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ABSTRACT Considerable evidence has accumulated regarding the molecular
relationship between gut microbiota (GM) composition and the onset (clinical
presentation and prognosis of ulcerative colitis (UC)). In addition, it is well
documented that short-chain fatty acid (SCFA)-producing bacteria may play a
fundamental role in maintaining an anti-inflammatory intestinal homeostasis,
but sulfate- and sulfite reducing bacteria may be responsible for the produc-
tion of toxic metabolites, such as hydrogen sulfide and acetate. Hence, the
present study aimed to assess the GM composition — focusing on sulfate-
reducing bacteria (SRB) — in patients with severe, severe-active and moderate
UC. Each one of the six enrolled patients provided two stool samples in the
following way: one sample was cultivated in a modified SRB-medium before
16S rRNA sequencing and the other was not cultivated. Comparative phyloge-
netic analysis was conducted on each sample. Percentage of detected gut mi-
crobial genera showed considerable variation based on the patients’ disease
severity and cultivation in the SRB medium. In detail, samples without cultiva-
tion from patients with moderate UC showed a high abundance of the genera
Bacteroides, Bifidobacterium and Ruminococcus, but after SRB cultivation, the
dominant genera were Bacteroides, Klebsiella and Bilophila. On the other
hand, before SRB cultivation, the main represented genera in patients with
severe UC were Escherichia-Shigella, Proteus, Methanothermobacter and
Methanobacterium. However, after incubation in the SRB medium Bac-
teroides, Proteus, Alistipes and Lachnoclostridium were predominant. Infor-
mation regarding GM compositional changes in UC patients may aid the de-
velopment of novel therapeutic strategies (e.g., probiotic preparations con-
taining specific bacterial strains) to counteract the mechanisms of virulence of
harmful bacteria and the subsequent inflammatory response that is closely
related to the pathogenesis of inflammatory bowel diseases.
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INTRODUCTION

Inflammatory bowel diseases (IBD), mainly represented as
Crohn’s disease (CD) and ulcerative colitis (UC), are the
most common inflammatory intestinal diseases worldwide,
characterized by intermittent chronic inflammation of the
gastrointestinal tract [1-3]. In contrast to CD — which may
affect any part of the intestinal tract — UC causes only local-
ized damage in the colon and the rectum [4]. This chronic
disease is manifested by a dysregulated inflammatory pro-
cess and an altered immune response to yet undefined
environmental factors (in genetically predisposed individu-
als) [5]. As a result, UC patients present inflammatory reac-
tions, erosions of the colonic wall and associated bleeding,
thus, the most common UC clinical symptoms include diar-

rhea, abdominal pain, rectal bleeding and weight loss [6, 7].

In addition, the accumulation of intestinal contents may
lead to the thickening of the intestinal wall; this condition
is called a toxic megacolon, and may be responsible for
severe, life-threatening complications [8].

With the emergence of next-generation sequencing
(NGS) technologies, considerable evidence has accumulat-
ed regarding the relationship between gut microbiota (GM)
composition and the onset, clinical presentation and prog-
nosis of numerous chronic illnesses, including UC [9, 10].
While the GM, primarily composed of billions of bacterial
species, subspecies, and biotypes, plays a crucial role in
maintaining host homeostasis [11-16], disease occurrence
can also be significantly influenced by environmental fac-
tors and genetic predisposition [17]. Significant differences
in the representation of individual strains were found in UC
patients, with a notable increase in the number of Pseu-
domonatoda (previously: Proteobacteria), a phylum includ-
ing SRB [18-20].

Furthermore, modifications of the GM structure in UC
patients have been often associated with alterations in
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microbial-derived metabolite production [21-26]. For in-
stance, the levels of beneficial short-chain fatty acid
(SCFA)-producing bacteria are typically reduced in both
mucosal and fecal samples of IBD patients, compared to
healthy individuals [27-30].

Moreover, increased concentrations of some bacteria
are associated with a higher production of toxic metabo-
lites that favor the onset and progression of intestinal dis-
eases. For example, sulfate-reducing bacteria (SRB) are
anaerobic microorganisms able to produce, by dissimilato-
ry sulfate reduction, hydrogen sulfide (H,S), a highly toxic
compound to all living organisms [23, 24, 31-35]. Recently,
it has also been hypothesized that H,S is involved in the
process of bowel inflammation and UC development, due
to its ability to increase mucosal permeability and to block
butyrate metabolism [22, 33, 36, 37]. Additionally, it has
been recently documented that SRB can also produce bio-
film in the gut, along with other pathogenic species (e.g.,
Bacteroides spp., Pseudomonas spp., Clostridium spp. and
Escherichia spp.) and penetrate the blood vessels after
damaging the intestinal epithelium [34]. In this context, the
objective of this study was to evaluate the composition of
the GM in patients with varying degrees of UC severity and
activity: i) severe, ii) severe in an active state, and iii) mod-
erate UC. Specifically, our focus was on cultivating SRB in a
modified Postgate medium to assess their influence on
altering intestinal communities.

