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Control of Bacterial Colonization in the Glands and Crypts

Christina Yang, Karen M. Ottemann*

Department of Microbiology and Environmental Toxicology, University of California, Santa Cruz, 
CA 95064 USA

Abstract

The epithelial cell layer of the major organs of the mammalian gastrointestinal (GI) tract is 

extensively invaginated into thousands of gland and crypt structures. These are lined by distinct 

sets of epithelial cells and may comprise discrete niches. The host maximizes the distance between 

the epithelial cell layer and GI-inhabiting microbes to limit inflammation, and these strategies also 

likely keep bacteria out of the glands and crypts. We discuss here the specific host processes that 

have been shown to restrict bacterial presence in the glands and crypts, specifically the immune 

system, acid, mucin, oxygen, and reactive oxygen species. Not surprisingly, microbes have 

evolved sophisticated strategies to overcome these host factors and reside close to the epithelium 

in the glands and crypts. Bacterial properties important for gland and crypt colonization include 

bacterial immunomodulatory molecules, chemotaxis, and the use of certain metabolites. Overall, 

these as-yet limited studies suggest there are specific host and bacterial properties that control 

gland and crypt colonization, contributing to the overall microbial spatial organization of the GI 

tract. However, there remains much to be discovered in this area.

Introduction

The gastrointestinal (GI) tract is a vast organ system with many distinct areas, each 

harboring a diverse array of microbial species. Many of these microbes reside within the 

host for long periods of time, indicating strong adaptation. We have accumulated a 

reasonable understanding of the types of microbes that inhabit the GI tract, but are still 

learning about their spatial relationships. This information was obtained largely from fecal 

samples, which lose the original microbial spatial organization [1–5]. The microbial 

composition varies along the GI tract [6,7] and there are distinct microbial populations that 

are luminal- and mucosal-associated [8]. A key attribute of the GI tract is the extensive 

invagination of the epithelial layer to form glandular or crypt structures. Laser capture 

microdissection has identified specific crypt-associated microbes [9], suggesting there may 

be multiple niches. However, the factors that influence whether bacteria reside in the 

different microenvironments are not understood. Because evidence suggests that the 

glandular structures of the GI tract may provide unique and long term colonization sites, this 

review focuses on our current understanding of host and bacterial factors that determine 

localization within these glandular structures.
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Anatomy and Physiology of the GI Tract

The GI tract is made up of the mouth, esophagus, stomach, small intestine, cecum, appendix, 

and colon. The epithelial cell layer invaginates into glandular structures that are referred to 

as glands in the stomach, and crypts in the small intestine, cecum, and colon [10–12]. Each 

gland or crypt contains stem cells responsible for differentiation of the various epithelial cell 

types that line the structures (Fig. 1) [10–14].

Within the stomach, there are two types of glands: zymogenic glands of the corpus, and 

mucous glands in the antrum (Fig. 1) [15]. These glands contain common and unique cell 

types. Both contain mucous cells that secrete protective mucus, and endocrine cells that 

secrete hormones for signaling and regulating physiological processes such as digestion and 

motility (Fig. 1) [10,16]. The zymogenic glands uniquely contain the acid-secreting parietal 

cells and the pepsinogen-secreting chief cells (Fig. 1) [13,16,17]. Acid is a key difference 

between zymogenic and mucous glands as discussed below.

The duodenum, jejunum, and ileum make up the small intestine, and all these regions 

contain crypts of the same type (Fig. 1). The small intestine’s main role in the digestive 

system is to absorb nutrients, and its absorptive surface area is increased through finger-like 

projections called villi [11]. At the base of a villus, the epithelial cell layer invaginates to 

form crypts (Fig. 1). These crypts, like glands in the stomach, contain hormone-secreting 

endocrine cells and mucus-secreting cells, here called goblet cells. They uniquely contain 

nutrient absorbing enterocytes and Paneth cells [14]. Paneth cells secrete antimicrobial 

molecules that diffuse to the small intestine lumen [18]. The rest of the intestine, including 

the large intestine and the cecum, all contain crypts but lack villi (Fig. 1). The cecal and 

colonic crypts have a similar cellular composition as the small intestine crypts, but lack 

Paneth cells (Fig. 1) [12,14].

