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Abstract

:

As a common functional gastrointestinal disorder, irritable bowel syndrome (IBS) significantly affects personal health and imposes a substantial economic burden on society, but the current understanding of its occurrence and treatment is still inadequate. Emerging evidence suggests that IBS is associated with gut microbial dysbiosis, but most studies focus on the bacteria and neglect other communities of the microbiota, including fungi, viruses, archaea, and other parasitic microorganisms. This review summarizes the latest findings that link the nonbacterial microbiota with IBS. IBS patients show less fungal and viral diversity but some alterations in mycobiome, virome, and archaeome, such as an increased abundance of Candida albicans. Moreover, fungi and methanogens can aid in diagnosis. Fungi are related to distinct IBS symptoms and induce immune responses, intestinal barrier disruption, and visceral hypersensitivity via specific receptors, cells, and metabolites. Novel therapeutic methods for IBS include fungicides, inhibitors targeting fungal pathogenic pathways, probiotic fungi, prebiotics, and fecal microbiota transplantation. Additionally, viruses, methanogens, and parasitic microorganisms are also involved in the pathophysiology and treatment. Therefore, the gut nonbacterial microbiota is involved in the pathogenesis of IBS, which provides a novel perspective on the noninvasive diagnosis and precise treatment of this disease.
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Key Contribution: Nonbacterial microbiota is involved in the pathogenesis of IBS via specific receptors, cells, and metabolites. Noninvasive diagnosis and precise treatment based on these evidences can benefit the IBS patients.










1. Introduction


Irritable bowel syndrome (IBS) is a common functional gastrointestinal disorder characterized by recurrent abdominal pain related to defecation or altered bowel habits [1]. The prevalence rates of IBS on different continents range from 5.8% to 17.5% [2], and IBS significantly affects patients’ quality of life and increases healthcare costs. Unfortunately, the etiology of the disease remains unclear, and there is still great need of an effective clinical treatment method. Sometimes gastrointestinal infections, psychological factors, and bad living habits contribute to its development. Gradually, gut–brain–microbiome interactions have become regarded as the probable mechanism. Notably, the intestinal microbiome is generally considered to play an important role in IBS, including its occurrence and diagnosis. Meanwhile, probiotics and prebiotics such as purified fungal metabolites are emerging as promising therapies [3,4].



The intestinal microbiota comprises various microorganisms, including bacteria, viruses, fungi, archaea, and other parasitic microorganisms. Such a microbial community structure is believed to represent individuals and contribute to host metabolism, immunity, and even organ development [5]. Out of all the microbial organisms, the relationship between bacteria and IBS is the most well studied: bacterial alterations in IBS patients have been observed, such as an increased ratio of the phylum Firmicutes to Bacteroidetes [6,7], and at the genus level, the abundance of Bacteroides [8,9] increases while Bifidobacterium decreases [7]. Moreover, gut bacteria also affect the symptoms of IBS. Enterotoxigenic Bacteroides fragilis degrades intestinal glycoproteins and further affects intestinal ecology and motility to induce diarrhea and abdominal pain [10,11]. In contrast, Bifidobacterium infantis can improve the symptoms of IBS by suppressing proinflammatory cytokines and maintaining anti-inflammatory cytokines [12,13].



Recently, research on the IBS intestinal microbiome has been dedicated to bacteria, and only a few studies have discussed the nonbacterial microbiome in IBS [14,15,16,17]. This review aims to summarize and identify the links between nonbacterial microbiota and IBS (Figure. graphical abstract). In general, the fungal community is altered in IBS patients, and certain fungi are related to symptom severity and can serve as biomarkers. More importantly, fungi can promote the development of IBS by causing immune activation, intestinal barrier disruption, and visceral hypersensitivity via metabolites or fungi-induced responses. Their interaction with bacteria may also take part in the pathogenesis. Additionally, novel and valuable therapeutic methods are proposed, including fungicides, blocking the pathogenic pathway, probiotic fungi, fungi-related prebiotics, and fecal microbiota transplantation (FMT). Similarly, for viruses, archaea, and other parasitic microorganisms, their alterations in IBS patients and their associations with the symptoms, diagnosis and treatments of IBS are also discussed.




2. Mycobiome


Although fungi account for only approximately 0.1% of the intestinal microbiome and exhibit less diversity than their bacterial counterparts [18,19], they have been suggested to play an essential role in IBS. In particular, intestinal fungi dysbiosis is found in IBS-D patients who have no alterations in their intestinal bacteria, suggesting that the intestinal mycobiome is more critical in the development of IBS than bacteria [3].



Methods to study the mycobiome include ELISA (enzyme-linked immunosorbent assay) to detect certain species, culturomics, ITS (internal transcribed spacer, including ITS1 and ITS2) region-based high-throughput sequencing and shotgun metagenomics sequencing. However, each method has its own shortcomings. ELISA and culturomics only partly detect fungi. The high sequence and length variability of the ITS regions make the data analysis complex. Even shotgun metagenomics sequencing is still inaccurate for less abundant species. A modified DNA extraction method favoring the fungal community may allow us to obtain more accurate and reliable information.



2.1. Mycobiome Alteration in IBS


Studies have shown that the mycobiome of IBS patients is altered compared to that of healthy controls (Table 1) [3,16,20,21,22,23,24,25]. Less α-diversity [3,16,21,22] and significantly changed β-diversity [20,21] of fungi have been observed in IBS patients.



At the phylum level, the abundance of Zygomycota in IBS patients is changed, although different results have been reported [3,22]. At the genus level, the relative abundance of Aternaria, Candida, Cladosporium, Debaryomyces, Emericella, Galactomyces, Malassezia, Mycosphaerella Phialemonium, Saccharomyces, and Vishniacozyma increased in IBS patients [16,20,21], while that of Agaricus, Aspergillus, Clavispora, Eurotium, Kazachstania, Pandora, Penicillium, Phoma, Pichia, Rhodotorula, Sporidiobolus, and Wallemia decreased [3,16,20,21,22]. A change in Mycosphaerella has also been reported with contradictory results [3,22]. At the species level, Candida albicans and C. glabrata increased [16,21] while Candida parapsilosis, Starmerella bacillaris, Aspergillus section Nidulantes, Wallemia muriae, Torulaspora delbrueckii, Rhodotorula mucilaginosa, Suillus luteus [16], and Torulospora delbrueckii [21] decreased in IBS patients. Note that Saccharomyces cerevisiae has also been reported with different results [16,21].



In addition, certain fungal strains may serve as biomarkers for IBS. For instance, a model based on the four types of fungi, Mycosphaerella, Aspergillus, Sporidiobolus, and Pandora, is recognized to have a strong ability to predict IBS [3]. Based on the current evidence of mycobiome alterations in IBS patients [16], Kazachstania turicensis, Monographella nivalis, Alternaria alternata, and Davidiella tassiana may also be used to distinguish IBS patients from healthy subjects. Additionally, measuring antigens or antibodies towards valuable fungi would also facilitate diagnosis. From this perspective, the mycobiome has brought us one step closer to a noninvasive diagnosis of IBS.




2.2. Associations between Fungi and IBS


Fungi not only have alterations in abundance in IBS patients but are also associated with the different symptoms of them. Clinical studies have found that Zygosaccharomyces is positively associated with abdominal pain, while Malassezia is inversely associated with it [3]. For other intestinal symptoms, Candida positively correlates with the severity of bloating [3], while S. cerevisiae [26,27] and S. boulardii [28] have shown the potential to regulate bowel movements. The frequency of defecation has been found to correlate with reduced Debaryomyces and enriched Sporidiobolus and Gibberella [3]. Additionally, stool consistency seems to be inversely correlated with Trichosporon and Kodamaea [3]. Notably, whether food intolerance in IBS patients relates to the mycobiome remains unclear. One study indicates that the overgrowth of C. albicans may cause food intolerance, while the other suggests that there are no conclusive links [29,30].



