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Abstract 

Background Probiotics have gained attention for their potential maintaining gut and immune homeostasis. They 
have been found to confer protection against pathogen colonization, possess immunomodulatory effects, enhance 
gut barrier functionality, and mitigate inflammation. However, a thorough understanding of the unique mechanisms 
of effects triggered by individual strains is necessary to optimize their therapeutic efficacy. Probiogenomics, involv‑
ing high‑throughput techniques, can help identify uncharacterized strains and aid in the rational selection of new 
probiotics. This study evaluates the potential of the Escherichia coli CEC15 strain as a probiotic through in silico, in 
vitro, and in vivo analyses, comparing it to the well‑known probiotic reference E. coli Nissle 1917. Genomic analysis 
was conducted to identify traits with potential beneficial activity and to assess the safety of each strain (genomic 
islands, bacteriocin production, antibiotic resistance, production of proteins involved in host homeostasis, and pro‑
teins with adhesive properties). In vitro studies assessed survival in gastrointestinal simulated conditions and adhesion 
to cultured human intestinal cells. Safety was evaluated in BALB/c mice, monitoring the impact of E. coli consump‑
tion on clinical signs, intestinal architecture, intestinal permeability, and fecal microbiota. Additionally, the protective 
effects of both strains were assessed in a murine model of 5‑FU‑induced mucositis.

Results CEC15 mitigates inflammation, reinforces intestinal barrier, and modulates intestinal microbiota. In silico 
analysis revealed fewer pathogenicity‑related traits in CEC15, when compared to Nissle 1917, with fewer toxin‑associ‑
ated genes and no gene suggesting the production of colibactin (a genotoxic agent). Most predicted antibiotic‑resist‑
ance genes were neither associated with actual resistance, nor with transposable elements. The genome of CEC15 
strain encodes proteins related to stress tolerance and to adhesion, in line with its better survival during digestion 
and higher adhesion to intestinal cells, when compared to Nissle 1917. Moreover, CEC15 exhibited beneficial effects 
on mice and their intestinal microbiota, both in healthy animals and against 5FU‑induced intestinal mucositis.
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Conclusions These findings suggest that the CEC15 strain holds promise as a probiotic, as it could modulate 
the intestinal microbiota, providing immunomodulatory and anti‑inflammatory effects, and reinforcing the intestinal 
barrier. These findings may have implications for the treatment of gastrointestinal disorders, particularly some forms 
of diarrhea.

Keywords Probiotics, Probiogenomics, Escherichia coli CEC15, Genomics, Escherichia coli Nissle 1917, Mucositis, 
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Background
Probiotics are commonly used to mitigate the severity 
of certain illnesses, such as diarrhea caused by antibiot-
ics, childhood diarrhea, ulcerative colitis, pouchitis, and 
eczema associated with cow’s milk allergy [1]. Probiot-
ics are “live microorganisms that when administered in 
adequate amounts confer health benefits on the host” 
[2], and it is important to note that each probiotic strain 
has specific effects, and the success of one strain does not 
guarantee the success of another. The genetic differences 
between probiotic bacteria can be greater than the dif-
ferences between humans and goldfish [3]. While some 
characteristics, like safety status, are common among 
probiotic species, mechanisms for probiotic activity are 
less common and only present in certain strains (strain-
dependent effect) [4–6]. For example, strains of Ente-
rococcus faecium can be beneficial as a probiotic, while 
other strains of the same species can also be pathogens 
that cause problems due to antibiotic resistance [1]. The 
most common probiotics belongs to the lactic acid bac-
teria (LAB) group, the genera Bifidobacterium and Pro-
pionibacterium, and the yeast Saccharomyces [7]. There 
is one Gram-negative bacterium, which has been con-
sidered as a probiotic due to its protective effect against 
enteropathogenic bacteria, the Escherichia coli Nissle 
1917 strain [8].

The E. coli Nissle 1917 strain (hereafter referred to as 
EcN) was first isolated in 1915 from feces of a soldier by 
German army physician Alfred Nissle [9, 10]. This strain 
presented good antagonistic effects against the bacteria 
that were causing a diarrhea outbreak at the moment, 
i.e. Salmonella enterica serovar Paratyphi, Shigella dys-
enteriae, S. flexnery, Proteus vulgaris and P. mirabilis 
[10]. A preparation containing EcN (Mutaflor®) was 
administered to the sick soldiers and was able to restore 
the healthy state on them [11]. Over a century later, this 
strain is still being used worldwide to treat intestinal 
infectious diseases [10, 12, 13] and its probiotic activi-
ties have been the subject of intensive research [14–20]. 
However, complete genome sequencing of EcN [21, 22] , 
as well as the advance of the genomic era evidenced that 
this strain has genes responsible to produce colibactin, a 
genotoxic secondary metabolite produced by some enter-
obacteria, that creates interstrand crosslinks in DNA, 

which could lead to the development and the progression 
of colorectal cancer [23, 24]. Furthermore, the beneficial 
effect of this strain is linked to the presence of colibac-
tin in a way that the knock-out of genes in the referred 
cluster inhibits greatly the anti-inflammatory effect of the 
strain on a DSS-induced colitis rat’s model [25, 26]. This 
has rose concerns regarding the safe use of this strain.

The general ways in which probiotic microorganisms 
improve human health can be grouped into several cat-
egories, such as enhancing the intestinal barrier [27], reg-
ulating the immune system [28], and combating harmful 
pathogens through antimicrobial production [29] or 
competition for binding sites in the mucus barrier [30]. 
Although there is some supporting evidence for these 
claims, the specific molecular processes responsible for 
these activities are still largely unknown [31].

To select new probiotic strains, microbial cultures from 
unconventional ecosystems need to undergo a thorough 
evaluation process, including in vitro experiments, ani-
mal models, and clinical trials [32]. However, the tradi-
tional tests are not always reliable indicators of probiotic 
safety and efficacy, making it difficult to predict their 
functionality. Additionally, there are no specific attributes 
that are essential to all probiotics, and probiotics may 
exert more than one mechanism associated with a given 
clinical benefit [33]. These knowledge gaps complicate 
the efforts to understand and predict the safety and func-
tionality of probiotics. To address these issues, the con-
cept of "probiogenomics" has emerged as a growing area 
of research interest [34]. Probiogenomics involves high-
throughput techniques, such as genomics, transcriptom-
ics, proteomics, and metabolomics, which can provide a 
useful resource for revealing uncharacterized strains and 
allow for the design of predictive models for the rational 
selection of new probiotics [34, 35].

A new strain of E. coli with beneficial properties was 
recently isolated from suckling rodents’ feces [36]. The 
E. coli CEC15 has demonstrated barrier reinforcement 
effect in the colonic epithelium and anti-inflammatory 
related immunomodulation on germ-free and conven-
tional mice affected by TNBS-induced colitis and in IL10 
-/- mice [37]. These effects suggest a promising effect of 
the CEC15 strain in the treatment of intestinal inflamma-
tory diseases.
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The aim of this work was to make a thorough evalua-
tion of the CEC15 strain through in silico, in vitro, and 
in vivo analyses on its potential as a probiotic strain, 
comparing it to the well-known probiotic EcN reference 
strain. Their genomic composition and their potential for 
immunomodulation, barrier reinforcement, anti-inflam-
matory effect, and ability to modulate the intestinal 
microbiota are the focus of this work.

Results
General features of the E. coli CEC15 genome
The complete genome of the E. coli CEC15 strain con-
sisted of a circular chromosome of length 4,780,804 bp, 
with a GC content of 50.66%, and a plasmid of length 
200,825 bp with a GC content of 50.7%. The genome 
annotation showed a total of 4,505 CDS for the chromo-
some, with 4248 predicted as proteins, 152 being hypo-
thetical proteins, 22 corresponding to rRNA, and 83 to 
tRNA, while the plasmid presented 213 CDS, from which 
40 are hypothetical proteins.

The CEC15 genome was compared with that of the 
probiotic E. coli strain Nissle 1917 (EcN). CEC15 has a 
slightly smaller genome when compared to EcN (5.05 
Mb) presenting 220 fewer CDS (4,725 CDS on the EcN 
chromosome). On the other hand, CEC15 harbors a 
larger plasmid in size and number of CDS than the EcN 
plasmids pMUT1 (3,173 bp with 6 CDS) and pMUT2 
(5,514 bp with 8 CDS). CEC15 was classified as E. coli 
serotype O180:H14, while EcN has the serotype O6:H1.

A phylogenomic tree was constructed with the two 
studied strains and representative E. coli isolates of phy-
logroups A, B1, B2, C, D, E, including strains from the 
commercial probiotic product  Symbioflor2®, and using 
1,000 single-copies genes common to all strains (Fig. 1). 
The CEC15 and EcN strains were scattered throughout 
the phylogenetic tree. EcN clustered with E. coli S88 and 
536, two virulent strains belonging to the B2 phylogroup, 
while CEC15 was found closely related to the strains IAI1 
and 55989, a commensal and a pathogenic enteroag-
gregative strain, respectively, which belong to the E. coli 
phylogroup B1. This analysis showed the high heteroge-
neity among E. coli strains with phylogroups composed 
of pathogens, commensal, and probiotics. Moreover, it 
indicated that an association between phylogroup clus-
ters of E. coli strains and probiotic properties could not 
be found.

CEC15 genome presented fewer genomic islands 
and mobile elements than EcN
Prediction analysis revealed the presence of 25 genomic 
islands (Additional file  1) corresponding to 5 meta-
bolic islands (MI), 14 pathogenicity islands (PAI), and 
6 prophage regions (Additional file  2) in the CEC15 

genome (Fig. 2A). MI presented lengths ranging from 6 
to 18 kb and contained 6 to 23 genes coding for proteins 
involved notably in the utilization of propanediol, fruc-
tose, and mannose (e.g., propanediol utilization (pdu) 
gene cluster, numerous components of PTS sugar trans-
porters). The PAI sizes were larger, with the higher size at 
67.8 kb for PAI 2 and the smallest at 7.8 kb for PAI 3. In 
addition to metabolic functions, PAI2 notably contained 
genes coding for bacteria competition-related proteins 
such as colicin immunity domain-containing protein, 
contact-dependent growth inhibition system immunity 
protein, and toxin-antitoxin system toxin CbtA fam-
ily protein. The PAI 1 (48.2 kb) is composed, mainly, of 
type II secretion system genes, while the PAI 11 (37.1 
kb) contains genes from type VI secretion system. The 
PAI 10 (37.4 kb) contains most genes related to flagella 
production and assembly, followed by PAI 13 (923.1 kb) 
that contains genes for fimbriae production. Among the 
prophage regions found, 3 were predicted to be intact: 
regions 2 (36 kb), 4 (48.7 kb), and 5 (30.1 kb) that belong 
to the viral families Myoviridae, Podoviridae, and Sipho-
viridae, respectively. Note that some PAI and prophage 
regions overlapped. Prophage region 1 can be found 
inside PAI 2 while phage region 2 merges with PAI 3 and 
4, and phage region 3 merges with PAI 5 almost com-
pletely. The large phage region 4 contains the PAI 7 and 
8. Those PAI that were found inside prophage regions are 
mostly composed of transposase genes.

The EcN genome contained more genomic islands than 
CEC15 with 10 MI, 22 PAI, 1 resistance island (RI), and 
6 prophage regions (Fig.  2B) (Additional files 3 and 4). 
The EcN MI ranged from 6.3 kb to 27 kb and contained 
mainly genes related to the transport and metabolism 
of a variety of carbohydrates. The EcN 6.7 kb resistance 
island is composed of 7 genes, notably one coding for the 
SMR family multidrug efflux protein EmrE that confers 
resistance to a wide range of toxic compounds [38]. As 
for the PAI, besides the large number of islands found, 
they also have a wide array of sizes ranging from 5.6 kb 
to 135.6 kb. Many of these PAI contain genes of type II 
and VI secretion systems, a variety of transposases (IS66, 
ISl3, ISL100, ISl3, IS21, and IS3), adhesion proteins, iron-
binding proteins, and genes encoding proteins associ-
ated with antibiotic resistance. An important PAI to 
be mentioned is the EcN PAI 9 (54.7 kb in size), which 
contains the biosynthetic gene cluster that produces 
colibactin, a secondary metabolite that induces DNA 
double-strand breaks leading to genotoxic effects. None 
of those genes are found on the CEC15 genome. Of the 
6 prophage regions on the EcN genome, 2 were intact 
(phage region 3 [52.8 kb] and 4 [39.9 kb]), both Sipho-
viridae and these prophage regions merge with genomic 
islands. The prophage region 3 contains 2 PAI (PAI 11 
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and PAI 12), while prophage region 4 contains partially 
the PAI 14 and the whole PAI 15. As for the incomplete 
prophage regions, prophage region 1 is located com-
pletely inside PAI 4, while prophage regions 5 and 6 have 
some degree of overlapping with PAI 19 and 21, respec-
tively. The prophage region 2 has no overlapping with any 
PAI. Those PAI contained or overlapping with prophage 
regions are mainly composed by iron-binding genes, 
transposases, and metal transport systems.

