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Clostridiodes difficile can lead to a range of situations from the absence of symptoms (colonization) to severe diarrhea
(infection). Disruption of gut microbiota provides an ideal environment for infection to occur. Comparison of gut microbiota
of infected and colonized subjects could provide relevant information on susceptible groups or protectors to the
development of infection, since the presence of certain genera could be related to the inhibition of transition from a state
of colonization to infection.
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| 1. Introduction

Clostridioides difficile is a Gram-positive bacillus that is strictly anaerobic and spore-forming . It is one of the main
causes of nosocomial diarrhea in hospitalized patients. Its pathogenicity is associated with the use of antibiotics and a
decreased immune response, as well as with advanced age, hospitalization, and greater severity of underlying disease &
B, Clinical issues are due to production of the toxins TcdA and TcdB of cytotoxic action . However, intestinal colonization
of C. difficile can lead to a range of situations such as an absence of symptoms (colonized subjects) to severe diarrhea or
fulminating pseudomembranous colitis (infected subjects) 28],

C. difficile infection (CDI) is an especially important problem in terms of mortality, morbidity, and associated costs. In
addition, the risk of recurrence is extremely high. It has also been shown that the epidemiology of the CDI has changed
since the beginning of the 21st century. Apart from an increase in mortality and morbidity generated by the CDI, existence
of many cases from the community has begun to be described [Z.

Disruption of endogenous gut microbiota (dysbacteriosis) provides the ideal environment for infection to occur; however, a
healthy intestinal microbiota can prevent it. This phenomenon is called resistance to colonization [E. A corrupted
mechanism of resistance to colonization by C. difficile key is concern to the metabolism of bile acids . It has been shown
that primary bile acids have a germinating activity on spores of C. difficile, while secondary bile acids have an inhibitory
activity on germination 9. The gut microbiota provides enzymes responsible for transforming primary bile acids into
secondary bile acids (mainly Bile Acid 7a Dehydroxylase or BaiCD.) . The members of the gut microbiota that
contribute these enzymes produce an inhibitory effect on germination of C. difficile. These genera are present in an
extremely low quantity and their loss is associated with CDI L2l Other characteristic alterations of gut microbiota of
patients with CDI are a depletion of butyrate producing families such as Lachnospiraceae and Ruminococcaceae 13! and
an increase of opportunistic pathogens, mainly from the phylum Proteobacteria 141,

On the other hand, the rate of carriers or colonized subjects by C. difficile is variable and dependent on age. It is higher in
those subjects with certain concomitant situations that favor colonization as in patients with cystic fibrosis, with
inflammatory bowel disease, or with repeated contact with hospital environments 221161,

Comparison of gut microbiota of individuals infected and colonized by C. difficile has been minimally studied, and it is
important to know what occurs in the gut microbiota of colonized subjects by C. difficile so that individuals do not develop
clinical signs. This approach could provide relevant information on susceptible groups or protectors to the development of
CDI. This approach will also provide information on pathogenetic mechanisms underlying CDI and to design more focused
treatments (including probiotics to modulate gut microbiota) in the future.

| 2. Discussion

Results show a loss of alpha diversity and richness in infected and colonized subjects with respect to healthy controls. No
statistically significant differences were observed between these two groups. This is a frequent finding in patients with CDI



(171 and has also been observed in colonized subjects by C. difficile 18 and even in patients with nosocomial diarrhea not
due to C. difficile 13!, This finding does not differentiate the state of colonization from that of infection. Administration of
antibiotics has been considered one of the main triggers of dysbacteriosis with loss of alpha diversity, which is an
essential risk factor for the development of CDI 12, |n addition, as has been observed in some of the few prospective
studies in this regard, loss of alpha diversity is not an inexcusable development factor towards CDI 2%, In a group of
patients with CDI, 93% (14 of 15) had received antibiotics in the previous 3 months, mainly cephalosporins, beta-
lactamics, and fluoroquinolones, which are considered of high risk. In colonized subjects, the rate of previous antibiotic
administration was 53% (8 of 15), although in the remaining 27%, these data were unknown (4 of 15). Therefore, we have
a cause that largely explains the loss of alpha diversity in both groups. There are other factors different from
administration of antibiotics that can lead to a loss of alpha diversity, such as liver disease, inflammatory bowel disease,
and malignant blood diseases [2l. The presence of these situations occurred in 47% (7 of 15) of the patients in the CDI
group, while they were not observed in any of the colonized individuals and healthy controls.