RESULTS

Enrolled patients

Six patients with UC, comprising five males and one female,
were enrolled in the study. The mean age of the partici-
pants was 52 years, ranging from 26 to 80 years. Clinical
characteristics corresponding to these UC patients are re-
ported in Table 1. Four patients were affected by severe

TABLE 1. Clinical features of the enrolled patients.

1D UC1 uc2 uc3 uca Ucs uce

Age 63 54 34 F 80 57

Gender M M M 26 M M

Smoking No No Yes No Ex-smoker No

Familiar history | No No No No Yes No

for IBD

Intestinal in- | Acute severe | Acute severe | Acute severe | Acute severe | Relapsing active

flammation disease disease disease disease disease refractory A_cute severe

. disease
to steroids

Disease Stage Severe Severe Severe Severe Moderate Moderate

Mayo Score 12 12 12 12 10 12

SCCAI Score 10 14 13 13 9 13

Baron score 3 3 3 3 3 3

Medical history Nonalcoholic Allergic asthma - Chronic Obstruc- | Type 2 diabetes,
steatohepatitis tive  Pulmonary | hypothyroidism,

Disease post-traumatic
seizures

UC drugs Corticosteroids Corticosteroids Corticosteroids Corticosteroids Topical and oral | Corticosteroids
40mgs during the | 40mgs during the | 40mgs during the | 40mgs during the | 5-aminosalicylic 40mgs during the
previous week previous week previous week previous week acid previous week

UC: ulcerative colitis, M: male, F: female, SCCAI: Simple Clinical Colitis Activity Index
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UC and two (samples 5 and 6) were suffering from a mod-
erate form of UC and five out of six patients showed a
Mayo score of 12. In addition, only one patient (sample 5)
reported both a relapsing active disease refractory to ster-
oids and a family history of IBD.

Bacterial genera identified in the GM of severe UC pa-
tients

The percentage of individual genera in the GM of severe
UC patients (samples 1, 2) was different both before culti-
vation as well as after cultivation in the SRB medium (Fig-
ure 1). The intestinal genera diversity in patient 1 (sample
1A) included bacterial species of only three main genera:
Escherichia-Shigella (59%), Proteus (30%), Lactobacillus
(10%). All other genera were detected at less than 1% (Fig-
ure 1). Inoculation of the sample into SRB medium and five
days of cultivation led to bacterial compositional changes.
We observed a dominance of Bacteroides species (34%)
followed by the Proteus genus (28%). The percentage of
Proteus spp. did not change significantly compared to the
sample without cultivation (Figure 1). Percentage of other
genera (Klebsiella, Megasphaera, Escherichia-Shigella,

(A) Before cultivation
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Parabacteroides, Phascolarctobacterium, Prevotellaceae
NK3B31 group, Alistipes, Pseudoramibacter, Paraprevotella,
Solobacterium, Bilophila and Barnesiella) in sample 1B af-
ter cultivation were less than or equal to 8%.

The representation of genera in the sample without
cultivation taken from patient 2 (sample 2A) was more
differentiated than in the sample after culture (sample 2B).
The dominant genera in sample 2A were: Methanothermo-
bacter (21%), Methanobacterium (14%) and Longilinea
(10%). Other  genera, including  Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium, ~ Ruminococcus,
Subdoligranulum, Holdemanella, Acidithiobacillus, Acineto-
bacter, Syntrophaceticus, Blautia, Petrimonas, Desulfovib-
rio, Burkholderia-Caballeronia-Paraburkholderia, Porphy-
romonas and Actinomyces were represented in percentage
by less than 8%. The representation of genera in sample 2B
exhibited less diversity compared to sample 2A, with Esch-
erichia-Shigella (61%) identified as the predominant genus.
Other relatively dominant genera were Alistipes (17%) and
Lachnoclostridium (11%). Butyricicoccus (7%) and Bac-
teroides (3%) were also detected, while under-represented
genera accounted for the remaining 2%.