Analysis of transposable elements, insertion sequences 
(IS), by the ISSaga tool [39] found 21 complete trans-
posase genes in the CEC15 genome (Additional file  5), 
from which 9 are present in genomic islands (PAI 2, 
PAI 7, PAI 11, and PAI 13). EcN has over twice more of 
transposases genes (48) than CEC15 (Additional file  6), 

from which 38 were found on PAI (PAI 4, PAI 8, PAI 
9, PAI 16, PAI 18, PAI 19, PAI 20, PAI 21, and PAI 22). 
The CEC15 transposases were characterized in four 
families (IS3, ISAs1, ISNCY, and ISS66), the IS66 being 
the most abundant, and, for EcN, into 11 families (IS1, 
IS110, IS200, IS21, IS3, IS30, IS4, IS630, IS66, ISL3, and 
ISNCY), IS3 being the most abundant. The majority of 
IS in the CEC15 genome surrounds sugar metabolism-
related genes with 4 IS from the ISS66 family enclosing a 
phosphotransferase system (PTS) sugar transport cluster, 
and 2 IS nearby phage regions. The EcN’s IS are, in their 
majority, surrounding transport-related genes, in addi-
tion to four important gene clusters (sialic acid cataboliz-
ing gene cluster, flagellar hook-associated protein cluster, 
salmochelin biosynthesis cluster, and ferric citrate ABC 

Fig. 1 Phylogenomic tree of Escherichia coli strains. The phylogenomic analysis was based on 1,000 single‑copies genes shared among all 
the strains. CEC15 and EcN strains are highlighted by a blue and a green box, respectively. Strains highlighted in red are pathogenic strains, 
while highlights in yellow and gray indicates commensal and environmental strains, respectively. The strains in purple are from the commercial 
probiotic Synbioflor2®
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cluster), a few antibiotic resistance genes, and type II and 
IV toxin/anti-toxin genes. A more detailed superposition 
of genomic features (PAI, MI, RI, prophages, IS, and anti-
biotic related genes) of CEC15 and EcN can be found on 
Additional files 7 and 8, respectively.

Most antibiotic resistance genes present did not translate 
to resistance phenotype in CEC15
Forty-five genes coding for proteins potentially related to 
antibiotic resistance were found in the CEC15 genome by 
aligning against the Comprehensive Antibiotic Resistance 
Database (CARD) [40] (Additional file 9). These genes are 
classified into three resistance mechanisms: antibiotic 
efflux (n = 37), antibiotic target alteration/protection 
(n = 5), and antibiotic inactivation (n = 3). The antibi-
otic classes comprised by these genes are mostly fluoro-
quinolones, β-lactams, macrolides, glycopeptides, and 
aminoglycosides. The EcN genome, similarly, presented 
44 genes potentially related to antimicrobial resistance 
(Additional file  10), most of them coding for antibiotic 
efflux mechanisms (n = 38). Four EcN genes were related 
to antibiotic target alteration/protection, and 2 for antibi-
otic inactivation. These genes promote resistance to dif-
ferent classes of antibiotics, including aminoglycosides, 
β-lactams, tetracyclines, fluoroquinolones, macrolides, 
and glycopeptides.

The distance between antibiotic resistance-related 
genes and IS is important to evaluate the possibility of 

genetic transfer to other strains. CEC15 has 12 genes 
that are < 30 kb distance from an IS gene (mdtM, pmrF, 
evgS, evgA, emrK, emrY, eptA, mdtE, ugd, mdtF, gadW, 
and gadX), while EcN has only 6 within the same cri-
teria (mdtM, bacA, pmrF, ugd, cpxA, and tolC) (Addi-
tional file  9 and 10, respectively), which are related to 
resistance to fluoroquinolones, tetracycline, and poly-
myxin in CEC15 and fluoroquinolones, lincosamides, 
bacitracin, polymyxin, aminoglycosides, penam, and 
tetracycline in EcN.

Both strains were submitted to antibiotic susceptibil-
ity testing using the disc-diffusion method with antibi-
otics from nine different classes (Table  1). CEC15 and 
EcN strains showed susceptibility to most antibiot-
ics but were resistant to erythromycin. The strain EcN 
showed additional resistance to kanamycin, according 
to Clinical and Laboratory Standards Institute (CLSI) 
standards, and to gentamicin, tobramycin, and fosfo-
mycin, according to European Committee on Antimi-
crobial Susceptibility Testing (EUCAST) standards. 
Both strains showed intermediate resistance to strep-
tomycin, ampicillin, and ciprofloxacin. Note that the 
beta-lactamase coding gene ampC was found on both 
strains.

Despite the high number of genes related to resistance 
to fluoroquinolones and tetracycline (19 and 11 genes, 
respectively in both strains), CEC15 and EcN showed 
sensitivity to all antibiotics tested from these classes.

Fig. 2 Schematic circular representation of CEC15 (A) and EcN (B) genomic islands. Pathogenicity Island (PAI), Metabolic Island (MI), Resistance 
Island (RI), and Prophage regions were found on the genome. Figure generated by BRIG software. Circles, from the inside‑out, indicate chromosome 
size (black circle), the GC skew positive (green) and negative (purple), the GC content (in black indicating higher content outwards and lower 
content inwards), and the chromosome (blue in figure A for CEC15 and red in figure B for EcN) with the location of PAI (blue), MI (green), RI (red), 
and prophage regions (orange)
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CEC15 and EcN did not present hemolytic activity
Four hemolysis related genes were found in both CEC15 
and EcN genome: genes coding for a ShlB/FhaC/HecB 
family hemolysin secretion/activation protein, a hemo-
lysin III family protein, a hemolysin family protein, and 
hemolysin HlyE. Moreover, EcN presented the hemolysin 
expression modulator hha gene. The ShlB/FhaC/HecB 
family hemolysin secretion/activation protein-encoding 
gene is found inside PAI for both strains (PAI 2 and 18 
for CEC15 and EcN, respectively), and hha gene is found 
in PAI 4 for EcN, remaining genes are found elsewhere 
in the chromosome. The hemolytic activity of strains 
CEC15 and EcN was therefore evaluated on sheep-
blood agar, with the two S. aureus strains Bk and IT2 as 
a control for α- and β-hemolysis, respectively. Complete 
hemolysis was observed for strain IT2 (Fig.  3, spot 1) 
with a yellow halo corresponding to a β-hemolytic activ-
ity, whereas strain Bk only resulted in partial degrada-
tion of erythrocytes leading to a greenish halo, which is 
characteristic of α-hemolytic activity (Fig. 3, spot 2). No 
halo was observed for strains CEC15 and EcN showing 
their inability to degrade erythrocytes (Fig. 3, spots 3 and 
4 respectively).

Metabolic profile of CEC15 revealed exclusive pathways 
for GABA and sugar production, amino acid metabolism, 
and xenobiotics degradation
The different number of MI between the two strains 
prompted us to examine their metabolic abilities. As 
expected, these strains share most metabolic pathways 

(KEGG [Kyoto Encyclopedia of Genes and Genomes] 
modules) identified by the BlastKOALA [41] analy-
sis. The strains share, in total, 100 complete metabolic 
modules, while 5 modules, found exclusively in the 
CEC15 genome, are involved in polyamine biosynthesis 
(synthesis of gamma-aminobutyric acid, GABA, from 

Table 1 The antibiotic sensibility of E. coli strains (disc‑diffusion method)

S susceptible, R resistant, I intermediate, ATU  area of technical uncertainty, n.d not described

Antibiotic class Antibiotic (CODE/µg) CEC15 EcN

halo (mm) CLSI result EUCAST result halo (mm) CLSI result EUCAST result

Penicillin Ampicillin (AMP/10) 15 I S 16 I S

Oxacillin (OXA/5) 0 R R 0 R R

Quinolones Ciprofloxacin (CIP/5) 25 I S 24 I ATU 

Chloramphenicol (CHL/30) 25 S S 26 S S

Norfloxacin (NXN/10) 25 S S 24 S S

Nalidixic acid (NAL/30) 19 S n.d. 20 S n.d.

Macrolides Erythromycin (ERY/15) 13 R n.d. 10 R n.d.

Aminoglycosides Gentamicin (GMI/15) 20 S S 15 S R

Kanamycin (KMN/30) 18 S n.d. 13 R n.d.

Streptomycin (SMN/10) 12 I n.d. 12 I n.d.

Tobramycin (TMN/10) 19 S S 14 I R

Tetracyclines Tetracycline (TET/30) 19 S S 20 S S

Lincosamides Lincomycin (LCN/15) 0 R R 0 R R

Clindamycin (CMN/2) 0 R R 0 R R

Phosphonic antibiotics Fosfomycin (FSF/50) 30 S S 23 S R

Fig. 3 Hemolytic activity assay of E. coli strains. Strains Staphylococcus 
aureus IT2 (1), S. aureus Bk (2), CEC15 (3), and EcN (4) were spotted 
on sheep‑blood agar and incubated overnight, the presence of a halo 
was observed for the two control strains (1 and 2) but not for 
the tested strains in this study (3 and 4)
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putrescine), aromatic amino acid metabolism (homo-
protocatechuate degradation), polyketide sugar unit 
biosynthesis (dTDP-L-rhamnose biosynthesis), and two 
aromatics (xenobiotics) degradation modules (pheny-
lacetate degradation and trans-cinnamate degradation). 
No exclusive modules were found on EcN (Additional 
file 11).

Both strains have the machinery necessary to produce 
6 from the 8 essential amino acids (lysine, threonine, iso-
leucine, methionine, phenylalanine, and tryptophan) and 
other 7 non-essential amino acids (arginine, cysteine, 
histidine, proline, serine, tyrosine, and glutamate), and 
cofactors and vitamins, especially from the B group 
(pantothenate, biotin, pyridoxal-p, and riboflavin). The 
predicted gene repertoires of complete pathways for 
sugar utilization in the CEC15 and EcN genomes allow 
the metabolism of galactose, fructose, xylulose, ribulose, 
ribose, erythrose, lactose, ascorbate, glycogen, and starch 
as primary carbon source. Another gene class with an 
important role on the carbohydrate metabolism is the 
group of PTS sugar transport systems, which are pre-
sent in large amount in both genomes (59 and 64 genes 
for CEC15 and EcN, respectively), allowing the entry of 

sugars into the cell to be metabolized. The genome of 
both strains also comprises genes involved in two terpe-
noids biosynthesis, C5 isoprenoid and C10-C20 isopre-
noid (Additional file 11).

CEC15 demonstrated high fitness on simulated human 
digestion
Twenty-five genes related to acid tolerance were found, 
23 shared among both strains and 2 exclusives of CEC15 
(peroxide/acid resistance protein YodD and YceO family 
protein) (Table  2). The highly associated acid resistance 
genes from the glutamate decarboxylase family (GAD 
family) [42] and the acid stress response sigma factor 
RpoS [43] were found in the genome of both strains, 
which could indicate a high survival rate for both in the 
gastric environment.

