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1. Rationale for Probiotic Supplements to Eradicate Enterobacterales
Carriage in the Gut

Probiotics, by definition, are live microorganisms, and should remain viable when they reach the intended site of action,
which is typically the cecum and/or the colon [, Most probiotics originate from fermenting food, an ancient form of
preservation ingrained in human societies around the world [&. The microbiome of all fermented foods shows increasing
amounts of Lactobacillales during the fermentation process, which replaces the initial dominant composition of
Enterobacterales in these foods [&. The incorporation of probiotics into food results in higher counts of lactic acid-
producing bacteria and lower counts of Enterobacterales 2. To date, probiotics have been widely used as food additives.

The eradication of pathogenic Enterobacterales by supplementation with probiotics has been confirmed in several animal
models HIBIEITE Mice pretreated with B. bifidum ATCC 29521 exhibited a significant increase in the diversity of the gut
microbiome, and a decrease in the abundance of the genus Escherichia-Shigella, belonging to the family
Enterobacterales 4. These changes in microbiota after B. bifidum ATCC 29521 pretreatment were associated with a
decrease in the severity of inflammatory bowel disease 1. Moreover, L. rhamnosus GG could reduce the mortality rate of
septic mice by modulating gut microbiota composition, especially reducing the lipopolysaccharide producers, such as
Enterobacterales &, Bacillus coagulans SANK 70258 suppressed Enterobacterales and enhanced butyrogenesis in
microbiota models €. L. plantarum, isolated and identified from yak yogurt, increased the content of beneficial bacteria,
including Bacteroides, Bifidobacterium, and Lactobacillus, and reduced the content of harmful bacteria, including
Firmicutes, Actinobacteria, Proteobacteria, and Enterobacterales, and, thus, could protect against alcoholic liver injury [,
The oral administration of L. rhamnosus GG can improve the survival rate of mice with sepsis by reducing
lipopolysaccharide-producing Enterobacterales, decreasing epithelial apoptosis, and increasing the proliferation of colonic
epithelium and the expression of tight junction proteins &l A mixture of probiotics showed more efficient eradication of
pathogenic Enterobacterales in vivo. In mice, the mixture of L. fermentum GOS47 and L. fermentum GOS1 significantly
decreased the viable count of Enterobacterales with potential anti-inflammatory activity and short-chain fatty acid
production ©. Thus, the favorable effect of probiotic supplements on at least the partial elimination of pathogenic
Enterobacterales, ex vivo and in vivo, has promoted their application in clinical diseases.

Supplementation with probiotics has been investigated for the alleviation of the disease severity of systemic or
gastrointestinal inflammatory diseases, such as sepsis, inflammatory bowel disease, and chemotherapy- or radiation-
induced gastrointestinal mucositis [4EIBIL0ML  For example, patients receiving cytotoxic and radiation therapy showed
striking alterations in intestinal microbiota with, most frequently, a decrease in Bifidobacterium, Clostridium cluster XIVa
and F. prausnitzii, and an increase in Enterobacterales and Bacteroides X9, These pathogenic alterations resulted in the
development of mucositis and bacteremia Q11 The prevention of cytotoxic chemotherapy-induced mucositis by
probiotics has been investigated in randomized clinical trials with some promising results. Moreover, in a meta-analysis of
randomized controlled trials with patients undergoing a colorectal resection, the perioperative administration of probiotics
or synbiotics was associated with increased numbers of Lactobacillus and decreased counts of Enterobacterales 12,
These changes in gut microbiota were associated with less diarrhea, less symptomatic intestinal obstruction, and a lower
incidence of total postoperative infections 2. Accordingly, the use of probiotics in modulating gut microbiota and
decreasing pathogenic Enterobacterales has become popular for application in many bowel or extra-bowel diseases, and
more extensive probiotic usage can be expected in the future.