Throughout the GI tract, microbes are kept separated from the underlying lamina propria, 

the hub of immune activity, to avoid stimulating inflammation. This separation is achieved 

through the “mucosal firewall” [19], the collective action of mucus, epithelial cells, and the 

lamina propria immune cells [20]. Generally, the glands and crypts have low levels of 

microbes as part of this mucosal firewall strategy. Some microbes, however, have evolved 

the ability to bypass these defenses and stably colonize the glands and crypts [21–25]; how 

they accomplish this feat is discussed below.

Host factors that affect gland and crypt bacterial colonization

As described above, mammals have specific mechanisms that keep microbes at a distance 

from the GI tract cellular surfaces, and likely help to keep the crypts and glands microbe-

free. There appears to be specific microbiota in the colonic crypts, but the small intestinal 

crypts are not normally colonized [26]. In the stomach, the pathobiont Helicobacter pylori is 

the only known gland inhabitant. The next section describes the handful of host factors that 

have been identified to modulate gland and crypt colonization.
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Acid

Stomach acid is a potent antimicrobial that is produced in the corpus glands, and may limit 

colonization at that site. Acid is secreted in the form of hydrochloric acid (HCl) by the 

parietal cells of the zymogenic corpus glands (Fig. 1) [10]. H. pylori colonizes both the 

corpus and antral glands, but prefers the antral glands during early mouse infection [21]. H. 
pylori senses acid as a chemotaxis repellent [27–29]. This observation has led to the 

hypothesis that H. pylori prefers the antral glands, because it is actively repelled from the 

acid-producing corpus glands [27–29]. In favor of this idea, omeprazole treatment, which 

inhibits acid secretion, significantly elevated antral and corpus gland bacterial populations 

compared to non-treated mice [29]. During the chronic stages of infection, H. pylori favors 

the corpus glands [21], possibly due to its ability to cause gastric atrophy and parallel 

decreased acid secretion [30]. Overall, these findings suggest stomach acid is an 

antimicrobial that may regulate gland colonization.

Mucin

To access the glands and crypts, microbes must bypass the sieve-like mucus layer, which is 

generated by mucus-secreting cells in the glands and crypts [31–33]. Mucus has been shown 

to influence intestinal crypt colonization by Vibrio cholerae, a diarrheal-causing pathogen. 

V. cholerae has been seen to inhabit the small intestine crypts via microscopy, with high 

numbers in the intestinal region closest to the stomach [22]. When mice were treated with 

N-acetyl-L-cysteine (NAC), a chemical that breaks down mucus, V. cholerae crypt 

colonization increased compared to non-treated mice. These data thus suggest that some 

property (possibly mucus), is affected by NAC treatment, that restricts crypt colonization. 

Mucus may play similar roles for other microbes, although this remains to be tested.

Oxygen

The presence of oxygen close to the epithelial surface also contributes to gland and crypt 

colonization. The discovery of the importance of oxygen came from studies to define the 

microbial population of the murine colonic crypts. Pédron et al. used silver nitrate staining 

to non-specifically stain bacteria and determine that bacteria normally reside in the colonic 

crypts but not the small intestine ones [26], suggest that the absence of Paneth cells allow 

bacteria to reside in the colonic crypts. To identify the crypt bacterial species, laser capture 

microdissection was used to isolate the crypt luminal space coupled by 16s rRNA 

amplification and sequencing [26]. This analysis showed that the crypt population belonged 

to the genus Acinetobacter. Acinetobacter are strict aerobes, suggesting that there is oxygen 

in the crypts [9,26]. This oxygen may select for bacterial subpopulations that are able to 

tolerate and/or require oxygen, in contrast to the many bacteria in the gut that are strict 

anaerobes.

