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Several Dysbiosis Phenotypes

The cumulative dietary exposure to hazardous substances such as endocrine disruptor
chemicals (EDC) that are present in common and processed food is continuously increasing
(Galvez-Ontiveros et al., 2021). Prolonged exposure to EDC seems to affect human health by
triggering obesity, insulin resistance, metabolic syndrome, and even infertility (Baker et al,
2017). Unfortunately, there is still a lack of knowledge on specific biomarkers necessary to better
understand the mechanisms associated to specific EDC-related pathogenesis. The impact of EDC
has been traditionally investigated through biomonitoring and epidemiological studies. However,
analytical determinations of EDC in biological samples failed to provide consistent results. Thus,
a paradigm shift in EDC-related disorders should take into consideration new scientific evidence
supporting the fact that EDC may influence human health by modifying the human microbiota,
as well as compiling evidence on the existence of microorganism species in the gut that are able to
biodegrade such obesogens or contaminants (Galvez-Ontiveros et al., 2020; Lopez-Moreno et al.,
2021). In this sense, relevant studies also support the development of predictive toxicological
models that account for the gut-microbiota-immune axis (Lamas et al., 2020). For example,
gut dysbiosis and immune system dysfunctions precede obese phenotype development in mice
perinatally exposed to bisphenol A (BPA), a common EDC in human food (Malaisé et al., 2017,
2018). Therefore, discovering the association and role of microbiota as a metabolic mediator of food
xenobiotics and endocrine pathophysiological outcomes has resulted in building multidisciplinary
and integrative hypotheses. This research also provides opportunities to use microbial modulators
like probiotics for restoring the dysbiotic taxa in EDC-related disorders (Lopez-Moreno and
Aguilera, 2020; Lopez-Moreno et al., 2020). Importantly, EDC food risk assessment in relation to
human microbiome variability and health outcomes is still at its very first phase of development,
requiring integrative expertise and holistic analyses, i.e., a systemic approach.
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Editorial: Dietary Xenobiotics and Microbiota Dysbiosis Risk

The current Research Topic covers a collection of reviews,
mini reviews, and original research articles focusing on dietary
xenobiotics, human microbiota dysbiosis, and probiotics or
prebiotics for modulating the associated pathophysiological
phenotypes. In this sense, reviews agreed on the association
of health disorders due to the impact of xenobiotics on the
occurrence of microbiota dysbiosis.

In their mini review, Barnett and Gibson covered glyphosate’s
effects on the gut microbiome diversity and concluded that
glyphosate residues on food could cause dysbiosis, given
that opportunistic pathogens are more resistant to glyphosate
compared to commensal bacteria. Moreover, glyphosate could
inhibit exclusive pathways of bacteria, like the shikimate pathway.
In addition, they postulated that the wheat sensitivity induced
by the Western diet rich in high carbohydrates, seemed to be
not only due to gluten but also to herbicides used to promote
higher crop yields, and as a result of increased industrialized and
processed food needs.

In their review, Aguilera et al. extensively analyzed the
interactions of steroid hormones and EDC with gut microbiota.
The authors innovatively suggest the term “endobolome” for
stating gut microbiota genes and pathways involved in EDC
metabolization. Microbiota disrupting chemicals (MDC) is the
term to group the dietary xenobiotics that alter gut microbial
components linked to chronic intestinal and systemic diseases.
MDC allow distinguishing the role of contaminants from other
microbiota natural modifiers. It is possible to develop specific
research on the triad MDC-microbiota-host health axis.

Several original research papers published in this Research
Topic focus on gut dysbiosis and pathogens, specifically
on the characterisation of molecular pathways involved in
the gut dysbiosis and possible modulation strategies. In
this sense, the findings reported by Rubio-Goémez et al
suggest that dysbiosis or depletion of gut microbiota by
antibiotics facilitated the colonization of the intestinal tract
by multidrug-resistant pathogens (Pseudomonas aeruginosa
PAO1). Fructooligosaccharides (FOS) and bifidogenic effects
selectively reduced bacterial pathogenicity, decreasing growth,
motility and biofilm by interfering with different canonical and
signaling pathways. Wang et al. focused their study on Vibrio
parahaemolyticus, which is a food-borne pathogen that can cause
gut dysbiosis, disorders, diarrhea, and abdominal pain depending
on the colonizer strain. Specific genes (tdh and trh) were only
present in V. parahaemolyticus pathogenic strains, which showed
strong activity to simulated gastric fluids. The study provided
an innovative understanding to unlock the efficient control of
pathogenic V. parahaemolyticus.

Three other research articles using mice models with
induced gut dysbiosis focused on discovering mechanistic
aspects after exposure to xenobiotics and obesogens. Li
et al. showed that food additives such as polysorbate 80
(P80) exacerbate irradiation-induced gastrointestinal (GI)
tract toxicity, microbiota dysbiosis, and tract injury. In
summary, their findings demonstrated that P80 is a potential
risk factor for cancer patients during radiotherapy and
indicated that microbial butyrate might be a therapy to
mitigate the co-morbidities.

