGALG00000032281 7.43 4.68 -0.67 0.024  

IL17A 124.82 197.97 0.67 0.005 interleukin 17A  

SVIP 22.83 36.04 0.66 0.005 small VCP/p97-interacting protein  

TUSC3 7.24 11.40 0.66 0.029 tumor suppressor candidate 3  

MOV10 18.59 11.81 -0.66 0.005 Mov10, Moloney leukemia virus 10, homolog   

ENSGALG00000016477 4.60 7.23 0.65 0.014  

VAV3 1.72 2.70 0.65 0.040 vav 3 guanine nucleotide exchange factor  

DDHD1 8.18 5.24 -0.64 0.012 2,4-dienoyl CoA reductase 1, mitochondrial  

ENSGALG00000006034 7.29 11.27 0.63 0.005  

MRPS14 54.93 35.73 -0.62 0.005 mitochondrial ribosomal protein S14  

ENSGALG00000037932 12.42 19.05 0.62 0.017  

C1S 7.91 5.17 -0.62 0.012 coiled-coil domain containing 28A  

ENSGALG00000029935 6.79 10.35 0.61 0.024  

CCR8 8.72 13.24 0.60 0.009 chaperonin containing TCP1 subunit 4  

ENSGALG00000033573 23.80 36.13 0.60 0.012  

PHTF2 8.84 5.86 -0.59 0.005 putative homeodomain transcription factor 2  



 

 

 

 

 

 

142 

Table S4.1 Continued      

ENSGALG00000033266 21.09 13.98 -0.59 0.009  

GRAP 38.01 57.05 0.59 0.005 GRB2-related adaptor protein  

NUDT14 19.32 29.01 0.59 0.029 nudix   

DHRSX 33.87 50.80 0.58 0.005 Dystrophin 

MYO1E 5.47 8.20 0.58 0.017 myosin IE  

ENSGALG00000041164 251.31 375.72 0.58 0.005  

ADAP1 30.16 20.18 -0.58 0.028 ArfGAP with dual PH domains 1  

CYP7B1 9.48 6.36 -0.58 0.046 cytohesin 1 interacting protein  

WWC3 14.77 9.92 -0.57 0.005 WWC family member 3  

C17orf62 12.54 18.64 0.57 0.009 complement component 1, s subcomponent  

ENSGALG00000042001 33.04 22.25 -0.57 0.005  

GINS2 21.42 14.45 -0.57 0.017 GINS complex subunit 2  

ENSGALG00000021399 3.14 2.12 -0.57 0.043  

CCDC28A 11.28 7.70 -0.55 0.049 coiled-coil domain containing 50  

SYNE3 5.14 7.53 0.55 0.034 spectrin repeat containing, nuclear envelope family member 3  

PLEKHA2 14.26 20.82 0.55 0.005 pleckstrin homology domain containing A2  

KHDRBS3 20.15 13.80 -0.55 0.005 KH domain containing, RNA binding, signal transduction associated 3  

PXK 25.06 17.18 -0.54 0.005 PX domain containing serine/threonine kinase like  

AASDHPPT 11.51 16.79 0.54 0.049 aminoadipate-semialdehyde dehydrogenase-phosphopantetheinyl transferase  

AZIN2 11.22 16.36 0.54 0.012 arginine decarboxylase  

HSP90AA1 1395 958.91 -0.54 0.005 heat shock protein 90kDa alpha  (cytosolic), class A member 1 

DAB2IP 6.58 9.57 0.54 0.012 DDHD domain containing 1  

PAFAH2 8.51 12.35 0.54 0.043 platelet-activating factor acetylhydrolase 2  

TIMM10 65.65 95.12 0.54 0.045 translocase of inner mitochondrial membrane 10 homolog   
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Table S4.1 Continued      

RPL5 1198.8 1732.81 0.53 0.005 ribosomal protein L5  

HSPA5 304.53 210.69 -0.53 0.005 heat shock 70kDa protein 5  (glucose-regulated protein, 78kDa)  

