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1. Introduction

The healthy human body contains 10 times more microbial cells than human cells! This 

proclamation has been repeated many times over the past several years in both the scientific 

literature, as well as the lay press [169]. Although this declaration has been presented as a 

scientific fact over the past decade, it may not be entirely accurate in view of a recent 

reexamination of the published data [169]. Most reviews that focus on host-microbe 

interactions begin with the statement that the healthy human intestine contains 

approximately 100 trillion (1014) microbes [55,102,102,176,178,211]. Furthermore, many of 

these publications state, without reference, that the total number of human cells in the body 

approximates 10 trillion (1013) cells [169,178]. However, this 10-fold excess of microbial to 

human cells may need to be reevaluated based upon more recent work that has been largely 

overlooked during the past few years. For example, the statement that the intestinal tract 

contains 1014 microbial cells is based upon a 44 year-old report that provides little by way of 

direct quantitative data for this fecal bacterial estimate [108]. Using more sophisticated 

technology, Suau and coworkers have determined that the numbers of bacteria that reside 

within the healthy human intestinal tract range from 3 × 1013 to 40 × 1013 (30 trillion to 400 

trillion) [194]. The assertion that humans contain 1013 body cells is based upon one sentence 

from a 46 year-old book that provides no experimental data nor references for this estimate 

[37]. A recent study by Bianconi et. al. using systematic quantification of cell numbers in 

different tissues reports that humans contain, on average, 30–40 trillion body cells [12]. 

These newer data would suggest a more realistic ratio of microbial to human cells that range 

from 1:1 to 10:1.
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While these more quantitative estimates are, in some cases, quite different from what has 

been repeatedly stated in scientific and lay publications, they confirm that the gut is home to 

enormous numbers of bacteria. The large majority (>90%) of intestinal bacteria in the 

human intestinal tract belongs to the phyla Bacteroidetes and Firmicutes. However, 

substantial numbers of bacteria belonging to phyla Proteobacteria, Actinobacteria, 

Fusobacteria, Verrucomicrobia and Cyanobacteria are also observed [38,40,44,102,106,176] 

(Figure 1). In addition to the enormous population of bacteria, the human gut has also been 

estimated to contain more than a quadrillion (1015) viruses and bacteriophage, as well as 

substantial numbers of archaea and fungi [40,55,62,102,106,143,199]. Most of the detailed 

characterization and bioinformatic analyses of the intestinal microbiota have been performed 

using human stool and/or mucosal tissue. However, mice have also been extensively used to 

define the importance of host genetics, microbiota and the immune system in host-microbe 

interactions in homeostasis and disease [28,141]. The use of mice provide investigators with 

a small animal model to assess, in a well-controlled environment, the complex host-microbe 

interactions that occur in vivo. While mice and humans share two major phyla 

(Bacteroidetes and Firmicutes) and approximately 80 different genera [141,168], major 

differences exist among bacterial species in these two mammals [141,168].

Valuable information has been generated using gnotobiotic and fully colonized mice to 

assess host-microbiome interactions. However, these studies are limited by the length of 

time and the high cost associated with the generation of large numbers of genetically-

manipulated animals required to yield statistically-powered in vivo studies. In an attempt to 

shorten the time and cost of new discoveries, investigators have begun to use other 

vertebrates to model these interactions in healthy and inflamed intestine. For example, 

zebrafish (Danio rerio) have become increasingly popular for these types of studies given the 

similarity of their intestinal tract to that of mammals [57,208]. Although major differences 

exist between teleost and mammal microbiota, zebrafish share many of the major microbial 

communities that have been identified in rodents and humans [160,161,180,195,198]. 

Investigators have shown that similar to humans and mice, the teleost gut contains large 

numbers of Proteobacteria, Firmicutes and Bacteroidetes [30,166,195] (Figure 1). The use of 

teleosts offer a number of advantages over mice and other rodents due to the relatively low 

cost to produce and maintain large numbers of larvae and adults, their accelerated 

development, and their transparent skin that allows for detailed and noninvasive imaging 

studies [161,216]. Another major advantage of zebrafish is their amenability to produce 

forward and reverse genetic manipulations [216]. Furthermore, because these vertebrates 

live in an aqueous environment, the delivery of different chemicals/small molecules, 

therapeutic agents or microbiota to germ-free or fully colonized zebrafish is relatively a 

straight forward process [19,47,64,160,161,198].

The continuous exposure of the vertebrate intestine to such large and diverse populations of 

microorganisms in close proximity to a tissue that contains large numbers of immune cells, 

makes the gut the largest and most complex component of the immune system. The 

coexistence of vertebrates with their gut microbiota is a dynamic and mutually beneficial 

relationship that plays an important role in the well-being of the host [29]. However, the 

close proximity of potentially harmful/pathogenic microorganisms has forced the intestinal 

immune system to develop a number of different immune mechanisms to eliminate invading 
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microbes, while suppressing the bystander tissue injury associated with these innate and 

adaptive immune responses. Failure to properly regulate these protective immune responses 

may induce chronic inflammatory responses that are thought to be critical 

immunopathological mechanisms responsible for the development of human inflammatory 

bowel diseases (IBD; Crohn’s disease, ulcerative colitis). These idiopathic inflammatory 

diseases affect primarily the small and/or large bowel and are characterized by the 

infiltration of large numbers of inflammatory leukocytes (e.g. neutrophils, monocytes, and 

lymphocytes) into the intestinal lamina propria (LP) where they directly or indirectly 

promote inflammation with tissue injury, loss of goblet cells, fibrosis, erosions and 

ulcerations. Although the etiology of IBD remains to be defined, it is becoming increasingly 

appreciated that chronic intestinal inflammation may result from a complex interaction 

among genetic, immune and microbial factors [73,99,214]. Based upon a large body of 

experimental and clinical evidence generated over the past 20 years, investigators 

hypothesize that chronic gut inflammation results from a dysregulated immune response to 

components of the normal gut flora in genetically-susceptible individuals [31,79,95]. 

Although mouse models of IBD have been used for more than 20 years and have been 

instrumental in defining many of the major immunopathological mechanisms responsible for 

inflammatory tissue injury in these models, progress as been slow for reasons outlined above 

[95]. Thus, several groups of investigators have turned to the use of zebrafish to model IBD 

(see below) [19,47,63,64,216]. The objective of this review is to present our current 

understanding of the role that the intestinal microbiota play in vertebrate intestinal health 

and inflammation. While our primary focus will be humans and mice, we also present the 

new and exciting comparative studies being performed in zebrafish to model host-microbe 

interactions.