Lin et al. tested, in high-fat diet (HFD)-induced obese mice,
the effects of Lactobacillus kefirnofaciens M1 and Lactobacillus
mali APS1, which are probiotics with, respectively, obesogenic
and anti-obesogenic properties. The authors observed that
MI1/APS1 intervention influenced fat accumulation by
regulating adipogenesis and inflammation-related marker
expressions. Moreover, particular gut microbiota family taxa
(Christensenellaceae and Bacteroidales S24-7) were negatively
correlated with body weight gain through an increase in the
esterified carnitine (acylcarnitine), which is essential for lipid
intermediary metabolism and for energy expenditure and
storage balance.

Liu et al. proved that the heavy metals arsenic (As), cadmium
(Cd), and lead (Pb) modify the risk of disease by mediating on gut
microbiota dysbiosis. Disease risk of As, Pb, and Cd exposure was
more severe in HFD-fed mice compared to normal diet (ND)-
fed mice, possibly due to a higher accumulation of heavy metals
in the liver and kidneys. Specific increased microbes seemed
to play a role in the heavy metal detoxification via absorption
and faecal excretion. In ND-fed mice, relative abundance of
Bacteroides, Lactobacillus, Butyricimonas, and Dorea increased
after As exposure; Faecoccus and Lactobacillus increased after Cd
exposure; and Desulfovibrio, and Roseburia increased after Pb
exposure, while no difference in these same taxa was observed in
HFD-fed mice microbiota. In summary, the enriched microbes
that might respond to heavy metals in ND-fed mice did not
respond or could not be enriched accordingly in HFD-fed mice.

Ren et al. described evidence that the natural dietary flavonoid,
acacetin, attenuates dextran sulphate sodium (DSS)-induced
colitis in mice by inhibiting inflammation (macrophages and
inflammatory mediators). Acacetin was also able to restore
the altered gut diversity microbiota profile caused by DSS
reversing the reduction of Firmicutes, and the enrichment
of Proteobacteria, Bacteroidetes, and Deferribacteres phyla.
Overall, the results suggest that acacetin alleviated weight
loss, diarrhea, colon shortening, inflammatory infiltration, and
histological injuries.

Finally, xenobiotics in a diet and the environment could
also affect other microbiotas encountered at body locations
different from the gut. In this direction, Gonzalez et al.
discovered temporal changes to the breast milk microbiome
of healthy Guatemalan mothers from early to late lactation,
according to several maternal factors and exposures. These
included a general shift from Staphylococcus and Streptococcus
species in early lactation to Sphingobium and Pseudomonas
species in late lactation. Interestingly, species enriched in
early lactation included putative commensal bacteria known
to colonize the infant oral and intestinal tracts, whereas
species enriched in late lactation, such as Sphingomonas
yanoikuyae, Pseudomonas putida, Stenotrophomonas maltophilia,
Cloacibacterium  normanense, ~ Comamonas  testosteroni,
Ottowia beijingensis, and Flavobacterium cucumis, showed
common functional traits associated with hazardous substance
biodegradation, like steroids and more general polycyclic
aromatic hydrocarbon pathways.

In summary, together the articles in this Research Topic
make a significant contribution to the evoked dysbiosis of the
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microbiome following exposure to EDC, as a step toward a better
comprehension of the endocrine-related pathophysiology.
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Pseudomonas aeruginosa is an ubiquitous gram-negative opportunistic human
pathogen which is not considered part of the human commensal gut microbiota.
However, depletion of the intestinal microbiota (Dysbiosis) following antibiotic treatment
facilitates the colonization of the intestinal tract by Multidrug-Resistant P aeruginosa.
One possible strategy is based on the use of functional foods with prebiotic activity. The
bifidogenic effect of the prebiotic inulin and its hydrolyzed form (fructooligosaccharide:
FOS) is well established since they promote the growth of specific beneficial (probiotic)
gut bacteria such as bifidobacteria. Previous studies of the opportunistic nosocomial
pathogen Pseudomonas aeruginosa PAO1 have shown that inulin and to a greater
extent FOS reduce growth and biofim formation, which was found to be due to a
decrease in motility and exotoxin secretion. However, the transcriptional basis for these
phenotypic alterations remains unclear. To address this question we conducted RNA-
sequence analysis. Changes in the transcript level induced by inulin and FOS were
similar, but a set of transcript levels were increased in response to inulin and reduced
in the presence of FOS. In the presence of inulin or FOS, 260 and 217 transcript
levels, respectively, were altered compared to the control to which no polysaccharide
was added. Importantly, changes in transcript levels of 57 and 83 genes were found
to be specific for either inulin or FOS, respectively, indicating that both compounds
trigger different changes. Gene pathway analyses of differentially expressed genes
(DEG) revealed a specific FOS-mediated reduction in transcript levels of genes that
participate in several canonical pathways involved in metabolism and growth, motility,
biofilm formation, B-lactamase resistance, and in the modulation of type Il and VI
secretion systems; results that have been partially verified by real time quantitative
PCR measurements. Moreover, we have identified a genomic island formed by a
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cluster of 15 genes, encoding uncharacterized proteins, which were repressed in the
presence of FOS. The analysis of isogenic mutants has shown that genes of this
genomic island encode proteins involved in growth, biofilm formation and motility. These
results indicate that FOS selectively modulates bacterial pathogenicity by interfering with

different signaling pathways.