Apart from intestinal symptoms, the mycobiome is also related to mood disorders in patients. IBS patients with psychiatric symptoms, either anxiety or depression, have distinct diversity or structure of fungi from IBS patients without psychiatric symptoms [3]. Increased Candida and Wallemia correlate with anxiety, while depression is associated with increased Zygosaccharomyces [3]. S. boulardii has been identified to reduce anxiety-like behavior in IBS mouse models [28].



Although the causal relationship between fungi and symptoms of IBS is unclear, many associations between them indicate that fungi more or less relate to the development of IBS. One direct and radical way to verify these findings is to transplant potential beneficial fungi, such as S. boulardii, S. cerevisiae, and Sporidiobolus pararoseus, into patients or models, and some of them have shown good effects [31,32]. For pathogenic fungi, measurements of fungal metabolites in breath, blood, or urine can help clarify their relationship with IBS, and utilizing germ-free mice gavaged with fungi is a direct method.




2.3. Potential Mechanisms by Which Fungi Promote the Development of IBS


2.3.1. Metabolites


Some fungal metabolites may participate in the pathogenesis. Candida glabrata, which contains β-mannosides and increases in IBS patients, aggravates colitis in mice, while this impact of the β-mannoside-reduced strain is much less, suggesting that β-mannosides contribute to fungal invasion [33]. Chitin of the fungal cell wall can stimulate the host to release TNF-α and IL-6 through TLR3, 8, and 9 signaling on immunocytes [34]. Moreover, β-glucan-cell wall polysaccharides released from most fungi and candidalysin-encoded by hypha-associated gene ece1 in C. albicans greatly influence intestinal homeostasis, which will be discussed later.



On the other hand, fungi influence host metabolites involved in the intestinal environment. S. cerevisiae worsens colitis in mice by promoting the purine metabolism of intestinal epithelia and increasing the production of uric acid [35]. Live C. albicans regulates tryptophan metabolism, indirectly upregulating the 5-hydroxytryptophan pathway, in mononuclear cells in vitro to promote C. albicans infection in mice [36].



Additionally, prostaglandin E2 (PGE2) has been reported to increase in the colon biopsies of IBS patients and contribute to intestinal inflammation by amplifying IL-17 production [37] and visceral hypersensitivity in mice [38]. Since both fungi and mast cells can produce it, further studies, such as silencing PGE2-related genes in mast cells and then detecting the PGE2 content in IBS models, may help identify the main source of it.




2.3.2. Immune Activation


Low-grade immune activity in the intestine has been found in a considerable number of IBS patients, where mast cells and T cells primarily play vital roles. Mast cells in the mucosa of small [39] and large intestines [40,41] are increased in IBS patients compared to healthy controls. CD4+ and CD8+ T cells are also regarded as great contributors to IBS immune responses, although the alteration in the number of T cells in IBS is divergent [40,42,43]. Despite the similar global cytokine profiles of IBS patients and healthy subjects, some cytokine imbalances are still found in the patients. IL 1β mRNA in the rectal biopsy [44] and IL-6, IL-8 [45] and TNF-α in serum [46] increase while IL-10 mRNA in the sigmoid colon biopsies decreases [45] in IBS patients.



Meanwhile, fungi play a role in IBS immune activation, including mast cell and T-cell responses, via receptors, cells, and metabolites. When fungi invade the intestine, the components of the fungal cell walls, i.e., mannan, glycosylated proteins, β-glucan, and chitin [47], are the main ligands that bind to pattern recognition receptors such as TLRs [48,49], Dectin-1 [50], DC-specific ICAM3-grabbing non-integrin (DC-SIGN) [51], and NLRP3 [52] on immune cells, and activate downstream pathways to trigger cytokine and chemokine expression (Figure 1).



For immunocytes, mouse models show that the degranulation of mast cells is triggered by β-glucans of C. albicans, likely through the Dectin-1 pathway, to release prostaglandins, histamine, cytokines, and specific proteases (β-hexosaminidase and tryptase) [16]. Meanwhile, an in vitro study shows that mast cells have versatile and timed responses when encountering C. albicans [53]. Initially, mast cells degranulate to release β-hexosaminidase and reduce C. albicans viability. Then, they release IL-8 and recruit neutrophils. In the final response, IL-16 is released, and mast cell extracellular traps ensnare C. albicans, along with observed T-cell migration (Figure 2).



Another critical cell in IBS, the T cell, can also be activated by fungi, especially Th1 and Th17 cell [54]. Activated dendritic cells (DCs) and mast cells can promote T-cell differentiation via distinct cytokines. Specifically, in vivo and in vitro studies show that IL-1β, IL-6, IL-23, and TGF-β from innate immunity activate Th17 cells [55] to recruit neutrophils by IL-17A and stimulate epithelial cells by IL-22 to defend against fungi. Moreover, the loss of Th17 polarization leads to a higher risk of fungal infections, and IL-17A receptor-deficient mice are severely impaired in their ability to clear C. albicans [56]. In particular, a study of a C. albicans infection model shows that Th17 responses are reduced by blocking Dectin-2 on dendritic cells, and Th1 responses are also decreased if coupled with a lack of Dectin-1 [57]. These results reveal the importance of Dectin-1 and Dectin-2 in T-cell activation upon fungal invasion. In addition, Th1 responses can be triggered by IL-12 and then activate phagocytes by IFN-γ, which has also been reported in IBS patients [58].



Some metabolites also regulate fungi-related immunity. Fungi such as Candida can utilize arachidonic acid to produce PGE2, which inhibits anti-Candida Th1 responses [59] and enhances fungal germination. A cytolytic peptide toxin, candidalysin, can trigger the NLRP3 inflammasome [60] and result in the pyroptosis of macrophages and DCs [61,62]. Compared to heat-killed C. albicans, live C. albicans can regulate tryptophan metabolism in mononuclear cells, downregulating the L-kynurenine pathway and indirectly upregulating the 5-hydroxytryptophan pathway, to inhibit the production of IL-17 in vitro [63] and reduce resistance to C. albicans infection in mouse models [36]. In summary, fungi regulate intestinal immunity via various receptors, immune cells, and metabolites. The intestinal immune activities in IBS patients, such as mast cell and T-cell responses, may be partly triggered by fungi, indicating the significance of fungi in developing IBS.




2.3.3. Increased Intestinal Permeability


Normally, the intestinal barrier is semipermeable and blocks the invasion of foreign pathogens to maintain homeostasis inside and outside the intestine, but intestinal permeability is increased in IBS [64,65]. For instance, IBS patients have higher paracellular permeability and lower expression of ZO-1 in the colon [66]. Fecal supernatants from IBS-D patients cause increased paracellular permeability in mice [67], indicating that increased intestinal permeability is another potential mechanism of IBS.