ENSGALG00000029349 19.04 27.49 0.53 0.005  

MYOF 9.43 13.57 0.53 0.005 myoferlin  

FLNB 77.98 112.18 0.52 0.005 filamin B, beta  

FAM173A 35.10 50.45 0.52 0.005 family with sequence similarity 173 member A  

DNAJA1 103.44 72.27 -0.52 0.005 dedicator of cytokinesis 10  

KLHDC4 196.10 137.06 -0.52 0.005 kelch domain containing 4  

ADAMTSL2 8.74 6.13 -0.51 0.026 ADAMTS-like 2  

CD3D 214.39 305.79 0.51 0.005 CD3e molecule 

MYL12A 9.68 13.81 0.51 0.005 myosin, light chain 12A, regulatory, non-sarcomeric+F145:F158 

GNA11 5.71 4.01 -0.51 0.045 guanine nucleotide binding protein  (G protein), alpha 11  (Gq class) 

RORC 69.74 99.31 0.51 0.005 RAR-related orphan receptor C  

PREP2 30.01 21.07 -0.51 0.014 protein phosphatase 1 regulatory subunit 3E  

ENSGALG00000035870 35.64 25.11 -0.51 0.005  

ARHGDIB 54.91 77.79 0.50 0.005 Rho GDP dissociation inhibitor   

MGMT 11.30 15.97 0.50 0.029 O-6-methylguanine-DNA methyltransferase  

NCMAP 58.95 83.03 0.49 0.005 noncompact myelin associated protein  

ENSGALG00000040401 47.11 66.34 0.49 0.009  

BOK 43.65 61.42 0.49 0.005 BCL2-related ovarian killer  

CPD 6.34 4.53 -0.49 0.042 cysteine rich protein 1  

SETD6 13.39 9.57 -0.48 0.043 SET domain containing 6  

CCDC80 24.74 34.51 0.48 0.005 chemokine  (C-C motif) receptor 8 (CCR8) 

RET 12.65 17.61 0.48 0.005 ret proto-oncogene  
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Table S4.1 Continued      

UBE2E2 80.00 57.46 -0.48 0.022 ubiquitin-conjugating enzyme E2E 2  

ENSGALG00000042326 14.78 20.56 0.48 0.026  

TEX264 10.08 7.27 -0.47 0.049 testis expressed 264  

SCLY 17.92 24.84 0.47 0.022 selenocysteine lyase  

ENSGALG00000032377 126.71 175.45 0.47 0.024  

ENSGALG00000000720 30.98 22.41 -0.47 0.005  

GLIPR2 11.49 15.81 0.46 0.049 GLI pathogenesis-related 2  

NABP1 38.58 28.05 -0.46 0.009 nucleic acid binding protein 1  

RPL22L1 3511.2 4825.70 0.46 0.005 ribosomal protein L22-like 1  

OGG1 23.11 31.72 0.46 0.028 8-oxoguanine DNA glycosylase  

C12orf75 79.65 109.33 0.46 0.005 chromosome 12 open reading frame 75  

PTGFRN 26.31 19.19 -0.46 0.017 prostaglandin F2 receptor inhibitor  

EYA1 39.16 53.50 0.45 0.005 eyes absent homolog 1   

ENSGALG00000010203 17.08 23.33 0.45 0.012  

QSER1 7.02 5.15 -0.45 0.014 glutamine and serine rich 1  

FOLH1 11.63 15.84 0.45 0.020 folate hydrolase  (prostate-specific membrane antigen) 1 

KIAA1324L 55.48 40.78 -0.44 0.005 KIAA1324-like  

SLC17A5 12.24 9.02 -0.44 0.020 solute carrier family 17  (acidic sugar transporter), member 5 