Keywords: RNA sequencing, rt-qPCR, adhesion, developmental process, molecular transducer, pathogenicity

INTRODUCTION

The human pathogen Pseudomonas aeruginosa causes a wide
array of life-threatening acute and chronic infections, particularly
in immunocompromised, cancer, burn wound, and cystic fibrosis
patients (Juhas, 2015). This bacterium is moreover one of the
leading causes of nosocomial infections affecting hospitalized
patients (Buhl et al., 2015) and mortality associated with hospital-
acquired P. aeruginosa infectious like ventilator-associated
pneumonia or bacteremia is above 35% (Lynch et al., 2017).

Moreover, under continuous antibiotic treatment the
intestinal microbiota integrity is compromised and bears
depletion of the intestinal microbiota (Dysbiosis), hence,
physiological colonization resistance subsequently facilitates the
establishment of the Pseudomonas aeruginosa in the intestinal
ecosystem which might be considered an important internal
source for P. aeruginosa infection (Ohara and Itoh, 2003; Von
Klitzing et al., 2017). It is important to note that pathological
alterations of the intestinal microbiota (dysbiosis) is related with
continuous antibiotic treatment, obesity, diabetes and fatty liver,
and of course alterations of the intestinal barrier function (IBF)
as in inflammatory bowel disease and metabolic syndrome (Cano
et al., 2013; Miura and Ohnishi, 2014).

The severity and permanence of these infections are related
to the ability of P. aeruginosa to resist the effect of antibiotics
through the formation of biofilms (Mah et al., 2003; Hoiby et al.,
20105 Taylor et al., 2014). Important research efforts have been
made to study the molecular mechanisms related to the formation
maturation and subsequent dispersion of the biofilm (Stoodley
et al.,, 2002; Flemming et al., 2007). A number of surface proteins
and appendages, including flagella and type IV pili, were found
to be associated with biofilm formation (Klausen et al., 2003;
Anyan et al.,, 2014). Furthermore, this species is characterized
by its ability to synthesize the virulent factors exotoxin A and
pyocyanin (Ortiz-Castro et al., 2014) that block protein synthesis
consequently leading to cell death (Gaines et al., 2007).

Treatment of P. aeruginosa infections can be particularly
challenging because this bacterium is intrinsically resistant to
multiple antibiotics and can easily acquire new resistances
(Breidenstein et al., 2011). In fact, over the past three decades,
antibiotic resistance among P. aeruginosa has escalated globally,
via the global dissemination of several multidrug-resistant
epidemic clones (Miyoshi-Akiyama et al., 2017). Pseudomonas
aeruginosa infections thus represent a severe threat to human
health worldwide and the World Health Organization has
declared this bacterium the second priority pathogen for research
and development of new strategies to fight it (WHO, 2017).

Besides conventional treatments, one possible strategy is
based on the use of functional foods with prebiotic activity
which are non-digestible foods (mostly oligosaccharides) that
selectively stimulate the growth of a limited number of host-
friendly colonic bacteria (Froebel et al., 2019). Thus, from a
chemical standpoint, resistance to human digestive enzymes
and low absorption are key for these compounds to reach
the distal parts of the gut, where they can be fermented
by the microbiota, which in turn is selectively modified
in the process. These additional actions of prebiotics tend
to enhance the capacity of the mucosa to contain luminal
microorganisms and their components, i.e., intestinal barrier
function (IBF). Normally, passage of microorganisms and/or
their components such as Lipopolysaccharides (LPS) to the
mucosa and from there to the bloodstream (translocation)
is minimal, and the immune system develops tolerance
to the microbiota, without inflammation. Conversely, when
IBF is compromised translocation ensues, depending on the
nature of the dysfunction and the physiological/pathological
context. Therefore, inflammation of the intestine is considered
to stem from augmented translocation, which engages the
adaptive immune system, ultimately resulting in uncontrolled
inflammation. Thus, reinforcing IBF may be protective and is
viewed as therapeutic in this context (Natividad and Verdu, 2012;
Duseja and Chawla, 2014).

A significant number of natural compounds have been
found to inhibit bacterial growth, although their mechanisms
of action frequently remain unclear (Amer et al, 2010).
Fructooligosaccharides (FOS) are short-chain oligosaccharides
that are generated by hydrolysis of the polysaccharide inulin,
which is composed of two to 60 fructose monomers. Inulin is
found in different nutrients such as wheat, onion, garlic and
banana (Lattimer and Haub, 2010) and is the most common
used fiber in prebiotics that, when used in combination with
other probiotics, is able to promote the growth of specific
beneficial gut bacteria such as bifidobacteria (Gibson et al., 1995;
Bosscher et al., 2006).

TABLE 1 | Statistics of RNA-seq data.