Fungi probably disrupt the intestinal barrier via their antigens and metabolites to contribute to the occurrence of the disease. For instance, among the fungal species, C. albicans has been well studied, and there is a cloned expansion of C. albicans isolates in IBS patients who are also more invasive and capable of producing more hyphae compared to the control subjects [21]. C. albicans can attack the intestinal barrier in several ways, possibly occurring in an orderly or simultaneous manner. First, C. albicans binds to the mucin of the intestinal wall by hydrophobic interactions and decomposes them by secreted aspartyl proteinase [68]. Next, various adhesins on the hyphae mediate direct adhesion to intestinal cells. als3 encodes a glycoprotein that binds to cadherin on the cell membrane in vitro and promotes the endocytosis of C. albicans [69]. Adhesin Hwp1 forms a covalent link with intestinal cells to facilitate the invasion of the cells [70]. Then, as in Caco-2 monolayers, C. albicans lyses E-cadherin in the intestine by secreted aspartyl proteinase [71] and reduces the levels of occludin and ZO-1 [72]. Finally, even though C. albicans is endocytosed, it can escape from cells by depleting glucose inside the cells and piercing the cell membrane by its hyphae. Moreover, candidalysin damages the epithelial barrier by destroying the cell membrane or promoting pyroptosis [61,62]. Other fungi, such as C. glabrata, have similar virulence factors and pathogenic mechanisms [73]. Additionally, S. cerevisiae worsens colitis in mice by increasing intestinal permeability [35], which may result from promoting the purine metabolism of intestinal epithelia to increase the production of uric acid. Uric acid stimulates the NLRP3 inflammasome to influence intestinal stability [74].



Various factors released by antifungal immunity also increase intestinal permeability. An in vitro study indicates that increased TNF-α and IFN-γ cause tight junction (TJ) disruption by inducing myosin II regulatory light chain phosphorylation [75] and redistributing occludin, claudin 1, and claudin 4 [76]. Thus, the fungi-induced release of TNF-α and IFN-γ, which are mainly produced by macrophages and T cells, may exacerbate barrier damage in IBS patients. Active mast cells in IBS patients also relate to the disrupted barrier. Downregulated ZO-1 mRNA in IBS patients correlates inversely with mast cell-derived tryptase mRNA [77]. Meanwhile, tryptase reduces the expression of other TJ proteins by activating protease-activated receptor 2 on colonocytes [78]. In addition, enhanced cysteine proteases trigger the enzymatic degradation of occludin in patients to contribute to increased intestinal permeability [79].



Therefore, fungi cause increased intestinal permeability and simultaneously trigger body regulatory activities to modify intestinal motor, sensory, and secretory functions. Notably, S. boulardii improves gastrointestinal transit in IBS models [28] due to its effect on enhancing barrier function and regulating immune responses [80]. Other IBS symptoms involved in intestinal movement and secretion may also relate to the fungi. Even if the causal links between fungi and IBS have not been confirmed, the evidence on these pathophysiological alterations caused by fungi suggests that the role of the fungi in the disease cannot be ignored.




2.3.4. Visceral Hypersensitivity


Abdominal pain is a common symptom of IBS patients and is closely associated with visceral hypersensitivity or nerve sensitization, and evidence has indicated an association between fungi and visceral hypersensitivity. Fungicides fluconazole and nystatin prevent the post-stress visceral hypersensitivity of IBS rats. In addition, normosensitive rats present visceral hypersensitivity when transplanted with the cecal mycobiome from visceral hypersensitive rats [16]. Moreover, β-glucan induces mast cell degranulation via the Dectin-1-Syk pathway, and a Syk inhibitor reverses visceral hypersensitivity in mice [16,81]. Therefore, β-glucan from fungi may induce abdominal pain in IBS by activating mast cells to release various neurosensitizing substances (Figure 3). The released histamine causes abdominal pain by intensifying nociceptor transient reporter potential channel V1 (TRPV1) responses of patients’ submucosal neurons, and the antagonist of histamine receptor H1 significantly improves the symptoms and quality of life of the patients [82,83]. Furthermore, cysteine proteases [79], PGE2 [38], and tryptase [84] are also enhanced in IBS patients compared to healthy controls, and they have been found to be positively associated with visceral hypersensitivity. The hypersensitivity can be prevented by their corresponding receptor antagonists, but the detailed pathways are still unknown. Moreover, visceral afferent nerves express TNF-α and IL-1β receptors, and TNF-α has been observed to effectively motivate mechanical hypersensitivity of the colon and IL-1β has increased the basal firing level of mouse colonic sensory nerves [85]. Therefore, fungi may also raise the level of pain by locally increasing cytokines in the intestine [86,87].




2.3.5. Interaction between Fungi and Bacteria


As the main components of the intestinal microbiota, fungi and bacteria constantly interact with each other and are in a dynamic balance. However, fungal–bacterial correlation declines in IBS patients compared to the healthy subjects [3,22]. In addition, Candida has negative correlations with the abundance of certain fecal bacteria in healthy subjects, while in IBS-D patients, all these correlations turn positive [3]. Moreover, the therapeutic effect of rifaximin on IBS may be due to the enhanced relations between fecal bacteria and fungi in IBS patients [22]. These results indicate that the interaction between fungi and bacteria participates in the pathogenesis of IBS.



Unfortunately, no detailed reports explicitly address the fungal–bacterial interaction in IBS, but studies concerning intestinal disorders can provide some enlightenment. Correlations between fungi and bacteria underlie the development of colitis, which is worsened by C. albicans and improved by S. boulardii [88]. Broad-spectrum antibiotic treatment prevents both effects, while supplementation with Enterobacteriaceae reestablishes them, indicating that bacteria are essential for fungi to function [88]. A study of the human gut microbial metabolome shows that intestinal commensal bacteria inhibit the growth of opportunistic yeasts by blocking the fungal growth-related targets of the rapamycin pathway [89]. Moreover, indoles from the tryptophan metabolism of the symbiotic bacteria balance mucosal and barrier homeostasis and prevent the colonization of Candida via the aryl hydrocarbon receptor-IL 22-related pathway [90,91]. Notably, as a common probiotic for IBS patients, Lactobacillus blocks C. albicans from adhering to epithelial cells by their exopolysaccharides [92], prevents hyphal orphogenesis by metabolized short-chain fatty acids [93,94] and degrades chitin structures by chitinase [95], indicating that its beneficial effects for IBS may partly result from the repression of Candida.



Meanwhile, fungi also affect bacteria in the intestine. Debaryomyces hansenii restores the density and diversity of intestinal bacteria to promote intestinal balance in an antibiotic-induced diarrhea mouse model [96]. C. albicans facilitates the colonization of pathogenic Enterococcus faecalis while it counters probiotic Lactobacillus spp. [97], although the mechanism is not well known.



On the whole, the interaction between fungi and bacteria takes part in intestinal homeostasis, but more studies should be carried out to explore its influence on IBS to guide microbiota adjustment therapies.





2.4. Fungi-Related Treatment


Currently, the treatment for IBS includes dietary therapies, μ-opioid agonists, antispasmodics, laxatives, probiotic bacteria, etc. [4], but their efficacy remains unsatisfactory. With the high prevalence of IBS, more novel therapeutic strategies are in demand. Based on the alteration and the potential pathogenic mechanism of fungi in IBS, novel and valuable treatments, such as fungicides, pathogenic pathway blockage, probiotic fungi, fungi-related prebiotics and FMT, have emerged and are expected to solve the current issue.



2.4.1. Using Fungicides or Blocking the Fungal Pathogenic Pathways


Fungicides effectively clear fungi and benefit patients. An analgesic effect of the fungicides fluconazole and nystatin has been observed when treating maternal separation rats [16]. Miltefosine relieves visceral hypersensitivity in rat models [98] and modulates the fecal mycobiome by inducing metacaspase-dependent apoptosis [99,100]. However, due to broad-spectrum antimicrobial activity and unpredictable side effects, fungicides are usually not accepted as conventional treatments and are only recommended when certain clear indications are present [101].