(B) After cultivation

W Intestinibacter

® Holdemanella

m Haemophilus

W Escherichia-Shigella

W Enterococcus

M Desulfovibrio
Cryptobacterium
Corynebacterium
Cloacibacterium

| Citrobacter
Campylobacter

W Butyricicoccus

W Blautia

W Bilophila

W Bifidobacterium

W Bacteroides

Syntrophomonas
W Syntrophaceticus
W Subdoligranulum
W Streptococcus

Staphylococcus
B Ruminococcus
W Proteus

Prevotellaceae

Phascolarctobacterium
W Petrimonas

Peptoniphilus

Parabacteroides

W Morganella

B Methanothermobacter

B Methanospirillum

m Methanobacterium

B Megasphaera

W Longilinea

m Limosilactobacillus

M Lentimicrobium
Lachnoclostridium
Lactobacillus
Klebsiella

W Intestinimonas

W Anaeroglobus

m Allisonella

m Alistipes
Aliihoeflea

W Acinetobacter

W Acidithiobacillus

m Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium
W Burkholderia-Caballeronia-

Paraburkholderia
W other genera <1%

FIGURE 1: Stacked bar plots reporting the percentage of the microbial genera identified in the GM of severe UC patients. (A) Sequencing
results of uncultivated stool samples, (B) sequencing results of stool samples after cultivation in SRB medium.
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Bacterial genera identified in the GM of patients with
severe UC in active state

The percentage of individual genera in the GM of patients
with severe UC in active state (samples 3, 4) was also con-
siderably different. In the uncultivated sample from patient
3 (sample 3A), we observed a higher diversity of genera
compared to the cultivated counterpart (Figure 1). The
dominant microbial genera were Enterococcus (21%), Aci-
netobacter (18%), Methanothermobacter (15%) and Al-
lorhizobium-Neorhizobium-Pararhizobium-Rhizobium (11%).
Other detected microorganisms included Methanobacte-
rium spp., Acidithiobacillus spp., Methanospirillum spp.,
Cloacibacterium spp., Corynebacterium spp., Lentimicrobi-
um spp., Bifidobacterium spp. and Proteus spp. Con-
trastingly, the sample cultured in SRB medium (sample 3B)
showed a completely different microbial pattern with
Staphylococcus spp. (63%), Enterococcus spp. (32%) and
Haemophilus spp. (5%) making up the majority of the sam-
ple. In this case, the cultivation likely resulted in the signifi-
cant increase of the Staphylococcus spp. and a subsequent
reduction in bacterial diversity.

A LT605931.1: Uncultured Bilophila sp.
MT898800.1: Desulfovibrio sp. strain BX9
MN988931.1: Bilophila wadsworthia strain GS69D
MN055947 .1: Desulfovibrionaceae bacterium strain ClaCZ104
Patient1 B Bilophila sp
Patient5 B Bilophila sp
Patient6 B Bilophila sp.

¢ MT509811.1: Campylobacter concisus strain KCOM 3387
MN203688.1: Uncultured Campylobacter sp. clone CP-09
CP021642.1: Campylobacter concisus strain P2CDO4
LT677505.1: Uncultured Campylobacter sp.

Patient4 B Campylobacter concisus

Patient1 B Escherichia sp
E _E Patient5 A Escherichia sp.
Patient5 B Escherichia sp
MZ378821.1: Escherichia coli strain ZaSa-8
Patient2 B Escherichia coli
Patient1 A Escherichia coli
CP048609.1: Escherichia coli strain STEFF_1
OM943787 .1: Escherichia coli strain M7

MT611742.1: Bifidobacterium faecale strain 2731

MT604885.1: Bifidobacterium adolescentis strain 2472
OM538265.1: Uncultured Bifidobacterium sp. clone OTU_2395
NR_118589.1: Bifidobacterium stercoris JCM 15918 strain Eg1
ON358197.1: Bifidobacterium breve strain TMPC 20844

CP054523.1: Bifidobacterium longum subsp. infantis strain P1_005

Patient6 A Bifidobacterium sp
Patient3 A Bifidobacterium sp.

Microbial communities and bowel disease

In sample 4, more than half of the GM of the sample
without cultivation (sample 4A) consisted of the genus
Methanobacterium (55%) with Aliihoeflea spp. (14%),
Methanospirillum spp. (15%), Acinetobacter spp. (10%) and
Corynebacterium spp. (7%) also being documented. The
cultivation of sample 4B presumably supported the thriving
of Campylobacter spp. which accounted for up to 84% of
the detected organisms. Most of the remaining sample
species were made up of Enterococcus spp. (13%) and
Streptococcus spp. (2%).