IRF1 120.29 88.71 -0.44 0.005 interferon regulatory factor 1  

IL2RA 74.91 101.58 0.44 0.029 interleukin 2 receptor, alpha  

SPTB 7.45 5.50 -0.44 0.028 spectrin, beta, erythrocytic 

LARP1B 13.49 9.97 -0.44 0.028 La ribonucleoprotein domain family, member 1B  

GSTM2 63.01 46.59 -0.44 0.043 glutathione S-transferase mu 2   

ENSGALG00000026152 126.76 93.84 -0.43 0.005  
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Table S4.1 Continued      

MAP4K4 14.59 19.69 0.43 0.020 mitogen-activated protein kinase kinase kinase kinase 4  

TMEM64 71.02 95.77 0.43 0.009 transmembrane protein 64  

ETV6 17.77 23.95 0.43 0.005 ets variant 6  

PPP1R3E 42.45 31.54 -0.43 0.009 protein phosphatase 1, regulatory subunit 3E 

RAC2 147.76 198.82 0.43 0.005 rho family, small GTP binding protein Rac2 

ENSGALG00000039012 14.14 10.52 -0.43 0.017  

MTR 29.65 39.85 0.43 0.014 5-methyltetrahydrofolate-homocysteine methyltransferase  

DECR1 333.78 448.32 0.43 0.005 DENN/MADD domain containing 2A  

KPTN 17.39 23.35 0.43 0.026 kaptin  (actin binding protein)  

FGGY 41.41 55.58 0.42 0.046 FGGY carbohydrate kinase domain containing  

GRAMD1C 30.38 40.76 0.42 0.009 GRAM domain containing 1C  

HSPH1 77.03 57.42 -0.42 0.005 heat shock 105kDa/110kDa protein 1  

PLEKHB1 27.59 20.63 -0.42 0.022 pleckstrin homology domain containing, family B  (evectins) member 1  

RGS9 128.15 170.63 0.41 0.005 regulator of G-protein signaling 9  

FAM13B 36.91 27.72 -0.41 0.032 family with sequence similarity 13, member B  

MYOZ2 45.64 60.73 0.41 0.022 myozenin 2  

TRPC6 30.81 23.19 -0.41 0.017 transient receptor potential cation channel, subfamily C, member 6  

WIPI1 201.35 267.20 0.41 0.022 WD repeat domain, phosphoinositide interacting 1  

TBC1D19 89.43 118.64 0.41 0.005 TBC1 domain family member 19  

CCDC50 36.28 47.95 0.40 0.014 coiled-coil domain containing 80  

ENSGALG00000037342 23.53 17.84 -0.40 0.040  

ATP11A 13.90 10.54 -0.40 0.034 ATPase, class VI, type 11A  

SAMSN1 35.78 47.11 0.40 0.012 SAM domain, SH3 domain and nuclear localization signals 1  

PPFIA1 36.05 27.40 -0.40 0.020 PTPRF interacting protein, alpha 1 
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BCO2 117.88 154.17 0.39 0.014 beta-carotene oxygenase 2  

ENSGALG00000019325 98.42 75.30 -0.39 0.014  

ENSGALG00000042590 80.22 61.42 -0.39 0.005  

IL18R1 36.97 28.38 -0.38 0.036 interleukin 18 receptor 1  

SLC41A3 58.36 75.97 0.38 0.026 solute carrier family 41 member 3  

MFNG 89.61 68.88 -0.38 0.038 MFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase  

ENSGALG00000029056 31.22 24.01 -0.38 0.043  

TRUB1 82.50 63.53 -0.38 0.043 TruB pseudouridine  (psi) synthase family member 1 

GTF2H3 24.11 31.30 0.38 0.046 general transcription factor IIH subunit 3  

IRF8 122.64 94.59 -0.37 0.024 interferon regulatory factor 8  

TFRC 57.20 44.20 -0.37 0.043 guanine nucleotide binding protein  (G protein) 