To reduce the potential side effects and interference with the intestinal environment, targeting fungal pathogenic pathways, especially fungal adherence and invasion, is a promising option for treatment. IgA, which targets and suppresses adhesins Als1 and Als3 of C. albicans, has been detected in human feces [102]. Notably, anti-Candida vaccines designed for these adhesions have been produced. The vaccine increases Als3-specific IgA and IgG and prevents C. albicans-associated damage in colitis [102], which indicates that the vaccine could be used to cautiously treat IBS patients under close follow-ups. Moreover, there are other potential targets of the treatment, such as the transcription factors Ahr1 and Tup1, which are necessary for the expression of als3 [103]. Inhibiting fungal invasion or overgrowth is another strategy. The tpk2 and efg1p genes govern invasion and hyphal formation [104,105], while farnesol, the quorum-sensing molecule secreted by C. albicans, inhibits hyphae and biofilm formation [106,107]. Interestingly, shikonin, a plant extract for wound treatment, can inhibit the hyphal formation of C. albicans and reduce the fungal burden with downregulated levels of Ece1, Hwp1, Als1, and Als3 and upregulated production of farnesol [108]. Thus, these loci can be novel targets of treatment that maximally defend against pathogenic fungi and avoid affecting other microbiota.




2.4.2. Probiotic Fungi, Fungi-Related Prebiotics, and FMT


Taking probiotic fungi to induce a relatively slight but favorable microbiota shift is also suitable for IBS patients. S. boulardii has been widely used in diarrheal diseases to enhance barrier function and mucosal immune responses [80]. For IBS patients, it also ameliorates their quality of life and abdominal pain by decreasing TRPV1 expression [28] and improving the cytokine profile in the blood and upper rectum [31]. Meanwhile, its benefits may also result from the antagonistic effect on C. albicans colonization [109] and the protection of the intestinal barrier, promoting the expression of E-cadherin and its redistribution to the cell surface [110]. In addition, S. boulardii improves gastrointestinal transit [28] and reverses anxiety behavior in the IBS model [28], but whether these effects similarly act in patients deserves more study.



S. cerevisiae is another commonly reported fungal probiotic for IBS that significantly alleviates abdominal pain, stool consistency and bloating in patients [27,32,111,112]. Interestingly, S. cerevisiae has great degradation properties on fermentable oligosaccharides, disaccharides, monosaccharides, and polyols, further revealing its ability to improve bloating [113,114]. Meanwhile, a study reports that a distinct strain of S. cerevisiae with genetic and phenotypic variability has pathogenic effects on the intestine [35]. Thus, the exploration of fungi needs to be more detailed and go deeper into the genetic and phenotypic levels.



Apart from probiotics, prebiotics from fungal metabolites or materials are also therapeutic methods. As discussed above, fungal glucan can induce immune responses, whereas much evidence shows that fungal glucan extracts relieve intestinal dysfunction by decreasing proinflammatory factors and colonic mucosal damage in colitis [115,116]. For IBS patients, a mixed treatment containing β-glucan is capable of relieving bloating and abdominal pain [117,118]. In IBS models, β-glucan treatment suppresses restraint stress-induced fecal pellet output and visceral pain [16,119]. Overall, glucan extracts show great potential in treating IBS patients. In addition, a combination of essential oils from menthol and carvone could be the prebiotic for IBS, which reverses visceral hypersensitivity and simultaneously alters fungal composition in maternally separated rats [24]. Nevertheless, the active ingredient and specific pathway should be determined with further research.



FMT is a method of copying intestinal microbiota composition from healthy donors to recipients and has been used to treat IBS patients, especially moderate to severe patients. Some studies show that the improvement rates of symptoms and quality of life in the FMT group are higher than those in controls [120,121] while a study finds that those in the control group are better [122], indicating that stronger evidence for the treatment is still needed. In addition, as transplantation is a mixture of bacteria, fungi, and other microbiota, it is difficult to determine the role of fungi in it. An FMT trial of Clostridium difficile infection suggests that there are more Saccharomyces and Aspergillus in the intestines of successful FMT recipients but more Candida in that of nonresponders [123]. Similar research on the intestinal mycobiome of IBS recipients after FMT trials will further show the meaning of fungi in the treatment and the disease.



In summary, fungicides, blocking the fungal adherence and invasion of the intestine, probiotics, prebiotics, and FMT can be novel therapies for IBS. The combination of these therapies may have more significant effects, but the administration should be personal and must be based on detailed intestinal microbiota information. However, these treatments lack the validation of clinical data, and more randomized controlled trials are needed to determine their efficacy and possible side effects.






3. Virome


Developing metagenomics studies have revealed that viruses commonly appear in the microbiota of healthy humans. There are approximately 109 viral particles per gram of feces [124]. Classified by host types, the virome is composed of bacteriophages/phages (97.7%), eukaryotic viruses (2.1%), and archaeal viruses (0.1%) [125,126]. Unfortunately, thus far, many viruses remain unclassified due to the lack of universal viral markers and knowledge about their specific hosts or infection activities. Moreover, as the content of the existing virus database is very limited, the majority of reads in metagenomics studies cannot be well annotated [127,128]. Hence, existing studies may have overlooked the importance of viruses in the pathophysiological process.



3.1. Virome Alteration in IBS


Emerging evidence suggests that viruses contribute to some intestinal diseases; for instance, the intestinal virome has disease-specific alterations in IBD patients [129,130]. However, only a few studies have reported its alterations in IBS. The α-diversity of the virome in IBS patients is lower than that in controls, and β-diversity is significantly different between IBS patients and controls [17,131].



There are alterations in the abundance of certain viruses in IBS patients (Table 2). At the genus level, three unclassified viruses from the families Mimiviridae, Podoviridae, and Siphoviridae increased, while four unclassified viruses from the same three families decreased in IBS patients [131]. More precise detection of these viral genera will reveal their alteration and the possible association with IBS. At the species level, Pandoravirus salinus significantly increased in IBS patients, while Choristoneura biennis entomopoxvirus, Aureococcus anophagefferens virus, Phaeocystis globose virus, Pandoravirus inopinatum, and some other unclassified species decreased in the patients [17]. Additionally, a study reported the difference in the virome between IBS subtypes. Lactobacillus virus increased in IBS-C patients compared with IBS-D patients, and distinct but unclassified species of the families Microviridae, Myoviridae, Siphoviridae, and Podoviridae were significantly changed in IBS-C or IBS-D patients that need further research [132].



In summary, due to the limited virus database and the lack of precise detection methods, virome alteration in IBS is less known and still in its infancy. It is necessary to increase the research projects on it and develop novel methods with higher sensitivity and specificity to reveal the alteration of viruses in IBS and its influences.




3.2. Association between Viruses and IBS


Although research on the virome in IBS is limited, some reports have revealed that certain viruses can influence the development of IBS. Norovirus is now considered a major cause of gastroenteritis and is closely related to postinfectious IBS (PI-IBS). Studies have shown a higher prevalence of PI-IBS after this viral gastroenteritis [133,134] and its symptoms are mild, IBS-like, and persistent, with low detectable titers of virus for 8 weeks or even a year [135]. The possible mechanism may be related to enterocyte apoptosis, acceleration of cell turnover, and widened intercellular spaces. Moreover, the villous surface area is reduced by 50% with mononuclear cells infiltrating the lamina propria [136,137]. Thus, the occurrence of IBS may be due to residual viruses or pathophysiological changes, but the causal relationship has not been well explained.



Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is also related to IBS [138,139]. Patients with diarrhea tend to have a higher viral RNA load [140] and the virus has been detected inside enterocytes and fecal samples [141,142]. Perhaps the viral spike protein binds to angiotensin-converting enzyme 2 and allows the virus to enter the host cells [143,144]. Compared to the controls, the levels of fecal IL-8 and IL-23 are higher, while IL-10 is lower in COVID-19 patients, suggesting that the gastrointestinal tract is immunologically active during infection [140]. More attention should be given to the association between SARS-CoV-2 and IBS.