The statistical tool we used to assess beta diversity in gut microbiota of study groups was the UniFrac analysis, the
objective of which is to assess whether there is any factor that explains most of the variability of data. We observed that
structure of gut microbiota of healthy controls is completely different from that of infected and colonized subjects, which
would overlap. Therefore, we could not use beta diversity as a notable differentiator of the state of colonization and
infection by C. difficile. This finding is in accordance with the bibliography in this regard 8. Another finding that we can
extrapolate from the UniFrac model is the greater interindividual variability in infected and colonized subjects than in
healthy controls where the samples are grouped in a more specific region. This finding is linked to the fact demonstrated
in prospective studies that gut microbiota, in the context of infection or colonization by C. difficile in a hospital setting, is
subject to a dynamic of changes 19, which would lead to the greater variability observed in these study groups. This
factor has not been found to be significant in colonized subjects from the community setting, such as that which occurs in
most of the subjects included in group P of the present study (87%); therefore, we do not know if this factor could
influence this group. A total of 47% of subjects of CDI group came from the hospital environment compared to the
remaining 53% that came from the community; therefore, this could have an influence in some way.

Loss of genera belonging to the main butyrogenic families Lachnospiraceae and Ruminococcacaceae in infected and
colonized subjects is particularly significant and deep. This finding is very characteristic of patients with CDI 23124l byt has
also been observed in colonized subjects 8 and in patients with nosocomial diarrhea not due to C. difficile 18], Regarding
the genera, at the expense of which the decreases in these families occur, greater variability appears in the bibliography.
This may be since gut microbiota forms a dynamic ecosystem with physiological, metabolic, immunological, and
protection functions against pathogens, which is stable on the basis that there is a degree of functional redundancy of its
members, that is, of a core functionality. Therefore, the relative decrease in the genera of these majority families
compared to cohorts of reference subjects can be variable since a few genera would exercise the same functions.
However, in previous studies L3I14I18] there are decreases in genera that appear in this study such as Faecalibacterium,
Subdoligranulum, and Roseburia. Regarding butyrate as a key metabolite in intestinal homeostasis, it only comes from
bacterial anaerobic fermentation and is the colonocyte’s main source of energy. Butyrate is absorbed and oxidized, which
reduces the osmotic load in the colon due to the presence of indigestible carbohydrates and, as the main anion in the
colon, they form an acidic environment that would prevent the proliferation of intestinal pathogens such as C. difficile. In
addition to these properties, butyrate is a powerful anti-inflammatory with the ability to regulate the secretion of pro-
inflammatory cytokines in different intestinal immune cells through different mechanisms. They even have an influence on
regulatory T lymphocytes, which decrease Thl7 lymphocytes, whose activation stimulates granulopoiesis and the
recruitment of neutrophils at the site of infection 22, Therefore, we observed that in infected and colonized subjects a gut
microbiota has been established with a very reduced capacity to synthesize butyrate, which would generate a pro-
inflammatory environment but not enough to differentiate the state of colonization and infection.

Another important alteration in the composition within the phylum Firmicutes in this study was the greater conservation of
genera with activity to biotransform primary bile acids into secondary bile acids in colonized subjects compared to infected
subjects, where we have observed greater eradication, with moderate statistical significance (Table 1). The gut microbiota
provides the enzyme BaiCD that transforms primary bile acids into secondary acids; however, this capacity is limited to a
small group of bacteria 12, Bacteria whose genome encodes these enzymes would produce an inhibitory effect on the
germination of C. difficile spores. Losing these genera would mean a loss of this mechanism of resistance to colonization
of intestinal pathogens. These specific species with BaiCd enzymatic capacity are mainly found in the genus Clostridium
(cluster Clostridium XIVa), Blautia, and Eubacterium 12, although the activity is highly variable between species 23, A
recent study quantified the BaiCD gene cluster as a measure of the levels of intestinal bacteria with BaiCD activity, and a
strong negative correlation with CDI was found 1. The results of this study suggest that the relationship between bile
acid metabolism by members of gut microbiota and its relationship with the pathogenesis of CDI is an essential



mechanism, and the approach of the present study through a group of patients with CDI and a group of colonized subjects
show this. However, it is suggested that in the future we will resort to a combination of metabolomic, functional genomics,
and metagenomics studies, together with the study of the 16S rDNA gene to consolidate this evidence. It is possible that,
the total number of members of gut microbiota with BaiCD activity may be unknown. Metabolism of bile acids by gut
microbiota differentiates the state of colonization from that of infection in this study.