CHORDC1 47.22 36.53 -0.37 0.042 collagen, type XXII, alpha 1  

BRCA2 36.88 47.64 0.37 0.012 breast cancer 2  

ARHGAP15 91.74 118.43 0.37 0.043 Rho GTPase activating protein 15  

ENSGALG00000008704 10.46 13.49 0.37 0.014  

HSPA8 1773.6 1378.02 -0.36 0.020 heat shock 70kDa protein 8  

HIRA 46.56 36.24 -0.36 0.029 histone cell cycle regulator  

GNPTAB 30.60 23.84 -0.36 0.024 N-acetylglucosamine-1-phosphate transferase, alpha and beta subunits  

NFU1 111.63 143.16 0.36 0.045 NFU1 iron-sulfur cluster scaffold  

ENSGALG00000041161 30.73 23.97 -0.36 0.043  

ALCAM 49.31 38.51 -0.36 0.032 activated leukocyte cell adhesion molecule  

H2AFV 606.70 776.11 0.36 0.026 H2A histone family, member V  

CD3E 155.64 199.07 0.36 0.020 cysteine and histidine-rich domain  (CHORD) containing 1  

EEF1D 51.52 65.72 0.35 0.043 eukaryotic translation elongation factor 1 delta   
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Table S4.1 Continued      

HSPA4L 272.62 213.76 -0.35 0.026 heat shock 70kDa protein 4-like  

PI4K2B 45.63 35.84 -0.35 0.043 Phosphatidylinositol 4-kinase type 2-beta  

HSP90B1 779.65 612.29 -0.35 0.026 heat shock protein 90kDa beta  (Grp94), member 1  

FYCO1 45.78 58.10 0.34 0.038 FYVE and coiled-coil domain containing 1  

ENSGALG00000006564 185.43 146.14 -0.34 0.045  

HSPA9 348.35 274.98 -0.34 0.026 heat shock protein family A  (Hsp70) member 9  

CD109 80.22 101.47 0.34 0.024 CD38 molecule  

CCT4 696.23 551.34 -0.34 0.036 CD109 molecule  

JCHAIN 138.22 174.40 0.34 0.040 joining chain of multimeric IgA and IgM  

LDHA 387.87 488.60 0.33 0.022 lactate dehydrogenase A  

GALNT1 126.74 159.17 0.33 0.029 UDP-N-acetyl-α-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase    

IL18 1650.1 2071.86 0.33 0.043 interleukin 18  

SOX6 236.15 296.46 0.33 0.029 SRY  (sex determining region Y)-box 6 

DOCK10 125.44 156.12 0.32 0.049 dual specificity phosphatase 1  

SNX9 214.97 173.22 -0.31 0.045 sorting nexin 9  
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Figure S4.1.  Generation of complete serum samples from molecular weight fractions.  

Serum samples from CON and PB treated animals, and from SPF chicken serum were 

fractionated using mass-limited centrifugation filters (30, 10, 5 kDa).  Samples were 

centrifuged until 80% of the original volume had passed through the filter.  Reconstituted 

complete serum was generated by adding 1 volume of the high molecular weight (MW) 

fraction from CON- or PB-treated serum samples (upper fraction) to 4 volumes of the low 

MW fraction from fractionated SPF serum.  Conversely, 1 volume of the high molecular 

weight (MW) fraction from SPF serum samples was added to 4 volumes of the low MW 

fraction from fractionated CON- and PB-treated serum. 
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Figure 4.1. Peripheral blood mononuclear cells (PBMC) collected from chickens fed a 

probiotic-supplemented diet have more ATP/cell than PBMC from control animals 

PBMC were isolated from 28-day old chickens fed either a control diet or the control diet 

supplemented with probiotic. Cells from 5 animals per treatment group were counted, 

aliquoted 1x105 cells/well with 4 wells/animal.  ATP was quantified using an ATP-dependent 

luciferase assay.  Light production was recorded as relative light units (RLU) for each well.  