A high prevalence of IBS has also been shown in other virus-infected people. Chronic hepatitis C virus (HCV) patients usually complain of abdominal pain, discomfort, and functional nausea [145,146]. A study including 454 individuals showed that the proportion of IBS patients in the HCV group (66%) was significantly higher than that in the HBV group (22%) and healthy subjects (18%) [147]. In addition, increased Herpesviridae is detected in IBS patients, yet no association between Herpesviridae and IBS is definite. Herpesviridae is also increased in IBD patients [148] and can activate human endogenous retroviruses in the colon [149], indicating its potential to induce chronic inflammation.



Studies have shown that viruses can regulate the host immune state by TLR (TLR3, 7, 8 and 9) [150,151,152] and RIG-1-like receptor (RIG-1 [153], MDA5 [154], and LGP2 [155]) pathways. Notably, a recent study explored the relationship between the virome and colonic gene expression in IBS patients [132]. Most virus-related host genes are associated with infection and immune responses, such as CD4, TLR2, interleukins (IL2RG, IL3RA, IL6R), and human leukocyte antigens (HLA-DMB, HLA-DPA1, HLA-DRA). In addition, the genes related to the zinc-finger motif, cell-cell contact or epithelial barrier function are associated with a group of phages from the families Podoviridae, Microviridae, and Siphoviridae. In summary, few studies have shown links between viruses and IBS, while evidence indicates that they are undiscovered but not nonexistent. These findings regarding viruses provide more ideas for further research to reveal their significance in IBS.




3.3. Viral Treatment for IBS and Future Directions


A cocktail of phages is reported to relieve colitis symptoms in a mouse model [156], but little is known about the viral treatment for IBS. However, reducing Lactobacillus virus is a potential target for IBS treatment. As Lactobacillus virus increases in IBS-C [132] and its host, Lactobacillus brevis, has been used to improve the quality of life of IBS patients [157,158], reducing the virus may be another way to show the beneficial effect.



Additionally, viruses can regulate the immune state to benefit IBS patients. After acute herpesvirus infection, the virus enters a chronic latency situation, which can persist throughout the host’s life. It increases the level of IFN-γ and systemically activates macrophages to maintain a better immune state [159], which is a reestablished symbiotic homeostasis between the host and the virus. Meanwhile, IFN promotes epithelial regeneration after colitis [160] and radiation-induced [161] intestinal injury in a mouse model, suggesting that mildly increasing IFN can benefit IBS patients. However, these treatments will also bring possible side effects of excessive immune activation or cytokine storms. Therefore, longitudinal metagenomic research and clinical trials are required to assess their potential benefits and losses.



To date, much work about the virome in IBS still needs to be done. First, it is vital to develop more accurate and convenient sequencing technology and improve the enterovirus annotation database to better identify and analyze the viruses. Second, the association between viruses and the host in IBS patients is vague, but it is worth further exploring whether and how the viruses arouse IBS symptoms. Finally, further understanding and utilizing the interaction between viruses and bacteria or fungi is of value in restoring intestinal homeostasis of IBS patients, such as lysing pathogens and transferring antipathogen properties to commensal bacteria by certain viruses.





4. Archaeome


Archaea are originally found in various extreme natural ecosystems and represent the limits of life on this planet. However, they can also live in a gentle environment, including oceans, marshlands, and paddy fields, and be stable commensals of skin and human digestive tracts [162,163]. Although archaea only account for a small fraction of the intestinal flora (0.05–0.8%), it has been gradually found that they are involved in immune modulation, methanogenesis, trimethylamine metabolism, and transformation of heavy metals [18,162,164]. Methanogens are the main archaea (approximately 90%) in the human gastrointestinal tract [165], which physiologically convert hydrogen, acetic acid, or methyl compounds into methane. Genus Methanobrevibacter and Methanosphaera of order Methanobacteriales are the predominant methanogens in the human intestine [162]. Methanogens, mainly in the colon, have stable biofilm and their ability to acquire the nitrogen nutrients is much stronger than that of other microbes. At present, detection methods of archaea mainly include cultivation, qPCR, and 16S rRNA sequencing, but there are no specific protocols or primers targeting archaea [166,167]. Metagenomic sequencing would be a better choice, but it is also not accurate or specific enough. Limited detection methods make it challenging to research archaea.



4.1. Archaeome Alteration in IBS


More evidence shows that the abundance of Methanobrevibacter smithii in IBS patients is higher than that in healthy subjects (Table 3) [9,168,169,170,171], while other studies report decreased abundance of Methanobrevibacter, Methanobacteriaceae, and Methanobacteria in the patients [7,15,172,173,174] or suggest no difference in abundance of Methanobacteriales between IBS and the controls [9]. Notably, most studies support that methanogens play a greater role in IBS-C than IBS-D as more IBS-C patients have Methanobacteriales [9] and Methanobrevibacter [7] than IBS-D patients [7]. Copies of M. smithii in IBS-C are significantly greater than those in IBS-D [170]. In general, methanogens seem to play a role in IBS, especially IBS-C, but this needs to be verified in larger populations.




4.2. The Effect of Methanogens on IBS


To date, studies of the association between archaea and IBS have mainly focused on methanogens, but whether they are beneficial or detrimental remains unclear [175,176,177]. In fact, methanogens often present a symbiotic relationship with bacteria. Hydrogen gas usually originates from the fermentation of bacteria, but its accumulation suppresses bacterial energy production. Therefore, hydrogen removal by methanogens enhances the degradation of organic material, metabolic activity of bacteria, and energy absorption in the intestine [178,179]. Alternatively, some methanogens can also convert acetate or methanol/methylamines into methane to participate in the metabolism of the intestinal microenvironment. Thus, archaea interact with the host and other microbes to maintain intestinal homeostasis, but when the balance is broken, methanogens may aggravate intestinal disorders to potentially cause IBS.



The results of quantitative PCR indicate that methanogens are positively related to constipation and bloating [170,180,181], which is in line with other studies that use the lactulose breath test to detect methanogens [9,181,182,183]. Further investigation demonstrates that methane slows intestinal transit by enhancing the contractile activity of the intestinal circular muscle and may lead to the constipation of IBS-C [184,185], while other research suggests that lower Methanobacteriales and exhaled methane are associated with severe IBS patients [9]. Hence, archaeal function needs to be further explored in large-scale experiments.




4.3. The Utilization of Methanogens in IBS


Methane is not utilized by humans and is discharged through the anus (80%) and breath (20%). Consequently, the measurement of methane in respiration can reflect the quantity and physiological activity of live methanogens [169,170,186]. Furthermore, the test has been recommended for patients with clinical constipation or slow gastrointestinal transmission [187] and to assist in the identification of IBS-C [9,183,188].



Additionally, targeting methanogens is another potential treatment for IBS, especially IBS-C. Neomycin combined with rifaximin reduces breath methane and effectively improves constipation, bloating, and straining in IBS-C [189]. Statins, such as lovastatin and mevastatin, block the biosynthesis of the methanogen membrane by inhibiting HMG-CoA reductase [190] and directly prevent methanogenesis by occupying the binding sites of methanogenic enzymes [191,192]. In addition, the lactone form of lovastatin inhibits the growth of Methanobrevibacter [193]. As such, statins are considered a potential treatment to improve constipation in IBS-C.





5. Other Parasitic Microorganisms


Apart from fungi, viruses, and archaea, the human intestinal microbiota also includes other parasitic microorganisms, such as Blastocystis and Dientamoeba. Parasitic microorganisms are also involved in the pathophysiology of IBS, especially PI-IBS. It has been reported that PI-IBS accounts for 6–50% of all IBS cases and can even be caused by an infection occurring several years ago [194,195].