To evaluate this hypothesis, the viability of the two 
strains was assessed in gastrointestinal conditions using a 
simulated human digestion protocol. Both strains under-
went a considerable loss of viability, just after the pH 
was adjusted to 3, with a survival rate of 73.7% (± 0.08, 
p=0.016) for CEC15 and 37.71% (± 0.15%, p<0.0001) 
for EcN (Fig. 4, T1). After 120 min of incubation at pH 

Table 2 Acid‑resistance proteins found on the genome of CEC15 and EcN

Locus tag Gene Product

CEC15_000207 EcN_000211 gadA glutamate decarboxylase

CEC15_000208 EcN_000212 gadX acid resistance transcriptional activator GadX

CEC15_000213 EcN_000217 gadE acid resistance transcriptional activator GadE

CEC15_000215 EcN_000219 hdeA acid‑activated periplasmic chaperone HdeA

CEC15_000216 EcN_000220 hdeB acid‑activated periplasmic chaperone HdeB

CEC15_000474 EcN_000513 yhcN peroxide/acid stress response protein YhcN

CEC15_001489 EcN_001445 oxc oxalyl‑CoA decarboxylase

CEC15_001491 EcN_001447 yfdE CoA:oxalate CoA‑transferase

CEC15_001977 yodD peroxide/acid resistance protein YodD

CEC15_002333 EcN_002372 asr acid resistance repetitive basic protein Asr

CEC15_002338 EcN_002377 clcB voltage‑gated ClC‑type chloride channel ClcB

CEC15_002404 EcN_002437 ydeO acid stress response transcriptional regulator YdeO

CEC15_002411 EcN_002444 gadB glutamate decarboxylase

CEC15_002412 EcN_002445 gadC acid resistance gamma‑aminobutyrate antiporter GadC

CEC15_002520 EcN_002529 ldhA D‑lactate dehydrogenase

CEC15_002734 EcN_002690 ychM C4‑dicarboxylic acid transporter DauA

CEC15_002784 EcN_002738 ariR biofilm/acid‑resistance regulator AriR

CEC15_002800 EcN_002809 phoQ two‑component system sensor histidine kinase PhoQ

CEC15_002870 yceO YceO family protein

CEC15_002912 EcN_003035 ymdF general stress protein

CEC15_003598 EcN_003686 yagU YagU family protein

CEC15_003764 EcN_003863 clcA H(+)/Cl(‑) exchange transporter ClcA

CEC15_004198 EcN_004368 adiC arginine/agmatine antiporter

CEC15_004546 EcN_004770 ilvD dihydroxy‑acid dehydratase

CEC15_001098 EcN_001127 rpoS RNA polymerase sigma factor RpoS
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3 and in the presence of pepsin, simulating the gastric 
environment, 6.3% (± 0.001%, p<0.0001) of the initial 
concentration of CEC15 were still viable, against 0.91% 
(± 0.01%, p<0.0001) for EcN (Fig. 4, T2). After changing 
to the intestinal environment (pH 7, pancreatin, and bile 
salts) and incubating for another 120 min, the CEC15 
strain presented a considerable recovery of colony form-
ing units (CFU), restoring its viability to 57.85% (± 0.07%, 
p=0.0004) of the initial concentration, while EcN CFU 
was maintained at 2.77% (± 0.02%, p<0.0001) (Fig.  4, 
T3), which represents no significative difference with the 
previous phase (EcN T2 vs T3, p=0.9939) (Fig. 4). These 
results indicate that the CEC15 strain is likely more fit to 
survive the stress promoted by the gastrointestinal tract 
environment, being more able to thrive in those condi-
tions than the EcN strain.

High adhesion rate of CEC15 can be associated 
to the presence of fimbriae and pili
According to the SPAAN software [44], 84 genes of 
CEC15 and 89 of EcN, six from each are duplicated 
genes (Additional file  12) were predicted with a high 
probability profile (score> 0.8) to code for adhesins. 
A total of 33 genes were found exclusively on CEC15 
genome, against 32 on EcN. From these exclusive gene 
products, CEC15 presents 13 fimbriae proteins, 2 fla-
gella proteins, 9 transport proteins, and 4 phage related 

proteins. EcN, on the other hand, possess 7 fimbriae 
proteins, 5 transport proteins, and 3 phage related pro-
teins. Among the predicted CEC15 adhesin genes, 29 
are related to fimbriae/pili proteins (34%), 18 to por-
ins/transporters (21%), and 8 to flagella proteins (10%). 
A similar categorical distribution of adhesins was 
observed for EcN: 30% of fimbriae/pili (n = 27), 13% 
of porins/transporters (n = 15), and 7% of flagella (n = 
6). The 5 highest-scored genes on CEC15 are related to 
contact-dependent inhibition toxin CdiA, type 1 fim-
bria D-mannose specific adhesin FimH, lateral flagel-
lin LafA, exopolysaccharide production protein YjbE, 
and type 1 fimbrial major subunit FimA, while for EcN 
we found contact-dependent inhibition effector tRNA 
nuclease, type 1 fimbria D-mannose specific adhesin 
FimH, phase-variable autotransporter adhesin UpaE, 
DUF823 domain-containing adhesin, and F1C fimbria 
minor subunit FocG.

The presence of surface appendages like fimbriae/pili 
and flagella was confirmed by electron microscopy in 
both strains. The scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) images 
(Fig. 5A-F) suggest that the CEC15 strain expresses more 
fimbriae/pili (white arrows) on its surface than the EcN 
strain. To study the expression of these proteins on the 
surface of both strains, a mechanical shearing of over-
night still culture was performed. The extracted proteins 

Fig. 4 Bacterial survival in the simulated human digestive tract. Both strains were submitted to an artificial digestion process and, at each step, 
aliquots were collected to estimate the quantity of viable bacteria. CFU counting were made before the experiment begins (Initial), at the start 
of gastric phase (pH adjusted to 3 ‑ T1), at the end of gastric phase and beginning of intestinal phase (120 min in pH 3 ‑ T2), and at the end 
of intestinal phase (pH restored to 7 and 120 min incubation ‑ T3). The lines represent the CFU count in each step of the digestion processes 
while the bars represent the viability in percentage relative to the initial CFU. Data are expressed as mean and standard deviation of three 
independent experiments
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(Additional file 13) were digested by in-gel trypsinolysis 
and identified through MS/MS mass spectrometry.

A variety of proteins were found following shear-
ing of the bacteria. The identification of proteins pro-
ceeded with samples pre-shearing (only resuspended in 
phosphate-buffered saline [PBS] buffer) and post-shear-
ing (resuspended in PBS and then blended, 5 min, max 
speed). Regarding pre-shearing samples, a total of 70 and 
65 proteins were detected for CEC15 and EcN, respec-
tively, 34 of those shared among both strains, while after 
shearing, the quantity of proteins detected increased to 
158 on CEC15 and to 247 for EcN, with 108 being shared 
(Fig. 5G) (Additional file 14). A total of 50 proteins were 
exclusive to CEC15, among those, 1 (autotransporter 

outer membrane beta-barrel domain-containing protein) 
were exclusive to pre-shearing CEC15, 29 on post-shear-
ing CEC15 (notably flagellar hook protein FlgE, flagellar 
filament capping protein FliD, flagellar hook-associated 
protein FlgL, type 1 fimbria chaperone FimC, type 1 fim-
bria D-mannose specific adhesin FimH, and type 1 fim-
bria minor subunit FimG), and 20 shared on pre- and 
post-shearing (notably flagellin FliC). EcN, on the other 
hand, presented 139 exclusive proteins, 1 (peptidoglycan-
associated lipoprotein Pal) on pre-shearing sample, 119 
on post-shearing samples (notably flagellar hook protein 
FlgE, autotransporter adhesin Ag43, Ag43/Cah family 
autotransporter adhesin, flagellar hook-associated pro-
tein FlgK, F1C fimbrial major subunit FocA, F1C fimbrial 

Fig. 5 Adhesive profile of CEC15 and EcN strains. The presence of fimbriae/pili and flagella in CEC15 and EcN strains could be confirmed 
by Transmission electron microscopy of fresh (A and D) and fixated (B and E), and by scanning electron microscopy (SEM) of fixated samples (C 
and F) of CEC15 and EcN, respectively. A significant quantity of proteins were found on sheared samples of both strains, about half of them being 
shared between strains (G). The heatmap (H) present the percentage of COG‑classified proteins presented in each condition, according to the code: 
[C] Energy production and conversion; [D] Cell cycle control, cell division, chromosome partitioning; [E] Amino Acid metabolism and transport; [F] 
Nucleotide metabolism and transport; [G] Carbohydrate metabolism and transport; [H] Coenzyme metabolism; [I] Lipid metabolism; [J] Translation; 
[K] Transcription; [L] Replication and repair; [M] Cell wall/membrane/envelop biogenesis; [N] Cell motility; [O] Post‑translational modification, protein 
turnover, chaperone functions; [P] Inorganic ion transport and metabolism; [Q] Secondary metabolites biosynthesis, transport and catabolism; [S] 
Function Unknown; [T] Signal Transduction; [U] Intracellular trafficking and secretion. The effectiveness of these adhesins were tested by adhesion 
assay on Caco‑2 cells (I) were CEC15 presented a better adhesive profile (23.31%) than EcN (1.46%). White arrows indicate the presence of fimbriae/
pili. Black arrows indicate flagella. Scale in all pictures is equivalent to 1µm and the pictures were taken on amplification of 30,000 for TEM 
and 15,000 for SEM
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protein subunit FocH), and 19 shared on pre- and post-
shearing (notably FliC/FljB family flagellin). Based on the 
emPAI, we can infer that flagellin FliC is the main protein 
on CEC15 samples, FliC/FljB family flagellin on EcN pre-
shearing, and F1C fimbrial major subunit FocA on EcN 
post-shearing (Supplementary Table S12).

The identified proteins were categorized according to 
their COG (Clusters of Orthologous Genes) classes. All 
samples had a high prevalence of translation proteins [J] 
(15.58% and 27.05% for CEC15 and 23.18% and 24.62% 
for EcN, pre- and post-shearing respectively) and Nucle-
otide metabolism and transport [F] (22.07% and 17.64% 
for CEC15 and 20.28% and 15.53% for EcN, pre- and 
post-shearing respectively), what could indicate cell lysis, 
as they are represented mainly by ribosomal proteins and 
enzymes. An important COG class for adhesion proteins 
is the Cell wall/membrane/envelop biogenesis [M] cat-
egory, and it represented 7.79% and 4.70% for CEC15, 
and 11.59% and 6.43% for EcN (pre- and post-shearing, 
respectively) (Fig. 5H).

Based on the previous results, the adhesion of strains 
CEC15 and EcN to the human Caco-2 intestinal epithelial 
cell line was investigated. CEC15 exhibited the highest 
adhesion ability (~23%) on Caco-2 cells when compared 
to EcN strain (~1.5%). (Fig. 5I).

More bacteriocins clusters were detected on EcN 
than CEC15
Three gene clusters related to the synthesis of bacterioc-
ins were found in EcN genome: a cluster coding for genes 
involved in the synthesis of bottromycin, an inhibitor of 
protein synthesis that blocks aminoacyl-tRNA binding; 
a cluster coding for microcin production and transport, 
a channel-forming bacteriocin active against enterobac-
teria; and a cluster coding for colicin-E9 production and 
transport, a polypeptide toxin with endonuclease activ-
ity against E. coli strains and closed-related bacteria. 
The EcN genome presented all three gene clusters, while 
only the bottromycin-encoding cluster was found in the 
CEC15 genome (Additional file 15).

CEC15 promoted modulation of immune‑ 
and barrier‑related gene expression in Caco‑2 cells
The ability of both strains to modulate the expression 
of intestinal epithelial cell genes coding for key fac-
tors of immunoregulation and epithelial integrity was 
evaluated. For this purpose, Caco-2 cell monolayers 
were incubated with the bacterial supernatants or with 
heat inactivated bacterial cells of both strains and the 
expression of Caco-2 genes was evaluated after 24 h of 
treatment. CEC15 strain appeared to be more immu-
nomodulatory than EcN. Indeed, CEC15 supernatant 
and/or inactivated CEC15 cells increased the expression 

of 6 genes, (Il1b, Il8, Mcp1, Nfkb1a, Tnf, and Muc2), while 
EcN only modulated 5 genes, increasing the expression 
of Il8, Mcp1, Tnf, and Ptgs2, and reducing the expression 
of Ocln among those tested. The remaining genes were 
not altered by any of the treatments (Additional file 16). 
Indeed, among the 6 barrier-related genes tested, only 
heat treated CEC15 at multiplicity of infection (MOI) of 
100:1 induced the expression of Muc2, while only heat 
treated EcN at MOI of 100:1 lowered the expression of 
Ocln. In addition, Ptsg2 expression, which in the colonic 
environment is highly associated with the promotion of 
colorectal carcinoma, was only induced by EcN (Fig. 6).

CEC15 showed better intestinal protection 
against 5‑FU‑induced mucositis than EcN
We evaluated the impact of a high-dosage daily admin-
istration of strains CEC15 and EcN, and of their anti-
inflammatory and protective effects, in the context of 
5-FU-induced intestinal mucositis in a BALB/c mice 
model.