2. Probiotic Supplements to Decrease Gut Carriage of Enterobacterales in
Livestock or Domesticated Animals

The use of probiotics in preventing gut Enterobacterales colonization has been applied in livestock breeding [13/14115]116]
(L7118 | actobacillus supplementation, in directly fed microbes or used as phytobiotic feed additives, reduced the
prevalence of ESBL-producing Enterobacterales in broilers &3l In young broilers, the neonatal colonization of
Enterobacterales strains led to immune dysregulation and chronic inflammation, but early life exposure to a mixture of
probiotics containing lactic-acid-producing bacteria could modulate the immune functions through the activation and
trafficking of immune cells 241 In weaned piglets, B. subtilis DSM25841 treatment reduced enterotoxigenic E. coli (ETEC)
F4 infection and decreased the risk of diarrhea 8. . reuteri KUB-AC5 possessed antimicrobial activity in reducing
Salmonella contamination in live poultry 4. The above data further support the use of probiotics as feed additives in
livestock breeding.

Other than oral intake, the in ovo administration of probiotics for eradicating gut Enterobacterales colonization has been
used in chickens 2229 via the in ovo route during hatching, a Bacillus-based probiotic (BPP) can reduce the severity of
the virulent E. coli horizontal transmission among broiler chickens, which might be achieved by alterations in the
microbiota composition, including a decrease in Enterobacterales and an increase in Lachnospiraceae . In another
chicken study, the in ovo administration of lactic-acid-producing bacteria resulted in an increased abundance in the
Lactobacillaceae family and Lactobacillus genus, and a decrease in Enterobacterales and Enterococcaceae 29. For bird
species, the early in ovo administration of probiotics seems to be more efficient in eradicating gut Enterobacterales
colonization before hatching.

A mixture of probiotics may work better to eradicate gut Enterobacterales in livestock breeding R2I2122[23] The
administration of multistrain probiotics containing L. acidophilus LAP5, L. fermentum P2, Pediococcus acidilactici LS, and
L. casei L21 could modulate intestinal microbiota (increase Lactobacillaceae abundance and reduce Enterobacterales
abundance), increase the gene expression of tight junction proteins (ZO-1 and Mucin 2) and the immunomodulatory
activity (downregulation of mRNA levels of interferon-y [IFN-y] and lipopolysaccharide-induced tumor necrosis factor-a
[TNF-a], and upregulation of IL-10) in broiler chickens 2. Commercially available synbiotics, either BioPlus 2B® or
Cylactin® LBC, had a more significant impact on the concentration of lactic acid, short-chain fatty acids (SCFAs), and
branched-chain fatty acids (BCFAs), than a single probiotic in sows 21, Mixed probiotics composed of three thermophilic
lactic-acid-producing bacteria (LAB) strains, L. helveticus BGRA43 (strong proteolytic activity, antimicrobial activity, and
adhesion to gut cell activity), L. fermentum BGHI14 (immunomodulatory effect), and Streptococcus thermophiles
BGVLJ1-44 (strong proteolytic activity and immunomodulatory effect), influenced the colonization of piglet guts with
beneficial bacteria, and reduced the number of Enterobacterales in some treated sows 23, Thus, the commercially
available mixed regimens of probiotics may be more efficient in eliminating Enterobacterales carriage in the guts of
livestock.

Furthermore, probiotics in combination with prebiotics (foods that promote the growth of beneficial microbes), or
phytobiotics (plant-derived products), have been utilized in livestock breeding for the eradication of gut colonization by
Enterobacterales 122241 | actobacillus strains (L. agilis and L. salivarius), combined with phytobiotics, have been used to
reduce the survival of potentially problematic bacteria, such as ESBL-producing E. coli in broilers [24. The synbiotics (L.
rhamnosus HNOO1 and P. acidilactici) combined with the phytobiotics (Agave tequilana fructans) induced morphological
modifications in the duodenal mucosa of broilers that, in turn, promoted resistance to infections caused by S. typhimurium
and C. perfringens (24,

In addition, a probiotic-based cleaning strategy to decontaminate Enterobacterales in livestock environments has been
reported 251, The cleaning product, containing B. subtilis, B. pumilus, and B. megaterium spores, was used to clean fresh
and reused broiler litters 25, These Bacillus spores were able to successfully colonize reused poultry litters to decrease
the mean counts of total aerobic bacteria, Enterobacterales, and coagulase-positive Staphylococcus 3. A decrease in
Enterobacterales, mainly the genus Escherichia, was also observed in the ceca of broilers reared on reused litters treated
with the cleaning product 23], The efficacy and safety issues of this probiotic-based cleaning product are still ongoing for
livestock environments, but have not been tested for human environments.