2. Development of Bacterial Communities within the Intestinal Tract

The colonization and development of the intestinal microbiota in all vertebrates is crucial for 

the generation of a fully functional immune system, production of essential nutrients and 

vitamins, and metabolism of xenobiotics. While it has been assumed that the development of 

a stable microbiota in the mammalian gut begins at birth, since in utero the fetus has been 

thought to be germ-free, more recent reports suggest that this may not be the case as bacteria 

have been isolated from meconium, umbilical cord and amniotic fluid obtained from healthy 

pregnancies [81]. Nevertheless, the development of a newborn’s microbiota begins following 

birth via the colonization of the infant’s intestinal tract with bacteria associated with the 

mother’s skin, vagina, feces, and breast milk [102,117,190]. During the first three months of 

life, Bifidobacterium and Lactobacillus colonize the intestinal tract in mammals due to the 

ingestion of breast milk [97,190]. Early on in the infant’s life, the microbial communities are 

highly variable and relatively unstable when compared to the adult microbiota which has 

much greater complexity and phylogenetic diversity [97,149]. It is thought that the 

stabilization/maturation of the microbiota occurs at approximately 2–3 years of age and that 

the microbiota can be prepared with genes for the metabolism of food that is not yet being 

consumed by the infant (i.e. plant polysaccharide metabolism) [6,97,149,217]. Koenig et al., 

has shown that the assembly of the microbial communities early in life is not random, but 

instead, occurs by way of specific bacterial successions due to different life events [97]. The 
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fully mature intestinal microbiota is distinctly distributed among the different parts of the 

gastrointestinal (GI) tract, dictated primarily by the different oxygen concentrations found 

within the lumen and along the length of the GI tract (Figure 2). It is well-appreciated that 

the more proximal portions of the GI tract (i.e. stomach, duodenum) contain much higher 

levels of luminal oxygen and are populated by a higher percentage of aerobic and facultative 

anaerobic bacteria; although total numbers of bacteria in these regions of the GI tract are 

much lower than those found in the distal portions of the small and large bowel [42,176]. 

The distal portion of the small intestine as well as the colon contains little or no oxygen, 

thereby facilitating the growth of obligate anaerobes [1] (Figure 2).

The early development of intestinal microbial communities in mammals contrasts that of 

teleosts, given their differences with respect to life cycle. For example, zebrafish egg 

fertilization takes place externally with embryonic development occurring within the sterile 

chorion. At 2 days post fertilization (d.p.f.) the larvae hatch and are released into the 

environment where microbial colonization begins [33,219]. As with other vertebrates, 

microbial colonization of the intestine serves as a potent stimulus to induce the maturation 

of the gut immune system and digestive functions such that the larvae may begin to ingest 

food at approximately 5 d.p.f. [8,219]. The development of the intestinal microbiota 

continues throughout life, continuously responding to changes in the environment as the 

zebrafish mature from larva to adult. Although little information is currently available 

describing the intestinal microenvironment, its luminal oxygen tension, the regional 

microbial composition and total bacterial load in teleosts, it has been reported that the 

distribution of microbial communities in the hindgut of fish is similar to the distal bowel of 

mammals as they share similar communities of bacteria such as Proteobacteria, 

Fusobacteria, Firmicutes and Bacteroidetes [30,166,187,195]. Once established, intestinal 

microbial communities in both mammals and fish may be continually modified by different 

factors that include diet, genetics, sex and the environment [36,106,120,195]. Some of these 

factors may induce stronger and more profound changes in the microbiota, while others such 

as short term antibiotic use or changes in diet may induce temporary shifts in the different 

bacterial populations and that they are able to, to a certain point, return to their original state 

(a term called resilience) [35].

As pointed out earlier, the gut microbiota plays an essential role in the development of a 

fully functional immune system in both mammals and teleosts [57,124,219]. Studies using 

germ-free mice reveal that these rodents have under-developed lymphoid tissues, defective T 

and B cell function, and low numbers of circulating CD4+ T cells and antibody production, 

all of which can be restored by colonizing mice with microorganisms [28,123]. Similar 

findings have been described using germ-free zebrafish, which lack specific aspects of gut 

epithelium differentiation (specification and maturation) and proliferation, decreased protein 

macromolecule uptake and altered gut motility, all of which can be reversed by the 

introduction of intestinal microbiota [8,8,161,208]. In addition to helping shape the intestinal 

and systemic immune system, gut microbiota are essential for providing critical metabolic 

functions that cannot be accomplished by the host [145]. For example, some intestinal 

bacteria (obligate anaerobes) in mammals and teleosts are capable of degrading “non-

digestible” complex carbohydrates (fiber) to produce short chain fatty acids (SCFA) such as 

acetate, butyrate and proprionate (Figure 2) [30,55]. These metabolites, rather than glucose, 
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are the preferred energy substrate for colonic epithelial cells. In addition, certain bacteria 

(i.e. Bacteroides, Bifidobacterium, and Enterococcus) are capable of synthesizing vitamins 

as well as degrading different xenobiotics as it has been shown in humans [55,97,136].

The development of such dense and complex populations of microorganisms that reside so 

close to the gut requires that the intestinal immune system maintain tolerance to 

nonpathogenic/commensal bacteria. This is also true for teleosts whose immune system has 

to be able to coexist with commensal microorganisms in the gut, gills and skin [46]. 

Although the mechanisms responsible for tolerance have not been completely defined, there 

is good evidence to suggest that interactions between commensal bacteria and host mucosa 

induce highly regulated innate and adaptive immune responses [70,175]. For example, 

certain commensal bacteria such as segmented filamentous bacteria (SFB) have been shown 

to induce T helper 17 (Th17) cell differentiation in the small intestine, which protects the 

host from fungal and bacterial infections [5,76,77]. Interleukin 22 (IL-22), a Th17-derived 

cytokine, has been shown to enhance tight junctions in epithelial cells and increase mucin 

and antimicrobial protein production, all of which limit bacterial invasion into the lamina 

propria. Other bacteria such as the Clostridia clusters IV, XIVa and XVIII and Bacteroidetes 

have been shown to induce immuno-regulatory T cells called regulatory T cells (Tregs; 

CD4+Foxp3+ T cells). These T cells are known to suppress immune responses to self and 

bacterial antigens, promote epithelial repair, and promote tolerance to microbes 

[4,116,125,176]. In zebrafish, the intestinal microbiota also promotes the regulation of the 

innate immune responses to infections as reported by Galindo-Villegas et al. [51]. 

Furthermore, Rawls and coworkers demonstrated that the zebrafish gut microbiota is 

important for the expression of over 200 genes in the zebrafish intestine, many of which 

have also been observed in mice and are associated with epithelial proliferation, immune 

responses and nutrient metabolism [161].

3. Protection Against Invasion of Unwanted Neighbors

In mammals, the intestinal epithelial cell monolayer is composed of absorptive epithelial 

cells as well as specialized cells (e.g. goblet cells, Paneth cells) that are capable of secreting 

protective macromolecules and peptides. Immediately underlying the epithelium is the 

lamina propria which contains large numbers of plasma cells that produce IgA, a signature 

protective immunoglobulin of mucosal surfaces. Transcellular transport of IgA from the LP 

to the bowel lumen is mediated by the polymeric immunoglobulin receptor (pIgR), which is 

localized on the basolateral surface of epithelial cells [82]. Similar to mammals, the teleost 

intestine consists of three visually distinct anatomical divisions: the rostral intestinal bulb, 

the mid-intestine and the caudal intestine. In contrast with mammals, zebrafish do not 

contain a stomach [208]. Gene expression data in zebrafish suggest that the physiological 

functions of certain segments of its intestine are similar to mammals. Molecular 

characterization of the zebrafish transcriptome shows that the rostral and mid zebrafish 

intestine, where most metabolism, transport of nutrients, and energy metabolism take place, 

are functionally similar to the small intestine in mammals. In turn, the zebrafish caudal 

intestine is analogous to the mammalian large intestine [209]. It should be noted that crypts 

and Peyer’s Patches are absent in the zebrafish gut. The intestinal monolayer in zebrafish 
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consists of three principal cell types: enterocytes, enteroendocrine cells, and goblet cells 

[103,129,216].