Both strains were administered, as a daily dose of  1010 
CFU, via gavage, for 12 consecutive days, to healthy ani-
mals and to animals with 5-fluorouracil (5-FU)-induced 
mucositis. During the experimental period, no signifi-
cant difference in body weight and in food and water 
intake was found between groups of healthy animals 
that received either PBS (control group; NC), CEC15 or 
EcN. The induction of mucositis led to a weight loss of 
about 3.5 g per animal. Consumption of CEC15 or of EcN 
did not totally overcome mucositis-related weight loss 
in animals. However, consumption of the CEC15 strain 
(CEC15-MUC) was able to partially prevent this weight 
loss, when compared to the MUC group (Fig. 7A). 5-FU-
induced mucositis drastically increased intestinal per-
meability, as indicated by the increased blood counts of 
DTPA-99Tc by almost 2-fold, in comparison to the NC 
group. However, both strains prevented this increase 
in permeability. Moreover, in the absence of 5-FU, they 
reduced permeability to levels below that of the NC 
group (Fig. 7B). The neutrophilic infiltration, as indicated 
by the intestinal myeloperoxidase (MPO) activity, was 
increased in mucositis animals. Among the tested strains, 
only CEC15 reduce MPO activity down to a level close to 
that of healthy animals (Fig. 7C).

The structure of the ileal epithelium can be observed 
on the HE-stained tissue sections in Fig. 7D. The struc-
tural damages caused by 5-FU-induced mucositis were 
evaluated by histopathological scoring of such sections 
(Fig.  7E). The analysis showed an extensive damage of 
the ileal epithelial structure caused by the administra-
tion of 5-FU. This damage, however, was attenuated 
by the administration of CEC15 (Fig.  7E). In line with 
the observed alterations of the ileal mucosa structure, 
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infiltration of inflammatory neutrophils was quantified 
by monitoring the MPO activity. This infiltration was 
prevented by consumption of CEC15 (Fig.  7C). 5-FU 

administration also affected the height of villi and the 
crypts depth (Fig. 7F-G). The treatments with CEC15 and 
EcN were able to reduce the damage on the villi height 

Fig. 6 Modulation of immunoregulatory and barrier‑related genes expression in Caco‑2 cells. The relative gene expression of genes related 
to immunomodulation and intestinal barrier (Il1b (A and B), Il8 (C and D), Mcp1 (E and F), Nfkb1a (G and H), Ptgs2 (I and J), Tnf (K and L), Ocln (M 
and N), and Muc2 (O and P)) on CEC15‑ and EcN‑treated cells, respectively, were evaluated with the Gapdh, B2m, and Hprt1 genes as reference 
 (2‑ ΔΔct). Statistical analyses were performed by One‑way ANOVA with Tukey’s post‑test on GraphPad Prism 7.0. * p<0.05; ** p<0.01; *** p<0.001; **** 
p<0.0001. NC: negative control; CEC15‑SN: CEC15 supernatant; CEC15‑M100: CEC15 treatment at MOI 100; CEC15‑M10: CEC15 treatment at MOI 10; 
EcN‑SN: EcN supernatant; EcN‑M100: EcN treatment at MOI 100; EcN‑M10: EcN15 treatment at MOI 10
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(Fig. 7F), but only the CEC15 treatment was able to pre-
vent reduction of crypts depth (Fig. 7G).

CEC15 led to increased microbial diversity in healthy 
animals and reduced dysbiosis in 5‑FU‑induced mucositis.
We evaluated how the E. coli strains modulated the gut 
microbiota, both in a healthy context, and in the context 
of 5-FU-induced mucositis. In that aim, feces collected 
on the last day of the animal experiment above men-
tioned were analyzed by 16S rRNA amplicon sequenc-
ing. The alpha diversity of the groups, represented by the 
Shannon index, showed statistical difference between 
the healthy and the mucositis groups (Fig.  8A). CEC15 
presented a higher diversity than NC but showed no dif-
ference from EcN. 5-FU administration caused a loss of 
diversity in the intestinal microbiota, demonstrated by 
the difference between the NC and MUC groups. Inter-
estingly, the treatment with CEC15 (CEC/MUC group) 
partially protected against loss of diversity. The analysis of 
the relative abundance in the groups at the phylum level 
(Fig. 8B) showed no significative difference on abundance 
in the healthy groups and an imbalance of the microbiota 
with increasing in abundance of Bacteroidota and Proteo-
bacteria member in the MUC group samples compared 
to the NC. Although both CEC15 and EcN treatments 
reduced the abundance of Proteobacteria in the 5-FU 
groups, the impact of CEC15 was more prominent. The 
heatmap (Fig. 8C) shows the diversity on the microbiota 
in the genus level among samples and treatment groups, 
the genera with high abundance are Parabacteroides, 
Clostridia, Lachnospiraceae, and Eubacterium.

The twelve genera with the highest abundance were 
compared individually between groups (Fig.  9). Three 
genera belonging to the Firmicutes phylum did not pre-
sent any significative difference among groups (Clostridia 
UCG-014, panel A; Oscillibacter, panel B; Blautia, panel 
C). Escherichia (panel D) is the only genus that present 
significant difference between NC and MUC groups 
(p=0.0356), no difference was see among the healthy 
groups. Escherichia abundance was the same between 

NC and the CEC/MUC and EcN/MUC groups how-
ever, these two groups presented different abundance 
among themselves (CEC/MUC vs EcN/MUC, p=0.0388). 
Regarding Parabacteroides (panel E), CEC15/MUC and 
EcN/MUC showed a higher abundance in relation to NC 
(p=0.0006), while only EcN/MUC presented a higher 
abundance than EcN (p=0.0007), and MUC (p=0.0373). 
Lachnospiraceae (panel F) and Colidextribacter (panel 
G) presented similar pattern, with EcN showing differ-
ence from NC (p=0.0142; p=0.0052), MUC (p=0.0079; 
p=0.0025), and EcN/MUC (p=0.0113; p=0.0044). As for 
Lactobacillus (panel H), CEC15 presented a higher abun-
dance than EcN (p=0.0174) and MUC (p=0.0025), in the 
Eubacterium genus (panel I) CEC15 presented difference 
with NC (p=0.0408) and MUC (p=0.0352). The Butyrico-
ccus genus (panel J) was increased in CEC and EcN, pre-
senting difference to NC (p=0.0004; p=0.0232), MUC 
(p= 0.0006; p=0.0190), and the treatments, CEC/MUC 
(p=0.0060 against CEC15), and EcN/MUC (p=0.0005; 
p=0.0249). The Clostridia vadinBB60 (panel K) group 
was modulated positively with the treatment with CEC15 
on mucositis animals (CEC/MUC vs MUC, p=0.0029), 
which was not seen for the treatment with EcN. Finally, 
the Anaeroplasma genus (panel L) presented no differ-
ence among the healthy groups and the MUC group, in 
the CEC/MUC group, however, the number of OTUs 
was highly increase (p<0.0001 against all groups), the 
same was not observed for EcN treatment. These results 
showed the capability of CEC15 and EcN to modulate the 
gut microbiota composition, including some important 
genera in healthy animals and in the context of an inflam-
matory gastrointestinal disease.

Discussion
Although there are numerous probiotic strains available 
in the market, there is still a need for new strains with 
new or enhanced beneficial properties. It is crucial to 
note that such properties are specific to each strain, and 
as such, it is of utmost importance to thoroughly iden-
tify and characterize any potential new probiotic strain 

(See figure on next page.)
Fig. 7 Clinical and histopathological aspects of E. coli strains’ administration. Mice (n = 8) were administered either sterile PBS, CEC15  (1010 
CFU/mice/day) or EcN  (1010 CFU/mice/day) for 12 days with administration of 5‑FU (300 mg/kg) or PBS on the day 10. The results above show 
the weight variation (day 10‑13) (A) and the morphological characteristics, such as intestinal permeability (B) and tissue neutrophilic infiltration 
(C). The structural damage caused by the 5‑FU administration and the partial protection promoted by CEC15, as well as the unmodified 
morphology on the control groups and of the EcN treatment after mucositis induction can be observed on the slides (D), dyed with hematoxylin 
and eosin (Magnification of 20X). The histopathologic inflammatory scoring based on villous atrophy, rupture of the surface enterocyte borders, 
depletion of calyceal cells, loss of crypt architecture, destruction of crypt cells, abscess formation in the crypts, infiltration of lymphocytes 
and polymorphonuclear cells, dilation of capillaries and lymphatic vessels, and thickening with edema formation in the submucosa and external 
muscle layers. Histological features were scored on a scale of 0 (average) to 3 (max damage), and points were summed for each animal accordingly 
(E), villus height (F), and the depth of the crypts (G) were measured from these slides. Statistical analyses were performed by One‑way ANOVA 
with Tukey’s post‑test on GraphPad Prism 7.0. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. NC: negative control; CEC15: healthy CEC15‑treated; 
EcN: healthy EcN‑treated; MUC: mucositis control; CEC15/MUC: mucositis CEC15‑treated; EcN/MUC: mucositis EcN‑treated
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Fig. 7 (See legend on previous page.)
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to determine the most beneficial ones [45]. The com-
mensal Escherichia coli strain CEC15 has shown prom-
ising protective properties in a chronic colitis mouse 
model [37]. In the present study,  CEC15 was assessed 
for other properties relevant to a probiotic bacterium, 
using a probiogenomics approach combined with in 
vitro and in vivo analyses. We tested its safety, its anti-
biotic resistance, the presence of pathogenic character-
istics, tolerance towards gastrointestinal conditions, 
adhesion to intestinal cells, immunomodulatory proper-
ties, and protective effects in a 5-FU-induced intestinal 
mucositis mice model. Among the relevant features we 
identified for a probiotic, we can mention the absence 
of hemolytic activity, the presence of genes associated 
with antioxidant properties (e.g., biosynthesis of terpe-
noids) and ability to modulate the inflammatory process. 
While some beneficial properties are shared by both 
strains, others, which are of great value for a probiotic, 

are specific to the CEC15 strain. In this study, we con-
ducted a comprehensive comparison of CEC15, focus-
ing on its probiotic attributes, with the well-established 
E. coli Nissle 1917, a probiotic strain with a notable his-
tory of application across various contexts. This com-
parative analysis aimed to gauge the relative efficacy of 
these two probiotics in conferring health benefits. The 
insights garnered from this comparison shed light on the 
underlying mechanisms that drive the beneficial prop-
erties of CEC15, underscoring the significance of such 
comparative investigations. While our current study pri-
marily focused on assessing the specific characteristics 
of CEC15 that contribute to its probiotic properties, it 
is worth noting that there is room for further explora-
tion in this field, involving comparing CEC15 with other 
E. coli strains, including commensal strains and those 
with established probiotic activities. Such studies could 
significantly enhance our understanding of the probiotic 

Fig. 8 Alpha diversity and abundance of OTU of intestinal bacteria. A Alpha diversity shown by Shannon index estimated for each group: 
NC: negative control (n = 6); CEC15: healthy CEC15‑treated (n = 7); EcN: healthy EcN‑treated (n = 7); MUC: mucositis control (n = 4); CEC/MUC: 
mucositis CEC15‑treated (n = 5); EcN/MUC: mucositis EcN‑treated (n = 5). B Relative abundance of intestinal microbiota at the phylum level 
among the groups. C Heatmap analysis of the bacterial genus distribution among the 34 samples based on hierarchical clustering. One‑way ANOVA 
and Bonferroni multiple comparisons test. Different letters indicate significative differences, p value < 0.05
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mechanisms at play. Additionally, investigating CEC15 
in comparison to pathogenic strains holds the potential 
to elucidate the critical distinctions between fitness and 
pathogenicity within the E. coli strains. Although these 
avenues of analysis hold substantial importance, it’s 
essential to clarify that they serve as prospects for future 
research, rather than the primary focus of our current 
study, which aimed to comprehensively evaluate the pro-
biotic properties of CEC15. Below, we delve into what we 
consider the most pertinent aspects of these properties.