Sample Raw reads Mapped reads Not mapped Percent
reads mapped
MM9-citrate 7472385 6322981 1149404 84.6%
Inulin 5368865 4575351 793514 85.2%
FOS 6598306 5580131 1018175 84.6%

Shown are means from two replicates.
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FIGURE 1 | Heat-map (A) analysis and hierarchical cluster (B) of the genes that are differentially induced and repressed in the presence of FOS or inulin as
compared to the untreated control (M9 minimal medium). Blue: genes with increased expression; red: genes with reduced expression.

A number of studies illustrate that FOS and inulin exert
a number of different effects on humans and animals. For
example, most oraly delivered plant substrate supplements that
prevent gastrointestinal infections such as prebiotin™ and
symbioram™ contain inulin and FOS, indicating that these
compounds are also able to reduce bacterial infection. Moreover,
oligosaccharids and in particular inulin and FOS were found
to have beneficial effects on intestinal immunity and intestinal
barrier function (IBF) (Capitan-Cafiadas et al, 2013, 2016).
Another study has shown that oligosaccharides from goats milk
as well as galactooligosaccharides, modulate cytokine production
by intestinal epithelial cells and monocytes via a mechanism
involving Toll-like receptor 4 (TLR4) (Capitan-Canadas et al.,
2013). TLRs are located on the cell membrane and in endosomes,
where they recognize components of cell membranes (TLR2/6,

TLR2/TLR4), nucleic acids (TLR3, 7, 8, and 9) and flagellin
(TLR5). TLR4 is one of the non-pathogen recognition receptors
(PRRs), which are key elements in the communication between
the host and the microbiota (Sdnchez de Medina et al., 2013).
However, further clinical oral applications will require studies
on the potential effects of these natural substrates on the human
body, which corresponds to the research need addressed in
this article.

In addition to the bacterial growth promoting role of inulin
and FOS, we reported that FOS inhibited bacterial growth and
biofilm formation of P. aeruginosa PAO1 (Ortega-Gonzalez et al.,
2014). Additionally, both compounds caused opposing effects on
bacterial motility. While FOS inhibited motility, an increased
motility was observed in the presence of inulin. Moreover, in
co-cultures with eukaryotic cells (macrophages) FOS, and to a

Frontiers in Microbiology | www.frontiersin.org

February 2020 | Volume 11 | Article 202


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Rubio-Goémez et al.

Transcriptomic Response to FOS Prebiotic

lesser extent inulin, reduced the secretion of the inflammatory
cytokines IL-6, IL-10, and TNF-a. We were also able to show
that the reduction in cytokine secretion is due to a FOS-
mediated modulation of the NF-«p signal transduction pathway
(Ortega-Gonzalez et al., 2014). To gain insight into the detailed
molecular processes triggered by FOS and inulin, we report here
results from RNA-seq studies.

MATERIALS AND METHODS

Materials

Inulin and FOS were purchased from BENEO-Orafti (Tienen
Belgium). Stock solutions at 200 g/L in modified M9 minimal
medium were sterilized using 0.22 pm cut-off filters and aliquots
were stored at —20°C.

Culture and Growth Conditions

Pseudomonas aeruginosa PAO1 was grown overnight at 37°C in
minimum M9 medium. The resulting cultures were then used to
inoculate 50 ml of minimum M9 medium supplemented by 5 mM
of citrate (MMD9) (in 250 ml Erlenmeyer flasks) to an initial ODggg
of 0.01 and incubated with shaking at 200 rpm at 37°C. When
cultures reached ODggp = 0.05, FOS or inulin were added to a
final concentration of 20 mg/ml and cultures were harvested for
analysis 1 h later.

RNA Extraction, Library Preparation and

RNA Sequencing

Total RNA was extracted with the TRI reagent (Ambion) using
the manufacturer’s instructions. The RNase inhibitor RiboLock
(Fermentas) was added to the samples and DNA was removed
by treatment with DNase I (Fermentas). The integrity of the
RNA samples was assessed with an Agilent 2100 Bioanalyzer
(Agilent Technologies). Subsequently, the 23S, 16S, and 5S
rRNAs were removed by subtractive hybridization using the
MICROBExpress kit (Ambion) following the protocol reported
by Goémez-Lozano et al. (2014). Removal of the rRNA was
confirmed by an analysis with an Agilent 2100 Bioanalyzer
(Agilent Technologies). Sequencing libraries were prepared using
the TruSeq Stranded mRNA Sample Preparation kit (Illumina).
After each step, the samples were validated using an Agilent
2100 Bioanalyzer (Agilent Technologies) and the final RNA
concentration was measured using a Qubit 2.0 Fluorometer
(Invitrogen). The libraries were sequenced using the Illumina
HiSeq2000 platform with a paired-end protocol and read lengths
of 100 nucleotides.

RNA-seq Analysis

The quality of sequenced reads was assessed using FastQC
software, version 0.11.5 (Andrews and Fast, 2010). Single-end
reads were aligned to the reference genome of P. aeruginosa
PAO1 (GenBank accession number: AE004091.2) using
SAMtools v 0.1.19 (Li et al, 2009). BAM files from SAM
tools were used as input for the feature counts function (Liao
et al, 2014) from the Rsubread package (Liao et al., 2013) of

FOS 22 Inulin
83 57

Inulin

FOS 108
134 201

FIGURE 2 | Venn diagrams comparing gene transcript levels in the presence
of inulin and FOS. (A) Genes down regulated by inulin and FOS. (B) Genes up
regulated by inulin and FOS.