Table 1. Composition analyses of genera of phylum Firmicutes with activity BaiCD in study groups.

Famil Genus Group Group Group CDI versus P versus CDI
y CDI P CTRL CTRL CTRL versus P
Lachnospiraceae Blautia 0.5904 1.5385 0.6994 0.1831 0.1829 0.7395
Lachnospiraceae Eubacterium ventriosum 0.0000 0.0032 0.7224 <0.0001 0.0001 0.3506
Lachnospiraceae Eubacterium eligens 0.0063 0.1217 0.3189 0.0260 0.1126 0.5383
Lachnospiraceae Eubacterium 0.0000  0.0010  0.1578 0.0001 0.0003 1.0000
xylanophilum
Lachnospiraceae Eubacterium 0.0000  0.0000  0.0420 0.1498 0.1498 1.0000
ruminantium
Lachnospiraceae Eubacterium fissicatena 0.0082 0.0485 0.0053 0.5155 0.6324 0.2879
Lachnospiraceae Eubacterium hallii 0.0011 0.0056 0.0040 0.0740 0.2220 0.5772
Lachnospiraceae Eubacterium 0.0000  0.0000  0.0001 0.3340 0.3340 1.0000
oxidoreducens
Eubacteriaceae Eubacterium 0.0011 0.0118 0.0003 0.5634 0.0790 0.2401
Clostridiales family .
X1 Eubacterium brachy 0.0000 0.0051 0.3334 0.0004 0.0036 0.3506
Clostridiales family .
X1 Eubacterium nodatum 0.0239 0.1099 0.0196 0.0261 0.1174 0.0040
Ruminococcaceae Eubacterium 0.0939 01774  1.3705 0.0001 0.0001 0.9617
coprostanoligenes

Composition analyses of genera of phylum Firmicutes with activity BaiCD in study groups. Columns Group CDI, Group P,
and Group CTRL are the mean of relative abundance (%). Columns CDI versus CTRL, P versus CTRL, and CDI versus P
are the p-value of the Wilcoxon test.

We observed an increase in lactic acid-producing bacteria such as Streptococcus, Enterococcus, and Lactobacillus in
infected and colonized subjects compared to healthy controls, with greater statistical significance in the case of
Enterococcus. We consider this expansion as an "effect" and not as a "cause" of dysbacteriosis in infected and colonized
subjects, because butyrate oxidation occurs in the colonocyte, mainly contributed by members of the phylum Firmicutes.
Butyrate is transformed to CO, by consuming O,. The dysbacteriosis observed in CDI and P groups would cause
metabolic reorientation towards anaerobic glycolysis, lower O, consumption, and increased oxygenation of the colonocyte
surface, with the consequent expansion of facultative anaerobes such as these lactic acid-producing bacteria 24, The
literature has not emphasized much on the importance of CDI pathogenesis in these genera. Streptococcus and
Enterococcus are opportunistic pathogenic bacteria, and Lactobacillus has potential probiotic effects. On the other hand,
lactic acid in vitro reduces TcdA in a dose-dependent way and the bacterial load of C. difficile in a dose-independent way
[25] These genera present a duality of protective and predisposing effects of CDI and future studies should be used, for
example to determine Enterococcus species and virulence factors such as cytosilin that are well established. However,
presence of these genera does not differentiate the state of colonization from that of infection. Perhaps the genus that has
been most affected that increases in patients with CDI is Enterococcus (13][141[26] ' However, this increase has also been
evidenced in colonized subjects 181271,

Genus Clostridiodes, which is equivalent to C. difficile since it only contains that species, presented the same relative
abundance in infected and colonized subjects compared to non-presence, as expected in healthy controls. Therefore, the
load of C. difficile did not differentiate the state of colonization from that of infection in this study. Furthermore, the results
show that the positivity of tcdB gene also does not distinguish between colonization and infection, since 53% of the group
of colonized individuals presented toxigenic strains (Table 2). This is in line with other works in this regard 28, In addition,
it has also been seen that the toxin load of tcdB gene (colonized and infected subjects with high load tcdB gene versus