Invasion of pathogenic or commensal bacteria into the gut interstitium (i.e. LP) and their 

dissemination into the systemic circulation has the potential to produce devastating immune 

responses that could result in systemic inflammation, illness and possibly death. How does 

the gut limit and/or prevent the invasion of these unwanted neighbors? Essentially, the 

intestine has evolved four major levels of distinct but overlapping lines of defense that 

minimize contact of microbes with the intestinal epithelium, as well as eradicate microbes 

that manage to penetrate the epithelial barrier and gain access to the intestinal tissues 

[18,69]. The first line of defense in mammals is mediated by goblet cells, which are 

specialized epithelial cells that produce mucin, a highly glycosylated glycoprotein that 

polymerizes to form mucus. The macromolecular gel adheres to the apical surface of 

epithelial cells thereby providing a physical barrier that separates the epithelium from 

luminal bacteria [150]. The colon contains both an inner and outer layer of mucus. The inner 

layer of mucus is dense, highly polymerized, tightly adherent to the epithelial cell surface 

and relatively impermeable to the microbiota due to its resistance to most bacterial proteases 

[84]. The outer mucus layer is a loose, net-like polymer that occupies approximately 4 times 

the volume than the inner layer. It is not uncommon to observe some bacteria in the outer 

layer of mucus that may arise from limited proteolysis of the polymer that is mediated by the 

host as well as resident bacteria [82,83].

In contrast to the colon, the small intestine contains substantially smaller numbers of 

bacteria with the epithelium being covered by a single, loosely adherent layer of mucus. 

However, some pathogenic microorganisms have developed strategies to penetrate the mucus 

layers, allowing them to gain access to the epithelial cell surface through various strategies 

that vary among pathogens and commensals alike [38]. For instance, Yghl, an Escherichia 
coli-derived M60-like protease degrades mucus proteins, thus providing bacteria with access 

to the mouse small intestinal epithelium [110]. Pic, a secreted protease produced by E. coli 
and Shigella flexneri, degrades rat ileal mucus and stimulates compensatory mucus 

hypersecretion by goblet cells [140]. In addition, the food-born pathogen Campylobacter 
jejuni expresses JlpA surface lipoprotein adhesin, which allows for colonization of the 

human small intestine and colon [91]. Furthermore, the gastrointestinal pathogen Salmonella 
enterica penetrates cecal mucus using chemotaxis and flagella [193]. Under the highly acidic 

conditions of the stomach, Helicobacter pylori may reduce mucus viscosity via alkalization 

of the environment thereby allowing adhesion of these pathogens to the surface epithelium 

using SabA adhesin. It is hypothesized that NH3 that causes pH elevation is produced by H. 
pylori from the hydrolysis of urea [23,115]. The importance of mucus as a protective barrier 

has been directly demonstrated in genetically-engineered mice that have been rendered 

devoid of intact colonic mucus via deletion of the Muc2 gene. These Muc2-deficient 

(Muc2−/−) mice exhibit growth retardation, enhanced bacterial invasion of colonic crypts and 

development of colonic inflammation by 5 weeks of age [202]. The absence of mucus may 

also synergize with other genetic defects such that mice devoid of both Muc2 and the IL-10 
gene (Muc2−/−/IL-10−/− double deficient animals) develop exacerbated colitis when 

compared to colitis that develops in Muc2−/− or IL-10−/− animals [201]. These data suggest 

that chronic colitis in mucus-deficient mice may be due to the adhesion of bacteria to 
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colonic epithelial cells (colonocytes) and invasion of these unwanted neighbors into the 

lamina propria where they activate innate and adaptive immune responses. In reality, the 

mechanisms for the induction of inflammation may be more complicated than simple 

adhesion/invasion of luminal bacteria as it is well-known that certain species of bacteria are 

capable of adhering to epithelial cells without invading the tissue or launching an intestinal 

inflammatory response. In fact, commensal bacteria-epithelial cell interactions appear to be 

required for homeostasis and for mediating tolerance to commensal bacteria [77,159]. The 

teleost intestinal tract is also endowed with a single protective layer of mucus. Zebrafish 

possess 5 genes that code expression of gel-forming mucin glycoproteins, which belong to 

two gene families: Muc2 (Muc2.1 and Muc2.2 genes) and Muc5 (Muc5.1, Muc5.2 and 

Muc5.3 genes). Sequencing of these genes revealed a great deal of homology to other 

vertebrates. According to gene sequencing data, the domain architecture of Muc5.1 and 

Muc5.2 zebrafish mucin proteins is typical for mammalian-secreted mucins [57,80]. The 

importance of intestinal mucus in zebrafish was demonstrated by Oehlers et al. who found 

that reduction of mucus secretion via administration of retinoic acid exacerbated 

enterocolitis induced by the hapten trinitrobenzene sulfonic acid (TNBS) in zebrafish larvae 

[146].

A second line of defense designed to limit the contact of bacteria with the intestinal 

epithelium is the secretion of different antimicrobial peptides (AMPs) by specialized 

epithelial cells (Figure 2). In general, AMPs are restricted to the mucus with only minute 

amounts diffusing into the gut lumen [131]. Paneth cells, in spite of being a relatively rare 

cell type located in the intestinal crypts, are essential for limiting access of bacteria to the 

epithelium [11]. These specialized cells secrete α-defensins (called cryptdins in mice) which 

bind to bacterial cell membranes and permeabilize them, resulting in death of the 

microorganism. In contrast to other defensins, human α-defensin 6 (HD6) does not destroy 

the bacterial membrane. Instead, it forms a nano-net of self-assembling fibrils on the surface 

of the bacterial cell thereby interfering with its ability to bind to the epithelium [14,149,210]. 

Of note, mice lack the HD6 analogue [183]. It appears that the secretion of cryptdins as well 

as cryptdin-related sequences (CRS) antimicrobial peptides is constitutive and does not 

depend upon the presence of luminal bacteria as it has been found in germ-free mice. In fact, 

production of cryptdins and CRS1C is increased only modestly in conventional mice 

challenged with S. enterica or Listeria monocytogenes. In contrast, CRS4C and bactericidal 

lectin Reg3γ are also produced constitutively by Paneth cells, but their secretion increases 

significantly following challenge with a pathogen [21,89,156]. Reg3γ is capable of killing 

Gram positive bacteria by binding to their membrane peptidoglycans and disrupting the 

bacterial cell wall [21]. In addition to Paneth cells, goblet cells secrete cysteine protease 

cathepsin K (Ctsk) [144,184]. Cathepsin K contributes to maintaining the normal 

composition of intestinal microflora as Ctsk−/− mice exhibit dysbiosis [184]. Although it has 

been demonstrated that other members of the cathepsin proteinase family are capable of 

lysing bacterial outer membranes [197], the mechanisms responsible for cathepsin K-

mediated dysbiosis remain to be defined.