Bacterial genera identified in the GM of moderate UC
patients

Regarding the samples of patients with moderate UC (Fig-
ure 1), sample 5 without cultivation (sample 5A) showed a
high abundance of Bacteroides spp. (93%) and lower levels
of Escherichia-Shigella spp. (5%) and others (2%). The sam-
ple from the same patient, but after cultivation (sample
5B), showed remarkable diversity. In particular, the domi-
nant genera were found to be Bacteroides (32%), Esche-
richia-Shigella (16%), Limosilactobacillus (12%) and Bi-

B Patient3 A Methanobacterium congolense
Patient6 A Methanobacterium congolense
KU569985.1: Uncultured Methanobacterium sp. clone CM5a_27
LT607756.1: Methanobacterium congolense
KU991820.1: Methanobacterium sp. MH
GU129130.1: Methanobacteriaceae archaeon 12aF
KX344121.1: Methanobacterium formicicum strain L21-2

ON329112.1: Proteus mirabilis strain A97
CP090064.1: Proteus vulgaris strain Ld01
CP095765.1: Proteus mirabilis strain T1010
ON171240.1: Proteus myxofaciens strain BMPM
Patient1 A Proteus mirabilis

ONO076731.1: Proteus mirabilis strain MPE0767

_: Patient1 B Proteus mirabilis
Patient3 A Proteus sp.
ON241764.1: Enterococcus lactis strain B3

CP096219.1: Enterococcus faecium strain UCHS
ON286866.1: Enterococcus mundtii strain lIL-SusEm

ON287218.1: Enterococcus faecalis strain CS
ON340759.1: Enterococcus durans strain DP2

Patient4 B Enterococcus sp
_: Patient3 A Enterococcus sp
OK626635.1: Lactobacillus taiwanensis strain BCRC 17755
LC638731.1: Lactobacillus paragasseri JCM 5344
CP049762.1: Lactobacillus gasseri strain L5
ON171399.1: Lactobacillus johnsonii strain HR_20
Patient1 A Lactobacillus sp
MT611646.1: Lactobacillus delbrueckii subsp. indicus strain 2624
Patient6 A Lactobacillus delbrueckii

FIGURE 2: Phylogenetic trees created based on identified genera from patients with UC and the comparison of their sequences from
GeneBank. Bilophila (A), Methanobacterium (B), Campylobacter (C), Proteus (D), Escherichia (E), Enterococcus (F), Bifidobacterium (G), Lac-
tobacillus (H). Non-cultured samples are marked by red A, cultured samples are coloured by green B.
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lophila (9%). Other detected genera were: Citrobacter (8%),
Intestinibacter (8%), Alistipes (6%), Intestinimonas (4%),
Parabacteroides (2%) and Lachnoclostridium (2%).

The most abundant genera in the sample 6 without cul-
tivation (sample 6A) were Bifidobacterium (23%), Rumino-
coccus gnavus (14%), Haemophilus (9%) and Methan-
othermobacter (8%), while other genera represented by an
abundance lower than 8% were Lactobacillus (7%), Strep-
tococcus (6%), Bacteroides (3%), Peptoniphilus (3%), Li-
mosilactobacillus (3%), Methanobacterium (3%), Syntroph-
omonas (2%), Morganella (2%), Methanospirillum (2%),
Longilinea (2%) and Lentimicrobium (2%).

Klebsiella spp. (45%) and Bilophila spp. (12%) were
predominant in the same sample, but after cultivation
(sample 6B). Additional genera in sample 6B were Bac-
teroides (8%), Cryptobacterium (6%), Anaeroglobus (6%),
Morganella (5%), Prevotella (5%), Alistipes (5%), Strepto-
coccus (3%), all accounting for 8% or less.

To compare the ratios of SRB genera in the feces of all
studied patients, the percentage of these microbial com-
munities was calculated. Among all SRB, the genus Desul-
fovibrio was detected directly only in the feces of sample
2A (a patient with acute UC without cultivation). A com-
pletely different SRB genus, Bilophila, was revealed only
after the cultivation in patients’ samples 6B (patient with
acute UC), 5B (patient with chronic UC) and 1B (patient
with acute UC); in these patients, the genus Desulfovibrio
was not detected.

Based on our research and research of other authors
[38-44] we decided to select the main genera, that have
often been associated with UC (Bilophila, Methanobacte-
rium, Campylobacter, Proteus, Escherichia, Enterococcus,
Bifidobacterium, Lactobacterium) and create phylogenetic
trees, aiming to compare the genetic conformity of these
genera in patients with severe, severe in active state or
moderate UC patients (Figure 2). The experiment was fo-
cused on SRB which usually colonize anaerobic areas of soil,
wetlands, fresh waters and marine waters, but are also
known to be associated with UC development through the
induction of a GM dysbiosis caused by their ability to pro-
duce high concentrations of H,S [5]. Recognizing the signif-
icant role of Bacteroides genus species in IBD, we opted to
focus on key species within this genus, frequently linked to
UC, and constructed phylogenetic trees. The goal was to
compare the genetic conformity of these species among
patients with severe, severe in active state, or moderate
UC (Figure 3).