Other bacteria that utilize oxygen have also been associated with glandular structures. The 

microaerophilic bacteria H. pylori and Campylobacter jejuni reside in the gastric glands and 

small intestine crypts, respectively [24,34]. Overall, these results suggest that oxygen is a 

factor that may contribute to colonization of the glands and crypts throughout the GI tract.
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Immune System Control

The immune system is another host factor that plays a role in modulating bacterial crypt 

colonization. The crypt Paneth cells highly express a key immune recognition receptor, 

Nod2, which is a cytoplasmic receptor that recognizes conserved bacterial peptidoglycan 

cell wall moieties [11,35]. To examine the role of Nod2 in intestinal function, small 

intestinal crypts were isolated from WT and Nod2−/− mice and stimulated with 

muramyldipeptide (MDP), a Nod2 ligand. After stimulation, the crypt secretions from WT 

mice killed bacteria, while crypt secretions from Nod2−/− mice were not able to induce the 

same killing phenotype. This finding suggested that Nod2 regulates the production of 

secreted antimicrobial factors. Consistent with this idea, Nod2−/− mice had high colonization 

of Bacteroides, Firmicutes, and Bacillus commensal genera, and had difficulty clearing 

Helicobacter hepaticus, an opportunistic murine pathogen that resides in the intestinal crypts 

[36,37]. These sets of data suggest the presence of microbes induces Nod2-dependent 

signaling within the crypts, which in turn produces antimicrobial molecules. One idea is that 

microbes that are able to colonize the small intestinal crypts either poorly activate Nod2 or 

are more resistant to the resultant secretions.

Reactive Oxygen Species

Reactive oxygen species (ROS) also seem to play a role in regulating the gland bacterial 

populations. ROS are generally made by the host defense mechanisms in response to 

microbial perturbation. This response occurs with H. pylori, in which the host upregulates 

ROS production after infection [38]. ROS are sensed as by the bacterial environmental 

sensing chemotaxis system as molecules the bacteria swim away from. ROS are sensed by 

the H. pylori chemoreceptor TlpD, via an unknown mechanism. TlpD mutants are unable to 

swim away from ROS as H. pylori normally would [39,40]. ΔtlpD mutants colonize fewer 

glands in the corpus and antrum compared to WT H. pylori, suggesting they poorly access 

new glands [40]. This defect was rescued when the host was unable to produce ROS 

including hydrogen peroxide from the epithelial cells and superoxide from the immune cells 

[40]. This work suggests that reactive oxygen species are a major factor that prevents access 

to new glands and H. pylori overcomes this barrier by using ROS-sensitive chemotaxis.

Bacterial factors shown to contribute to localization of the glands and 

crypts

As described above, hosts appear to have mechanisms to limit microbial colonization of the 

crypts and glands. Microbes, not surprisingly, appear to have developed ways to colonize 

these niches. Bacterial abilities identified to help microbes live in the glands and crypts are 

discussed below.

Metabolism

Bacterial metabolism influences gland colonization. A role for metabolism has been 

determined in Bacteroides fragilis, a commensal member of the GI microbiota that colonizes 

the colonic crypts. Germ-free mice mono-colonized with WT B. fragilis could be super-

colonized by a different strain but not the same one, a phenomenon termed colonization 
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resistance [23]. These results support a model in which B. fragilis fully colonizes a saturable 

niche and prevents colonization by a second strain that colonizes the same niche. 

Colonization resistance relied upon a gene cluster that the authors named commensal 

colonization factor (ccf); this system is homologous to the Sus sugar uptake system [23]. B. 
fragilis mutants lacking the ccf system did not confer colonization resistance and did not 

colonize the colonic crypts [23]. These results are consistent with the idea that crypts contain 

a specific nutritional microenvironment that requires particular microbial metabolism. 

Specific sugar uptake seems to be one of such example. Whether there are other metabolic 

functions specifically needed in the glands or crypts remains to be determined.

Polysaccharide A

Another mechanism that supports bacterial crypt localization is by dampening the immune 

response. This idea has been supported with the colonic crypt colonizer B. fragilis, which 

has a capsular polysaccharide A (PSA) that has immunomodulatory effects [41]. B. fragilis 
PSA mutants cannot colonize the mouse colonic crypts (based on microscopy), in contrast to 

WT B. fragilis that robustly colonizes this niche [42]. PSA mutants had high numbers of 

pro-inflammatory TH17 cells, leading to the hypothesis that an inflammatory environment 

developed that eliminated the B. fragilis from the crypts [42]. These results suggest that PSA 

normally suppresses the TH17 cell population. PSA activates Tregs to secrete IL-10, an anti-

inflammatory cytokine, via a TLR2-signaling pathway [42]. Therefore a possible mechanism 

for PSA immune suppression is via activation of Treg cells that suppress TH17 cells and 

inflammation, and allow bacteria to reside close to host tissues and within the intestinal 

crypts.