Replicate wells for each animal were averaged to determine RLU/cell.  Individual animal 

averages were then used to calculate the treatment average RLU/cell (colored bars) and 

standard deviation (error bars).  RLU is reported in the center of each bar as RLU/10,000 

cells. P-values were generated using two-tailed T-tests.  
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Figure 4.2. Avian lymphocyte cell lines increase ATP following stimulation by serum 

from probiotic-fed animals.  Serum collected from PB- and CON-treated animals was 

added to growth media (10% v/v) in place of the normal maintenance SPF chicken serum. 

Cells (CU205, RP9, LMH, and MQ-NCSU ) were seeded at 5,000 cells/well, in replicate 

wells (n=24 wells/treatment) of a 96-well plate.   Following 4 days of incubations cells were 

assayed for intracellular ATP content (n=15 wells/treatment) and cell number/well (n=9 

wells/treatment).  ATP standard curve (0-250 nmol/well) was generated in serum-free growth 

media and a cell type specific standard curve was generated from serially diluted, 

hemocytometer-enumerated stock cells. Data are representative of at least 3 experiments. 

Colored bars represent the average ATP pmol/cell with value reported in the center of each 

bar. Error bars represent the standard deviation of replicate wells in each treatment.  P-values 

were generated using two-tailed T-tests.  
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Figure S4.2.  Coomassie staining of SDS-PAGE-resolved mass fractionated and 

delipidated serum. Serum samples subjected to size fractionation (lanes 1. PB-treated serum 

>10 kDa fraction, 2. PB-treated serum <10 kDa fraction, 3. CON-treated serum >10 kDa 

fraction, 4. CON-treated serum <10 kDa fraction, 5. PB-treated serum <5 kDa fraction, 6. 

PB-treated serum >5 kDa fraction, 7. CON-treated serum <5 kDa fraction, 8. CON-treated 

serum >5 kDa fraction, 9. CON-treated serum >30 kDa fraction, 10. CON-treated serum <30 

kDa fraction, 11. PB-treated serum >30 kDa fraction), BDIPE treatment (lanes 12. CON-

treated serum and 13. PB-treated serum), or SPF control (lane 14) were loaded 20 μg 

protein/lane with the exception of lower molecular weight fractions (lanes 2, 4, 5, 7, and 10) 

where total protein concentration was too low, in which case maximum amount of sample 

(15 ul) was added to the well.  Lane M = molecular weight ladder. Samples were resolved 

using an 18% polyacrylamide gel under reducing conditions.   
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Figure 4.3.  Delipidation of serum from PB-treated animals results in lower ATP/cell 

relative to delipidated CON serum.  Lipids were removed from serum from PB- and CON-

treated animals using butanol and di-isopropyl ether (BDIPE) extraction. Delipidated serum 

was used to replace the normal SPF chicken serum component of CU205 cell media (10% 

v/v). The CU205 cells were seeded at 5,000 cells/well, in replicate wells (n=24 

wells/treatment) of a 96-well plate.   Following 4 days of incubation cells were assayed for 

intracellular ATP content (n=15 wells/treatment) and cell number/well (n=9 wells/treatment).  

ATP standard curve (0-250 nmol/well) was generated in serum-free growth media and a cell 

type specific standard curve was generated from serially diluted, hemocytometer-enumerated 

stock cells. Data are representative of at least 3 experiments. Colored bars represent the 

average ATP pmol/cell with value reported in the center of each bar. Error bars represent the 

standard deviation of replicate wells in each treatment.  P-values were generated using two-

tailed T-tests. 
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Figure 4.4.  PB-treated animal serum components below 30 kDa stimulate ATP 

production in CU205 cells.   CON-treated, PB-treated, and SPF maintenance serum were 

size fractionated centrifugation into >30 kDa and <30 kDa fractions. Serum components 

under and above 30 kDa from PB- and CON-treated animals were mixed with their 

reciprocal fraction from SPF serum to reconstitute a complete serum profile (Fig S1).  This 

serum was then used to replace the normal SPF chicken serum component of CU205 cell 

media (10% v/v).  CU205 cells were seeded at 5,000 cells/well, in replicate wells (n=24 

wells/treatment) of a 96-well plate.   Following 4 days of incubations cells were assayed for 

intracellular ATP content (n=15 wells/treatment) and cell number/well (n=9 wells/treatment).  