DISCUSSION

The etiology of UC involves microbial, genetic, and envi-
ronmental factors and its incidence has been increasing
worldwide. Currently, the effects of UC are primarily inves-
tigated in animal models, offering various advantages. This
approach allows for the exploration of the detrimental
effects of this inflammatory disease and enables the as-
sessment of the role of intestinal microorganisms in the
initiation and progression of UC [45]. However, the mo-
lecular mechanisms by which gut microorganisms cause UC
are yet not fully understood. Even so, a strong association
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Patient1 B Bacteroides vulgatus

Patient6 B Bacteroides vulgatus

Patient6 A Bacteroides vulgatus

Patient5 A Bacteroides dorei

MH755472.1: Uncultured Bacteroides sp. clone ERPT-19
OM537634.1: Uncultured Bacteroides sp. clone OTU_1567
MH569972.1: Uncultured Bacteroides sp. clone OTU_107
Patient1 B Bacteroides massiliensis

MH515957.1: Uncultured Bacteroides sp. clone A08_plate163
Patient1 B Bacteroides uniformis

KT006902.1: Bacteroides uniformis strain NAU-149
LC515591.1: Bacteroides stercoris G150

Patient5 A Bacteroides stercoris

Patient1 B Bacteroides stercoris

Patient5 B Bacteroides stercoris

LC515626.1: Bacteroides finegoldii G136
Patient6 B Bacteroides ovatus

Patient1 B Bacteroides ovatus

MK424038.1: Bacteroides ovatus strain DCW_SL_37A
Patient1 B Bacteroides sp

CP041230.1: Bacteroides xylanisolvens strain H207

FIGURE 3: Phylogenetic trees created based on identified Bac-
teroides spp. from patients with UC and the comparison of their
sequences from GeneBank. Non-cultured samples are marked by
red A, cultured samples are coloured by green B.

between high indices of clinical activity and the presence of
members of the Enterobacterales order (Gram-negative
gut bacteria), Clostridium perfringens type E, Desulfovibrio
spp. and Enterococcus faecalis have been found. In con-
trast, an association among low indices of clinical activity
and Clostridium butyricum and Ruminococcus albus pres-
ence has been observed. These findings suggest that the
GM composition is related to the disease severity and,
furthermore, that microbial metabolites could influence UC
progression. For example, SRB play a crucial role in IBD
development, especially in UC, because of their ability to
produce toxic compounds such as H,S and acetate [5, 23,
24, 34].

In general, a strong association between UC and Clos-
tridium difficile, Listeria monocytogenes, Escherichia coli
and Phocaeicola vulgatus infections have been document-
ed [20]. Moreover, UC patients also reported a reduced
number of bacterial species belonging to the phylum Bacil-
lota (previously Firmicutes) and a considerable increase of
Actinomycetota (previously Actinobacteria) and Pseudo-
monatoda, a phylum including SRB [19].

Following the cultivation of fecal samples from specific
patients (1, 5, and 6) in SRB medium, only one SRB genus,
namely Bilophila spp., was identified. The sequences of this
bacterial genera formed one cluster (patient 5 and patient
6), connected with patient 1, that was genetically similar to
other SRB genera, including mucin-producing Bilophila spp.
and Desulfovibrionaceae members. In particular, hy-
drogenotrophic and mucolytic genera, such as Desulfovib-
rio, Desulfobacter, Desulfobulbus and Bilophila have all
been associated with UC. Additionally, their secreted me-
tabolites’” mucolytic activity can be utilized by other intes-
tinal bacteria with the consequent production of H,S. This
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in turn can directly increase gut inflammation as well as
inhibit butyrate metabolism [38]. Butyric acid is a crucial
SCFA with well-known and potent anti-inflammatory prop-
erties, that plays a crucial role as a histone deacetylase
(HDAC) inhibitor, an energy metabolite to produce ATP and
a G protein-coupled receptor (GPCR) activator. In relation
to gut dysbiosis, certain studies have documented varia-
tions in the composition of the GM and the associated mi-
crobial metabolism, including differences in SCFA levels,
depending on CD activity. [46, 47].