Bioconductor version 3.5 to generate a matrix of annotated genes
with their corresponding raw counts. An average of 84.5% reads
were successfully mapped to the reference genome. The count
data were then analyzed to look for differential gene expression
levels and statistical significance using DEseq2 (Love et al., 2014;
Kimberly and Stephen, 2015).

The threshold to define differences in transcript levels was a
statistical Log2 fold change. Genes were considered significantly
differentially expressed when p-values were below 0.05.

RNA-Sequencing Data Registration

Number

The sequence reads have been deposited in the GEO database
under accession N°: GSE124468. The following secure token
has been created to allow for the review of record GSE124468:
glshocwuzvkprop.

Analysis of Gene Expression by
Quantitative Real Time PCR

Quantitative real time-PCR experiments were performed to
validate RNA-seq results. Total RNA was obtained by the
TRI reagent® /BCP method (Ambion). One pg of RNA
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TABLE 2 | Transcript levels that were reduced in the presence of both, inulin and FOS.

Gene Id Gene Protein Function Inulin FOS
log2 fold change  p-value (10-%)  log2 fold change  p-value (10-9)

PAO090 clpV1 Type VI secretion ATPase -0.9 0.000 -0.8 0.000
PA0296 spul Glutamylpolyamine synthetase -0.6 0.008 -0.6 0.007
PAO795 prpC Citrate synthase 2 —-1.1 0.001 -0.9 0.002
PA1069 nd Hypothetical protein -0.7 0.000 -0.5 0.003
PA1171 sitB2 Soluble lytic transglycolase -0.7 0.010 -0.6 0.008
PA1183 dctA C4-dicarboxylate transport protein -1.5 0.000 —-1.2 0.000
PA1342 aatj Probable binding protein component of ABC transporter —-1.0 0.000 —-1.1 0.000
PA1585 SUCA 2-oxoglutarate dehydrogenase -0.5 0.008 -0.6 0.001
PA1588 sucC Succinyl-CoA synthetase -0.7 0.000 -0.6 0.002
PA1592 nd Hypothetical protein -0.9 0.000 -0.8 0.001
PA1787 acnB Aconitate hydratase B -0.5 0.003 -0.5 0.003
PA2007 maiA Maleylacetatoacetate isomerase 1.1 0.000 -0.7 0.003
PA2008 fahA Fumarylacetoacetase —-1.1 0.000 1.1 0.000
PA2040 pauA4 Glutamylpolyamine synthetase -0.9 0.000 -0.7 0.002
PA2247 bkdA1 2-oxoisovalerate dehydrogenase -0.9 0.001 -0.7 0.004
PA4055 ribC Riboflavin synthase -0.7 0.009 -0.7 0.005
PA4240 rpsK 308 ribosomal protein S11 -0.7 0.003 -1.0 0.000
PA4366 sodB Superoxide dismutase -0.7 0.000 -0.7 0.000
PA4370 icmP Insulin-cleaving metalloproteinase outer membrane protein -0.8 0.002 -0.9 0.000
PA4578 nd Hypothetical protein -0.9 0.000 -0.8 0.000
PA4824 nd Hypothetical protein -0.9 0.000 -0.8 0.000
PA4825 mgtA Mg(2 +) transport ATPase P-type 2 -0.9 0.000 -0.8 0.000

The above table shows the list of the significant down regulated genes and control with a log2 fold change cut off > 0.5 by taking significant p-value < 0.05.

was retrotranscribed following the protocol provided in the
manufacturer protocol (iScript BioRad, Alcobendas, Spain)
and DNA sequences were amplified with a MX3005P real
time PCR instrument (Stratagene) using the primers listed in
Supplementary Table S3. The genes of interest were amplified by
PCR using the Go Tagq@qPCR Master Mix (Promega, Madison,
WI, United States) as well as 1 pl of the cDNA template and
the primers listed in Supplementary Table S3. Forty PCR cycles
were conducted using an annealing temperature of 61°C. The
cycle threshold values were normalized to that of the reference
transcript, 16S RNA, and data were normalized to the control.

Generation of Mutants in Genes of the
Genomic Island PA0643, PA0644, and

PA0646

To generate the PA0643:Gm, PA0644:Gm, and PA0646:Gm
mutants 656, 241, and 636 pb DNA fragments, respectively,
covering the central part of the genes were amplified by PCR
from P. aeruginosa PAO1 genomic DNA. The resulting products
were cloned into plasmid pMBL to yield plasmids pMBL:PA0643,
PMBL:PA0644, and pMBL:PA0646. Subsequently, the resulting
plasmids were digested with BamHI, which liberated the PA0643,
PA0644, and PA0646 fragment. The plasmid pCHESI was also
digested with BamHI, to liberate the gentamicin resistance gene
(Gm) in order to ligate it with the three DNA fragments. The
resulting chimeric DNA was cloned into pMBL digested with
BamHI, to yield pMBL:PA0643QGm, pMBL:PA0644QGm and

pPMBL:PA0646Q2Gm. The resulting plasmids were electroporated
into P. aeruginosa PAO1 for homologous double recombination.
Mutant strains were selected on Gm plates and the correctness of
the mutation was verified by Southern blotting (Sambrook et al.,
1989; Molina-Fuentes et al., 2015).