ATP standard curve (0-250 nmol/well) was generated in serum-free growth media and a cell 

type specific standard curve was generated from serially diluted, hemocytometer-enumerated 

stock cells. Data are representative of at least 3 experiments. Colored bars represent the 

average ATP pmol/cell with value reported in the center of each bar. Error bars represent the 

standard deviation of replicate wells in each treatment.  P-values were generated using two-

tailed T-tests. 
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Figure 4.5.  Serum from PB-treated animals alters gene expression of CU205 relative to 

serum from CON-treated animals.   CU205 cells were grown in T-25 flasks in media 

containing whole (A and C) or molecular-weight fractionated serum (B and D) for 2 (A and 

B) and 4 days (C and D). mRNA was isolated and sequenced from 3 replicate T-25s for each 

treatment and time point. Differentially expressed genes were identified between CON and 

PB-treated cells in each condition using CuffLinks.  Significance was determined as an FDR-

corrected q-value ≤ 0.05.  The CummeRbund R package was used to generate volcano plots 

comparing gene expression between CON and PB samples at each time point, with whole 

and fractionated serum.  Total number of significant differentially expressed genes are 

denoted on each plot.
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Figure 4.6.  Differentially expressed genes between cells incubated in serum from CON- 

or PB-treated animals.  Transcriptomic analysis of CU205 cells after incubation with whole 

serum from CON- or PB-treated animals for 2 day identified 231 differentially expressed 

genes.  (A) Genes and predicted gene found to be significantly different at FDR-corrected q ≤ 

0.05 and with a minimum 2-fold change are depicted in the heatmap reported in fragments 

per kilobase of transcript per million mapped reads (FPKM) for each listed gene.  (B) 

Network analysis of all altered genes was conducted using Ingenuity pathway analysis (IPA); 

listed genes were significantly different at FDR-corrected q ≤ 0.05.  Predicted changes are 

shown in orange (increased) and blue (decreased), while measured changes are shown in red 

(increased) and green (decreased).  Evaluation of potential regulators of measured gene 

changes reveal several predicted up- and down-regulated upstream regulators.  
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Figure 4.7.  Predicted functional changes lymphocytes following stimulation with serum 

from Probiotic-treated animals.   Network analysis of altered genes was conducted using 

Ingenuity pathway analysis (IPA).  Listed genes were significantly different at FDR-

corrected q ≤ 0.05.  Predicted changes are shown in orange (increased) and blue (decreased), 

while measured changes are shown in red (increased) and green (decreased). Several 

survival-related functions were predicted to significantly increase (z-score > 1.5) following 

stimulation with probiotic.  
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CHAPTER 5:  FURTHER STUDIES 
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The studies described in this dissertation were done with the ultimate goal of learning 

enough about the microbiome and its effects on host health that we can control this 

relationship to prevent and treat disorders that would normally reduce growth, health, or 

production.  There are numerous examples of the microbiome exerting positive and negative 

effects on its host (1–6), but currently, we are very limited in our ability to do this 

intentionally.  This research improved our understanding of the complexity of the 

microbiome, the factors that regulate its development and homeostasis, and how the host 

responds to changes in microbial composition.   