Another AMP produced by intestinal epithelial cells and inflammatory polymorphonuclear 

leukocytes (PMNs) is Lipocalin 2 (Lcn-2) [93]. This protein binds to the bacterial 

catecholate-type iron-chelating siderophores thereby preventing the acquisition of iron by 
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bacterial cells, thus limiting bacterial growth [48,56]. Lcn-2 as well as heparin/heparin 

sulfate interacting protein (HIP/RPL29) expressed on the surface of mouse epithelial cells in 

the small intestine, are identical to those found in the mouse airway epithelium. These 

observations suggest that these proteins are part of the innate antibacterial defense of the 

epithelial surface in mammals [130,215]. Epithelial cell-derived AMPs are quite effective in 

limiting interactions between luminal bacteria and the epithelium; however, certain strains of 

bacteria have developed mechanisms whereby they may circumvent some of these 

antimicrobial properties. For instance, resistance to killing by host AMPs towards 

Salmonella typhimurium results from modifications of surface lipopolysaccharides (LPS) 

thereby reducing the efficacy of AMPs to bind to bacteria. In addition, S. typhimurium may 

secrete the iron-chelating molecule (salmochelin) produced by glycosylation of another 

siderophore, enterobactin. Salmochelin is no longer bound by Lcn-2 and it is therefore, 

capable of supplying bacteria with iron [60,158].

Intracellular pattern recognition receptors (PRR) and the nucleotide-binding oligomerization 

domain receptor (NOD) proteins NOD1 and NOD2 are important regulators of mammalian 

innate immune responses which are expressed in Paneth cells of the intestinal epithelium as 

well as in many immune cell types [14,20]. Upon recognition of specific peptidoglycans 

(PGN) on the bacterial cell surface, NOD1 and NOD2 activate innate immunity in an NF-κB 

dependent manner [74]. In mice, it was shown that the lack of NOD2 expression causes 

intestinal dysbiosis [153]. Of interest, the human intracellular pathogen L. monocytogenes 
avoids recognition by NOD proteins due to the N-deacetylation of its surface peptidoglycan, 

providing protection from the host lysozyme and allowing it to replicate within host 

macrophages [16]. Zebrafish orthologs of both mammalian Nod1 and Nod2 genes have been 

identified and are highly homologous to their mammalian counterparts. Zebrafish Nod2 gene 

splicing is shown to be similar to human Nod2 [24,101,147]. The ability to control systemic 

infection is markedly reduced in NOD1−/− as well as NOD2−/− zebrafish larvae infected 

with S. enterica. Interestingly, the expression of intestinal duox, a gene that encodes for an 

enzyme that produces H2O2, is decreased in NOD1−/− larvae, but not in NOD2−/− larvae 

following challenge with S. enterica. This suggests that, unlike in mammals, reactive oxygen 

species (ROS) production by DUOX in zebrafish is regulated by NOD1 and not by NOD2 

[104,147]. Consistent with this hypothesis, increased bacterial load is observed in NOD1−/−, 

but not in NOD2−/− larvae [147]. In addition to DUOX, other AMPs have been identified in 

the teleost gut. For instance, Oehlers et al. reported expression of defensin β-like (dfnb) 
genes which are closely related to mammalian β-defensin genes, as well as expression of 

peptidoglycan recognition proteins (pglyrp) which exert their bactericidal properties against 

Gram positive bacteria [147]. Another group of investigators observed increased expression 

of cathepsin-like protein genes ctsl1a and ctsl1b as well as c-type lectin genes in the 

intestines of zebrafish infected by Mycobacterium marinum [203]. Brush border-associated 

alkaline phosphatase (lap) activity localized on zebrafish epithelial cells is also thought to be 

important for limiting microbe adhesion. Bacterial LPS from mucosa-associated bacteria is 

thought to induce the expression of Lap that dephosphorylates microbial LPS. Lap also 

downregulates myeloid differentiation primary response protein (MyD88)-dependent pro-

inflammatory signaling in the intestine thereby preventing intestinal inflammation [7]. These 

data are consistent with the observation that MyD88−/− larvae display reduced survival as 
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well as compromised responses to bacterial flagellin and LPS following challenge with 

Edwarsiella tarda and S. typhimurium [204].

A third line of defense by which vertebrates limit contact of luminal bacteria with their gut 

epithelium is by the synthesis and secretion of IgA. In mammals, approximately 70% of the 

total body production of IgA is induced by the intestinal microbiota [112,114]. IgA class 

switching by mucosal B cells is maintained by retinoic acid produced constitutively by 

resident dendritic cells (DC) as well as by transforming growth factor-β (TGF-β) and other 

compounds provided by the intestinal microenvironment [113]. Numerous CD11c+ DCs are 

located in the Peyer’s patches and lamina propria of the small bowel. These professional 

antigen presenting cells continuously sample their immediate surroundings for bacteria and 

bacterial antigens. If present, DCs will phagocytize whole bacteria or antigens and migrate 

to the mesenteric lymph nodes (MLNs) where they present microbial peptides to naïve B 

and T cells. Since antigen- or bacteria-loaded DCs are incapable of migrating beyond the gut 

draining MLNs and into the circulation, immune responses induced by their interactions 

with MLN-associated B and/or T cells are restricted to the gut [43,114,142,164]. Following 

DC-mediated activation, B cells transform into plasma cells, leave the MLNs and enter the 

systemic circulation. These effector cells then home back to the intestinal lamina propria 

where they produce bacterial-specific immunoglobulin A (IgA) [68,83,138]. This bacterial 

specific immunoglobulin is then transported from the intestinal interstitium through 

epithelial cells via a specific pIgR receptor (see above) and into the gut lumen. Once IgA is 

deposited onto the luminal surface of the epithelium, it may bind to bacteria in close 

proximity to the epithelium, thereby preventing invasion of the microorganisms into the gut 

tissue. In addition, recent studies suggest that IgA coating of luminal bacteria facilitates their 

uptake by the M cells overlying gut-associated lymphoid tissue (e.g. MLNs, isolated 

lymphoid follicles), thereby limiting intestinal immune responses to the gut [152,185]. To 

date, IgA expression has not been detected in fish [22,167] and it is not clear if any 

particular immunoglobulin class in zebrafish may be considered a functional equivalent of 

mammalian IgA in mucosal immune responses. The pIgR gene expression in zebrafish gut 

has been confirmed in a recent study and unlike in mammals, zebrafish plgR is composed of 

only two domains [98]. It is noteworthy that in another teleost, Takifugu rubripes (fugu), 

pIgR is capable of binding IgM in the skin mucus [61]. In another study, the relatively 

primitive immunoglobulin IgT, also known as IgZ, is shown to function as a mucosal 

antibody and to be protective against intestinal parasites in rainbow trout [221].