Motility and Chemotaxis

Numerous lines of evidence show that bacterial motility is an important factor for gland 

colonization. Maintaining gland or crypt localization is challenging because of the 

continuous production of mucus and extrusion of dead cells, and therefore it is thought that 

crypt localization is an active process, requiring adherence to non-moving cells and/or 

directed and efficient swimming. Evidence supporting the need for efficient swimming has 

come from the pathogens H. pylori in the stomach, V. cholerae in the small intestine, and C. 
jejuni in the cecum.

C. jejuni is a motile bacterium that localizes to the cecal crypts. Recently, a C. jejuni mouse 

infection model was developed by the knockout of single IgG Interleukin-1 Related 

Receptor (SIGIRR). SIGIRR−/− mice develop human-like C. jejuni symptoms [43]. C. jejuni 
mutants lacking the pgp1 or pgp2 genes failed to localize like WT to the SIGIRR−/− mouse 

crypts [44]. These bacterial mutants are rod shaped, as opposed to the typical spiral shape, 

due to loss of their ability to modify peptidoglycan. They also exhibit impaired motility in 

soft agar [44]. These data suggest that a helical shape may be important for motility in the 

viscous environments of the crypts. In agreement with this idea, many helical-shaped 

bacteria also reside in GI glandular structures [45–47], including H. pylori [34] and H. 
hepaticus [37]. However, it has not been determined whether H. pylori and H. hepaticus 
shape is important for gland localization.
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Bacterial motility is controlled by the chemotaxis signaling system, to give directed 

movement of bacteria in response to chemical gradients [48,49]. These chemical gradients 

are sensed by chemoreceptors that act via a signal transduction system to influence the 

rotation of the flagellar apparatus and control directional changes.

H. pylori chemotaxis affects gland colonization. As mentioned above, chemotaxis systems 

sense environmental signals and use a signal transduction system to control swimming 

behavior, allowing the bacteria to move toward attractants and away from repellents. 

Mutants lacking the signal transduction proteins are non-chemotactic (Che−), and have 

significantly less bacteria in the corpus and antrum glands compared to WT during early 

infection [21,50]. H. pylori has four chemoreceptors that control chemotaxis by sensing a 

variety of signals [49]. The chemoreceptors TlpB, TlpA, and TlpD sense acid as a key 

repellent [27–29]. A mutant lacking both TlpA and TlpD (ΔtlpAD) had significantly fewer 

bacteria per antral gland compared to WT, suggesting H. pylori uses these chemoreceptors to 

access the glands [29]. As discussed above, H. pylori may use acid to direct it away from the 

lumen and corpus glands and into the antral ones. Consistent with this idea, chemical 

inhibition of acid secretion partially rescued the ΔtlpAD defect [29].

Additional studies have focused on the TlpD chemoreceptor, which senses acid and 

additionally ROS as repellents [39,40]. ΔtlpD mutants are defective in spreading across 

multiple glands in the antrum and corpus [40]. As described above, this defect could be 

rescued by loss of epithelia that produce H2O2 via the DUOX enzyme, or the lack of 

immune cell superoxide via the phagocyte oxidase (Phox) [40]. Thus, this work suggests 

that ROS are a major factor that prevent gland access. Interestingly, ΔcheY or ΔtlpD mutants 

both colonized fewer glands compared to WT H. pylori, but within those glands, they 

reached approximately WT levels per gland. This phenotype suggests that their defect was 

mostly in access to the glands, but not in multiplication within glands [21,40]. TlpD and 

TlpA both sense other signals [29,39,51], so further work is needed to dissect the precise 

signals that modulate gland colonization. Collectively, however, these reports imply that 

metabolite gradients exist that guide bacteria to colonize the glands.

Conversely, V. cholerae uses chemotaxis to avoid the small intestinal crypts. Che−mutants 

displayed a hypercolonization phenotype overall [22,52], with a higher population in the 

crypts compared to WT [22]. It’s not clear whether there are simply more bacteria in the 

crypts because the overall population is higher, or because Che− mutants lose an ability to 

avoid crypts. V. cholerae may want to avoid the crypts because the small intestine crypts 

have an inhospitable environment due to antimicrobial-secreting Paneth cells [18,52]. 