Within the Methanobacterium genus, Methanobacte-
rium congolense formed one cluster with uncultured
Methanobacterium sp. clone CM5a_27 and other meth-
anogenic archaea (methanogens) (access numbers:
KU569985.1, LT607756.1, KU991820.1, GU129130.1,
KX344121.1). The only samples where Methanobacterium
congolense was not detected were from samples three and
six after cultivation in SRB medium. Methanogens were
initially isolated in the human intestinal tract by Miller et
al., and they typically characterize a healthy and mature
anaerobic GM [39]. However, the role and relevance of
methanogens (and other archaea) in the human intestinal
microbiome are still not well investigated and not yet fully
understood [48]. A recent report has hypothesized that
bacterial dysbiosis in the intestine of patients with IBD may
contribute to an elevated abundance of methanogen spe-
cies. Methanogens might potentially enhance the produc-
tion of tumor necrosis factor (TNF) and activate dendritic
cells, thus significantly contributing to the inflammatory
state of the mucosa [49].

In general, the unresolved question still remains as to
whether chronic and recurrent inflammation arises from
persistent infection with a specific pathogen, overexposure
to normal luminal bacterial products due to increased in-
testinal permeability, or an abnormally aggressive immune
response to luminal components [47].

Another genus which can be isolated from the stool of
patients with UC is Campylobacter. Campylobacter spp. are
commensal bacteria found in cattle, sheep, pigs and birds
while in humans (especially C. jejuni and C. coli) they are
associated with several gastrointestinal conditions and
non-intestinal manifestations including bacteremia, brain
abscesses, meningitis, and reactive arthritis. Moreover,
Campylobacter spp. and Salmonella gastroenteritis are
associated with IBD development [40]. Only C. concisus
was detected after the cultivation and this species has
been formed with two clusters including cultured and un-
cultured species (access numbers: MT509811.1.
MN203688.1. CP021642.1. LT677505.1)

UC patients reported the presence of Proteus spp., a
genus comprising microorganisms that has been associated
with a sharp decline in absorption processes on the small
intestinal mucosa. This genus may be isolated from the oral
cavity, stomach, small intestinal mucosa and, most com-
monly, from the stool. In recent years, a primary focus has
been the interrelationships between microbial quantitative
and qualitative composition. This includes opportunistic
pathogenic bacteria from the genus Proteus, which are
seen to increase in patients with UC [41]. In this study,
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P. mirabilis was identified after cultivation only in patient 1,
while other species of this genus have been detected in
fecal samples of patient 3, but before cultivation in SRB
medium. Both sequences related to a cluster, including
P. vulgaris, P. myxofaciens and other strains of P. mirabilis
from GenBank.

The association of E. coli with UC etiology has also been
investigated and it has been reported that these bacteria
could be found in only a small number of patients. The
mucosal adhesion of these isolates was much higher com-
pared to physiological samples or samples from patients
with infectious diarrhea. The most virulent E. coli strains
have adhesive properties, suggesting that these strains
could play an impacting role in UC pathogenesis. In conclu-
sion, there is no complete information on the role of intes-
tinal E. coli, and its association with the pathogenesis of UC
is controversial.

In the study conducted by Seishima et al. [43], meta-
genomic analysis of the fecal microbiota of IBD patients
and fecal transplantation from responding patients to ge-
netically susceptible animals was performed. The authors
confirmed a causal relationship between inflammatory
strains of E. faecium and UC. By sequencing multiple
strains isolated from UC patients, the genotype of E. faeci-
um, presumably responsible for inflammation, was identi-
fied. Thus, a causal relationship between bacterial strains
and inflammation of the colon has been clearly shown [43].

As previously mentioned, patients suffering from UC
have a different proportion of symbiotic or potentially
pathogenic microorganisms in comparison to healthy. This
difference is characterized by the expansion of members of
the Enterobacterales order at the expense of beneficial
genera, such as Fusobacterium, Clostridium/Clostridioides,
Ruminococcus, Lactobacillus and Bifidobacterium. Lactoba-
cillus spp. and Bifidobacterium spp. are prominent bacteria
found in commercially available probiotic preparations
commonly employed in the treatment of IBD. Lactobacillus
spp. and Bifidobacterium spp. work to counteract the viru-
lence mechanisms of harmful bacteria and the ensuing
inflammatory response, which is closely linked to the path-
ogenesis of IBD. We selected these probiotic bacteria be-
cause they are an important part of the normal human
intestinal microbiota; they are very well biologically charac-
terized and are widely used in the treatment of dysbiosis
[44].