We know the microbiome of growing chicks starts with very few species, but 

develops into a complex, Firmicutes-heavy community in the first weeks of life.  However, 

the changes in composition seen during development or following treatment may be less 

important than functional changes that occur.  There are indications that the ileum is the site 

of most probiotic-related taxonomic and functional changes.  The ilea of probiotic-fed 

animals had reductions in bacteria associated with inflammation, specifically “Candidatus 

Savagella,” as well as increased potential for production of butyrate.  This highlights the 

ileum as an important region for communication between the host and microbiome.  These 

evaluations of the avian microbiome were in support of understanding how probiotics 

communicate with the host through the microbiome, but we also continued our study of the 

host immune response.  Probiotic treatment upregulates a serum component of currently 

unknown origin that increases ATP levels in lymphocytes.  This serum factor may also be 

responsible for previous results suggesting increased humoral activity and higher energy 
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consumption in the thymus (7).  The effect of the factor on T-cell gene expression indicates 

the probiotic stimulates cell survival and differentiation, and a number of candidate 

molecules were identified that could be involved in the lymphocyte response to probiotic 

treatment, including TGF-β, IL-7, IFN-γ, and IL-1β.   

Overall, it appears as though probiotic-directed changes in the microbiome, likely in 

the ileum, stimulate the release of a signal in the serum that is capable of stimulating a 

number of transcriptional changes in lymphocytes.  The source of this signal is currently 

unknown and could be of microbe or host origin (8, 9).  The impact of the serum signal can 

be observed as an increase in ATP in both primary cells and cell lines exposed to serum.  The 

increase in ATP may be a result of several functional changes suggested by transcriptional 

data.   

Following this research, we are left with new directions to pursue, as well as several 

questions that were left unanswered despite our efforts.  First and foremost, what is the serum 

factor responsible for stimulating lymphocytes?  Though we narrowed down the list of the 

thousands of known serum proteins, lipids, and metabolites (below 30 kDa, with a lipid or 

hydrophobic component, capable of stimulating immune cells), we are still left with a large 

number of potential candidates of both human and microbial origin.  Further, identification of 

the serum factor may provide insight into which cells will be activated and how.   

This leads into a second, biologically significant question:  what phenotypic changes 

result in lymphocytes following probiotic stimulation, and what benefit does this phenotype 

confer on the animal in vivo?  Several probiotic products and other microbiome changes 
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affect immune function (3, 10–12), and this particular one is known to stimulate humoral 

immune activity (13).  The fact that T-cells and perhaps macrophages appear to be sensitive 

to the serum factor suggests there are other in vivo effects that have yet to be observed.  

Characterization of circulating leukocytes may reveal changes in the proportion of different 

immune cell subsets, and introducing an immune challenge to probiotic-treated animals may 

reveal other ways in which the probiotic affects the immune response in vivo.  Expanding the 

types of immune cells evaluated in vitro may result in the discovery of other immune cells 

affected by the probiotic. 

While the identity of the serum factor may also provide an answer as to its origin, it is 

likely that we will still be left uncertain as to which members of the microbiome are 

responsible for stimulating this effect.  Several taxa respond to probiotic treatment 

(Lachnospiraceae, Ruminococcaceae, SFB) in multiple locations.  Defining the contribution 

of these and other microbes is not a small task, but will improve our understanding not only 

of this probiotic, but also how these common members of the avian microbiome impact the 

animal in the absence of probiotic treatment. 

Other questions worth pursuing include: which members of this probiotic consortium 

(L. acidophilus, L. casei, E. faecium, and B. bifidum) are necessary to stimulate lymphocyte 

energy metabolism and activity?  With several indications that butyrate production could 

increase as a result of probiotic supplementation (increased butyrate producers and higher 

proportion of butyrate metabolism genes), and local and systemic gene changes consistent 

with the effects of butyrate (↓ NF-κB and IL-12, ↑ IL-10), can supplementation with butyrate 
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stimulate a response similar to that seen with this probiotic?  Do these probiotic species 

produce high levels of butyrate?  Sequencing the genomes of probiotic isolates may reveal 

this or other strain-specific traits that could account for some of the effects seen in this 

research. 

While our understanding of this probiotic, and through it how the microbiome 

regulates host immune activity, has increased tremendously throughout this process, the 

answers to these and other questions will be invaluable in the future.  They will enable 

scientists and producers to pinpoint bacterial species with the traits necessary to stimulate 

desired host responses, improving animal health and productivity. 
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