The first, which can be highlighted, is a genomic one. 
E. coli, a versatile bacterial species presents in the intes-
tinal tract of many vertebrates, as well as in the exter-
nal environment, is characterized by a great genetic, 
genomic, and phenotypic diversity among the strains 
it encompasses [46]. The E. coli species, which includes 
commensal and pathogenic strains, is divided into seven 
phylogroups, including four major phylogroups A, B1, 
B2, and D [47–49]. Whole genome phylogenetic analy-
sis classified the two probiotic strains CEC15 and EcN 

Fig. 9 Relative abundance of the main genus of fecal bacteria. A–L abundances of genus in the feces of mice in different groups. Data are 
expressed in absolute OTU reads (± S.E.M). Different letters indicate statistical significance (P < 0.05; one‑way ANOVA and Bonferroni multiple 
comparisons test). NC: negative control (n = 6); CEC15: healthy CEC15‑treated (n = 7); EcN: healthy EcN‑treated (n = 7); MUC: mucositis control (n = 
4); CEC/MUC: mucositis CEC15‑treated (n = 5); EcN/MUC: mucositis EcN‑treated (n = 5)
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into separate phylogroups. CEC15 clusters within the 
phylogroup B1, and EcN within B2. Among the E. coli 
phylogroups, the phylogroup B2 is the one most often 
associated with infections, especially urinary tract-
related, and sepsis, followed by phylogroups A and D 
[50, 51], while members of the phylogroup B1 are more 
widely related to intestinal commensal bacteria of healthy 
animals [52]. In line with this result, CEC15 belongs to 
the O180:H14 serotype, which is mostly associated with 
non-pathogenic strains [53, 54], while the EcN sero-
type is O6:H1, a serotype often associated with patho-
genic strains, especially enterotoxigenic E. coli (ETEC) 
and extraintestinal pathogenic E. coli (ExPEC) [55–57]. 
Although belonging to a phylogroup/serotype is not a 
safety indicator, it is nevertheless reassuring to note that 
CEC15 is phylogenetically close to commensal strains. 
Another important feature highly related to the phy-
logroup B2 is the presence of the pks island, allowing 
production of the genotoxic compound colibactin [58]. 
Auvray et al [59] isolated 785 E. coli strains from healthy 
bovines (n = 418), healthy humans (n = 278), and human 
sepsis (n = 89). Among those, 3%, 22%, and 39%, respec-
tively, presented the pks island. On total, 42% of strains 
from the phylogroup B2 presented the pks island, while it 
was present in only 2% of strains from the phylogroup B1, 
from which none were isolated from human sepsis [59]. 
Interestingly, the CEC15 strain is devoid of pks island as 
well as of genes involved in colibactin synthesis. The pks 
island that was located on a chromosomal pathogenicity 
island 9 of strain EcN is present in various members of 
the Enterobacteriaceae family, particularly in E. coli and 
Klebsiella pneumoniae strains isolated from different 
sources, such as intestinal microbiota [60, 61], septice-
mia [62, 63], newborn meningitis [64], and urinary tract 
infections [65, 66]. These bacteria that produce colibac-
tin are known to cause DNA damage and chromosomal 
instability in eukaryotic cells, leading to the senescence of 
epithelial cells and apoptosis of immune cells. Although 
many studies link the production of colibactin to the ben-
eficial effect of the EcN strain, notably its anti-inflamma-
tory effect [25, 26, 67–69], the absence of the pks gene 
cluster in strain CEC15 is an unambiguously advanta-
geous feature exhibited by this promising probiotic.

Undesirable genetic traits such as virulence factors 
and antimicrobial resistances are often related to mobile 
genetic elements (MGEs) that can be acquired through-
out adaptive evolution. The characterization of the 
mobilome of a probiotic strain, including phages, plas-
mids, genomic islands (GEIs), transposons, and inser-
tion sequences (ISs), is therefore pivotal to evaluate its 
safety and to determine if its health-promoting benefits 
are acquired or intrinsic traits [70, 71]. Although GEIs 
were initially established in pathogenic bacteria, the 

comparison of DNA sequences from different micro-
organisms, including an increasing number of com-
plete genome sequence of commensal and probiotic 
bacteria, has shown that regions with characteristics of 
GEIs can also be found in many non-pathogenic bacte-
ria [72]. CEC15 is no exception. However, when com-
pared to strain EcN, CEC15 presents a lower number of 
transposases and GEIs, including pathogenicity islands 
(PAI), metabolic islands (MI), and resistance islands 
(RI). Sequence analysis showed that, in general, a signifi-
cant proportion of the gene clusters found in GEIs code 
for functions that aid in the survival and propagation of 
the strains. Hence, these genes may confer a selective 
advantage to microorganisms carrying the islands, when 
exposed to stress, in vivo conditions, or to antibacterial 
substances, by enhancing microbial transmission, sur-
vival, or colonization within a niche [73]. The lower GEIs 
content does not confer a disadvantage for CEC15 as the 
number of proteins linked to adaptation and survival on 
CEC15 genome is close to what is found on EcN genome.

Typically, the CEC15 PAI contain genes related to bac-
teria-bacteria competition, type II and IV secretion sys-
tems and the production of flagella and pili, while EcN 
PAI are composed mainly by type II and VI secretion 
systems, a wide variety of transposases, adhesion related 
genes and the pks gene cluster. In the context of a path-
ogen, all these features would represent a better chance 
for this pathogenic organism to begin a disease process. 
On the other hand, here in the context of two beneficial 
bacteria, these features could allow CEC15 and EcN to 
compete against pathogenic bacteria and to colonize the 
environment, leading to better chances to beneficially 
modulate the host response [74].

In the process of assessing the safety of strains, in addi-
tion to virulence factors, particular attention is given to 
the presence of antibiotic resistance determinants and 
their potential mobility [75]. Here, a total of 44 and 45 
potential antimicrobial resistance (AMR) related genes 
were found on the EcN and CEC15 genome, respectively. 
These include genes coding for potential resistance to 
fluoroquinolones, β-lactams, macrolides, glycopeptides, 
and aminoglycosides. Antibiotic susceptibility testing 
(disc-diffusion method) was performed to confirm AMR 
gene prediction. This analysis has shown that besides 
having the larger number of AMR genes associated to 
fluoroquinolones and tetracycline, both strains were 
sensitive to the tested antibiotics from these antibiotic 
classes. Both strains displayed resistance to two lincosa-
mides, lincomycin and clindamycin, and the macrolide 
erythromycin. This result corroborates genomic data 
with the presence of efflux pump genes such as acrAB-
tolC, emrAB, mdfA, emrE, acrE, and emrB. In addition, 
both strains were resistant to oxacillin. However, neither 



Page 17 of 30da Silva et al. BMC Microbiology          (2023) 23:364  

strain presented the bla gene, associated with Extended-
Spectrum β-Lactamase (ESBL). These enzymes can break 
down penicillin, cephalosporins (excluding cephamycin), 
and monobactams, but are not effective against carbapen-
ems [76]. The ampC gene, on the other hand, was found 
on both strains and seems to be the responsible for Oxa-
cilin resistance. Unlike ESBL, AmpC β-lactamase does not 
cause β-lactam resistance in wild strains [77, 78]. Finally, 
EcN was found resistant to kanamycin, while CEC15 was 
sensitive. Even if the presence of AMR genes is far from 
being wanted, AMR genes are detected into the genome 
of many commensal, food, and probiotic bacteria [79–84]. 
The presence of AMR genes is likely not a safety issue but 
can become when there is a risk of resistance transfer to 
other bacteria, notably to the human microbiota [75]. It 
has been proposed that if an AMR gene is found within 31 
kb of an IS/transposon, it should be considered associated 
with the MGE, implying that it has the potential to be 
mobilized [85]. Among the AMR genes identified, few are 
at transposable distance from an IS in the genome of EcN 
(n = 6) and CEC15 (n = 12). Moreover, most of them are 
related to classes of antibiotics for which strains EcN and 
CEC15 are sensitive (fluoroquinolones and tetracycline). 
For genes likely involved in lincosamide and erythromy-
cin resistance, only the EcN tolC and ermE genes could 
be transferable as close to an IS and within a GEI, respec-
tively. This shows that, besides presenting a high number 
of AMR genes (44 in EcN and 45 in CEC15) a very low 
number is considered transferable, yet these genes are not 
the principal resistance gene related to a specific antibi-
otic class and, on CEC15, did not produce the phenotype.

Among the phenotypic different features identi-
fied between the two strains, the highest ability of 
strain CEC15 to tolerate acid and bile and to adhere to 
intestinal epithelial cells, two properties related to the 
survival and to the colonization of the human gastroin-
testinal tract (GIT), may be of great interest for a pro-
biotic [45]. Indeed, E. coli has an impressive capability 
to endure low acidity levels and has various molecular 
mechanisms that facilitate this survival. The corre-
sponding machinery can be expressed constantly, usu-
ally during a stationary phase, or triggered by different 
growth conditions [86]. We showed that strain CEC15 
was more tolerant than strain EcN towards simulated 
gastrointestinal conditions and exhibited the highest 
survival rate during the intestinal phase. In the model 
here used, we applied a brutal change of pH from the 
initial to the gastric phase (pH 7 to pH 3) and then 
from the gastric to the intestinal phase (pH 3 to pH 7) 
whereas, in vivo, the pH would be much higher at the 
beginning of the gastric phase and then decrease slowly 
because of acidic secretions and gastric emptying. 
Therefore, the viability obtained with the INFOGEST 

model is probably underestimated. Similar differences 
in stress tolerance among E. coli strains were already 
reported in simulated human digestive environment 
[87]. Notably it has been shown that differences in acid 
resistance of strains were a consequence of their glu-
tamate decarboxylase activity [86, 87]. Genomic com-
parison revealed that the genetic potentials associated 
to acid-resistance, including the decarboxylation of 
glutamate (gadA/B, gadC, gadE, gadX), were almost 
identical between CEC15 and EcN. Future work will be 
needed to determine whether the level of acid resist-
ance of strains is linked to the production of the GAD 
system, its activity, or other mechanisms.

In addition to the survival under gastrointestinal con-
ditions, mucosal adhesion is also a critical step for the 
establishment of probiotic strains in the gut, which is 
commonly viewed as a necessary requirement [88]. 
Numerous bacterial factors have been shown to be 
involved in adhesion to host surfaces [89]. Among the 
molecules involved in E. coli adhesion, flagella and pili/
fimbriae are key actors during the initial attachment to 
surfaces [90]. As mentioned before, some genes associ-
ated to PAI are not exclusively associated to pathogenic 
traits. For instance, the possession of genes responsible 
for producing pili, which are frequently found inside PAI, 
gives the bacterium an advantageous position in vari-
ous environments. Clusters of genes coding for pili were 
found in PAI 1 (type II secretion system for pseudopilin 
gsp) and PAI 13 (outer membrane usher protein pef) of 
CEC15 and were found on PAI 2 (fimbrial usher protein), 
PAI 3 (type II secretion system for pseudopilin gsp), PAI 
4 (type II secretion system for pseudopilin gsp), and PAI 
16 (Fimbrial S/F1C cluster) of EcN. From the 84 adhes-
ins found on CEC15 genome, 34% were fimbriae/pili pro-
teins while on EcN these proteins corresponded to 30% 
(of 89 proteins). Fimbriae/pili-like surface appendages 
are clearly seen on CEC15 electron microscopy images, 
by contrast with EcN images. As for the proteins detected 
on the surface of the strains, 14% of CEC15 exclusive pro-
teins were fimbriae proteins while for EcN exclusive pro-
teins they correspond to 5%.

The type 1 fimbriae of E. coli, especially the fim fim-
briae gene cluster found exclusively on CEC15, have 
been demonstrated to facilitate the process of adhesion 
to epithelial host cells and contribute to the colonization 
of the intestinal tract [91]. Nonetheless, it is known that 
fimbriae/pili are hard to detect through proteomic anal-
ysis due to their structure and, consequently, resistance 
to proteolysis, especially by trypsin [92–94], which could 
be by-passed with the western-blot analysis of the differ-
ent fimbriae types. The most frequent proteins detected 
belong to the F1C fimbriae family, associated to biofilm 
formation and intestinal strains by commensal strains, in 
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special the EcN strain [95, 96]. According to Kleta et al., 
[95] F1C fimbriae, with H1 flagella also playing a role as 
bridges between EcN cells, as can be observed on the 
SEM images on Fig.  5, is the main protein responsible 
for adhesion capacities and the inhibitory effect against 
enteropathogenic E. coli (EPEC). The presence of these 
appendage-like proteins seen on the electron microg-
raphy and the detected proteins (notably type 1 fimbria 
chaperone FimC, type 1 fimbria D-mannose specific 
adhesin FimH, and type 1 fimbria minor subunit FimG 
and flagellin FliC) could correlate with the high adhesion 
of CEC15 to Caco-2 cells when compared to EcN. While 
the adhesion ability of probiotics to the host does not 
guarantee a health benefit, this interaction could lead to 
transient or permanent colonization, which may enhance 
their effects and hinder pathogen growth through com-
petitive exclusion and bacterial antagonism mechanisms 
[97, 98]. Both a high survival rate, which could lead to 
many viable bacterial cells in the GIT, and a strong abil-
ity to attach to intestinal cells can be key factors enabling 
CEC15 to exert its probiotic activities in vivo and confer 
health benefits.

