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Abstract

Fucose is an L-configuration sugar found abundantly in the mammalian gut. It has long been 

known to be induced there by the presence of bacteria, but only recently have some of the 

molecular mechanisms behind this process been uncovered. New work suggests that fucose can 

have a protective role in both gut-centered and systemic infection and inflammation. This review 

highlights recent studies showing that in addition to acting as a food source for beneficial gut 

symbionts, host fucose can also suppress the virulence of pathogens and pathobionts. The 

relevance of gut fucosylation to human diseases will also be discussed.

Introduction

L-fucose is a six-carbon sugar originally discovered in seaweed of the genus Fucus, but 

found in all branches of life. It is one of the few sugars in nature with L stereochemistry. 

Like all carbohydrates it has many potential functions, whether as a monosaccharide or as 

part of a more complex glycan structure, but this review focuses on its presence in the 

mammalian gut, and how it may moderate the host-microbiota relationship there.

Types of fucosylation

Mammals incorporate fucose into glycans in several ways. The sugar can be attached 

directly to serine or threonine in proteins (O-fucosylation). It can also be attached to sugars 

at the base of glycan chains in the α(1,6) configuration (known as core fucosylation). Lastly, 

it can be displayed near the terminal end of glycans in the α(1,2), (1,3) or (1,4) 

configurations, where it is well positioned to engage in interactions with other cells. Each of 

these structures is synthesized by a distinct fucosyltransferase enzyme, and can only be 

cleaved by a specific fucosidase.

Developmental and environmental control of fucosylation in the gut

In the mammalian gastrointestinal tract, fucose is an abundant component of glycans 

decorating proteins and lipids, especially on the epithelial surface facing the lumen and in 

mucosal secretions. This is predominantly in the form of α(1,2)fucosylation (1, 2), which 
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can be detected in stomach, distal small intestine (ileum), and large intestine, using the lectin 

UEA-1 (Ulex europaeus Agglutinin-1). Of the two functional mammalian 

α(1,2)fucosyltransferases, the Fut2 protein is responsible for the majority of fucosylation in 

the mouse and human gut (1, 3–6). In Fut2-negative mice, other types of fucosylation were 

not found by a broadly reactive fucose-specific lectin (1). Fut1 expression is restricted to M 

cells, a rare intestinal epithelial population (3). In rodents, the stomach and parts of large 

intestine are constitutively fucosylated, while that in the small intestine is variable and can 

be induced by a variety of environmental factors. This concentration of fucose in tissues that 

are in intimate contact with the highest density of microbes immediately suggests a 

connection. Indeed, fucosylation of the distal small intestine increases in rats and mice 

around weaning (3–4 weeks) when a shift in bacterial populations occurs (7, 8). Germ-free 

(GF) mice do not maintain ileal fucosylation after weaning, but colonization with bacteria 

from conventionally-housed mice restores it (8, 9). Not all bacteria are capable of causing 

fucosylation, nor can it be recapitulated by oral administration of a bacterial TLR ligand 

such as LPS to GF mice (10). Monocolonization of mice with segmented filamentous 

bacteria (SFB)(11) or Bacteroides thetaiotaomicron (8) is effective, while Lactobacillus 

murinus is not (12)). Conversely, certain oral antibiotics can abolish fucosylation in 

conventional mice (12). Clearly some bacteria have the ability to cause fucosylation, while 

others do not. How do gut bacteria cause fucosylation? The model human gut symbiont B. 

thetaiotaomicron provides one interesting example. When monocolonizing mice at 

sufficiently high densities it triggers fucosylation of the ileum (8), and since it resides in the 

lumen this must be done via a soluble signal secreted by the bacteria. Genetic experiments 

suggest that the putative signaling molecule is controlled by fucose availability. That is, the 

fucose-inducing signal is regulated by the same mechanisms as the bacteria’s fucose 

catabolism genes, via a fucose-responsive transactivator (13). This co-regulation strongly 

suggests that host-derived fucose is energetically useful for this symbiont. The identity of 

the putative signal, and how it activates fucosylation on the host, remains unknown.