Many parasitic microorganisms have an association with IBS. People infected with Blastocystis hominis [196], Giardia lamblia [197], Cryptosporidium hominis, Cryptosporidium parvum [198,199] and Trichinella [200] have a higher risk of IBS, and IBS patients have a higher B. hominis-positive rate than controls [201,202]. In addition, B. hominis- and Dientamoeba fragilis-infected patients exhibit a variety of IBS-like symptoms, such as diarrhea, cramps, and abdominal pain [196,203]. A third of cryptosporidiosis patients infected by C. hominis or C. parvum have had persistent diarrhea and abdominal pain for 12 months [199].



Some potential mechanisms of these parasitic microorganisms have been reported. G. lamblia infection damages intestinal TJs, promotes mucosal adherence, invasion, and translocation of bacteria [204], and suppresses the immune defense of epithelial cells [205,206]. Moreover, G. lamblia-infected patients have impaired 5-HT release, increased duodenal cholecystokinin cells and higher plasma cholecystokinin levels [207,208], causing delays in gastric emptying and postprandial colonic contractions [209,210]. Additionally, continuous antigenic exposure of Blastocystis leads to low-grade inflammation and increased intestinal permeability [136]. D. fragilis causes inflammation by inducing intestinal infiltration of eosinophils, neutrophils, and lymphocytes [211].



In addition, some parasitic microorganisms can be actively utilized to build IBS models. The Trichinella spiralis model is the most common one, with the characteristics of intestinal hypersensitivity, hypercontractility, alteration in secretion, and sensory neuron activation [212,213,214]. The Nippostrongylus brasiliensis model exhibits motility dysfunction and intestinal hypersensitivity without mechanosensitivity [215]. The C. parvum model shows jejunal hypersensitivity, intraepithelial lymphocyte infiltration, and mast cell hyperplasia [216], but other features of IBS are unidentified. In conclusion, the infection or increase in some parasitic microorganisms probably causes the development of IBS.




6. Conclusions


Mounting evidence from preclinical and clinical studies has confirmed the significance of intestinal microbiota for IBS, which should be reasonably viewed as an ecological system of bacteria, fungi, viruses, archaea, and other parasitic microorganisms. Meanwhile, more attention should be paid to the previously ignored nonbacterial microbiome, which is involved in the diagnosis, pathogenesis, and treatment of IBS. Less fungal and viral diversity and some alterations in mycobiome, virome, and archaeome have been found in IBS patients, such as increased C. albicans, C. glabrata, Pandoravirus salinus, and M. smithii. Their alterations in IBS patients suggest that they can contribute to noninvasive diagnosis. For instance, certain fungi and methanogens can be biomarkers of the disease. More importantly, the nonbacterial microbiome is related to the symptoms and participates in the pathogenesis of IBS via immune activation, increased intestinal permeability, visceral hypersensitivity, and interaction with bacteria. Metabolites including β-mannosides, chitin, β-glucan, candidalysin, and PGE2 possibly play little-known but important roles in them. Additionally, novel therapies based on these findings will aid in the treatment of IBS. Fungicides, blocking fungal pathogenic pathways, probiotic fungi, fungi-related prebiotics, and FMT are potential therapies. Regulating the microbial community structure and immune state by certain viruses are also promising therapeutic methods. Meanwhile, reducing methanogens and clearing parasitic microorganisms possibly benefit patients. Thus, a more holistic attitude towards the microbiome in IBS and well-designed randomized controlled trials are needed to convert these inspiring findings into potent therapies so that patients and even healthy individuals can benefit from the achievements.



Notably, specific microbial components can be purified and then used to treat patients. For instance, the chitin of S. cerevisiae can train human monocytes to enhance their immunity to bacteria or fungi [34]. Human monocytes exposed to pure chitin or chitin-containing fungi such as S. cerevisiae in advance show more production of TNF-α and IL-6 than the controls under the stimulation of lipopolysaccharide or fungal pathogens such as C. albicans. In mice with systemic C. albicans infection, treatment with chitin reduces the fungal burden in the liver and increases survival rates. Similarly, pure β-glucan extracts from C. albicans display anti-inflammatory properties and decrease the colonization of C. albicans in colitis mice [217], suggesting that moderate exposure to the purified molecules may be a promising therapeutic method for IBS.



Although some progress has been made, research on the intestinal nonbacterial microbiome is still at an early stage, and its specific role in IBS remains to be further investigated. First, the detection methods of these intestinal microorganisms are not accurate or reliable. Even shotgun metagenomics sequencing cannot cover all microorganisms, in which fragments of less abundant microorganisms can be easily overwhelmed by host parts or main species. Thus, increasing the flux of detection or separating the host parts and main species in advance may improve its efficiency and accuracy. Second, studies on the mechanisms lack direct or in vivo evidence, and most potential treatments have not passed clinical trials and cannot be immediately available for clinical management. Therefore, multilevel research and clinical practice are needed to solve these issues. Last, most studies do not analyze the relationship between nonbacterial microbiota and distinct subtypes of IBS. Since the main symptoms and treatment of the subtypes are different, the effect of the nonbacterial microbiota may also be subtype-specific. Large-scale research containing distinct subtypes is required and the recruitment can be via community contacts, specialist clinics, and social media. In summary, studies of the association between nonbacterial microbiome and IBS are far from sufficient, and there is still a long way to go.



Going forward, it is imperative to incorporate all parts of the intestinal microbiota to explore their effects on the host. This review provides a critical view of how the nonbacterial microbiota affects IBS and a novel dimension of noninvasive diagnosis and precise treatment of this disease.
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Figure 1. Fungi-activated receptors and the downstream signaling pathways of immune cells. TLR2 recognizes triacylated and diacylated lipoprotein and peptidoglycan of fungi to bind to MyD88, which further activates the ERK and NF-κB pathways to trigger cytokine and chemokine expression. TLR4 recognizes O-linked mannan and activates the NF-κB and p38/JNK pathways via MyD88. In addition, TLR4 induces TRIF-IRF3-mediated release of interferon-β. Dectin-1 recognizes β-glucan and triggers the phosphorylation of RAF1 via RAS proteins, ultimately stimulating the NF-κB pathway. Additionally, Dectin-1 activates the Syk-CARD9 pathway, which then leads to the production of ROS and the activation of NF-κB. Moreover, Dectin-1 also synergizes with TLR2 to recognize zymosan and enhance MAPK activation. It activates the NLRP3 inflammasome or caspase8 to induce the production of IL-1β and IL-18. NLRP3 is an intracellular receptor and forms the inflammasome with caspase1, which promotes the maturation of IL-1β and IL-18. DC-SIGN recognizes the N-linked mannan structures of fungi, and the signal activates RAF1 to secrete IL-6, IL-10 and IL-12. Moreover, by activating the same NF-κB subunit p65, DC-SIGN interacts with the TLR2 and TLR4 pathways to promote antifungal reactions. TLR: Toll-like receptor; MyD88: myeloid differentiation primary response gene 88; ERK: extracellular signal-regulated kinase; NF-κB: nuclear factor kappa B; JNK: c-JUN N-terminal kinase; TRIF: TIR-domain-containing adaptor inducing interferon-β; IRF3: interferon regulatory factor 3; RAF: rapidly accelerated fibrosarcoma; RAS: rat sarcoma; Syk: spleen tyrosine kinase; CARD9: caspase recruitment domain-containing protein 9; ROS: reactive oxygen species; MAPK: mitogen-activated protein kinase; NLRP3: NOD leucine-rich repeat and pyrin domain-containing protein 3; DC-SIGN: DC-specific ICAM3-grabbing non-integrin. 