Among domesticated animals, such as weaning rabbits, L. buchneri could decrease Enterobacterales counts in the gut
and upregulate anti-inflammatory interleukin (IL)-4 and the expression of intestinal barrier-related genes, such as zonula
occludens-1 (ZO-1), and, thus, may prevent diarrhea 281, In a randomized controlled trial of healthy cats, Enterobacterales
declined after the administration of synbiotics, a combination of probiotics (Proviable-DC® containing E. faecium, B.
bifidum, E. thermophilus, L. acidophilus, L. bulgaricus, L. casei, and L. plantarum) 28], Among dogs fed Queso Blanco



cheese with B. longum KACC 91563 for eight weeks, a reduction in harmful bacteria, such as the Enterobacterales and
Clostridium species, was noted 4. The successful decrease in Enterobacterales after probiotic supplementation in pet
animals arouses hope for the eradication of gut Enterobacterales carriage via the use of probiotics in humans.

3. The Selection of Probiotics to Decrease Gut Colonization of
Enterobacterales in Humans

The common, safe, and well-studied probiotics used to eradicate the gut carriage of Enterobacterales in humans include
the Lactobacillus 2812930[31] and Bifidobacterium ABUE2 species. In extremely low-birth-weight infants, L. reuteri
supplementation for one week resulted in a lower abundance of Enterobacterales and Staphylococcaceae 281, Among
infants fed B. infantis EVC001, a high abundance of Bifidobacteriaceae developed rapidly with a reduced abundance of
antibiotic-resistant genes among Enterobacterales and/or Staphylococcaceae 22,

As noted in livestock, probiotic mixtures might provide better protection against gut Enterobacterales colonization than a
single probiotic regimen in humans [2AB3IBAES] - A probiotic mixture (Bactiol duo®) containing Saccharomyces boulardii, L.
acidophilus NCFM, L. paracasei Lpc-37, B. lactis BI-04, and B. lactis Bi-07, provides better eradication of AmpC-producing
Enterobacterales carriage than S. boulardii CNCM 1-745® 29, Oral daily supplementation with a combination of a prebiotic
(Emportal®: lactitol) and probiotics (Infloran®: B. bifidum and L. acidophilus) for three weeks decreased the intestinal load
of OXA-48-producing Enterobacterales among eight patients with long-term intestinal carriage 3. Moreover, the ingestion
of combined probiotics containing L. plantarum LKO06, B. longum LK014, and B. bifidum LK012 could significantly reduce
the abundance of Enterobacterales and increase the abundance of Lactobacillaceae in preterm infants B4, These
changes in microbiota were correlated with a decreased serum inflammatory cytokine level of IL-6 and improved the
survival rate of these infants. A mixture of B. breve M-16V, B. longum subsp. infantis (B. infantis) M-63, and B. longum
subsp. longum BB536, achieved significantly higher levels of Bifidobacterium-predominant microbiota and lower detection
rates for Clostridium and Enterobacterales than a single B. breve strain 2. For human safety, the most common
probiotics for combination are the Lactobacillus and Bifidobacterium species.

4. Probiotic Supplementation to Decrease Potential Gut Pathogenic
Enterobacterales from Infants to Children

Probiotics have been used as supplements for infants to decease potential gut pathogenic Enterobacterales [28l32][341(36]
(37](28][391[401[41] (Table 1). Among hospitalized infants, early administration of L. reuteri DSM 17938 was associated with
less colonization by diarrheagenic E. coli 3. In a randomized placebo-controlled study that administered B. infantis to 24
infants with gastroschisis, the microbial communities were not significantly influenced B8, In a double-blind, placebo-
controlled randomized clinical study conducted on 69 preterm infants, B. lactis BB-12 supplementation resulted in lower
viable counts of Enterobacterales 1. Moreover, in a randomized trial of 300 healthy newborns, the receipt of B. longum
BB536 was associated with a higher Bifidobacterium/Enterobacterales ratio (B/E), an increased number of IFN-y-
secreting cells, and a higher ratio of IFN-y/IL-4-secreting cells, which is indicative of the increased Thil response [28l,
Among 21 neonates that underwent surgery for congenital heart disease >7 days after birth, the enteral B. breve strain
Yakult (BBG-01) supply led to significantly fewer Enterobacterales in the gut 29, Since infants, especially preterm infants,
are susceptible to intestinal infection, many probiotic studies have been conducted on these susceptible hosts that have
provided promising results against pathogenic Enterobacterales colonization in the gut.