Another common gut resident, SFB, also cause increased fucosylation in the ileum that they 

populate (11). SFB came to prominence based on their induction of IL-17 and IL-22 

production in the small intestine lamina propria, and the effects of this on the immune 

system (14). Ileal fucosylation in SFB-harboring specific pathogen-free (SPF) mice was 

shown to depend on IL-22 and TNF family member lymphotoxin alpha (LTα)(12). IL-22 is 

a cytokine of the IL-10 family whose expression can be induced by commensal and 

pathogenic bacteria (15). Its receptor is expressed on epithelial cells, and can activate 

defense and tissue repair mechanisms via STAT3 signaling (16). LTα is involved in 

lymphoid tissue organogenesis, and has been implicated in maintenance of IL-22 production 

(17). In contrast to IL-22, its expression was not affected by antibiotic treatment. To cause 

fucosylation, IL-22 and LTα both needed to be produced by innate lymphoid cells (ILCs), 

which require the transcription factors RORγt and Id2 for development. Acute blockade of 

IL-22 or the lymphotoxin beta receptor (which LTα signals through) abolished fucosylation 

in the ileum (12). Unlike most gut bacteria, SFB is in intimate physical contact with 

epithelial cells, but the molecular mechanisms that allow it to activate IL-22 and 

fucosylation are not yet clear.
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The innate and adaptive arms of the immune system combine to sequester most bacteria in 

the lumen of the ileum and large intestine. In several mouse strains that lack components of 

the adaptive immune system (RAG −/−, scid, nude, pIgR −/−), there is increased small and 

large intestine fucosylation (12, 18). One explanation is that certain members of the gut 

community (such as SFB (19)) that are normally limited by secreted IgA antibodies could 

trigger excess fucosylation when uncontrolled (either by expanding in numbers, invading, or 

altering their behavior). Fucosylation in this case could be part of an increased innate 

immune response compensating for the absence of adaptive immunity (20). A mouse model 

of cystic fibrosis also results in increased fucosylation of small intestine mucins (21), which 

could be secondary to dysbiosis.

Although the commensal-derived molecules that normally cause fucosylation are not yet 

known, some microbial products are sufficient to do it. Polyamines are produced by bacteria 

and found in food, and their concentration in the gut increases at weaning concurrent with 

the increase in fucosylation. Feeding polyamines to young rats results in early development 

of fucosylation (22). Gavage of the cAMP-activating toxin from a pathogen, Vibrio 

cholerae, is also effective (3). Cecal and colonic fucosylation, although present in GF 

animals, is further induced by bacterial colonization (23). Although the upstream sensor is 

not known, this may occur via the kinases JNK and ERK: feeding of small-molecule 

inhibitors of these kinases reduced fucosylation (24). IL-22, which is induced by microbes, 

can also enhance cecum and colon fucosylation, but it is not absolutely required, as some 

fucosylation is still found in these tissues in IL-22 receptor knockout mice (25). Finally, 

injection of substances as diverse as indomethacin (3), glucocorticoids (26), the protein 

synthesis inhibitors cycloheximide or emetine, or the DNA synthesis inhibitor cytosine 

arabinoside (27) also trigger small intestine fucosylation.

Thus, fucosylation can be activated by a variety of signals originating from both inside the 

gut lumen and from the systemic circulation (summarized in Figure 1A). Some of these 

phenomena may be physiologically relevant, and some may be non-specific effects. How 

many unique fucosylation-inducing pathways exist and whether any are activated directly in 

the gut epithelium or all of them require mediators produced by hematopoeitic cells, are 

outstanding questions.

Fucose use by gut symbionts

The available evidence suggests that rodents do not themselves metabolize fucose for energy 

(28, 29), while other mammals (pigs (30) and humans (31)) may be able to do so. On the 

other hand, diverse bacterial species possess the enzymes necessary to metabolize fucose 

(13, 32, 33), and the gut bacteria do so actively (34). To obtain fucose in the gut, bacteria 

must first liberate it from host or dietary glycans with an α-fucosidase enzyme. Since these 

enzymes are generally secreted, fucose that they liberate will be available to other members 

of the community. B. thetaiotaomicron, for example, is adept at liberating and utilizing 

many host sugars, including fucose. It upregulates its fucose cleavage and metabolism genes 

when living in mice compared to growth in vitro (35), and is under selective pressure to 

maintain the capacity to metabolize fucose (13). Importantly, it also triggers host 
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fucosylation, likely to use as a food source (13). Similarly, non-pathogenic E. coli is 

impaired in mouse colonization when its fucose metabolism is disabled (36).