Alternately, V. cholerae may maintain a high luminal population to promote transmission. 

This difference in how chemotaxis is used may be due to a number of factors, including 

anatomical differences in the stomach versus the small intestine, as well as the fact that H. 
pylori is a chronically infecting pathogen, in contrast to V. cholerae, which causes acute 

infection.
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Conclusions

Several studies have begun to highlight the variety of factors both on the bacterial side as 

well as the host side that influence gland and crypt colonization. Although these factors 

individually have been implicated, a mixture of these factors almost certainly combines to 

dictate whether a microbe can colonize the glands or crypts. Host defenses that protect the 

glands/crypts include antimicrobials such as acid, antimicrobial peptides and ROS, along 

with mucus and oxygen. These properties act together to maximize the distance between the 

microbiota and the epithelium of the glands and crypts [10–12,14]. This distance may be key 

to protecting the stem cells within the glands/crypts, as these are essential to regenerate the 

entire epithelial cell population. Unsurprisingly, microbes have evolved to deal with these 

host mechanisms to stably colonize and persist within the glands and crypts using a 

combination of chemotactic motility, metabolic abilities, and immunosuppressive skills. 

Studies have shown bacteria are within the glands during chronic infection [21,23]. Future 

work will no doubt identify more factors that contribute to gland and crypt colonization. 

Ultimately, this knowledge will help scientists to engineer bacteria to be able to occupy this 

niche to develop beneficial microbial therapeutics that are able to establish long term 

colonization.
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Figure 1. 
Gland and crypt structures and cellular composition throughout the GI tract. A. Gland of the 

gastric corpus, consisting of surface mucous cells (pink), mucous neck cells (gray), parietal 

cells (yellow), endocrine cells (orange), chief cells (blue), and stem cells (red). The stem 

cells can differentiate into the different subtypes of cells that belong in the corpus gland. 

Parietal cells produce acid. Surface mucous and mucous neck cells produce mucus that 

protects the epithelial cells from the acid. Chief cells produce the digestive zymogen, 

pepsinogen. Endocrine cells produce different hormones to signal processes that occur in the 
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stomach. B. Gland of the gastric antrum. The antrum gland has fewer cell types compared to 

the corpus gland. There are stem cells (red) that differentiate into the different cell types in 

the antrum gland. There are surface mucous cells (pink) and mucous neck cells (gray) that 

produce mucin. Endocrine cells (orange) produce hormones that regulate different processes 

in the stomach. C. Crypt of the small intestine. The small intestine crypts have finger-like 

projections called villi to increase the surface area of the small intestine. At the base of a 

villus, the epithelial cell layer invaginates to form a crypt. Each individual cell in the crypt 

has more finger-like projections called microvilli to further increase the surface area of the 

small intestine. Within the crypt, there are stem cells (red) at the base that differentiate into 

the different cell types of the crypt. There are also Paneth cells (pink) that secrete 

antimicrobial substances to regulate microbial colonization in the small intestine. There are 

also progenitor cells that differentiate into a subset of the cells that are in the crypt. In the 

villus are enterocytes (orange), goblet cells (yellow), and endocrine cells.(blue). The 

enterocytes function to absorb digested nutrients. Goblet cells produce mucus to protect the 

epithelial cell layer. The endocrine cells function to produce hormones to regulate processes 

that occur in the small intestine. D. Crypt of the colon/large intestine. In the colon, there are 

no villi, but the cells have microvilli to increase surface area for absorption. Similar to the 

small intestine crypt, there are stem cells (red) and progenitor cells (purple) near the base of 

the crypt that give rise to the different cell types in the colonic crypt. There are also goblet 

cells (yellow), enterocytes (orange), and endocrine cells (blue) that function in the same 

manner as they do in the small intestine crypt.

Yang and Ottemann Page 12

Curr Opin Microbiol. Author manuscript; available in PMC 2019 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Anatomy and Physiology of the GI Tract
	Host factors that affect gland and crypt bacterial colonization
	Acid
	Mucin
	Oxygen
	Immune System Control
	Reactive Oxygen Species

	Bacterial factors shown to contribute to localization of the glands and crypts
	Metabolism
	Polysaccharide A
	Motility and Chemotaxis

	Conclusions
	References
	Figure 1.