A causative role for Bacteroides species in experimental
UC was suggested in a study by Campieri and Gionchetti,
(2001). In this study, the role of bacteria in UC pathogene-
sis was shown in animal models [50]. In a carrageenan
guinea pig model of experimental colitis, germ-free animals
did not develop colitis until after monoassociation with
P. vulgatus [51]. Subsequently, it was suggested that dif-
ferent strains of P. vulgatus led to considerable differences
in the inflammatory response without a correlation be-
tween the sources of strains and the severity of carragee-
nan-induced lesions. In this model, pretreatment with met-
ronidazole prevented colitis, while administration of Gram-
positive bacteria or coliforms was not effective. These data
suggest the need for interaction between bacteria sensitive
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to metronidazole and dietary sulfate. More recently, the
degree of cecal inflammation in HLA-B27 transgenic rats
was shown to be correlated with levels of isolates on Bac-
teroides selective medium and increased anaero-
bic/aerobic and Bacteroides/aerobic ratios [52]. Indirect
evidence for the interaction between the luminal microbio-
ta and the immune system exists from studies using animal
models with disruptions in immunoregulatory molecules. It
was reported that spontaneous colitis, which consistently
develops in knockout and transgenic murine models, does
not occur when these mice are maintained in germ-free
conditions [53-56]. Furthermore, it should be noted that
only two genera of the Desulfovibrionaceae family (Desul-
fovibrio and a taurine-respiring sulfite-reducing Bilophila)
were detected in the feces of the various patients before
and after cultivation in the SRB medium. However, it
should be noted that the members of the genera Bilophila
are unable to use sulfate as an electron acceptor [57]. The
species of Bilophila (in particular, the human stool-derived
B. wadsworthia) caused systemic inflammation in specific-
pathogen-free mice [58]. Bilophila members are classified
as a taurine-respiring sulfite-reducing bacteria (sulfite is an
intermediate reduced by dissimilatory sulfite reductase)
and an H,S-producing bacterium [59, 60].

B. wadsworthia, a strictly anaerobic, sulfite-reducing
bacteria and a common member of the human GM, has
been associated with appendicitis and colitis [61]. H,S pro-
duction (mostly from B. wadsworthia) pathways were ex-
pressed abundantly across various health states, demon-
strating that these microbial functions are core attributes
of the human gut [62]. Therefore, the findings documented
in this study — obtained through the characterization of the
GM composition of UC patients using the latest molecular
methods and comparing the results with data available in
publicly available databases - aimed to provide a better
understanding of the course and development of this dis-
ease, paving the way for new personalized treatments of
this condition in the future.

In conclusion, although UC is a chronic inflammatory
condition of the colon, affecting a growing number of pa-
tients worldwide and substantially decreases their quality
of life, insights can be gained from the GM of moderate
and severe cases. Despite certain limitations in our study,
such as the limited number and demographic heterogenei-
ty of participants, the absence of healthy controls, the
cross-sectional design, and the lower taxonomic resolution
of 16S rRNA sequencing, our findings provide valuable in-
sights into the compositional changes of the GM in patients
with UC. The study presented here uses current sequenc-
ing technologies and complementary culture methods (to
allow for the more effective detection of pro-inflammatory
SRB) were used to identify the relevant bacterial genera in
the GM of patients with UC. The results obtained do not
establish a causal relationship between the presence of
SRB and the onset or severity of UC. Instead, the findings
highlight, among other observations, significant variations
in the gut microbial composition among patients with vary-
ing disease severity and activity. Different bacterial genera
were found to be dominant in each of these cases. In addi-
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tion, with the use of an SRB-specific medium before se-
qguencing, considerable changes were noted in the micro-
bial composition of the samples (either by decreasing or
increasing bacterial diversity). In particular, this increased
detection of characteristic Desulfovibrionaceae members
[68], such as Desulfovibrio spp. and Bilophila spp.

These insights contribute to a better understanding of
the disease's pathogenesis and may inform the develop-
ment of novel therapeutic strategies, including probiotic
preparations containing beneficial bacterial communities,
to counteract the virulence mechanisms of harmful bacte-
ria and mitigate the ensuing inflammatory response.

MATERIAL AND METHODS

Collection of stool samples of UC patients

Patients affected by UC were enrolled at the Careggi Universi-
ty Hospital (Florence, Italy), after obtaining written informed
consent. The description of the patients is given in Table 1.
This study included adult (>18 years) patients affected by ac-
tive UC, requiring hospitalization, while subjects were exclud-
ed if they were taking antibiotics or probiotics and similar
products (prebiotics or symbiotics) four weeks before sample
collection, were pregnant or lactating, were affected by other
known organic gastrointestinal disease (such as, but not lim-
ited to, malignancy, chronic diarrhea; celiac disease and/or
important food intolerance (e.g., lactose) and travelled to
exotic areas in the last six months.

The severity of the disease has been assessed through the
Baron score, the Mayo score and the Simple Clinical Colitis
Activity Index (SCCAI) score.

At the moment of the hospitalization, two fecal samples
for each patient were collected and immediately frozen at -
20°C; one was not cultivated in SRB medium, while the other
was incubated in the modified SRB medium (Figure 4). Notably,
samples 1 and 2 were taken from patients affected by severe
UC, while samples 3 and 4 were taken from patients with se-
vere UC in active state and samples 5 and 6 belonged to men
with a moderate UC (Table 1).