Table 1. Probiotic supplements for infants and children to decease potential pathogenic Enterobacterales in the gut.

First Countr Publish  Patient Probiotics Main Findings after Probiotic References
Author y Year Population/Number Supplementation
. Bifidobacterium Lower viable counts of [41]
Mohan R Germany 2006 Preterm infants/69 lactis Bb12 Enterobacterales
Lactobacillus
Chrzanowska— Poland 2012 Bottle fed rhamnosus GG Increase numbe_r of [42]
Liszewska D preterm/60 (LGG) Enterobacterales in gut
Neonates B. breve strain Significantly fewer
. - . [40]
Umenai T Japan 2014 u_ndergomg Yakult (BBG-01) Enterobacterales in gut
cardiac surgery/21
Savino E Italy 2015 Hospitalized L. reuteri DSM Less colonization by [29]

infant/60 17938 diarrheagenic E. coli.




First Publish  Patient Main Findings after Probiotic

Author Country Year Population/Number Probiotics Supplementation References
Increased population levels of
Bifidobacterium and total
In preschool and L. casei strain Lactobacillus, decreased
Wang C Japan 2015 school-age ) . ’ E7]
children/23 Shirota Enterobacterales,
Staphylococcus and Clostridium
perfringens
Higher
. Healthy B. longum Bifidobacterium/Enterobacterales [28]
Wu BB China 2016 newborns/300 BB536 ratio and increased the ratio of
IFN-y/IL-4 secretion cells
Overall, microbial communities
Powell WT USA 2016 Infants/24 B. Ior!gum ) Wer.e not significantly influenced, [26]
subsp. infantis with trends only toward lower
Enterobacterales
L. plantarum
Low birth weight LKO006, B. Increase in Streptococcaceae
Li YF China 2019 infants 1369 longum LK014, and Lactobacillaceae and [24]
and B. bifidum decrease in Enterobacterales
LKO012
Reduced abundance of antibiotic
Nguyen M USA 2021 Infants/77 B. infantis resistance genes among [E2
Enterobacterales and
Staphylococcaceae
Lower abundance of
Marti M Sweden 2021 First month/132 L. reuteri Enterobacterales and (28]

Staphylococcaceae

However, not all studies have shown the presence of the beneficial effects of the addition of probiotics for infants. In a
double-blind randomized control trial, 21 bottle-fed preterm infants receiving L. rhamnosus GG did not show a decrease in
the numbers of Enterococcus and Enterobacterales in the gut, increased weight gain, or a decreased hospital stay
compared to 26 control infants @2, In an early review of randomized controlled trials including preterm infants, the B.
animalis subsp. lactis supplement could increase fecal Bifidobacterium counts and reduce Enterobacterales and
Clostridium counts, but it did not influence the risk of necrotizing enterocolitis or sepsis 43, The diverse inhibitory potential
of Enterobacterales, and the microbiota-modulating effect of probiotics, are likely due to the intrinsic diversity of the gut
microbiota of infants and children inhabiting different areas (a4],

5. Probiotic Supplementation to Decrease Gut Pathogenic or
Antimicrobial-Resistant Enterobacterales Colonization in Adults

Among adults, probiotic supplements have been shown to decrease, but have failed to totally eradicate, potential
antimicrobial-resistant or pathogenic Enterobacterales in the gut [Z2B145]46][47)[48][49]50] (Table 2). To eradicate potential
antimicrobial-resistant Enterobacterales, a clinical trial of a probiotic mixture (Bactiol duo®: S. boulardii, L. acidophilus
NCFM, L. paracasei Lpc-37, B. lactis Bl-04, and B. lactis Bi-07) showed that colonization with AmpC-producing
Enterobacterales transiently increased after amoxicillin-clavulanate therapy and declined after probiotic intervention 22,
To eradicate potential pathogenic Enterobacterales in human-immunodeficiency-virus-infected individuals, L. rhamnosus
GG supplementation was used and resulted in a decrease in intestinal inflammation, along with a reduction in
Enterobacterales in the gut (28], The consecutive intake of fermented soymilk (containing isoflavone) and L. casei Shirota
among 60 healthy premenopausal Japanese women was able to decrease the fecal levels of Enterobacterales and to
increase isoflavone bioavailability 42,

Table 2. Probiotic supplements for adults to decease potential pathogenic Enterobacterales in gut.