low high tcdB gene) did not distinguish between colonization and infection 2, Data of this study point to importance of
evaluating virulence factors of C. difficile in the future, together with studies of 16S rDNA gene and metagenomic studies.
That is why factors concerning C. difficile should be considered in the differentiation between infection and colonization.
For example, tcdA and tcdB genes are located at PaLoc or locus of pathogenicity. Interestingly, changes can occur in
coding region of PalLoc as insertions, deletions, and point mutations that make up genetic heterogeneity, giving rise to
several different toxinotypes. This means that there could be strains with different activity and specificity of their toxins
with respect to the reference strain of C. difficile VP1 10463 [22, Therefore, toxinotypes are important because they show
functional properties of the C. difficile toxin variants, that is, greater or lesser activity and greater or less production.
However, the correlation between the different toxinotypes that allows us to discriminate infection from colonization, as
well as the severity of CDI, has not been clarified.

Table 2. Clinical and demographic characteristics of the study groups.

Clinical and Demographic Characteristics Group CDI Group P Group CTRL

Sex, number (%)

Men 4 (26%) 10 (66%) 7 (46%)

Women 11 (74%) 5 (34%) 8 (54%)

Age (mean * SD) 69 +19 51 + 26 44 +12
Antibiotics last three months, number (%) 14 (93%) 8 (53%) -
Cephalosporins 5 (33%) 2 (13%) -
Fluorquinolones 4 (27%) 2 (13%) -
B-Lactamics 5 (33%) 3 (20%) -
Others 5 (33%) 4 (27%) -
Without antibiotics 1 (7%) 2 (13%) -
Unknown 0 (0%) 4 (27%) -

Strain Type, number (%)

Toxigenic 15 (100%) 8 (53%) -

Non-toxigenic 0 (0%) 7 (47%) -

Comorbidities

Hepatic disease 1 (7%) 0 (0%) -
Crohn’s disease 1 (7%) 0 (0%) -
Malignant blood disease 2 (13%) 0 (0%) -
Other intestinal disease 3 (20%) 0 (0%) -
Other comorbidity 13 (87%) 6 (40%) -
Previous CD, number (%) 2 (13%) 0 (0%) -

Origin, number (%)

Hospital 7 (47%) 2 (13%) -

Community 8 (53%) 13 (87%) -

Resolution, number (%)

Complete 11 (73%) - -
Exitus letalis 3 (20%) - -
Recurrence 1 (7%) - -

Clinical and demographic characteristics of the study groups. Group CDI: Subjects infected by C. difficile, Group P:
Subjects colonized by C. difficile, Group CTRL: Healthy controls. SD: Standard deviation.



The increase of Bacteroides (and of phylum Bacteroidetes) in infected and colonized subjects could be surprising from the
point of view that it is not a finding typically presented in previous studies, wherein decreases of this genus are normally
observed B8] However, some important studies have shown an increase in Bacteroides in patients with CDI compared
to healthy controls X2l Through murine models, an ability to mitigate CDI has been evidenced in some species B9 and it
has an immunomodulatory activity in intestinal inflammatory processes that could limit the exacerbated immune response
observed in patients with CDI B, On the other hand, Bacteroides has an unusual ability to recognize and metabolize a
large quantity of polysaccharides from the diet and from the host itself. However, since competition for nutrients between
members of gut microbiota is greater when groups of bacteria are more phylogenetically related B2, it would imply that the
depletion of genus Bacteroides evidenced in patients with CDI and colonized subjects by many authors 28 although not
observed in this study, could have less a priori influence on the loss of resistance to colonization of intestinal pathogens
by nutrient competition mechanisms, since this would be more accused with loss of members of the phylum Firmicutes,
especially of Clostridia class, which is phylogenetically closer to C. difficile.

An increase in Enterobacteriaceae at the expense of Escherichia-Shigella is another common finding in patients with CDI
14 In this study, we also observed an increase in colonized subjects. This result has also been evidenced in recent
studies 28271 we assume that the increase in Escherichia-Shigella occurs at the expense of Escherichia coli species in
the majority, as has been evidenced by metagenomic studies B3I, There are different E. coli-producing diarrhea species
such as enteropathogenic E. coli, enterotoxigenic E. coli, enteroinvasive E. coli, enteroaggregative E. coli, Shiga toxin-
producing E. coli, verocytotoxigenic E. coli, and diffusely adherent E. coli 34, Therefore, since similar pronounced
increases of Escherichia-Shigella were found in patients with CDI and colonized subjects in this study, where E. coli would
probably be a majority component of this cluster and knowing that there are several strains of enteropathogenic E. coli, it
would be interesting to know the presence of these strains in both study groups. That is why we formulate the new
hypothesis that there is a colonization of pathogenic strains in the CDI group that could enhance the effects of C. difficile
toxins. On the other hand, this colonization would not occur in colonized subjects. This fact could partly explain the
different clinical expressions in infection with respect to colonization of C. difficile.