Bacterial components and metabolites of CEC15 and 
EcN were compared regarding their potential to modu-
late Caco-2 cells genetic expression. CEC15 and ECN 
modulated the gene expression of key factors for immu-
noregulation and epithelial integrity. In the conditions 
here tested, supernatant and inactivated bacteria, were 
able to promote some degree of modulation in most of 
the genes tested, notably the increased expression of 
Interleukin 8 (Il8). Il8 has multiple effects on neutro-
phils, including their recruitment, activation of their 
granule release, induction of superoxide generation, and 
enhancement of adhesion molecule expression [99, 100]. 
It has been shown before that EcN is able to increase 
expression of Il8 in different human intestinal epithelial 
cell lines, including Caco-2 cells, and that this increase 
is related mainly to EcN’s flagella [101], its capsule (K5) 
[102], and other unknown factors [103]. Both strains 
present similar Il8 fold increase when stimulating with 
supernatant and inactivated cells at MOI 100 (~8-fold), 
where, yet, at low MOI only EcN was able to stimulate 
increased expression.

The Interleukin 1β (Il1b) gene expression was increased 
under CEC15 supernatant and inactivated bacteria at 
MOI 100 stimulation while no modulation was observed 
for the EcN strain. In healthy condition, the produc-
tion of Il1b acts on the production of monocytes/mac-
rophages, mediating innate immunity training, and 
promotes mucus secretion, induces proliferation and sur-
face coagulability in barrier cells [104], essential activities 
to promote protection against pathogens.

CEC15 was able to modulate alone a few genes involved 
in host defense. The mucin 2 gene (Muc2) was stimulated 
by co-incubation with CEC15 at an MOI of 100. On the 
other hand, the expression of the Occludin gene (Ocln) 
was slightly reduced by stimulation with EcN co-incu-
bation at MOI 100. Mucins are a crucial component of 
the intestinal barrier that protects against pathogens, and 
they form a major part of the intestinal mucous gel layer 
[105]. Our findings are consistent with those reported for 
other probiotic bacteria, such as L. acidophilus [106], L. 
plantarum [107], and Lactobacillus GG [108]. In addi-
tion, rats treated with the VSL#3 probiotic formula have 
been shown to exhibit an increase in colonic mucin 
secretion [109]. This agreement suggests that increased 
expression of Muc2 may be a protective mechanism 
allowing probiotics to enhance intestinal barrier func-
tion and prevent pathogen colonization. In addition to its 
ability to antagonize pathogens, increased mucin produc-
tion has been shown to enhance intestinal barrier func-
tion and provide protection against aggressions from 
luminal content or environmental matter [110].

The chemokine Monocyte chemoattractant protein-1 
gene (Mcp1) was induced by all conditions of CEC15 
while only EcN supernatant had similar effect. Mcp1 is 
crucial in the regulation of septic shock as it facilitates 
the production of reactive oxygen species and various 
cytokines, which are vital components of the immune 
response against bacterial infections that can cause sep-
tic shock by attracting monocytes and other immune 
cells to the site of infection. [111]. At the same time, the 
expression of Tumor necrosis factor (Tnf) was induced by 
ECN in all conditions but only by CEC15 supernatant. In 
various inflammatory disorders, including Crohn’s dis-
ease (CD), TNF-alpha is known to play a crucial role in 
intestinal inflammation and induce increase in the per-
meability of intestinal epithelial tight junctions (TJ). This 
increase in permeability can exacerbate the inflamma-
tory response in the gut [112]. Tnf increased expression 
could be related to the decrease on expression of Ocln 
mentioned above. The Prostaglandin-endoperoxide syn-
thase 2 (Ptgs2) was slightly stimulated by EcN, yet not by 
CEC15, which has been associated with the development 
of colorectal cancer [113, 114]. In summary, this result 
shows a more protective profile regarding CEC15 effects 
on increased expression of barrier genes and modulation 
of the immune system by increasing Il1b and Mcp1 while 
EcN co-incubation led to increased pro-inflammatory 
genes.

Finally, in vivo studies were carried out to confirm the 
safety and effectiveness of CEC15 as a probiotic strain. For 
that, we administrate daily both strains to healthy mice, 
at high dosage  (1010 CFU/mice/day) and evaluated their 
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effects on the host and its intestinal microbiota after 13 
days. To assess and compare their health effects, CEC15 
and EcN strains were also tested in a mice 5-FU mucositis 
model. 5-FU is widely used as chemotherapeutic agent for 
the treatment of different types of cancer [115], it targets 
rapidly dividing and proliferating cells, effectively eradi-
cating cancerous cells, and impeding their multiplica-
tion and division. Unfortunately, this process also affects 
healthy cells, especially those with a high proliferative 
rate, resulting in unwanted and detrimental side effects 
such as the intestinal mucositis [116, 117]. Therefore, 
chemotherapy impacts various aspects of the intestinal 
barrier, such as the mucus layer, epithelium, neuroendo-
crine feedback signaling, immune system, and gut vas-
cular barrier [115]. These effects can lead to heightened 
immunological responses, increased intestinal permeabil-
ity to toxins, and potentially facilitate the movement of 
bacteria from the gut into adjacent organs or the systemic 
circulation [118]. Given the critical role of the microbiota 
in sustaining a healthy gastrointestinal mucosa, a highly 
promising avenue for mitigating the adverse effects of 
5-FU-induced mucositis could involve the utilization of 
probiotics, which hold significant potential in this regard 
[119]. In recent years, the significance of probiotics and 
their derivatives for the treatment of mucositis has been 
increasingly recognized [115]. This is underscored by 
the inclusion of probiotics in the guidelines of the Mul-
tinational Association of Supportive Care in Cancer and 
International Society for Oral Oncology (MASCC/ISOO) 
regarding mucositis management. The guidelines, which 
distill the most credible scientific evidence into practical 
clinical recommendations, indicate that probiotics con-
taining Lactobacillus spp. could offer advantages in avert-
ing diarrhea induced by radiotherapy or chemotherapy 
in patients with pelvic malignancies [120]. Furthermore, 
in addition to the abovementioned, the reason for select-
ing this model is its high severity, which would enable the 
observation of notable protective effects promoted by any 
potential probiotic strains [7, 121, 122] and the fact that 
it is a well-established model [123–127]. Furthermore, it 
is crucial to emphasize the absence of studies assessing 
the impact of both EcN and CEC15 on the 5-FU-induced 
intestinal mucositis model, apart from two studies evalu-
ating the effects of EcN supernatant [128, 129].

In healthy animals, with the criteria used, no detrimen-
tal effects were associated with the consumption of the 
two strains. We only observed a small reduction on crypt 
depth following the CEC15 administration, as previously 
observed when conventional and gnotobiotic rats colo-
nized by CEC15 were compared [36]. Both strains were 
able to improve intestinal barrier and epithelial integrity 
as have been reported before [36, 37, 130–132]. Like-
wise, no significant variation in microbiota composition, 

richness and diversity was observed following probiotic 
administration, even though the microbiota of CEC15-
treated mice seemed closer to that of control mice than 
those treated with strain EcN. As expected, 5-FU admin-
istration led to a consistent inflammatory process in the 
ileum, which was characterized by excessive weight loss, 
increase in intestinal permeability, neutrophils infiltra-
tion, and an accentuated destruction of ileal epithelial 
structure, as it has been reported by many studies before 
[123, 124, 127]. No strain was able to prevent weight 
loss, a result that is not surprising given the aggressive 
nature of the 5-FU therapy. Nevertheless, CEC15, yet 
not EcN, partially prevented the weight loss, and such 
protection is known to depend on the probiotic strain, 
as has been observed with many other probiotics [125, 
127, 133–138]. While both strains prevented both the 
increase of intestinal permeability and the decrease of 
villus height, CEC15 intervention specifically and sig-
nificantly reduced the histological score that reflects the 
architectural damages of tissues caused by 5FU treat-
ment. It further prevented decrease of crypt depth and 
increase of MPO activity, a biomarker of inflammation 
and oxidative stress.

The 5-FU administration also resulted in an imbalance 
of the intestinal microbiota, as evidenced by a decreased 
abundance of Firmicutes, yet increased abundance of 
Bacteroidota and Proteobacteria in mice. Metagenomics 
studies conducted in both experimental animal models 
and patients with intestinal inflammatory diseases have 
reported conflicting results, with some studies showing 
a decrease in the Firmicutes phylum [139, 140]. Inter-
estingly, CEC15 administration showed a large reduc-
tion on Proteobacteria restoring with no alteration in 
the Firmicutes/Bacteroidota ratio. As for EcN there was 
only a slight restoration with even an increase on Bacte-
roidota. Moreover, the treatment with CEC15 in 5-FU-
induced mucositis promoted a degree of protection 
showing no difference to the NC group in relation to the 
diversity of the samples. Both Firmicutes and Bacteroi-
dota phyla have been negatively correlated with mortal-
ity and DAI score [141], suggesting that restoring their 
abundance may have played an important role in the 
protection of the intestinal architecture. Altogether, our 
results suggest that, as EcN, CEC15 is also a strain to be 
safely administrated in healthy conditions.

In the context of this work, the Parabacteroides genus, 
which saw an increase in levels with EcN treatment, has 
garnered attention for its association with host health. 
Recent reports indicate its decrease in conditions such as 
inflammatory bowel disease and obesity, underscoring its 
significance. Furthermore, Parabacteroides exhibits phys-
iological traits related to carbohydrate metabolism and 
the production of short-chain fatty acids [142]. Notably, 
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Parabacteroides levels have risen in the EcN/MUC group 
in comparison to the control groups.

Conversely, several members of the Eubacterium genus 
are known for their butyrate production, playing pivotal 
roles in maintaining energy balance, regulating colonic 
motility, modulating the immune system, and suppress-
ing inflammation within the gut [143]. Eubacterium spe-
cies are also involved in transformations of bile acids and 
cholesterol, contributing to their regulation. Dysbiosis 
and altered representation of Eubacterium species have 
been linked to various human diseases [143]. Surpris-
ingly, Eubacterium levels remained unaffected by 5-FU 
administration, and an increase was observed after treat-
ment of healthy animals with CEC15, a phenomenon not 
observed with EcN. Additionally, the Eubacterium group, 
alongside the Lachnospiraceae NK4A136 group, are pro-
lific producers of butyrate, a key compound involved in 
regulating gut inflammatory processes and immune sys-
tem development [144]. Furthermore, the butyrate pro-
ducing Butyricicoccus has displayed its ability to prevent 
necrotic enteritis and reduce pathogen abundance in the 
cecum and ileum [145]. The treatments with CEC15 and 
EcN led to increased levels of Butyricoccus compared to 
the control and mucositis-treated groups. Also, work-
ing in conjunction with Lachnospiraceae, Lactobacillus 
serves as a crucial group of bacteria responsible for syn-
thesizing short-chain fatty acids [146]. Notably, CEC15 
exhibited higher levels of Lactobacillus members than 
the EcN and MUC groups.

Colidextribacter demonstrates a significant correla-
tion with inflammation-related serum metabolites from 
gut microbes, suggesting its potential role in producing 
inflammatory metabolites [147]. Interestingly, this genus 
was only elevated by EcN administration. Research has 
pointed to the Clostridia vadinBB60 group’s inverse cor-
relation with obesity, dyslipidemia, and insulin resistance 
in a mouse model [148–151]. Its reduction has also been 
associated with elevated trimethylamine N-oxide levels 
and an increased risk of thrombosis [148–151]. Nota-
bly, CEC15 treatment positively modulated this group. 
Furthermore, it has been reported that Anaeroplasma is 
strongly associated with intestinal IgA and TGF-B secre-
tion, playing a key role in regulating intestinal inflam-
mation [152]. In this study, only the CEC/MUC group 
exhibited positive modulation of the Anaeroplasma 
genus.

Conclusions
All things considered, the commensal E. coli CEC15 
has a potential as a probiotic strain, due to its ability to 
modulate the intestinal microbiota, provide protective 
and anti-inflammatory effects, and reinforce the intesti-
nal barrier. The modulation of the microbiota, in especial 

by CEC15, has led to positive modulation of SCFA and 
anti-inflammatory-related genera. The study suggests 
that the CEC15 strain is effective against an inflammation 
model of 5FU-induced intestinal mucositis, which could 
translate to a treatment for patients under similar condi-
tions. However, further research is needed to evaluate the 
safety and effectiveness of the CEC15 strain in humans.