The multiple lines of defense that mammals and teleosts have developed to protect against 

invasion of pathogenic and/or commensal bacteria are quite effective. Occasional breaches in 

the epithelium may occur, allowing microorganisms to gain access to the intestinal lamina 

propria. When this occurs, vertebrates mobilize their fourth line of defense: the innate and 

adaptive immunity. The vertebrate intestine is in actuality, the largest lymphoid tissue in the 

body which contains substantial numbers of dendritic cells, phagocytic leukocytes and 

lymphocytes [179]. Microbes which enter the gut lamina propria are rapidly phagocytized 

and killed by interstitial macrophages [186]. MyD88 signaling in these phagocytes is 

selectively downregulated insuring that intestinal macrophages produce relatively small 

amounts of pro-inflammatory cytokines and mediators while possessing potent bactericidal 

activity. This allows for the removal of unwanted microbes without fully activating an 
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inflammatory response and consequent tissue injury [188,189]. These specific macrophages 

(called M2 macrophages) are crucial for limiting bystander tissue injury produced by innate 

immune responses. Intestinal M2 macrophages also contribute greatly to the repair of 

intestinal damage via their ability to induce the proliferation of epithelial cells to repopulate 

the injured epithelium [181]. The role of intestinal macrophages in teleosts has not been 

described in as much detail as their mammalian counterparts. However, their importance was 

demonstrated in zebrafish following intestinal pathogen S. flexneri infection. In mammals, it 

was shown that invading bacteria which penetrate the intestinal epithelium are phagocytized 

by indigenous macrophages and instead of being killed, ingested bacteria leave the 

phagosome causing macrophage cell pyroptosis [2]. In zebrafish, this leads to a dramatic 

decrease in macrophage numbers resulting in bacteremia and eventually death of the larvae 

[137]. This observation is especially valuable because it shows that zebrafish can be a 

relevant model for studying the pathogenicity of microorganisms such as S. flexneri that are 

not natural fish pathogens.

Another group of heterogeneous innate immune cells that reside within the gut and provide 

protection against invading microorganisms, as well as regulate adaptive immunity and 

wound healing are called innate lymphoid cells (ILCs). ILCs arise from hematolymphoid 

progenitor cells and may be categorized as cytotoxic ILCs which are represented by natural 

killer (NK) cells and helper-like ILCs that include ILC1, ILC2 and ILC3 [39]. NK cells and 

ILC1 produce large amounts of IFN-γ that is used to protect mice against infection by 

certain bacteria such as L. monocytogenes [165]. ILC2 cells may also protect mice from 

certain helminths such as Trichinella spiralis via their production of the Th2 cytokine IL-13 

[126]. What was considered a subset of NK cells (i.e. NK-22 cells) was shown to protect the 

host against bacterial invasion as well as maintain epithelial barrier integrity. These IL-22 

producing ILCs, which are now considered ILC3, produce little or no IFN-γ and express the 

retinoic-acid-receptor-related orphan receptor-γt (RORγt) transcription factor 

[50,107,174,177]. It has been demonstrated that ILC3-derived IL-22 attenuates acute and 

chronic intestinal inflammation induced in lymphopenic mice (Rag−/− mice) by Citrobacter 
rodentium and by adoptive transfer of naïve T cells, respectively [177,220]. Another 

important function of ILCs is anatomical containment of the intestinal microbiota 

[39,65,191]. Recent studies have demonstrated that immuno-depletion of ILCs resulted in 

the systemic dissemination of intestinal bacteria that was accompanied by multi-organ 

inflammation [191]. The loss of containment appeared to be due to the loss of ILC-derived 

IL-22 as the administration of IL-22 to ILC-depleted mice prevents the dissemination of 

commensal bacteria [191]. In follow up studies, Hepworth et. al., showed that selective 

depletion of MHC RORγt+ ILCs expressing major histocompatibility complex II (MHC II) 

resulted in dysregulated commensal bacteria-dependent CD4+ T cell responses that induced 

spontaneous and systemic dissemination of commensal bacteria resulting in multi-organ 

inflammation [65]. Taken together, these data suggest that intestinal homeostasis is mediated 

by the MHC II-dependent interaction between ILCs and CD4+ T cells. NK cells have 

currently not been described in zebrafish. It has been suggested that the recently described 

novel immune-type receptors (NITR) expressing cells in zebrafish and other teleosts may be 

functionally-equivalent to mammalian NK cells [78,218].
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The adaptive immune cells (i.e. lymphocytes) represent another level of defense that 

synergizes with innate immune cells to maintain homeostasis, as well as protect the host 

from invasion of pathogenic microbes. One such group of lymphocytes that reside in large 

numbers within the epithelial monolayer are the intraepithelial lymphocytes (IELs). Natural 

IELs are either CD8αα+ or CD8αα− and express TCRγδ or TCRαβ [27]. TCRγδ IELs 

constitute approximately 60% of the total IELs of the small bowel and are generally thought 

to maintain epithelial integrity and limit immune activation [27]. Along with intestinal 

macrophages, TCRγδ IELs are capable of producing keratinocyte growth factor (KGF) that 

mediates intestinal wound healing [26]. It has been shown recently that the ability of 

TCRγδ-derived KGF to repair acute inflammatory injury in the gut is impaired in mice that 

lack an important ligand (semaphorin; CD100) for TCRγδ activation [127]. Epithelial cells 

from CD100-deficient (CD100−/−) or KGF−/− mice exhibit significantly decreased 

proliferative rates in mouse models of experimental colitis. Due to the expression of the 

NKG2D NK receptor, TCRγδ IELs are able to recognize the MHC I-like surface markers 

MICA and MICB expressed widely in the intestines of humans with IBD. NKG2D/MIC 

interaction is essential for cytotoxic killing of the enterocytes activated by allogeneic ligands 

[59,72]. TCRγδ IELs stimulated by enterocytes may also respond to bacterial challenge by 

producing the AMPs Reg3β and Reg3γ [75]. In response to bacterial challenge, IELs migrate 

to enterocytes in contact with the pathogen, thus providing the host with immediate and 

essential protection against invading pathogen [41].

If intestinal bacteria evade the multiple layers of defense described above, they will 

eventually be eliminated by the adaptive immune response called cell mediated immunity. 

Whole bacteria and/or their antigens will be endocytosed by DCs within the LP. Antigen-

loaded DCs will then travel from the LP to the MLNs via the efferent lymphatics. During 

this process, DCs will process and present the bacterial antigens in the context of their MHC 

II. Upon arrival to the MLNs, naïve CD4+ T cells will bind to the gut derived DCs via their 

TCR, whereupon the T cells become primed/activated and polarized and expand to produce 

larger numbers of antigen-specific Th1 and/or Th17 effector cells. It is during this time that 

T cells become “imprinted” via the increased expression of surface adhesion molecules such 

as CCR9, LFA-1, PSGL-1 and VLA-4. Once the effector cells have departed the MLNs and 

enter the systemic circulation, these imprinted homing proteins will direct migration of the T 

cells to the intestine where the levels of bacteria and antigens are the greatest [94]. 

Following extravasation into the gut LP, effector T cells will engage DCs as well as other 

antigen presenting cells (e.g. macrophages, B cells) that have also processed and presented 

the same bacterial antigens whereby the effector T cells become rapidly and fully activated 

to produce large amounts of IFN-γ, IL-2, TNF-α and IL-17. Some of these cytokines will 

then activate intestinal macrophages to “help” in their phagocytosis and killing of bacteria. 