Besides its use as an energy source, some bacteria also display fucose on their own proteins, 

lipids and polysaccharides. Several members of the Bacteroides genus are able to 

incorporate exogenous fucose into their own glycans (37), in addition to making it de novo 

from other sugars. For B. fragilis, at least, the ability to fucosylate its proteins is crucial for 

its fitness in the gut (37, 38). Proper glycosylation is likely required for the function of 

numerous glycoproteins. Another possibility is that Bacteroides species mimic host glycans 

in order to evade the immune system. There is precedence for this kind of host mimicry in 

Helicobacter pylori, for instance (39). This idea could be tested by colonizing 

immunodeficient mice or mice lacking fucosylation: any competitive advantage of fucose 

“camouflage” should disappear in these mice.

How important is host fucose then to the resident bacteria in the gut without an external 

stress? Mice that lack the Fut2 enzyme and thus lose almost all gut fucosylation grow 

normally and are healthy in SPF conditions. Some measurable differences in their gut 

communities have been reported (40), although the extent of the changes is smaller than the 

effect of diet manipulation or cohousing (10).

Besides shifting bacterial populations in the gut, the presence or absence of fucose could 

also affect bacterial gene expression. In vitro effects of fucose on gene expression have been 

shown for at least one species, the human gut symbiont R. inulinivorans (32). At the very 

least, provision of fucose in the gut will alter the metabolites produced by bacteria that feed 

on it (33), which could subsequently affect the host. Analyzing the downstream products of 

fucose catabolism with techniques such as metabolomics, or stable isotope probing (41) to 

identify the key fucose users in the gut, could be helpful for understanding better the 

functions of fucose in the healthy gut ecosystem.

Fucosylation in response to infection

In healthy SPF mice, α(1,2)fucosylation is found in stomach, cecum and colon, but little is 

found in the small intestine (except the ileum, which is also inducible by microbes). In 

contrast, during systemic infection or after injection of microbial products (such as 

intraperitoneal injection of LPS or other TLR ligands), robust fucosylation of the entire 

small intestine occurs (10). The mechanism of this rapid small intestine fucosylation is 

through MyD88-dependent sensing of microbial products by dendritic cells (DCs), which 

produce IL-23, triggering IL-22 production in RORγt-dependent ILCs. IL-22 then causes 

upregulation of the Fut2 enzyme in small intestine epithelial cells, much as it does in 

response to normal bacterial colonization, except that it is more intense and widespread. 

This not only affects the small intestine, but perhaps more importantly results in fucosylated 

glycans travelling “downstream” to the densely-populated cecum and colon, where they are 

harvested by the resident bacteria. This is then translated into an improvement in host health 

(10).

Since fucosylated glycans shed from the small intestine can have an impact on the bacteria 

of the large intestine, and the host, could feeding of exogenous glycans be therapeutically 
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useful? Mice lacking IL-22 signaling are known to be more susceptible to gut inflammation 

such as that caused by dextran sodium sulfate or the attaching-effacing pathogen Citrobacter 

rodentium (42). Recent work showed that one cause of this is not the pathogen or 

inflammation per se, but expansion and invasion of a pathobiont, Enterococcus faecalis, 

from the inflamed gut to systemic tissues (25). Since one function of IL-22 signaling was to 

enhance fucosylation of the gut epithelium, the authors gavaged fucosylated glycans to the 

susceptible mice and found that it improved animal survival. Fucosyl-glycan 

supplementation reduced the E. faecalis numbers in the gut and systemic organs, and shifted 

the overall bacterial community structure, but did not affect the numbers of the inciting 

pathogen, C. rodentium (25). In a different model, the capacity to fucosylate the small 

intestine after LPS injection correlated with a reduction of pathology caused by C. 

rodentium without reducing its numbers (10). In both of these cases, fucosylated glycans 

could be improving host health in several ways:

a. Fucose could feed into specific bacterial metabolic pathways, resulting in 

production of metabolites useful to the host. Short-chain fatty acids, for instance, 

are major bacterial metabolites and a significant energy source for mammals that 

can result from fucose catabolism.

b. Fucose could cause changes in bacterial gene expression that result in favorable 

effects on the host, by suppressing virulence genes in pathobionts like E. faecalis. 

The phenomenon of reduced virulence due to exposure to fucose has been 

demonstrated for pathogenic E. coli (43).

c. Fucose could bolster the beneficial members of the gut community, like the 

Ruminococcaceae and Bacteroides species that expanded in fucose-treated mice 

(25), thus maintaining their beneficial functions, such as colonization resistance.