Methods
In silico analysis
Strain, growth, and DNA extraction
Two Escherichia coli strains were used in this work. We 
previously isolated the primo-colonizing E. coli CEC15 
(CEC15) strain from freshly pooled fecal samples of 
15-day-old suckling rodents [36]. The probiotic E. coli 
Nissle 1917 (EcN) strain was kindly given by profes-
sor Flaviano Martins from Federal University of Minas 
Gerais, Brazil. For DNA extraction, CEC15 was grown 
on Luria-Bertani (LB) medium (1% peptone, 0.5% yeast 
extract, and 0.5% NaCl) for 24 h at 37 °C under shaking 
conditions (150 rpm). Colony Forming Units (CFUs) 
were enumerated by serial dilutions in peptone water 
prior to spreading on top of solid LB medium added 
with agar. DNA was extracted using Wizard® Genomic 
DNA Purification Kit (Promega, Wisconsin, EUA), 
according to the manufacturer’s instructions. DNA was 
quantified using the nanodrop 2000 spectrophotometer 
(ThermoFisher, Massachusetts, EUA) and proceeded to 
sequencing.

Genome sequencing, assembly, annotation, 
and phylogenomic analysis
DNA sequencing was performed using the Illumina 
HiSeq platform, with a pair-end library of 2x151 bp and 
an insert size of 450 bp (Göttingen, Germany), and by the 
PacBio platform. The analysis of the quality of the reads 
was performed using the software FastQC (FastQC: a 
quality control tool for high throughput sequence data. 
Available online at: http:// www. bioin forma tics. babra 
ham. ac. uk/ proje cts/ fastqc). Data from Illumina sequenc-
ing generated a Phred value of 39 for 6280224*2; thus, 
trimming was unnecessary. Sequenced from PacBio 
presented 122,634 reads and, after the Phred value was 
adjusted to 24, a new file was generated with 12238 reads 
with a range size of 500-24781 bp.

The assembly was performed ab initio with the SPAdes 
software (v. 3.15.3 [Python version: 3.5.2]) [153] with 
a hybrid assembly approach from the two sequencing 
platforms’ results. A scaffold assembly was reached with 
4,772,817 bp (four gaps) forming a chromosome, one con-
tig of 201,163 bp representing the plasmid, and 26 contigs 
of 7588 bp also belonging to the chromosome; however, 
these 26 contigs were excluded from the analysis by an 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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assembly quality filter for being recognized as an artifact 
of low sequencing coverage and without significative sim-
ilarity by BLAST analysis to any E. coli genome deposited 
on NCBI database (April 6th, 2022). MOB-suite software 
[154] was used to classify contigs from the chromosome 
and the plasmid. The chromosome scaffold had its ori-
gin fixed at the dnaA gene, with a total of 5 gaps, and the 
plasmid had its origin fixed at the repB gene. The remain-
ing gaps were closed using the software GFinisher (v. 1.4) 
[155] based on contig assembled by the software EDENA 
(v.3.131028) [156]. In the end, we have a chromosome 
with 4,780,804 bp, with sequence coverage of 383.49-fold 
and GC content of 50.78%, and a plasmid of 200,825 bp, 
with sequencing coverage of 604.24-fold and GC content 
of 47.25%. The software CLC Genomics Workbench (v. 
22) was used for the final mapping of reads resulting in 
99.71% of reads mapped. The sequence was deposited on 
NCBI under the access numbers CP133657.1 (chromo-
some) and CP133658.1 (pCEC15).

The genome of CEC15 and EcN strains (NCBI access: 
CP058217.1 [chromosome], CP058218.1 [pMUT1], and 
CP058219.1 [pMUT2]) used in this study were automati-
cally annotated by the Prokaryotic Genome Annotation 
Pipeline (PGAP-NCBI) [157–159]. Functional annotation 
was performed with EggNOG-mapper [160, 161]. The 
orthology between the two genomes was analyzed by the 
OrthoFinder tool [162].

Twenty-two E. coli strains were subjected to phylogenomic 
analysis. We added 20 strains representing the E. coli phy-
logroups A, B1, B2, C, D, E, and F, to the CEC15 and EcN 
strains. The phylogenomic tree was constructed with the 
phylogenomic tree tool from PATRIC (https:// www. patri 
cbrc. org/ app/ Phylo genet icTree) by the codon tree method. 
In this method, the orthologous genes were identified via 
annotation of Protein Global Families (PGFams) of PATRIC 
[163]. The sequences of protein were aligned by MUSCLE 
software [164], and the corresponding codon sequences were 
concatenated. The phylogenomic inference was realized via 
the RAxML program [165] with support values estimated 
by 100 fast bootstrapping runs [166]. The tree was visualized 
and edited with the tool iTOL (v.6.53) (https:// itol. embl. de/).

Genomic islands prediction, transposases, and insertion 
elements
Prediction of Metabolic (MI), Resistance (RI), and Path-
ogenicity (PAI) islands in CEC15 and EcN strains was 
performed with the software GIPSy (Genomic Island 
Prediction Software, v.1.1.3) [167], using Escherichia 
coli O157:H7 str. Sakai genome (NC_002695) as a refer-
ence. Phage islands were predicted utilizing PHASTER 
tool (PHAge Search Tool Enhanced Release) [168, 169]. 
Visualization of the genomic island’s map was performed 
with BRIG software (BLAST Ring Image Generator, v. 

0.95) [170]. The annotation of insertion elements was 
done using the tool ISSaga (Insertion Sequence Semi-
Automatic Genome Annotation) (http:// issaga. bioto ul. 
fr/) [39]. The serotyping of CEC15 was identified based 
on genes for specific O-antigen (O typing) and flagellin 
genes (H typing) with the SerotypeFinder 2.0 web tool 
hosted by the Center for Genomic Epidemiology (CGE) 
(www. genom icepi demio logy. org). Data was curated man-
ually and tabulated.

Antibiotic resistance genes
The identification of genes related to the resistance of anti-
biotic compounds in the genome of the CEC15 and EcN 
strains was performed by alignment to CARD (Comprehen-
sive Antibiotic Resistance Database) [40], using the ABRi-
cate (https:// github. com/ tseem ann/ abric ate) software.

Bacteriocins, adhesin, stress response‑related genes 
predictions, and metabolic profiling
Bacteriocins-coding genes were predicted with BAGEL4 
(http:// bagel4. molge nrug. nl/) [171]. The presence of 
adhesins proteins in the genomes of CEC15 and EcN was 
analyzed by SPAAN software (score>0.8) [44]. The iden-
tification of genes related to stress response (acid and 
osmolarity) was curated manually based on the protein 
function described on the UniProt database. Metabolic 
profiling was performed using the BlastKOALA tool 
(https:// www. kegg. jp/ blast koala) [41].

In vitro assays
Survival under simulated gastrointestinal conditions
CEC15 and EcN strains were grown on LB medium for 
16 h at 37 °C under shaking conditions, the cultures were 
then diluted 100-fold in Simulated Gastric Fluid (SGF) 
(KCl 6.9 mM,  K2HPO4 0.9 mM,  NaHCO3 25 mM, NaCl 
47.2 mM,  MgCl2 0.1 mM,  (NH4)2CO3 0.5 mM, and  CaCl2 
0.15mM, pH 3) and submitted to the INFOGEST in vitro 
simulation of gastrointestinal food digestion [172] with 
some modifications. In brief, diluted cultures were cen-
trifugated at 5000 x g for 10 min at 4 °C, the supernatant 
was removed, and the pellet was washed twice with sterile 
PBS prior to centrifugation. The washed pellet was then 
resuspended in 10 mL of SGF, at this point, an aliquot of 
500 µL was collected for CFU counting (T1). To simu-
late the digestion, 200 U/mL of porcine pepsin (Sigma-
Aldrich, cat. no. P7012) were added. SGF was added to a 
final volume of 20 mL, and the tubes were incubated in a 
water bath at 37 °C with agitation at 60 rpm for 2 h. After 
the incubation period, another 500 µL aliquot was col-
lected for CFU counting (T2), and the samples passed to 
the intestinal phase where 20 mL of Simulated Intestinal 
Fluid (SIF) (KCl 6.8 mM,  K2HPO4 0.8 mM,  NaHCO3 85 
mM, NaCl 38.4 mM,  MgCl2 0.33 mM, and  CaCl2 0.6 mM, 

https://www.patricbrc.org/app/PhylogeneticTree
https://www.patricbrc.org/app/PhylogeneticTree
https://itol.embl.de/
http://issaga.biotoul.fr/
http://issaga.biotoul.fr/
http://www.genomicepidemiology.org
https://github.com/tseemann/abricate
http://bagel4.molgenrug.nl/
https://www.kegg.jp/blastkoala
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pH 7) was added. The pH of the solution was adjusted to 
7 using 1N NaOH and, to simulate the intestinal environ-
ment, 10 mM of bile salts (Sigma-Aldrich, cat. no. B3883) 
and pancreatin (equivalent to trypsin activity of 100 U/
mL) (Sigma-Aldrich, cat. no. P7545) were added. The 
tubes were again incubated, as previously, for 2 h, and a 
final aliquot was collected for CFU counting (T3). CFU 
quantification was performed on LB agar plates, incu-
bated at 37 °C overnight before manually counting colo-
nies. The results were expressed in % of survival to the 
initial CFU. The experiment was done in triplicate.

Antibiotic susceptibility
The susceptibility towards antimicrobials was performed 
using the Kirby-Bauer method (disk diffusion). For that, 
250 µL of overnight culture (CEC15 and EcN) on LB 
medium were placed in a Mueller-Hinton agar plate and 
spread evenly with the aid of a sterile swab, the plate 
was left open to dry for about 10 min, and four antibi-
otic disks were placed in each plate. The plates were then 
incubated at 37 °C for 20 h, and the halo was measured 
with a millimetric ruler. The following classes, and their 
respective antibiotics (BIO-RAD, France), were tested: 
Penicilins: Ampicillin (AMP, 10 µg), and Oxacillin (OXA, 
5 µg); Quinolones: Ciprofloxacin (CIP, 5µg), Chloram-
phenicol (CHL, 30µg), Norfloxacin (NXN, 10µg), and 
Nalidixic acid (NAL, 30µg); Macrolides: Erythromycin 
(ERY, 15 µg); Aminoglycosides: Gentamicin (GMI, 15 
µg), Kanamycin (KNM, 30 µg), Streptomycin (SMN, 10 
µg) and Tobramycin (TMN 10µg); Tetracyclines: Tetracy-
cline (TET, 30 µg); Lincosamides: Lincomycin (LCN, 15 
µg) and Clindamycin (CMN, 2µg); Phosphonic antibiot-
ics: Fosfomycin (FSF, 50 µg); Glycopeptides: Vancomycin 
(VAN, 30 µg); and Ansamycin antibiotics: Rifampicin 
(RAM, 30µg). The results were analyzed according to 
Clinical and Laboratory Standards Institute (CLSI) and 
the European Committee on Antimicrobial Susceptibil-
ity Testing (EUCAST) standards for Enterobacteriaceae, 
when available, and expressed as susceptible, intermedi-
ate, resistant, and Area of Technical Uncertainty (ATU).

Hemolytic activity assay
For this assay, bacteria (CEC15 and EcN) were grown 
on LB medium overnight, and 10 µL of each culture 
were spotted in blood agar, supplemented with defibrin-
ized sheep blood (5%), and incubated overnight at 37 
°C. The strains Staphylococcus aureus BK and IT2 were 
used as α - and β-hemolytic strain control, respectively. 
The S. aureus was grown in BHI broth at 37 °C and 150 
rpm overnight and 10 µL was spotted on the plate as 
described for E. coli strains. The results are expressed 
as α-hemolysis (presence of a greenish halo around the 

bacteria), β-hemolysis (presence of a clear halo), and 
γ-hemolysis (no halo).

Adhesion assay in human colon carcinoma (Caco‑2) cells
The human Caco-2 colon adenocarcinoma cell line 
(ATCC-HTB-37) was cultured in DMEM high glucose 
(DMEM-HG) medium supplemented with 10% (v/v) fetal 
bovine serum (FBS),100 U/mL penicillin and 100 µg/mL 
streptomycin (P0781, Sigma-Aldrich®). The cells were 
seeded in a 75  cm2 flask at a density of  1x104 cells/cm2 
and incubated at 37 °C and 5%  CO2 until reached 80% 
confluence. The cells were washed twice with phosphate-
buffered saline (PBS) and detached with trypsin 0.25% for 
5 min at 37 °C. Live cells were counted using the TC20 
Automated Cell Counter (BIO-RAD) with trypan blue 
staining. A 12-well plate was prepared by seeding  7x104 
cells/well, and it was kept at 37 °C and 5%  CO2 for 21 days 
until differentiation. The culture medium was changed 
every 2 to 3 days for flasks and plates.