Semi-Quantitative Determination of

Biofilm Formation

Semi-quantitative determination of biofilm formation were
performed as previously described (Christensen et al., 1985).
P. aeruginosa PA0643, PA0644, and PA0646 mutants were
tested in the biofilm-forming capacities in Minimum medium
supplemented with 5 mM citrate. The determination of biofilm
production was performed after 2, 4, and 6 h of growth by
dissolving crystal violet from the biofilm with an ethanol-acetone
mixture (70:30) and the absorbance measure at 590 nm.

Motility Assays

Assays were carried out to determine the effect of the PA0643,
PA0644, and PA0646 deletion gene on swimming, twitching and
swarming. For swimming assays, bacteria were placed with the
help of a sterile tooth-pick at the center of plates containing
a 5 mm layer of LB medium with 0.3% (w/v) Bacto agar,
0.2% casamino acids (w/v), and 30 mM glucose. Plates were
incubated at 37°C for 24 h and the radial diffusion of bacteria,
due to swimming, was inspected. To monitor twitching motility,
bacteria were placed with a toothpick into a 2 mm thick layer
containing 1.5% (w/v) Bacto agar, 0.2% (w/v) casamino acids,
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TABLE 3 | Transcript levels that were increased in the presence of both, inulin and FOS.

Geneld Gene Protein Function Inulin FOS
Log2 fold change  p-value (10-%)  Log2 fold change  p-value (10-6)
PAO003 recF DNA replication and repair protein 1.8 0.000 1.2 0.000
PAOO19 def Peptide deformylase 1.0 0.000 0.8 0.000
PA0026 plcB Phospholipase C 0.7 0.005 0.6 0.007
PA0408  pilG Twitching motility protein 0.8 0.000 0.8 0.000
PA0576 rpoD RNA polymerase sigma factor 0.6 0.000 0.7 0.000
PAO577 dnaG DNA primase 0.6 0.002 0.5 0.003
PA0G68 tyrZ Tyrosyl-tRNA synthetase 2 0.9 0.000 0.7 0.000
PA0BI1 phdA Prevent-host-death protein A 1.6 0.000 1.3 0.000
PA0B92 pdtB Phosphate depletion regulated TPS partner B 1.2 0.000 1.1 0.000
PA0B93 exbB2  Transport protein 1.1 0.000 1.1 0.000
PAO730 3-hydroxyacyl-CoA-acyl carrier protein transferase. 0.8 0.000 0.6 0.004
PAO762 algu RNA polymerase sigma factor 0.6 0.001 0.6 0.000
PAO768 lepB Signal peptidase | 0.7 0.002 0.6 0.004
PAO782 PutA Proline dehydrogenase 0.6 0.002 0.5 0.006
PA0805 Uncharacterized protein 1.2 0.000 1.2 0.000
PA0826 Uncharacterized protein 0.8 0.000 0.7 0.000
PA0842 Probable glycosyl transferase 0.6 0.007 0.6 0.005
PA0896 aruF Arginine N-succinyltransferase 0.6 0.001 0.5 0.001
PA0979 Uncharacterized protein 1.2 0.000 1.0 0.000
PA1077 floB Flagellar basal body rod protein FIgB 0.6 0.007 0.6 0.004
PA1081 flgF Flagellar basal-body rod protein FIgF 0.9 0.000 0.7 0.000
PA1084 flgl Flagellar P-ring protein 0.6 0.000 0.5 0.002
PA1327 Serine protease 0.9 0.000 0.8 0.000
PA1382 xghB Probable type Il secretion system protein 0.6 0.003 0.6 0.004
PA1414 Uncharacterized protein 1.9 0.001 1.7 0.004
PA1606 Uncharacterized protein 0.9 0.000 0.7 0.000
PA1608 Probable chemotaxis transducer 1.1 0.000 0.8 0.000
PA1610 fabA Beta-hydroxydecanoyl-ACP dehydrase 0.8 0.000 0.8 0.000
PA1673 Uncharacterized protein 1.7 0.000 1.3 0.000
PA1796 folD Cyclohydrolase 0.6 0.002 0.7 0.001
PA2022 UDP-glucose 6-dehydrogenase 1.0 0.000 0.9 0.000
PA2428 Uncharacterized protein 1.1 0.000 1.0 0.000
PA2548 Uncharacterized protein 0.8 0.000 0.9 0.000
PA2667 mvaU Biosynthetic process 0.5 0.012 0.6 0.001
PA2738 himA Integration host factor subunit alpha 0.7 0.000 0.8 0.000
PA2882 Probable two-component sensor 0.8 0.001 1.0 0.000
PA2971 yceD Uncharacterized protein 1.0 0.000 0.6 0.003
PA3019 uup Probable ATP-binding component of ABC transporter 0.8 0.000 0.6 0.002
PA3116 Probable aspartate-semialdehyde dehydrogenase 0.6 0.003 0.5 0.008
PA3147 wbpdJ Probable glycosyl transferase 0.7 0.001 0.7 0.000
PA3181 edaA 2-dehydro-3-deoxy-phosphogluconate aldolase 1.1 0.000 1.4 0.000
PA3183 zwf Glucose-6-phosphate 1-dehydrogenase 1.7 0.000 2.0 0.000
PA3193 gk Glucokinase 0.6 0.004 0.7 0.002
PA3194 edd Phosphogluconate dehydratase 1.5 0.000 1.9 0.000
PA3195 gapA Glyceraldehyde-3-phosphate dehydrogenase 1.0 0.001 1.1 0.000
PA3219 Uncharacterized protein 1.2 0.000 1.3 0.000
PA3280 oprO Pyrophosphate-specific outer membrane porin 1.1 0.000 1.1 0.000
PA3296  phoA Alkaline phosphatase 0.6 0.005 0.6 0.007
PA3305 Uncharacterized protein 2.3 0.001 1.9 0.004
PA3351 flgM Two-component system 0.6 0.009 0.7 0.000
PA3382 phnE Phosphonate transport protein 0.6 0.004 0.7 0.001
PA3383 phnD Binding protein component of ABC phosphonate transporter 0.7 0.000 0.6 0.001
(Continued)
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TABLE 3 | Continued