Figure 1. Fungi-activated receptors and the downstream signaling pathways of immune cells. TLR2 recognizes triacylated and diacylated lipoprotein and peptidoglycan of fungi to bind to MyD88, which further activates the ERK and NF-κB pathways to trigger cytokine and chemokine expression. TLR4 recognizes O-linked mannan and activates the NF-κB and p38/JNK pathways via MyD88. In addition, TLR4 induces TRIF-IRF3-mediated release of interferon-β. Dectin-1 recognizes β-glucan and triggers the phosphorylation of RAF1 via RAS proteins, ultimately stimulating the NF-κB pathway. Additionally, Dectin-1 activates the Syk-CARD9 pathway, which then leads to the production of ROS and the activation of NF-κB. Moreover, Dectin-1 also synergizes with TLR2 to recognize zymosan and enhance MAPK activation. It activates the NLRP3 inflammasome or caspase8 to induce the production of IL-1β and IL-18. NLRP3 is an intracellular receptor and forms the inflammasome with caspase1, which promotes the maturation of IL-1β and IL-18. DC-SIGN recognizes the N-linked mannan structures of fungi, and the signal activates RAF1 to secrete IL-6, IL-10 and IL-12. Moreover, by activating the same NF-κB subunit p65, DC-SIGN interacts with the TLR2 and TLR4 pathways to promote antifungal reactions. TLR: Toll-like receptor; MyD88: myeloid differentiation primary response gene 88; ERK: extracellular signal-regulated kinase; NF-κB: nuclear factor kappa B; JNK: c-JUN N-terminal kinase; TRIF: TIR-domain-containing adaptor inducing interferon-β; IRF3: interferon regulatory factor 3; RAF: rapidly accelerated fibrosarcoma; RAS: rat sarcoma; Syk: spleen tyrosine kinase; CARD9: caspase recruitment domain-containing protein 9; ROS: reactive oxygen species; MAPK: mitogen-activated protein kinase; NLRP3: NOD leucine-rich repeat and pyrin domain-containing protein 3; DC-SIGN: DC-specific ICAM3-grabbing non-integrin.
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Figure 2. Fungi induce immune activation via various cells. Mast cells are activated by fungi to degranulate and release prostaglandins, histamine, cytokines, and proteases. In addition, they recruit T cells and neutrophils or directly internalize fungi. Activated dendritic cells and mast cells release various cytokines to promote T-cell differentiation to defend against fungi. IL-12 induces Th1 cells to secrete IFN-γ to stimulate macrophages and promote phagocytosis and the production of ROS and cytokines. IL-1β, IL-6, IL-23, and TGF-β act on Th17 cells to recruit neutrophils by IL-17A, which then can also secrete IL-17A by themselves to recruit more cells and stimulate epithelial cells by IL-22 to release antimicrobial peptides. Meanwhile, fungi produce PGE2 to inhibit Th1 responses, cause pyroptosis of macrophages and DCs by candidalysin, and regulate tryptophan metabolism to reduce IL-17. Th cell: T helper cell; DC: dendritic cell. 
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Figure 3. Fungi arouse abdominal pain via mast cell degranulation and other induced immune activity. β-glucan from the fungus binds to Dectin-1 to activate mast cells, which then degranulate and release histamine to stimulate TRPV1 on the nerves. Other released cysteine proteases, PGE2, and tryptase also cause nerve sensitization, but the direct mechanism is unclear. TNF-α and IL-1β from fungi-induced immune activity bind to the corresponding receptors on the nerves and finally provoke abdominal pain. TRPV1: transient reporter potential channel V1. 
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Table 1. Alteration of fungi in irritable bowel syndrome patients.
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Groups

	
Comparision

	
Change of Gut Microbiota

	
Potential Mechanisms

	
Conclusion

	
Method

	
Reference




	
Increased

	
Decreased






	
Hypersensitive IBS (n = 19)

Normosensitive IBS (n = 20)

Healthy controls (n = 18)

	
Hypersensitive IBS vs. healthy subjects

	
Saccharomyces cerevisiae, Candida albicans (Kazachstania uricensis, Monographella nivalis, Alternaria alternata, etc.) 1

	
Phoma, Aspergillus section Nidulantes, Wallemia muriae, Torulaspora delbrueckii, Rhodotorula mucilaginosa, Suillus luteus, (Penicillium spinulosum, Kazachstania telluris, Davidiella tassiana, etc.) 1

	
Host recognition of fungi via the Dectin-1/Syk signaling pathway causes post-stress visceral hypersensitivity.

	
Gut fungi is a direct cause of abdominal pain in rat maternal separation model. Fungicide treatment and fecal transplantation can reverse and restore visceral hypersensitivity.

	
ITS1

	
Sara Botschuijver [16]




	
Normosensitive IBS vs. healthy subjects

	
Saccharomyces cerevisiae and Candida albicans (Candida solani, SporoboIomyces roseus, Candida tropicalis, etc.) 1

	
Phoma, Aspergillus section Nidulantes, Wallemia muriae, Torulaspora delbrueckii, Rhodotorula mucilaginosa, Suillus luteus, (CystofiIobasidium infirmominiatum, Candida glaebosa, CyberIindnera C f. jadinii, etc.) 1




	
Hypersensitive IBS vs. normosensitive IBS

	
(CyberIindnera c.f. jadinii, Sporobolomyas roseus, Penicillium commune, etc.) 1

	
(Candida solani, Botryotinia fuckeliana, GIoeophyiIum trabeum, etc.) 1




	
IBS (n = 20)

Healthy subjects (n = 18)

	
IBS vs. healthy subjects

	
Class Saccharomycete, (genus Candida, Galactomyces, Candida glabrata) 2

	
Cultivable fungal diversity, (genus Pichia, Aspergillus, Rhodotorula, Penicillium; Torulospora delbrueckii, Starmerella bacillaris, Candida parapsilosis, Saccharomyces cerevisiae) 2

	
Candida spp. isolates from IBS display distinct peculiar virulent and invasive traits.

	
The gut mycobiota may be involved in IBS and contribute to intestinal hypersensitivity.

	
ITS1, Culturomics 2

	
Piero Sciavilla [21]




	
IBS patients

(n = 80; IBS-C: n  =  30, IBS-D: n  =  21 and IBS-M: n  =  29)

Control subjects (n = 64)

	
IBS vs. controls

	
Genus Candida, Malassezia, Cladosporium, Mycosphaerella, Vishniacozyma, Aternaria

	
Genus Agaricus, Kazachstania, Clavispora, Rhodotorula

	
Not mentioned

	
Mycobiome may identify clinically important disease if used in combination with the bacteriome and metabolome.

	
ITS1

	
A. Das [20]




	
IBS-C vs. IBS-D vs. IBS-M

	
No significant difference

	
No significant difference




	
IBS-D (n = 55)

Healthy controls (n = 16)

	
IBS-D vs. healthy controls

	
Genus Phialemonium, Emericella, Debaryomyces, Saccharomyces

	
Phyla Zygomycota; genus Mycosphaerella, Aspergillus, Sporidiobolus, Pandora, Eurotium, Wallemia

	
Not mentioned

	
Fungi were more susceptibly altered than gut bacteria in D-IBS. Certain fungal genera were identified to differentiate D-IBS from HC.

	
ITS2

	
Gaichao Hong [3]




	
IBS (n = 269)

Control subjects (n = 277)

	
IBS vs. control subjects

	
IgG antibodies against Candida albicans

	

	
Sugar seems to be a confounder in the context of the Candida albicans IBS association and facilitate the growth of Candida albicans.

	
There are higher levels of IgG antibodies against Candida albicans in the IBS and positive correlation between severity of symptoms and IgG antibodies against Candida albicans.