These inflammatory cytokines will also enhance the expression of endothelial cell adhesion 

molecules (e.g. E-selectin, ICAM-1, VCAM-1) thereby promoting the infiltration of 

additional phagocytic/myeloid leukocytes (e.g. PMNs, monocytes). Lugo-Villarino et al. 

have described a zebrafish myeloid cell that strongly resembles mammalian DCs 

morphologically and functionally and have MHC II expression [109]. Because innate and 

adaptive immune responses produce a number of cytotoxic species such as reactive oxygen 

and nitrogen metabolites, as well as secrete and activate different hydrolytic enzymes (e.g. 
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metalloproteinases), the host must have ways to limit inflammatory tissue injury during 

these responses. This is accomplished by the action of thymic-derived and peripheral 

induced regulatory Tregs [69,79,116,182]. In mice, the majority of Tregs express the Foxp3 

transcription factor and CD25. Thymic-derived Tregs (tTregs) acquire expression of Foxp3 

during their development in the thymus whereas induced Tregs (iTregs) are produced from 

conventional CD4+ T cells following their interaction with antigen-loaded DCs in lymphoid 

and nonlymphoid tissue [13,71]. Both populations of Tregs utilize IL-10 and/or TGF-β to 

regulate innate and adaptive immune responses [148].

A list of cloned genes for teleost T cell-associated peptides analogous to those expressed in 

mammals includes α, β, γ, and δ TCR subunits as well as CD3, CD4, CD8, CD28 and 

recombinase activated gene-1 (Rag-1) [9,17,57,196]. There are very few studies devoted to 

intestinal T cell function in zebrafish. The genes for zebrafish Foxp3, Stat6, and T-bet 
transcription factors have been cloned. Foxp3 and T-bet zebrafish genes are identical to their 

human homologues, while the Stat6 gene has some minor differences [132]. A gene for 

zebrafish IL-23α, an essential component of IL-23, an interleukin required for Th17 cell 

differentiation in mammals, has been cloned recently as well [67]. Taken together, these data 

suggest that zebrafish may possess Th1, Th2, Th17 and Treg cells described in mammals. 

Mouse T cells, transduced with the zebrafish Foxp3 gene, suppress activation of other T 

cells in in vitro co-culture assay [157]. Interestingly, two alternatively spliced transcripts 

have been discovered for the zebrafish Foxp3 gene [132]. According to histologic staining 

data in rainbow trout, CD8+ cytotoxic T cells can make up more than half of the T cell 

population in the teleost’s gut [196]. In sea bass, proliferation of T cells by allogeneic 

stimulation was reduced significantly by addition of cyclosporine A. It suggests that T cell 

proliferation in teleosts may be controlled by mechanisms similar to those reported for 

mammals [128].

4. Loss of Tolerance to the Microbiota Induces Intestinal Inflammation

The fact that vertebrates remain healthy despite the continuous presence of enormous 

numbers of potentially harmful microorganisms, attest to the remarkable ability of the 

intestinal immune system to maintain tolerance to nonpathogenic/commensal bacteria. It is 

becoming increasingly appreciated that the loss of tolerance to the commensal microbiota 

represents an important pathogenetic mechanism responsible for induction of intestinal 

inflammation [25,73,90,99,176,214]. Based upon their early work performed in rats and 

mice more than 20 years ago, Powrie and coworkers proposed that the chronic intestinal 

inflammation observed in patients suffering from IBD results from a dysregulated immune 

response to intestinal bacteria [3,79,154]. Evidence gathered over the past two decades 

suggests that IBD most likely arises from a complex interaction between genetic and 

environmental factors [73,90,99,214].

4.1 Genetic Susceptibility

To date, more than 160 different polymorphisms or susceptibility loci have been identified in 

patients with diagnosed IBD [25,87,90,206]. As one might expect, a substantial number of 

these loci common to both CD and UC are associated with innate and adaptive immunity. 
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While the majority of the altered loci are associated with both CD and UC, genome wide 

associated studies (GWAS) have identified a smaller but significant number of 

polymorphisms that appear specific for CD. These include NOD2, autophagy related protein 

16-like 1 (ATG16L1) and Immunity-Related GTPase Family M (IRGM) genes [87]. 

Furthermore, genes associated with epithelial barrier function have also been identified [87]. 

Because these genes express proteins that are important for recognition and processing of 

intracellular bacteria as well as for limiting the invasion of intestinal bacteria into the gut 

lamina propria, one could envision a scenario whereby CD may arise from unrelenting 

bacterial infections [87]. In addition to defects in innate immunity, GWAS have reported 

several polymorphisms in genes that are crucial for the induction and regulation of adaptive 

immune responses such IL-17 and IL-23 signaling and IL-10/IL-R interactions [87]. UC-

specific susceptibility loci have also been described for genes responsible for HLA class II-

mediated antigen presentation (e.g. HLA-DQA1), inflammatory mediator generation (e.g. 

TNFRSF14, TMFRSF9, IL1R2, IL8Ra, IL7R) and epithelial barrier function (e.g. HNF4A, 
CHD1, LAMB1 genes) [87,92,206].

Much of our understanding of the immuno-pathogenesis of chronic gut inflammation has 

come from studies using mouse models of IBD [95,163,200]. Prior to the early 1990s, 

animal models of IBD required the oral or rectal administration of erosive chemicals to 

produce colonic mucosal damage that was followed by an acute self-limiting inflammatory 

response [95]. However, the publication of 4 paradigm-changing studies in 1993 altered 

dramatically the future of experimental IBD by demonstrating that mice rendered 

genetically-deficient in certain genes involved in immune regulation developed spontaneous 

and unrelenting colitis [100,135,154,173]. Since the publication of these ground-breaking 

studies, numerous other, genetically-engineered mouse models of chronic intestinal 

inflammation have been generated that continue to provide new and important information 

related to the immuno-pathogenesis of experimental IBD [85,95,163]. Although none of the 

mouse models completely recapitulate the clinical and immuno-histopathological features of 

human disease, data obtained from several studies using chronic mouse models have 

revealed two important concepts that have served to direct basic and clinical research over 

the past two decades [95,163]. One basic concept that has come from these studies is that 

genetics play an important role in the pathogenesis of chronic inflammation. Indeed, 

numerous studies have shown that chronic inflammation develops in mice that possess one 

or more defects in genes that are involved in certain pathways related to innate and/or 

adaptive immune responses such as the T-bet−/− × Rag-2−/− ulcerative colitis (TRUC) 

[95,163,200].

Another important concept that has come from these mouse studies is that the 

“environment” (i.e. the intestinal microbiota) is required for induction and perpetuation of 

chronic gut inflammation in genetically-susceptible mice. Mice that are depleted of their 

microbiota using antibiotic administration or are delivered by caesarian section and raised 

under germ-free conditions develop little or no colitis [25,90,96,176]. In addition to mice, 

zebrafish are also being used as models for investigating the immunopathological 

mechanisms involved in intestinal inflammation [216]. These teleost models employ the use 

of chemical haptens [i.e. TNBS, oxazolone or irritants (dextran sodium sulfate (DSS)] to 

induce acute, self-limiting intestinal inflammation in larvae or adult fish [216]. Although not 
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chronic in nature, these models have revealed several similarities to mouse-based models 

with respect to inflammation gene expression, leukocyte infiltration, intestinal injury and the 

requirement for intestinal bacteria [19,63,64,216]. Of note, some investigators have 

demonstrated that the knock down or deletion of genes that have been shown to be 

dysfunctional in human IBD or absent in mice that develop IBD, also increase susceptibility 

of zebrafish to bacterial infection [216].