After 21 days of differentiation, the adhesion assay pro-
ceeded. For this, an overnight culture of E. coli (CEC15 
and EcN) was diluted to 1% in fresh LB broth and incu-
bated until reaching an optical density  (OD600nm) of 0.5 
(≈ 2  x108 CFU/mL). One mL sample of bacterial cul-
tures was centrifuged at 6000 x g for 10 min, and the 
pellet resuspended in 1 mL of DMEM-HG medium 
without FBS, penicillin and streptomycin. One aliquot 
was collected to calculate the initial CFU. The Caco-2 
monolayers were washed with PBS and incubated with 
DMEM-HG medium containing 2  x108 bacterial cells 
corresponding to a multiplicity of infection of 100 bac-
teria for each Caco-2 cell (MOI 100). After 2 h of incuba-
tion, the monolayers were then washed extensively three 
times with PBS to remove unattached bacteria. Caco-2 
cells and adherent bacteria were then detached by the 
addition of 0.5 mL of trypsin (0.25%) and incubated for 
5-7 min. Trypsin was neutralized by adding 0.5 mL of 
DMEM-HG with FBS. The cell suspension was then cen-
trifuged at 6000 x g for 10 min at 4 °C, and the pellet was 
resuspended in 1 mL of Triton 0.1% in water to detach 
bacteria from Caco-2 cells. Serial dilutions of the cells 
suspension were plated on LB agar and incubated over-
night for counting of viable bacteria. Adhesion experi-
ments were performed in triplicates and expressed as % 
of adhered bacteria to Caco-2 cells in relation to the ini-
tial bacterial CFU added.

Scanning and Transmission Electron Microscopy (SEM 
and TEM)
For scanning electron microscopy (SEM) observations, 
16-hours-old CEC15 and EcN cultures in LB were fil-
trated through 0.22 µm pore size nitrocellulose filter 
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membrane, which were then cut into small pieces and 
placed into a fixation solution (2.5% glutaraldehyde, 100 
mM sodium cacodylate). After 24 h, the filter pieces were 
transferred to a fresh solution of 0.25% glutaraldehyde 
and 100 mM sodium cacodylate. For SEM observations, 
the filters were removed from fixating solution, washed 
with fresh solution (0.25% glutaraldehyde and 100mM 
sodium cacodylate), dehydrated with ethanol (10, 25, 
50, 75, 95, and finally 100%),  CO2 dried, and coated with 
gold. The filter membranes were examined and pho-
tographed with a JEOL JSM-7100F scanning electron 
microscope, operating at 10 kV.

For transmission electron microscopy (TEM) observa-
tions, 16-hours-old CEC15 and EcN cultures were cen-
trifugated (5,000 x g, 5 min), and the bacterial pellets 
were resuspended in the above fixation solution. After 
24 h, the fixation solution was removed, and the bacterial 
pellets resuspended in 0.25% glutaraldehyde and 100 mM 
sodium cacodylate. The pellets were post-fixed with 1% 
osmium tetroxide containing 1.5% potassium cyanofer-
rate and 2% uranyl acetate in water before gradual dehy-
dration in ethanol (30% to 100%) and embedding in Epon 
resin. Thin sections (70 nm) were collected on 200-mesh 
copper grids and counterstained with lead citrate before 
the examination. Fresh non-fixated samples were also 
examined by TEM, where a glow-discharged formvar-
coated copper EM grid was placed on a drop of bacterial 
culture for 1 min, blotted with a filter paper, placed on a 
drop of 2% uranyl acetate for 1 min, blotted again, and air 
dried. All samples (fixed and fresh) were analyzed with 
JEOL 1400 transmission electron microscope (JEOL Ltd.) 
operating at 120 kV.

Shearing of fimbriae proteins
Overnight still-grown cultures (37 °C and no agitation) 
were centrifugated at 10000 x g for 10 min and the har-
vested cells were resuspended in PBS at 1/100 the ini-
tial culture volume. Fimbriae proteins were sheared 
using a waring blender at maximum speed for 5 min, 
two aliquots were collected, before and after shearing, 
and centrifuged at 10000 x g for 30 min to remove cells 
and debris. The resulting supernatant was collected, the 
protein content was quantified and resolved on precast 
NuPAGE Bis-Tris gradient gels (4-12%, ThermoFisher 
Scientific) for profile verification.

Proteomic analysis
Three independent replicates of shearing-derived pro-
teins (10 µg each) were separated on 12% home-made 
SDS-PAGE minigels (Miniprotean II, Bio-Rad) and 
stained with Coomassie-blue (BIO-RAD, France). In-
gel trypsin digestion was performed as described before 
[173]. Peptides were identified by mass spectrometry as 

described elsewhere [174], followed by protein identifica-
tion (maximum e-value of 0.05) from the MS/MS spectra 
with the X!TandemPipeline software [175]. The peptides 
were searched against the genome sequences of the two 
strains described above with parameters as described 
before [176]. A minimum of 3 peptides per protein was 
necessary for the validation of the identification and a 
protein was only considered present when it was iden-
tified in at least two of the three replicates. The relative 
quantification of proteins was obtained by the Exponen-
tially Modified Protein Abundance Index (emPAI) [177]. 
Proteins were categorized into Clusters of Orthologous 
Groups (COG).

Modulation of Caco‑2 cells
Sixteen-hours-old CEC15 and EcN cultures in LB were 
diluted 10 and 100-fold and inactivated by heating at 60 
°C for 1 hour. Inactivated cultures were centrifuged (5000 
x g, 10 min) and the bacterial pellets were resuspended in 
1 mL of DMEM-HG with FBS and antibiotics. The bacte-
rial culture supernatants were prepared as follows. 1 mL 
of 16-hours-old CEC15 or EcN culture was centrifuged 
as described above, and the supernatant was filtered 
(0.22 µm pore diameter). Caco-2 cells were prepared as 
described above. For this assay, 6-well plates were pre-
pared by seeding  1x105 cells/well and incubated at 37 °C 
and 5%  CO2 for 21 days until differentiation. The media 
was changed every 2 to 3 days. On the day of the assay, 
the medium was removed, and cells were washed twice 
with sterile PBS. The PBS was then replaced by DMEM 
(control), DMEM containing inactivated bacteria at MOI 
10 and MOI 100, DMEM + EVs at the concentration of 
 1x109 and  1x1010 EVs/mL, and DMEM with bacterial 
culture supernatant (final dilution of 100-fold). The plate 
was incubated for 24 h at 37 °C and 5%  CO2. After incu-
bation the supernatant was removed, and the cells were 
washed with PBS to remove the media and bacteria. The 
assay was performed in three independent experiments.

RT‑qPCR assay
Total RNA was extracted using the RNeasy mini kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s 
instructions. The cDNA was prepared from 1 µg of RNA 
using the qScript cDNA Synthesis Kit (Quantabio - Bev-
erly, MA, EUA). The qPCR analysis was performed using 
the iQ™ SYBR® Green Supermix (BIO-RAD - Hercules, 
California, EUA) according to the manufacturer for a 
final volume of 20 µL and run in the CFX96 Real-Time 
system Thermal cycler (BIO-RAD - Hercules, Califor-
nia, EUA) with the following program: 95 °C for 3 min, 
40 cycles of 95 °C for 10 s and 60 °C for 30 s, followed by 
a melting curve 55 °C – 95 °C increasing 0.5 °C per cycle. 
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Data were analyzed by the  2-ΔΔCT method for the refer-
ence genes (GAPDH, b2m, and Hprt1). The list of prim-
ers used can be found in Additional file 18.

In vivo assays
Experimental design
Male BALB/c mice, 4-5 weeks old with specific pathogen-
free (SPF) status were obtained from the “Biotério cen-
tral” of the Federal University of Minas Gerais (UFMG). 
Mice were randomly divided into 6 groups (8 animals per 
group) and kept in a microisolator (n = 4 each) with a 12 
h light/dark cycle, temperature of 25 °C ± 2, and sterile 
filtrated water and standard chow food ad libitum. The 
experiment was conducted in agreement with the Bra-
zilian College of Animal Experimentation (COBEA) and 
approved by the Use of Animals Ethics Committee from 
UFMG (CEUA – UFMG) under the protocol 67/2021.

For 12 days, mice were gavaged with 300 µL of sterile 
PBS (negative control group [NC] and mucositis group 
[MUC]), of E. coli CEC15  (1x1010 CFU) (CEC15 control 
group [CEC15] and CEC15 treatment group [CEC15-
MUC]), or E. coli Nissle 1917  (1x1010 CFU) (EcN control 
group [EcN] and EcN treatment group [EcN-MUC]). 
On the  10th day of experiments, the animals from the 
groups MUC, CEC15-MUC, and EcN-MUC received 
an intraperitoneal injection of 5-fluorouracil (5-FU, 300 
mg/kg) to induce intestinal mucositis, while the other 
groups received injection of sterile PBS. On the last day 
of experimentation, to evaluate the intestinal permeabil-
ity, all mice received by gavage 100 µL of a solution con-
taining 18.5 MBq of diethylenetriamine penta-acetic acid 
labeled with technetium-99m (99mTc-DTPA) showing 
radiochemical purity of 99.4% performed by chromatog-
raphy on Wattman paper. After 4 h, all mice were eutha-
nized by anesthetic deepening (300 mg/mL of ketamine 
and 30 mg/mL of xylazine) (Ceva, São Paulo, Brazil), the 
blood was collected for permeability assay, and the ileum 
was collected for the remaining analyses. Water and food 
consumption, as well as animal weight, were evaluated 
daily for the duration of the experiment.

Permeability analysis
The blood was weighed and placed in appropriate tubes 
to determine radioactivity levels using an automated 
gamma counter (PerkinElmer Wallac Wizard 1470–020 
Gamma Counter; PerkinElmer Inc., Waltham, EUA). The 
results are presented as the percentage of the radiation 
dose, which was calculated by the % dose per gram of 
99mTc-DTPA in blood following the equation:

were cpm = counts (of radioactivity) per minute.

%dose/g =

cpm in gramof blood

cpmof standard
× 100

Histopathological analysis
A section of approximately 4 cm of ileum was opened, 
washed with PBS to remove fecal matter, rolled up, and 
fixated with a 10% formalin solution. Later, tissue was 
embedded in paraffin, and sections of 4 µm were placed 
in microscope slides and stained with hematoxylin and 
Eosin (HE).

From each animal, 10 pictures from different tissue 
sections were collected using a BX41 optical micro-
scope (Olympus, Tokyo, Japan) (20x). The pictures 
were blindly scored according to the system previ-
ously described by Howarth et al. [178], and the villus 
height and crypt depth (20 per animal) were measured 
with the assistance of the Image-J software (v. 1.51j.8 – 
NIH, Bethesda, MD, USA).

Neutrophilic infiltration assay
Neutrophilic infiltration was evaluated by detecting 
the myeloperoxidase enzyme activity (MPO assay) as 
described elsewhere [125]. Briefly, 50 mg of ileum were 
homogenized by maceration, centrifugated, and lysed by 
hypotonic solution, followed by three cycles of freezing 
in liquid nitrogen. After the last thawing samples were 
centrifugated and the supernatant was used for MPO 
assay (colorimetric). The assay absorbance was read at 
450 nm and the results were expressed as MPO arbitrary 
units/ mg of tissue.

16S rRNA amplicon metagenome analysis
Total DNA was extracted from fresh pooled feces of mice 
collected on the day of the euthanasia. An average of 50 mg 
of feces was used and the DNA extraction was performed 
with the QIAamp DNA stool Mini kit (QIAGEN) follow-
ing the manufacture’s instruction. Library preparation and 
sequencing were performed as described before [124].

The FASTQ files underwent quality filtering, involv-
ing the removal of truncated and low-quality reads 
(those with a Phred score < 20), which was carried out 
using Trimmomatic [179]. Subsequently, the forward and 
reverse paired reads were merged to form contigs. These 
sequences were then subjected to a series of processing 
steps, which included dereplication, sorting by abun-
dance, removal of singletons, and filtering for chimeric 
sequences using mothur [180]. Following this preproc-
essing, the sequences were clustered into Operational 
Taxonomic Units (OTU) at a 97% similarity threshold 
and taxonomically assigned using QIIME2 [181], with the 
taxonomic assignments being based on a 97% sequence 
similarity to the SILVA database [182].

Statistical analysis
All in vitro experiments were done in triplicate while 
the in vivo experiments were performed with a technical 
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duplicate. The results are presented as the mean ± the 
standard deviation. The in vitro and in vivo analysis were 
submitted to ANOVA test followed by the post-test of 
Tukey. The data of relative abundance of OTU were ana-
lyzed using ANOVA followed by Bonferroni multiple 
comparison test. The graphics were plotted on GraphPad 
Prism 7.0 where a p-value under 0.05 was statistically 
significant.
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