The practical eradication of Bifidobacterium in infected subjects and the greater conservation in colonized subjects that we
found in this study is an important point that differentiates the state of colonization and infection. Few microbiota studies
have valued the importance of Bifidobacterium and its potential protective role in CDI. This genus has been seen to
decrease in patients with CDI 4], and inconclusive results have been found in colonized subjects 1827 Bifidobacterium
is a beneficial genus of antimicrobial and anti-inflammatory properties 23 whose decrease has been correlated with
intestinal pathogen overgrowth B8, in vivo and in vitro inhibition of growth of C. difficile and reduced production &7 and
neutralization of its toxins 28, and decreased tissue damage and mortality in infected mice B9. We consider that a genus
of beneficial properties of Bifidobacterium is eradicated in CDI patients and preserved in colonized subjects, an important
result. This implies better control of C. difficile in colonized subjects. To our knowledge, it is the first time that this
conclusion has been reached in microbiota studies.

The increase of Akkermansia in infected subjects and decrease in colonized subjects with respect to healthy controls is of
special importance. The genus Akkermansia contains the species Akkermansia muciniphila (the only species isolated in
humans) that has a highly effective capacity to ferment the mucin of the intestinal mucosa layer 9. Regarding CDI, only
two relatively recent studies have emphasized the importance that it could present in its pathogenesis. Sangster et al.
observed an increase in A. muciniphila in 12 patients with CDI compared to 12 healthy controls. The authors highlighted
that due to the ability of A. muciniphila to degrade mucin, and since C. difficile by itself is also capable of degrading mucin,
it would provide it with a selective advantage of expanding, since it is able to adhere to a layer altered mucosa with better
efficacy than other members of gut microbiota 28], Another work that was published on the same date also evidenced an
increase in A. muciniphila of 3.6% in patients with CDI, compared to 0.6% that was observed in subjects who did not
receive antibiotic treatment. These authors pointed out that, although A. muciniphila has beneficial properties, its
expansion in patients with CDI could be related to the modification of the intestinal microenvironment and could reflect the
inflammation of the mucosa layer 141, For first time, our results show an increase of A. muciniphila in patients with CDI
and a decrease in colonized subjects. Since one of functions of the intestinal mucosa layer is protection against intestinal
pathogens, an alteration in the integrity means that it is more permeable and allows greater access to the epithelium and
this fact could generate inflammation. On the other hand, intestinal mucosa layer is also a potential source of nutrients for
intestinal pathogens. This fact is evident in antibiotic treatment, since it disturbs gut microbiota and the availability of
fucose and sialic acids in mucin, which facilitates expansion of C. difficile (411 Therefore, the increase in patients with CDI
reflects a greater degradation of intestinal mucosa and the decrease in colonized subjects would show a greater integrity.
This finding differentiates the state of colonization from that of infection and would imply a greater control of C. difficile in
colonized subjects.



We consider that the present study has two main limitations. The first limitation is the sample size. Each study group is
made up of 15 subjects. This sample size has allowed us to find statistically significant differences in terms of diversity,
richness, and composition in infected and colonized subjects with respect to healthy controls. However, the differences in
the composition of colonized subjects with respect to those infected are in many cases not statistically significant. We
think that with a larger sample size the differences discussed would have greater statistical significance due to the low
statistical power of this study. The main obstacle to increasing the sample size has been the inclusion of colonized
subjects by C. difficile, since they have been difficult to include and locate. The second limitation that we consider for
interpretation of the results is diet. Diet is a factor that modulates the composition of gut microbiota, and in this study, no
variables have been collected in this regard. We also think that this could have a greater influence on the gut microbiota of
healthy controls.

| 3. Conclusions

On the basis of the main objective of the study, which was the comparison of gut microbiota of patients with CDI and
colonized subjects by C. difficile with respect to a group of healthy controls, we can conclude that infected and colonized
subjects present a gut microbiota with a diversity, richness, structure, and composition completely different from that of
healthy controls. However, gut microbiota of infected and colonized subjects showed great similarities in terms of diversity,
richness, and structure. It is in composition where we find that colonized subjects, especially in minority genera, present
differences with respect to those infected. This fact explains, at least in part, the state of colonization by C. difficile.