First Publish  Patient . Main Findings after Probiotic
Author Country Probiotics

; Referen
Year Number Supplementation eterences

Increased Enterobacterales and Gram-
Lactobacillus negative anaerobes in the colon 1 week
Mangell P Sweden 2012 75 after probiotics without change in the 150
plantarum 299v L . .
incidence of bacterial translocation and
postoperative complications




First Publish  Patient . Main Findings after Probiotic
Author Country Probiotics

; Referen
Year Number Supplementation eferences

No significant influence on Clostridium
L. salivarius Ls- cluster I, Clostridium cluster 1V,
Larsen N Denmark 2013 50 : Faecalibacterium prausnitzii, [49]
33
Enterobacterales, Enterococcus, the
Lactobacillus group, and Bifidobacterium

Among cirrhotic patients with minimal
hepatic encephalopathy, reduced

. L. rhamnosus Enterobacterales and increased [48]
Bajaj JS USA 2014 30 GG Clostridiales Family XIV Incertae Sedis
and Lachnospiraceae relative abundance,
but no change in cognition
Consecutive intake of fermented soymilk
. U (containing isoflavone), and L. casei @7
Nagino T Japan 2018 60 L. casei Shirota Shirota decreased the levels of
Enterobacterales
Decrease in intestinal inflammation, along
Arnbier L. rhamnosus with a reduction of Enterobacterales in the
Jerg Denmark 2018 45 ) gut microbiome among human- [46]
cJ GG . L - -
immunodeficiency-virus-infected
individuals
L. rhamnosus No effect on the risk of colonization with
Dall LB Denmark 2019 31 : GG extended spectrum B-lactamase (ESBL)- [4s]
Enterobacterales
No support of Vivomixx® as being
Liunaauist superior to the placebo for intestinal
jungq Sweden 2020 80 Vivomixx®1 decolonization in adult patients with 21
(o] X o .
chronic colonization of ESBL-producing
Enterobacterales
B an e e
Spain 2020 8 L. acidophilus pre ; p ) (&3]
Ramos JC (Infloran®) intestinal load of OXA-48-producing

Enterobacterales

Colonization with AmpC-producing
Wieérs G Belgium 2021 120 Bactiol duo®2 Enterobacterales declined after the 29
probiotic intervention

1 contains 4 Lactobacillus strains (L. paracasei 24733, L. acidophilus 24735, L. delbrueckii subspecies bulgaricus 24734,
and L. plantarum 24730), 3 Bifidobacterium strains (B. brief 24732, B. longum 24736, and B. infantis 24737), and S.
thermophilus 24731, 2 contains S. boulardii, L. acidophilus NCFM, L. paracasei Lpc-37, B. lactis Bl-04, and B. lactis Bi-07.

In contrast to the promising results of the probiotic trials on the eradication of potential antimicrobial-resistant
Enterobacterales mentioned above, a randomized single-blind, placebo-controlled trial in southern Sweden used a
probiotic mixture of eight living bacterial strains, Vivomixx®, but the successful eradication of fecal ESBL-producing
Enterobacterales carriage was rarely observed 2. Among 31 Danish adults who traveled to India for 10-28 days, the
ingestion of L. rhamnosus GG had no effect on the risk of ESBL-producing Enterobacterales colonization 42, Of note, in
75 patients who underwent elective colon surgery, the oral intake of L. plantarum 299v for one week resulted in increased
Enterobacterales and Gram-negative anaerobes in the colon, but no change in the incidence of bacterial translocation or
postoperative complications BY. The diverse effect of probiotic supplements on gut Enterobacterales carriage is likely due
to the different baseline gut microbiota and the decolonization efficacy of a variety of probiotic components. To date,
probiotic supplementation is not routinely recommended to replace routine antibiotic decontamination in the preoperative
preparation of the digestive tract [21. However, probiotics or synbiotics might be used in combination with a conventional
bowel preparation to reduce the fecal carriage of Enterobacterales 22. However, the majority of larger-scale clinical trials
show no evident clinical benefits, such as lower inflammatory responses, fewer infectious complications, or higher survival
rates, among adults who consume probiotic supplements.
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