Community-wide bacterial RNA expression (transcriptome) analysis in mice that could or 

could not produce α(1,2)fucosylation(10) upon systemic treatment with LPS revealed that 

bacteria in fucose-producing mice increased their expression of genes coding for the fucose 

transporter, indicating that they were taking up more fucose. They also showed signs of 

increased metabolic activity (protein synthesis, ATP synthesis and use) compared to bacteria 

in mice lacking fucose. Conversely, in fucosylation-deficient mice, bacteria showed 

increased expression of virulence-related genes. These results support the idea that fucose, 

especially when induced during severe sickness of the host, supports the beneficial activity 

of resident bacteria while suppressing their potential virulence (Figure 1B). In other words: 

rapid mobilization of an internal resource (available fucose) serves to maintain host-

commensal symbiosis.

Pathogens and fucosylation

Although many symbiotic gut bacteria can and do utilize fucose, and it is protective in 

several disease models, it can also be taken advantage of by harmful microbes. Useful 

nutrients in the gut, like fucose, are normally rapidly scavenged by resident bacteria. This 

forms one important cornerstone of colonization resistance in the gut: the filling of 

nutritional niches. If this stable state is disrupted, for example when antibiotics are given, 

these niches are no longer filled, allowing pathogens to gain a foothold or pathobionts to 
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realize their virulent potential. The common foodborne pathogen S. typhimurium, for 

example, is normally kept at bay by colonization resistance in mice, requiring pre-treatment 

with antibiotics for effective colonization of the gut (44, 45). Soon after infection, S. 

typhimurium upregulates its fucose catabolism genes (46, 47), indicating that it is 

metabolizing this sugar. Crucially, S. typhimurium can’t access fucose from complex 

glycans by itself, as it lacks an α-fucosidase enzyme--it must rely on other bacteria to free 

the sugar. Is fucose an important nutrient for pathogens in the gut? For S. typhimurium, the 

answer is not clear: in different experimental settings (different bacterial strains and mouse 

models) bacteria that couldn’t metabolize fucose had either a slight reduction in fecal levels 

compared to wild type (46), or not (47). For another enteric pathogen, Campylobacter jejuni, 

fucose metabolism seems more important for survival in the gut (48).

In addition to their potential use as a carbon and energy source, fucosylated glycans can 

serve as adhesion sites or receptors for pathogens, including S. typhimurium (49), H. pylori 

(50), enterotoxigenic E. coli (51), and norovirus (52, 53). The high levels of fucose in the 

stomach and large intestine but usually low levels in the small intestine, as well as local 

gradients in the crypt/villus axis, could also make fucose a useful location marker for 

bacteria. C. jejuni, for example, chemotaxes toward fucose (54).

In Fut2-deficient mice, early S. typhimurium invasion into the cecal tissue was ~2-fold 

higher (12). The reason for this is unclear, but probably does not result from a difference in 

growth since bacterial numbers in the cecal lumen were the same. An effect on chemotaxis 

is also unlikely (55). The increased invasion may be due to the loss of fucosylation’s indirect 

effects on the resident bacteria, resulting in reduced colonization resistance. Interestingly, S. 

typhimurium induces robust fucosylation of the small intestine when infecting GF or 

antibiotic-treated mice, and this is dependent on MyD88 and RORγt (10, 12). S. 

typhimurium is known to exploit host inflammatory responses (56, 57), so determining 

whether fucosylation is protective for the host or taken advantage of by this or other 

pathogens will require further examination of both sides of the interaction.

Applications to human disease

Humans display Fut2-dependent α(1,2)fucosylation in the stomach, small and large intestine 

similarly to rodents (4–6). It is likely to be inducible and controlled by the signals that have 

been found in rodents in the small intestine in humans (but this has not been definitively 

shown). However, large intestine fucosylation was shown to increase during local 

inflammation (58). Interestingly, ~20% of humans are homozygous loss-of-function mutants 

for Fut2(59, 60) and thus completely lack α(1,2)fucosylated glycans in the gastrointestinal 

tract. This gene has evidently been subject to balancing selection, indicating that it can 

enhance or reduce fitness depending on the circumstances (61). Susceptibility to certain 

pathogens like norovirus that use α(1,2)fucosylated glycans as receptors is a clear downside 

to expressing it (52, 53), and could have helped select for its loss of function. On the other 

hand, provision of fucose to the gut could protect the host by supporting beneficial gut 

bacteria. As in mice, there does seem to be an effect of Fut2 expression on the human gut 

bacterial community structure (62, 63). This could explain why Fut2-negative humans are 

more susceptible to various infections and death from sepsis as infants (64–67). Fucosylated 
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glycans provided in milk (also Fut2-dependent) could protect from some infections as well 

(68). Fut2 has also been linked by genome-wide association to several diseases with 

potential connections to the gut microbiota (69–71), most notably Crohn’s disease (72). 