References

1. Lawson, P.A,; Citron, D.M.; Tyrrell, K.L.; Finegold, S.M. Reclassification of Clostridium difficile as Clostridioides difficile
(Hall and O'Toole 1935) Prévot 1938. Anaerobe 2016, 40, 95-99.

2. McDonald, L.C.; Owings, M.; Jernigan, D.B. Clostridium difficile Infection in Patients Discharged from US Short-stay Ho
spitals, 1996—2003. Emerg. Infect. Dis. 2006, 12, 409-415.

3. Loo, V.G.; Bourgault, A.-M.; Pairier, L.; Lamothe, F.; Michaud, S.; Turgeon, N.; Toye, B.; Beaudoin, A.; Frost, E.; Gilca,
R.; et al. Host and Pathogen Factors for Clostridium difficile Infection and Colonization. N. Engl. J. Med. 2011, 365, 169
3-1703.

4. Chandrasekaran, R.; Lacy, D.B. The role of toxins in Clostridium difficile infection. FEMS Microbiol. Rev. 2017, 41, 723—
750.

5. Crobach, M.; Planche, T.; Eckert, C.; Barbut, F.; Terveer, E.; Dekkers, O.; Wilcox, M.; Kuijper, E. European Society of CI
inical Microbiology and Infectious Diseases: Update of the diagnostic guidance document for Clostridium difficile infecti
on. Clin. Microbiol. Infect. 2016, 22, S63-S81.

6. Crobach, M.J.T.; Vernon, J.J.; Loo, V.G.; Kong, L.Y.; Péchiné, S.; Wilcox, M.H.; Kuijper, E.J. Understanding Clostridium
difficile Colonization. Clin. Microbiol. Rev. 2018, 31, e00021-17.

7. Pépin, J.; Valiquette, L.; Alary, M.-E.; Villemure, P.; Pelletier, A.; Forget, K.; Pépin, K.; Chouinard, D. Clostridium difficile-
associated diarrhea in a region of Quebec from 1991 to 2003: A changing pattern of disease severity. Can. Med. Assoc.
J. 2004, 171, 466-472.

8. Britton, R.A.; Young, V.B. Interaction between the intestinal microbiota and host in Clostridium difficile colonization resis
tance. Trends Microbiol. 2012, 20, 313-319.

9. Weingarden, A.R.; Chen, C.; Bobr, A.; Yao, D.; Lu, Y.; Nelson, V.M.; Sadowsky, M.; Khoruts, A. Microbiota transplantatio
n restores normal fecal bile acid composition in recurrent Clostridium difficile infection. Am. J. Physiol. Liver Physiol. 20
14, 306, G310-G319.

10. Thanissery, R.; Winston, J.A.; Theriot, C.M. Inhibition of spore germination, growth, and toxin activity of clinically releva
nt C. difficile strains by gut microbiota derived secondary bile acids. Anaerobe 2017, 45, 86-100.

11. Solbach, P.; Chhatwal, P.; Woltemate, S.; Tacconelli, E.; Buhl, M.; Gerhard, M.; Thoeringer, C.K.; Vehreschild, M.J.G.T.;
Jazmati, N.; Rupp, J.; et al. BaiCD gene cluster abundance is negatively correlated with Clostridium difficile infection. P
LoS ONE 2018, 13, e0196977.

12. Buffie, C.G.; Bucci, V.; Stein, R.R.; McKenney, P.T.; Ling, L.; Gobourne, A.; No, D.; Liu, H.; Kinnebrew, M.; Viale, A.; et a
|. Precision microbiome reconstitution restores bile acid mediated resistance to Clostridium difficile. Nat. Cell. Biol. 201
5,517, 205-208.

13. Antharam, V.C.; Li, E.C.; Ishmael, A.; Sharma, A.; Mai, V.; Rand, K.H.; Wang, G.P. Intestinal Dysbiosis and Depletion of
Butyrogenic Bacteria in Clostridium difficile Infection and Nosocomial Diarrhea. J. Clin. Microbiol. 2013, 51, 2884—2892.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

Milani, C.; Ticinesi, A.; Gerritsen, J.; Nouvenne, A.; Lugli, G.A.; Mancabelli, L.; Turroni, F.; Duranti, S.; Mangifesta, M.; V
iappiani, A.; et al. Gut microbiota composition and Clostridium difficile infection in hospitalized elderly individuals: A met
agenomic study. Sci. Rep. 2016, 6, 25945.