4.2 Environment: Intestinal Bacteria Drive Chronic Gut Inflammation

There is no question that genetics play an important role in the pathogenesis of IBD. 

However, genetics alone cannot fully account for the dramatic increase in IBD in 

modernized societies over the past 50 years. For example, concordance rates for IBD in 

identical twins is actually quite low with estimates of 30–35% and 10–15% for CD and UC, 

respectively [10]. In addition, it has been well-documented that countries/societies that have 

adopted a “Modernized” lifestyle have shown sharp increases in the incidence and 

prevalence of IBD over the past five decades [10,32,92,134,206]. Taken together, these 

studies suggest that alterations in intestinal microbiota produced by environmental factors 

may be responsible for the increased incidence in IBD throughout the world. Multiple 

studies have demonstrated that increased use (and abuse) of antibiotics, better environmental 

sanitation, increased personal hygiene, and alterations in diet and lifestyle dramatically alter 

the composition of intestinal microbiota [10,32,92,134,206]. Moreover, the rapid appearance 

of IBD in rural-based societies where these chronic diseases were once rare, have increased 

dramatically over the past 50 years following transition to more modernized communities. 

Taken together, these genetic and environmental observations support the hypothesis that 

environmental factors may play an important role in the induction of disease in genetically-

susceptible individuals [10,118,134]. This is true not only for human disease but is also 

observed in mouse and teleost models of intestinal inflammation. As pointed out previously, 

many of the mouse models of chronic gut inflammation develop little or no disease in the 

absence of intestinal bacteria. In addition, changes in microbiota may alter dramatically the 

onset and/or severity of disease in these mice [95,96,163,200].

So, what exactly is the evidence that intestinal bacteria are an important pathogenetic factor 

that drives gut inflammation in genetically susceptible individuals? In fact, there is really 

only one study in humans that directly implicates intestinal bacteria in inducing IBD. 

Studies by Rutgeerts and coworkers showed that when the fecal stream of a segment of the 

small bowel that has been surgically resected (due to advanced CD) to form a neoterminal 

ileum was diverted, intestinal inflammation failed to develop [172]; however, when the fecal 

stream was restored inflammation rapidly appeared, suggesting a role for intestinal 

microbiota [34,172]. In addition to these direct studies, a number of indirect or association 

studies have been published demonstrating greater numbers of mucosa-, epithelia- and 

lamina propria-associated bacteria in histological samples obtained from inflamed vs. 

healthy intestine [25,25,118,119,122]. As mentioned previously, GWAS have revealed 

polymorphisms (mutations) in genes that are responsible for recognition and intracellular 

processing (and killing) of bacteria (i.e. NOD2, ATG16L1 and IRGM) which are strongly 

associated with patients with CD [87]. Taken together, these data are consistent with the 

hypothesis that in addition to polymorphisms in genes associated with the adaptive immune 
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system, defects in innate immune responses to intestinal bacteria may represent an important 

immunopathogenic factor that induces and perpetuates chronic intestinal inflammation 

[25,92,206]. The beneficial effects of certain antibiotics administered to patients with distal 

bowel inflammation is consistent with a role for the microbiota in disease pathogenesis [45].

Another important piece of indirect evidence implicating intestinal microbiota in the 

pathogenesis of human IBD is the observation that gut inflammation appears to always be 

accompanied by dramatic alterations in the luminal and mucosa-associated composition of 

intestinal bacteria, a situation called dysbiosis [176,192]. Numerous studies have reported 

marked dysbiosis in luminal (i.e. fecal) samples collected from humans with active IBD 

[54,99]. The large majority of these studies have used luminal/fecal samples and have 

consistently shown a decrease in bacterial diversity and abundance of bacteria within the 

Firmicutes and Bacteroidetes, whereas the abundance of certain Proteobacteria such as the 

Enterobacteriaceae (E. coli, AIEC) are increased [25,49,118,119,151,162,176]. However, a 

more recent study using large numbers of newly diagnosed, treatment-naïve patients with 

IBD, reports that from the trillions of possible bacteria that reside within the small and large 

bowel, alterations in abundance of only a select few groups of mucosa-associated bacteria 

were strongly correlated with presence and quality of disease [54]. This same study also 

emphasized that alterations observed in luminal/fecal microbial communities did not appear 

to correlate with disease status. These exciting studies have, for the first time, identified 

specific communities of mucosa-associated bacteria that may be very important in the 

induction and progression of chronic intestinal inflammation in genetically-susceptible 

individuals. Specifically, Gevers and coworkers observed increased abundance of certain 

pathobionts including Enterobacteriaceae, Pasteurellaceae, Veillonellaceae and 

Fusobacteriaceae as well as decreased abundance of “protective” Erysipelotrichales, 
Bacteroidales and Clostridiales [54]. Pathobionts are constituents of the healthy microbiota 

and are not considered classical pathogens; however these bacteria possess the potential to 

induce gut inflammation following disruption of the healthy microbiota [171].

Dysbiosis is also commonly observed in several mouse models of IBD [95,96]. Two more 

recent mouse models have extensively characterized this dysbiosis with the objective of 

defining the specific populations of pathobionts responsible for induction of disease. One 

model is the TRUC mouse model. This genetically-engineered mouse develops spontaneous, 

chronic and communicable colitis that is driven by the interaction between innate immune 

cells and the microbiota [53]. The fact that colitis is communicable and will develop in wild 

type mice when housed with TRUC mice suggests that there is an outgrowth of pathogenic 

bacteria in these mice [53]. Investigators have observed an overabundance of Klebsiella 
pneumoniae and Proteous mirabilis that correlated well with disease [52]. These two 

microbes are known to be increased in human IBD [52,53]. Another novel mouse model of 

IBD that requires the presence of intestinal bacteria and exhibits dysbiosis was created by 

Kang et. al. [88]. These investigators bred dominant negative TGFβRII (dnTGFβRII) mice 

with IL-10R2−/− mice to generate dnTGFβRII X IL-10R2−/− offspring which are referred to 

as dnKO mice. These offspring have defective TGFβ signaling in T cells and defects in 

IL-10R signaling in all tissues [88]. These dnKO mice develop an accelerated and 

unrelenting colitis that is abrogated by administration of broad spectrum antibiotics [88]. 

This same laboratory has also demonstrated that an isolate of Bacteroides, but not 
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Enterobacteriaceae induces robust disease in dnKO but not in controls [15,66]. Taken 

together, these studies clearly demonstrate the need to assess the colitogenic potential rather 

than relying solely on 16S rRNA determinations. Despite the potentially important role that 

dysbiosis may play in the pathogenesis of IBD, it remains unclear whether dysbiosis is a 

cause or consequence of chronic gut inflammation. There are a few reports showing that 

dysbiosis may occur in healthy relatives of patients with IBD, suggesting that microbial 

alterations may precede disease, but little follow up of these family members has been 

documented [86]. In fact, it has been well-documented that products of the inflammatory 

reaction are effective at promoting dysbiosis [111]. Defining the role of dysbiosis in IBD 

may have to await more direct longitudinal studies that can only be accomplished in well-

controlled mouse models of IBD. It should be noted that the intestinal microbiota has also 

been shown to be important for full expression of chemically-induced intestinal 

inflammation in zebrafish [19,63,64,216].