Gene Id Gene Protein Function Inulin FOS
Log2 fold change  p-value (10~5) Log2 fold change  p-value (10-6)

PA3384 phnC Phosphonates import ATP-binding protein 0.9 0.000 0.9 0.000
PA3496 nd Uncharacterized protein 0.5 0.002 0.5 0.007
PA3560 fruA Phosphotransferase system transporter 1.1 0.000 1.3 0.000
PA3561 fruK 1-phosphofructokinase 1.8 0.000 1.8 0.000
PA3562 frul Phosphotransferase system transporter enzyme | 2.0 0.000 2.0 0.000
PA3623 nd Uncharacterized protein 0.7 0.001 0.7 0.004
PA3744 rimM 16S rRNA processing protein 0.8 0.000 0.6 0.004
PA3746 ffh Signal recognition particle protein 0.6 0.002 0.5 0.004
PA3903 prfC Peptide chain release factor 3 0.9 0.000 0.7 0.001
PA3990 Uncharacterized protein 1.3 0.000 0.9 0.000
PA4255 omC 508 ribosomal protein L29 0.9 0.000 0.8 0.000
PA4264 rosJ 30S ribosomal protein S10 0.7 0.001 0.6 0.004
PA4270 rpoB DNA-directed RNA polymerase beta chain 0.4 0.009 0.5 0.003
PA4280 birA Regulation of transcription 0.7 0.000 0.7 0.000
PA4378 InaA Protein of response to stimulus 1.0 0.000 0.6 0.000
PA4418 ftsl Peptidoglycan D.D-transpeptidase 1.1 0.000 0.9 0.000
PA4420 yabC Uncharacterized protein 0.5 0.009 1.0 0.000
PA4421 yabC Uncharacterized protein 1.2 0.000 1.1 0.000
PA4432 rosl 30S ribosomal protein S9 0.7 0.012 0.8 0.000
PA4451 yrbA Uncharacterized protein 0.7 0.000 0.9 0.000
PA4462 rpolN RNA polymerase sigma-54 factor 0.9 0.000 0.6 0.000
PA4520 Probable chemotaxis transducer 0.4 0.009 0.5 0.003
PA4541 lepA Large extracellular protease 0.7 0.000 0.6 0.000
PA4602 9glyA3 Serine hydroxymethyltransferase 1.0 0.000 0.9 0.000
PA4690 Uncharacterized protein 0.5 0.009 0.6 0.005
PA4723 aksA Suppressor protein 1.0 0.000 0.9 0.000
PA4T741 psO 30S ribosomal protein S15 0.6 0.001 0.9 0.000
PA4T47 secG Secretion protein 0.6 0.008 0.7 0.001
PA4844 ctpL Methyl-accepting chemotaxis protein 0.7 0.001 0.6 0.002
PA4853 fis Putative Fis-like DNA-binding protein 0.7 0.006 1.0 0.000
PA4945 miaA Delta 2-isopentenylpyrophosphate 0.8 0.000 0.6 0.004
PA4960 serB Probable phosphoserine phosphatase 0.9 0.000 0.7 0.000
PA4961 Uncharacterized protein 0.7 0.000 0.7 0.000
PA4963 Uncharacterized protein 0.8 0.001 0.7 0.002
PA5013 ivVE Branched-chain-amino-acid transferase 0.7 0.001 0.8 0.000
PA5015 aceE Pyruvate dehydrogenase 0.7 0.001 0.6 0.005
PA5042 pilO Type 4 fimbrial biogenesis protein 1.0 0.000 0.9 0.000
PA5045 PONA Penicillin-binding protein 1A 1.3 0.000 1.0 0.000
PA5058 phaC2 Poly(3-hydroxyalkanoic acid) synthase 2 0.8 0.000 1.0 0.000
PA5066 hisl Phosphoribosyl-AMP cyclohydrolase 0.6 0.000 0.5 0.005
PA5152 Probable ATP-binding component of ABC transporter 0.6 0.001 0.6 0.001
PA5170 arcD Arginine/ornithine antiporter 0.7 0.000 0.6 0.000
PA5208 Uncharacterized protein 0.5 0.004 0.4 0.008
PA5235 9lpT Glycerol-3-phosphate transporter 1.0 0.000 0.9 0.000
PA5285 SUtA Uncharacterized protein 0.6 0.003 0.6 0.002
PA5286 yibQ Uncharacterized protein 0.7 0.002 0.7 0.003
PA5301 pauR Polyamine catabolic process 0.7 0.002 0.6 0.002
PA5315 omG 508 ribosomal protein L33 0.6 0.002 0.6 0.001
PA5332 crc Catabolite repression control protein 1.1 0.000 0.8 0.004
PA5348 nd Probable DNA-binding protein 0.6 0.010 0.7 0.005
PA5367 PStA Phosphate ABC transporter 0.9 0.005 1.2 0.000
PA5369 pstS Phosphate ABC transporter 0.8 0.000 0.5 0.006
PA5435 oadA Probable transcarboxylase activity 0.6 0.002 0.9 0.000