	
ELISA

	
Solveig C Ligaarden [23]




	
IBS-D (n = 30)

Health (n = 19)

	
IBS-D vs. healthy subjects

	
Phyla Zygomycota, genus Mycosphaerella

	
α-diversity, genus Aspergillus and Sporidiobolus

	
Not mentioned

	
There is obvious distinction in fecal fungal structure between health and IBS.

	
ITS2

	
Ying Li [22]




	
Hypersensitive maternally separated rats (n = 8)

Normally sensitive rats (n = 9)

	
Hypersensitive maternally separated rats vs. normally sensitive rats

	
Fungal α-diversity at species level, class Dothideomycetes, Sordariomycetes

	
Class Wallemiomycetes

	
Menthol activates TRPM8 to desensitize TRPV1 involving in visceral pain perception.

	
Essential oils modulate the in vivo mycobiome to reverse the post-stress visceral hypersensitivity.

	
ITS1

	
Sara Botschuijver [24]




	
Improved IBS patients (n = 8)

Unimproved IBS patients (n = 8)

	
Improved IBS patients vs. unimproved IBS patients

	
-

	
-

	
-

	
No association of the mycobiota with improvement of sensitivity in IBS but C. albicans strains show both inter- and intraindividual genomic variations.

	
ITS1

	
Isabelle A. M. van Thiel [25]








Comparison: A vs. B: Increased signifies an increase in condition A relative to condition B; decreased signifies a decrease in condition A relative to condition B. 1 Using another approach called the elastic net classification model to address mycobiome data by the study. 2 Culturomics: Isolation and identification of fungal cultivable single-cell pure colonies from stool samples. Species in brackets are detected by culturomics. ITS: internal transcribed spacer; IBS-C: IBS with constipation; IBS-D: IBS with diarrhea; IBS-M: IBS with mixed bowel habit; ELISA: enzyme-linked immunosorbent assay; TRPM8: transient receptor potential ion channel melastatin subtype 8; TRPV1: transient receptor potential cation channel subfamily V1.
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Table 2. Alteration of viruses in irritable bowel syndrome patients.
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Groups

	
Comparison

	
Change of Gut Microbiota

	
Potential Mechanisms

	
Conclusion

	
Method

	
Reference




	
Increased

	
Decreased






	
IBS (n = 25)

Healthy controls (n = 17)

	
IBS vs. healthy controls

	
Pandoravirus salinus

	
Order Megavirales,

Centapoxvirus Unclassified 1

Orthopoxvirus Unclassified

Choristoneura biennis entomopoxvirus

Capripoxvirus Unclassified

Prymnesiovirus Unclassified

Chlorovirus Unclassified

Aureococcus anophagefferens virus

Phaeocystis globosa virus

Pandoravirus inopinatum

Adenoviridae Unclassified

Ligamenvirales Unclassified

Rudiviridae Unclassified

	
Not mentioned

	
Viral taxa can be used as a diagnostic biomarker or anti-viral drugs for the treatment of IBS.

	
Metagenomics analysis

	
Mina Hojat Ansari [17]




	
IBS (n = 55)

Control (n = 51)

	
IBS vs. controls

	
1 VC 2 in family Mimiviridae,

1 VC in family Podoviridae,

and 1 VC in family Siphoviridae

	
1 VC in family Mimiviridae,

1 VC in family Podoviridae,

and 2 VC in family Siphoviridae

	
Not mentioned

	
The gut virome in IBS differs from that of controls, which can facilitate development of new therapeutics.

	
Metagenomic sequencing

	
Coughlan, S. [131]




	
IBS-C (n = 17)

IBS-D (n = 17)

Control (n = 16)

	
IBS-D vs. controls

	
1 specie of family Microviridae,

1 Myoviridae,

and 1 Podoviridae

	
-

	
Not mentioned

	
Gut virome is stable over time and affected by diet. It influences host function via interactions with gut bacteria and/or altering host gene expression.

	
Metagenomics sequencing of the VLP

	
Kathie A Mihindukulasuriya [132]




	
IBS-C vs. controls

	
2 Microviridae,

and 1 Siphoviridae

	
-




	
IBS-D vs. IBS-C

	
1 Microviridae,

1 Myoviridae,

1 Siphoviridae,

and 2 Podoviridae

	
3 Microviridae,

1 Myoviridae








Comparison: A vs. B: Increased signifies an increase in condition A relative to condition B; decreased signifies a decrease in condition A relative to condition B. 1 Unknown species that are unclassified of the relevant genus. 2 VC (viral clusters): Nonredundant contigs with viral signals in the sequencing study, analogous to the genus/subfamily taxonomic level. VLP: viral-like particles.













[image: Table] 





Table 3. Alteration of archaea in irritable bowel syndrome patients.
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Groups

	
Comparison

	
Change of Gut Microbiota

	
Potential Mechanisms

	
Conclusion

	
Method

	
Reference




	
Increased

	
Decreased






	
IBS (n = 110)

Healthy controls (n = 39)

	
IBS vs. healthy controls

	
No difference in Methanobacteriales

	

	
Not mentioned

	
IBS symptom severity is associated with exhaled CH4 and the presence of Methanobacteriales.

	
Quantitative PCR 1

	
Julien Tap [9]




	
IBS without treatment (n = 44)

Healthy participants (n = 66)

	
IBS vs. healthy controls

	

	
Methanobacteria

	
Sulfate-reducing bacteria does not compete with the Methanobacteria.

	
IBS-M and IBS-D patients are characterized by a reduction of Methanobacteria, with excess of abdominal gas.

	
16S rRNA

	
Marta Pozuelo [15]




	
IBS-C (n = 20)

IBS-D (n = 20)

IBS-M (n = 7)

Healthy controls (n = 30)

	
IBS vs. healthy controls

	
Methanobrevibacter smithii

	

	
Not mentioned

	
Patients with IBS, particularly IBS-C, had higher M. smithii than HC.

	
Quantitative RT-PCR 2

	
Ujjala Ghoshal [170]




	
IBS-C with methane >3 ppm (n = 9)

IBS without breath methane (n = 10)

	
IBS-C with methane >3 ppm vs.

IBS without breath methane

	
Methanobrevibacter smithii

	

	
Not mentioned

	
The number and proportion of M. smithii in stool correlate well with amount of breath methane.

	
Quantitative-PCR 3

	
Gene Kim [171]




	
IBS (n = 62)

Health (n = 46)

	
IBS vs. healthy controls

	

	
Genus Methanobrevibacter

	
Not mentioned

	
Not mentioned

	
Quantitative PCR and phylogenetic microarray

	
Mirjana Rajilić-Stojanović [7]




	
IBS-C (n = 14)

Health (n = 12)

	
IBS-C vs. healthy controls

	

	
Methanogens

	
Not mentioned

	
There is functional dysbiosis in the gut microbiota of IBS-C.

	
Anaerobic culture and detection of specific activity

	
Chassard C [172]




	
IBS patients (n = 12)

Healthy volunteers (n = 6)

	
IBS vs. healthy controls

	

	
family Methanobacteriaceae, genus Methanobrevibacter

	
Not mentioned

	
IBS patients have dysbiosis.

	
Shotgun metagenomic sequences

	
Adam Edwinson [174]








Comparison: A vs. B: Increased signifies an increase in condition A relative to condition B; decreased signifies a decrease in condition A relative to condition B. 1 Using primers targeting Methanobacteriales. 2 Using primers targeting Methanobrevibacter smithii. 3 Using a specific rpoB gene primer to detect Methanobacteriales. PCR: polymerase chain reaction; RT-PCR: reverse transcription-polymerase chain reaction.
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