McDonald, L.C.; Gerding, D.N.; Johnson, S.; Bakken, J.S.; Carroll, K.C.; Coffin, S.E.; Dubberke, E.R.; Garey, KW.; Go
uld, C.V.; Kelly, C.; et al. Clinical Practice Guidelines for Clostridium difficile Infection in Adults and Children: 2017 Upda
te by the Infectious Diseases Society of America (IDSA) and Society for Healthcare Epidemiology of America (SHEA).
Clin. Infect. Dis. 2018, 66, e1-e48.

Furuya-Kanamori, L.; Marquess, J.; Yakob, L.; Riley, T.V.; Paterson, D.L.; Foster, N.F.; Huber, C.A.; Clements, A.C.A. A
symptomatic Clostridium difficile colonization: Epidemiology and clinical implications. BMC. Infect. Dis. 2015, 15, 516.

Chang, J.Y.; Antonopoulos, D.A.; Kalra, A.; Tonelli, A.; Khalife, W.T.; Schmidt, T.; Young, V. Decreased Diversity of the F
ecal Microbiome in Recurrent Clostridium difficile—Associated Diarrhea. J. Infect Dis. 2008, 197, 435-438.

Zhang, L.; Dong, D.; Jiang, C.; Li, Z.; Wang, X.; Peng, Y. Insight into alteration of gut microbiota in Clostridium difficile i
nfection and asymptomatic C. difficile colonization. Anaerobe 2015, 34, 1-7.

Khanna, S.; Pardi, D.S. Clinical implications of antibiotic impact on gastrointestinal microbiota and Clostridium difficile i
nfection. Exper.t Rev. Gastroenterol. Hepato. 2016, 10, 1145-1152.

Lee, Y.J.; Arguello, E.S.; Jenq, R.R.; Littmann, E.; Kim, G.J.; Miller, L.C.; Ling, L.; Figueroa, C.; Robilotti, E.; Perales, M.
-A.; et al. Protective Factors in the Intestinal Microbiome Against Clostridium difficile Infection in Recipients of Allogenei
¢ Hematopoietic Stem Cell Transplantation. J. Infect. Dis. 2017, 215, 1117-1123.

Kriss, M.; Hazleton, K.; Nusbacher, N.M.; Martin, C.G.; Lozupone, C.A. Low diversity gut microbiota dysbiosis: Drivers,
functional implications and recovery. Curr. Opin. Microbiol. 2018, 44, 34-40.

Buonomo, E.L.; Petri, W.A. The microbiota and immune response during Clostridium difficile infection. Anaerobe 2016,
41, 79-84.

Doerner, K.C.; Takamine, F.; LaVoie, C.P.; Mallonee, D.H.; Hylemon, P.B. Assessment of fecal bacteria with bile acid 7
alpha-dehydroxylating activity for the presence of bai-like genes. Appl. Environ. Microbiol. 1997, 63, 1185-1188.

Rivera-Chavez, F.; Lopez, C.A.; Baumler, A.J. Oxygen as a driver of gut dysbiosis. Free. Radic. Biol. Med. 2017, 105, 9
3-101.

Kolling, G.L.; Wu, M.; Warren, C.A.; Durmaz, E.; Klaenhammer, T.R.; Guerrant, R.L. Lactic acid production by Streptoc
occus thermophilus alters Clostridium difficile infection and in vitro Toxin A production. Gut Microbes 2012, 3, 523-529.

Sangster, W.; Hegarty, J.; Schieffer, K.; Wright, J.R.; Hackman, J.; Toole, D.R.; Lamendella, R.; Stewart, D.B. Bacterial
and Fungal Microbiota Changes Distinguish C. difficile Infection from Other Forms of Diarrhea: Results of a Prospective
Inpatient Study. Front. Microbiol. 2016, 7, 789.

Han, S.-H.; Vi, J.; Kim, J.-H.; Lee, S.; Moon, H.-W. Composition of gut microbiota in patients with toxigenic Clostridioide
s (Clostridium) difficile: Comparison between subgroups according to clinical criteria and toxin gene load. PLoS ONE 2
019, 14, e0212626.