All methods have been performed in accordance with the
relevant guidelines and regulations included in the statement
approved by the local Ethics Committee of the Tuscany Region
(study 118 n°2016.0842), Careggi University Hospital and fol-
lowed the principles of the Declaration of Helsinki.

Medium for intestinal SRB cultivation

All samples for the cultivation were collected in sterile Eppen-
dorf tubes full of the liquid medium that was bubbled with
molecular nitrogen gas to attain anaerobic conditions. The
composition of modified medium for intestinal SRB cultivation
was as follows (grams per liter): Na;SO4 (3), KH2PO4 (0.3),
KaHPO4 (0.5), NH4Cl (1), CaCl; x 6H,0 (0.06), yeast extract (1),
sodium citrate (0.3), sodium lactate (6), MgSO4 x 7H,0 (0.1),
ascorbic acid (0.1) and (NH4),SO4 (0.2). Potential of hydrogen
(pH) range in the large intestine of humans and animals is
limited (5.5-8) and it depends on many factors, including the
composition and enzymatic activity of intestinal microorgan-
isms, substrates they are able to use, the process of digestion
and the quality of consumed food. As people's constant body
temperature is around 37°C, cultivation was performed in a
thermostat set at the same temperature, during 5 days. By
respecting these conditions and creating the optimal pH and
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redox potential, the gut environment was simulated. This me-
dium incorporates various organic components, thereby facili-
tating the growth of other anaerobic bacteria present in the
human gut as well [63].

Isolation of DNA
Total DNA was extracted using the QlAamp DNA Stool Kit (Qi-
agen, Hilden, Germany) from frozen (-20°C) stool samples
according to the manufacturer’s instructions, with minor mod-
ifications, as described below.

Firstly, 180 mg of each stool sample was mixed with 1.4
mL Buffer ASL and homogenized. The suspension was incubat-
ed at 95°C for 5 min and then centrifuged at 10.000 rpm. An
InhibitEX tablet was added to the supernatant to remove im-
purities and PCR inhibitors. After the next centrifugation step,
200 pL of the supernatant was added to 15 pL of proteinase K
solution and 200 pL of buffer AL. The mixture was incubated
at 70°C for 10 min, cooled and added with 200 pL of ethanol
96%. Next, the supernatant was centrifuged through the QI-
Aamp kit column and then washed with 500 pL of AW1 and
AW?2 buffers. Finally, DNA was eluted with 200 uL of AE elu-
tion buffer and stored at -20°C.

Amplification and sequencing

Universal primers were used for the amplification of the V4
variable regions of the 16S rRNA gene [64, 65]. The primers
were marked by molecular barcodes for sample identification
and adapter sequences for flow cell hybridisation. Platinum™
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Il Tag Hot-Start DNA Polymerase (Thermo Fisher Scientific,
Waltham, USA) at 0.8x was used for the PCR reaction. Cycling
conditions were the following: 94°C for 3 min, followed by 35
cycles of incubation at 94°C for 45 s, 52°C for 1 min (50%
thermal ramp) and 72°C for 90 s, and a final extension step at
72°C for 10 min. PCR products were purified using Agencourt
AMPure XP beads (Beckman Coulter, Brea, USA), quantified
and normalized using dsDNA HS assay with a Qubit 4 fluorom-
eter (Thermo Fisher Scientific, Waltham, USA), and their quali-
ty was checked using DNF-474 HS NGS kit with Fragment Ana-
lyzer (Agilent, Santa Clara, USA).

Purified amplicons were paired-end sequenced using a
Mid Output Kit (2x150 bp) with the MiniSeq platform (Illumina,
San Diego, USA). Raw FASTQ reads were processed using the
DADA2 package (version 1.16.0) [66], in R (version 4.0.0). Then,
reads were filtered, trimmed, de-replicated and de-noised
according to the standard operating procedure [67]. After-
wards, forward and reverse reads were merged, chimeras
were removed, and the taxonomy was assigned by the RDP
naive Bayesian classification [68] against the Silva database
v138 [69].

The relative abundance of the taxonomic groups was cal-
culated for the microorganisms detected in this study. Se-
quences were compared using the BLAST feature
(https://www.ncbi.nlm.nih.gov/BLAST/about/) of the National
Center for Biotechnology Information (NCBI) [70]. The se-
quences were uploaded to the Mega7 software [71] for com-
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parative phylogenetic analyses and clustering was performed
by the neighbor-joining method [72, 73].

Data availability
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