Interestingly, other genes in the Fut2-inducing pathway (IL23 and STAT3) are also 

associated with this disease (73). Examining the activity of the gut bacteria in humans with 

or without fucosylation, especially in the context of disease, would help in understanding 

these connections. If fucose acts to suppress virulence in pathobionts or pathogens, as seen 

in mice, it might prevent an at-risk individual from progressing to full inflammatory disease.

Conclusions

α(1,2)fucosylation displayed on host glycans is ideally positioned to interact with the many 

bacteria inhabiting the gut. It is induced by the normal resident bacteria, and produced even 

more abundantly during infection and inflammation. For bacteria, it can function as a food 

source, an adhesion site, or a modifier of gene expression. Fucosylated glycans in the gut are 

protective in several models of systemic and intestinal inflammation and infection. 

However, like many host immune mechanisms, it can also be taken advantage of by some 

pathogens. Humans, which are polymorphic at the Fut2 locus, offer a natural model of 

fucosylation deficiency. It does not seem to have profound effects on the microbiota 

composition or the host’s health, until a stress (acute or chronic) occurs. Then the ability to 

provide fucose to one’s own microbiota becomes important. We would like to hypothesize 

that such is the mechanism linking Fut2 deficiency with Crohn’s disease (Figure 1B).

Although fucose plays an important role in the gut, there are undoubtedly other glycans that 

have similar effects on gut bacteria and could be manipulated to enhance health (74). 

Understanding the functions of the large spectrum of glycan structures will require analysis 

of the glycosylation profile of the host, along with high-throughput measurements of 

bacterial activity, including their transcriptomes and metabolomes. The other unknown is the 

role of fucosylation (or other inducible glycosylation events) of the mucosal surfaces outside 

of the gut in maintenance of the host-microbial symbiosis. Better understanding how fucose 

in the gut (or lungs, or urogenital tract) protects from or predisposes to disease will be a 

challenging but rewarding endeavor, with clear clinical benefits.
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Figure 1. Inducible α(1,2)fucosylation of the epithelium in the small intestine
A) Fucosylation inducing pathways.

Fut2, the enzyme primarily responsible for fucosylation in the gut, is activated by IL-22 and 

requires LTα, both produced by RORγt-dependent ILC3 cells. Systemic invasion of 

pathogens like S. typhimurium, or microbial products in the circulation, activate DCs via 

TLRs and the adaptor MyD88 to produce IL-23, which also acts upon ILC3 cells. ILC3 cells 

can be activated by epithelia-associated SFB and lumen-resident bacteria through unknown 

mediators. Other compounds either administered orally (polyamines, cholera toxin) or 

injected systemically (glucocorticoids, and inhibitors of cyclooxygenase, protein or DNA 

synthesis) induce Fut2 through unknown pathways. It is possible that they directly stimulate 

epithelial cells.

B) Consequences of inducible fucosylation of the epithelial cells
Upon activation of Fut2, fucosylated proteins (and lipids?) produced by small intestine 

epithelium are shed into the lumen and become available for consumption by the 

downstream microbiota. Fucose is liberated by microbial fucosidases. It can then enhance 

the beneficial activity of symbionts, including their production of metabolites for the host or 

other bacteria, and improve colonization resistance against pathogens and pathobionts. Free 

fucose may directly suppress bacterial virulence.

In the absence of functional Fut2, an acute or chronic stress weakens beneficial symbionts 

(pale blue), and/or reduces their abundance while activating genes encoding virulence 
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factors. Such activation of pathobionts then would sustain the host’s inflammatory 

responses. This could contribute to the development of conditions such as Crohn’s disease, 

which has been genetically linked to FUT2 null alleles. Importantly, other genes required for 

inducible fucosylation, IL23 and STAT3, have been also linked to Crohn’s disease.
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