Planche, T.D.; Davies, K.A.; Coen, P.G.; Finney, J.M.; Monahan, I.M.; Morris, K.A.; O’Connor, L.; Oakley, S.J.; Pope, C.
F.; Wren, M.W.; et al. Differences in outcome according to Clostridium difficile testing method: A prospective multicentre
diagnostic validation study of C difficile infection. Lancet Infect. Dis. 2013, 13, 936—945.

Rupnik, M. Heterogeneity of large clostridial toxins: Importance of Clostridium difficile toxinotypes. FEMS Microbiol. Re
v. 2008, 32, 541-555.

Deng, H.; Yang, S.; Zhang, Y.; Qian, K.; Zhang, Z.; Liu, Y.; Wang, Y.; Bai, Y.; Fan, H.; Zhao, X.; et al. Bacteroides fragilis
Prevents Clostridium difficile Infection in a Mouse Model by Restoring Gut Barrier and Microbiome Regulation. Front. M
icrobiol. 2018, 9, 2976.

He, B.; Xu, W.; Santini, P.A.; Polydorides, A.D.; Chiu, A.; Estrella, J.; Shan, M.; Chadburn, A.; Villanacci, V.; Plebani, A.;
et al. Intestinal Bacteria Trigger T Cell-Independent Immunoglobulin A2 Class Switching by Inducing Epithelial-Cell Sec
retion of the Cytokine APRIL. Immunity 2007, 26, 812—826.

Wexler, A.G.; Goodman, A.L. An insider’s perspective: Bacteroides as a window into the microbiome. Nat. Microbiol. 20
17,2, 1-11.

Gu, S.; Chen, Y,; Zhang, X.; Lu, H.; Lv, T,; Shen, P.; Lv, L.; Zheng, B.; Jiang, X.; Li, L. Identification of key taxa that favo
r intestinal colonization of Clostridium difficile in an adult Chinese population. Microbes Infect. 2016, 18, 30-38.

Kaper, J.B.; Nataro, J.P.; Mobley, H. Pathogenic Escherichia coli. Nat. Rev. Genet. 2004, 2, 123-140.

Boto-Ordoéfiez, M.; Urpi-Sarda, M.; Queipo-Ortufio, M.I.; Tulipani, S.; Tinahones, F.J.; Andres-Lacueva, C. High levels of
Bifidobacteria are associated with increased levels of anthocyanin microbial metabolites: A randomized clinical trial. Fo



36.

37.

38.

39.

40.

41.

od Funct. 2014, 5, 1932-1938.

Hidalgo-Cantabrana, C.; Delgado, S.; Ruiz, L.; Ruas-Madiedo, P.; Sanchez, B.; Margolles, A. Bifidobacteria and Their
Health-Promoting Effects. Microbiol. Spectr. 2017, 5, 5.

Valdés-Varela, L.; Herndndez-Barranco, A.M.; Ruas-Madiedo, P.; Gueimonde, M. Effect of Bifidobacterium upon Clostri
dium difficile Growth and Toxicity When Co-cultured in Different Prebiotic Substrates. Front. Microbiol. 2016, 7, 738.

Wei, Y.; Yang, F.; Wu, Q.; Gao, J.; Liu, W.; Liu, C.; Guo, X.-K.; Suwal, S.; Kou, Y.; Zhang, B.; et al. Protective Effects of
Bifidobacterial Strains Against Toxigenic Clostridium difficile. Front. Microbiol. 2018, 9, 888.

Yun, B.; Song, M.; Park, D.J.; Oh, S. Beneficial Effect of Bifidobacterium longum ATCC 15707 on Survival Rate of Clost
ridium difficile Infection in Mice. Korean J. Food Sci. Anim. Resour. 2017, 37, 368—-375.

Derrien, M.; Vaughan, E.E.; Plugge, C.M.; De Vos, W.M. Akkermansia muciniphila gen. nov., sp. nov., a human intestin
al mucin-degrading bacterium. Int. J. Syst. Evol. Microbiol. 2004, 54, 1469-1476.

Ng, K.M.; Ferreyra, J.A.; Higginbottom, S.K.; Lynch, J.; Kashyap, P.C.; Gopinath, S.; Naidu, N.; Choudhury, B.; Weimer,
B.; Monack, D.M.; et al. Microbiota-liberated host sugars facilitate post-antibiotic expansion of enteric pathogens. Nat.
Cell Biol. 2013, 502, 96-99.

Retrieved from https://encyclopedia.pub/entry/history/show/31837