4.3 Intestinal Microbiota Transplant: A novel therapeutic strategy for treating IBD

Great advances have been made over the past 30 years in understanding the immuno-

pathological mechanisms responsible for the induction and perpetuation of IBD. Yet, only a 

handful of pharmacologic and biologic agents are available to treat these debilitating 

inflammatory disorders. Furthermore, many of the current immunosuppressive small 

molecules available for patients may be toxic and the new-generation biologics can be 

expensive and require infusion in a physician’s office. Thus, it is critical that additional, 

nontoxic and inexpensive therapies be developed to treat patients with IBD. Given the fact 

that there is now considerable experimental and clinical evidence demonstrating that the 

intestinal microbiota may act as a “trigger” to induce and perpetuate chronic gut 

inflammation in genetically-susceptible individuals, investigators have undertaken different 

avenues of research in an attempt to restore the dysbiotic gut microbiota that develops in 

patients with active IBD to a more typical, highly diverse community of microorganisms. A 

variety of different approaches have been used to manipulate the intestinal microbiota in 

IBD patients including the use of antibiotics, probiotics, and prebiotics. Manipulating the 

dysbiotic microbiota to decrease disease-producing pathobionts, while enhancing the 

numbers and metabolic activity of beneficial bacterial communities, has tremendous 

potential for therapeutic benefit. The therapeutic efficacy of antibiotic, probiotic and/or 

prebiotic administration in patients with IBD has not been proven in placebo-controlled, 

double blind, multicenter clinical studies. However, there are encouraging data suggesting 

that oral administration of ciprofloxacin and/or metronidazole may be effective in 

attenuating distal bowel inflammation in patients with CD [105,155,176,207]. Currently, 

antibiotic therapy is primarily used to treat complications such as fistulas and ulcers in IBD 

patients.

A great deal of interest has been generated following the publication of a recent clinical 

study that demonstrated that transplantation (i.e. colonization) of healthy fecal microbiota 

into patients with recurrent Clostridium difficile colitis essentially cured this recurrent and 

intractable infection [205]. Van Nood et. al., showed that 94% of the patients that received 

microbiota transplantation (FMT) had complete resolution of disease whereas only 31% of 

patients receiving current therapy (e.g. vancomycin) showed significant improvement [205]. 
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These studies produced a great deal of excitement about the possible use of FMT in the 

treatment of IBD. Although a few open label case/cohort studies have reported tantalizing 

evidence suggesting a beneficial effect of FMT in the treatment of IBD, by and large, these 

studies are small, statistically underpowered and/or uncontrolled investigations. Two recent 

well-controlled clinical studies have been published that assessed the therapeutic efficacy of 

FMT in patients with UC. In one study, Moayyedi and coworkers reported, in a randomized, 

double blinded, placebo controlled study that a significantly greater percentage of patients 

receiving weekly FMT for 6 weeks achieved remission than those patients receiving a 

placebo (i.e. water; 24% vs. 5%) [133]. In the other study, Rossen et. al., treated one group 

of patients with active UC with healthy FMT or autologous FMT (infusion of patients own 

feces to serve as a placebo). These investigators found no significant difference in clinical 

and endoscopic remission between the two groups [170]. The reasons for the different 

outcomes in the two studies are not entirely clear at the present time. The two studies did, in 

fact, contain several major differences including location and frequency of the FMT 

infusion, concurrent use of anti-TNF therapy in one study, but not the other and possible 

donor microbial composition for efficacy [58,170]. Nevertheless, both of these studies 

reconfirm previous observations that FMT is well-tolerated. One potential caveat that has not 

been adequately addressed is whether the dysbiosis observed in patients with IBD is a cause 

or consequence of gut inflammation. If in fact dysbiosis is initially created by subclinical 

inflammation in genetically susceptible individuals leading to the expansion of disease-

producing pathobionts such as adherent/invasive Enterobacteriaceae, the use of FMT may 

not prove as effective as it would be if dysbiosis were the primary trigger of disease 

[212,213].

5. Conclusions

The vertebrate intestine is home to the vast majority of bacteria present on and within the 

body. The coexistence of mammals and teleosts with their gut microbiota is a continuously 

evolving process that provides numerous advantages to both host and bacteria. The intestinal 

microbiota which is now considered a virtual organ provides the host with the immunologic 

stimuli, nutrients and vitamins required for developing and maintaining health of the host. In 

turn, the host provides a physiological environment that is conducive for the steady-state 

bacterial colonization of the gut. The fact that mammal and teleost homeostasis is 

maintained in the presence of such large numbers of potentially dangerous microorganisms 

is testament to the remarkable ability of the intestinal immune system in these land and 

aquatic animals to maintain tolerance to commensal bacteria while mounting effective 

immune responses to pathogenic microbes. The inability of the intestinal immune system to 

maintain tolerance to the intestinal microbiota is thought to be a major immuno-pathogenic 

mechanism responsible for the induction of IBD in humans. Indeed, there is an accumulating 

literature suggesting that Crohn’s disease and/or ulcerative colitis results from a 

dysregulation of immune responses toward intestinal bacteria in genetically-susceptible 

individuals.
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Figure 1. Relative abundance of the major intestinal phyla in humans, mice and zebrafish
Deep sequencing of 16S rRNA gene reveals that while the relative abundance of specific 

bacterial phyla may differ, mammals and teleosts possess similar bacterial communities. 

Human and zebrafish pie charts were derived from [121,166], respectively (with 

permission). Mouse pie chart was generated from colonic luminal contents of healthy 

C57Bl/6 mice housed at the TTUHSC animal facility (unpublished data).
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Figure 2. Spatial organization of microbial communities and physiological gradients along the 
mammalian gastrointestinal tract
The numbers and types of bacterial communities, as well as physiological factors vary along 

the length of the gastrointestinal (GI) tract. It is well-appreciated that the oxygen levels, bile 

acid concentrations, intestinal motility, antimicrobial peptides (AMPs) and luminal pH in 

proximal portion of the GI tract (stomach, duodenum, jejunum) play major roles in 

restricting the numbers and types of microorganisms. In general, aerobic and facultative 

anaerobic bacteria are found almost exclusively in the proximal portion of the GI tract. The 

hypoxic nature and more physiological pH of the distal small intestine (ileum) and colon 

coupled to overall reductions of bile acids, AMPs and gut motility, allows for unfettered 

growth of large numbers of obligate anaerobic bacteria. These oxygen-sensitive microbes are 

capable of producing large quantities of short chain fatty acids (SCFAs; acetate, proprionate, 

butyrate) from complex carbohydrates (fiber) to be used for important colonic and 

immunologic processes. Figure derived from [38,139,214]. The anatomical structure of the 

gastrointestinal tract with associated microbial communities and bacterial load were 

reproduced from reference 139 with permission.
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