The above table shows the list of the significant up regulated genes and control with a log2 fold change cut off > 0.5 by taking significant p-value < 0.05.
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FIGURE 3 | Functional comparison of differentially expressed genes in the presence of FOS and inulin as compared to the control. Functions are organized into three
groups: Cellular components, Molecular Function, and Biological Process. The functional groups with the main differences between FOS and inulin are “Molecular
transducer,” “Biological adhesion” “Developmental process” and “locomotion system.”

and 30 mM glucose. After incubation at 37°C for 24 h, the
expansion of bacteria on the plate was observed. For swarming
assays, 5 pl of an overnight culture of bacteria were placed in
the center of swarm plates, which are made of 0.5% (w/v) Bacto
agar supplemented with 0.2% (w/v) casamino acids and 30 mM
glucose. Plates were incubated at 37°C for 24 h, followed by an
inspection of the surface movement of the bacteria. All motility
assays were performed in triplicate.

Statistical Analysis

All results are expressed as means from three cultures with
the corresponding standard deviations. Data were analyzed for
statistical significance using the one-way ANOVA analysis and
a posteriori least significance test. All analyses were carried
out with the SigmaStat 2.03 program (Jandel Corporation, San
Rafael, CA, United States). Fitting of dose-response curves was
done using Origin 7.0 (OriginLab Corporation, Northampton,
MA, United States). Differences were considered significant
atp < 0.05.

RESULTS

FOS and Inulin Induce Differential
Changes in Pseudomonas aeruginosa

Transcript Levels

To understand the cellular response of P. aeruginosa PAO1
to FOS and inulin treatment, we conducted RNA-seq studies.
Transcriptomic changes were determined in duplicate cultures
grown in the absence and in the presence of either FOS or
inulin at final concentrations of 20 mg/ml. Between 5,300,000

and up to 7,500,000 reads were obtained for inuline and FOS
respectively, of which approximately 85% could be assigned to
the 6,322 coding regions of the P. aeruginosa PAO1 reference
genome (Table 1).

The heat map shown in Figure 1A illustrates genes with the
most important alterations in transcript levels in the presence of
FOS/inulin as compared to the control. For both compounds the
number of genes with increased transcript levels were superior
to those with decreased levels (see Figure 1B). FOS and inulin
induced changes in the transcript level of 217 and 258 genes
respectively, compared to the control to which no polysaccharide
was added (Figure 2). Importantly, down changes in transcript
levels of 57 and 83 genes were found to be specific for inulin
or FOS, respectively (Figure 2A). Moreover, 201 and 134 genes
showed an increase in transcript levels by inulin and FOS,
respectively (Figure 2B) indicating that both compounds trigger
different changes.

Supplementary Tables S1 and S2 show the list of genes for
which the expression level significantly increased or decreased in
the presence of 20 mg/ml of inulin (Supplementary Table S1)
and FOS (Supplementary Table S2). Analysis of the expression
pattern showed that only 22 genes had decreased levels in the
presence of both compounds (Figure 2A and Table 2). Among
these genes the most prominent changes were observed for
genes involved in: (1) Organic acid transport such as PA1342
(aatj), which encodes a C4-dicarboxylate transport protein
and PA1183 (dctA), (2) Central metabolism, like a PA0795
(prpC), which regulates a citrate synthase, PA2008 (fahA) that
controls a fumarylacetoacetase, and PA1585 (sucA) encoding
a 2- oxoglutatate dehydrogenase, (3) Oxidative stress such as
superoxide dismutase PA4366 and (4) Virulence system like
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TABLE 4 | Genes with reduced transcript levels following exposure to FOS treatment.

Gene ID Gene Protein Function log2 Fold Change p-value (10-6)
PA0049 Uncharacterized protein —-1.2 0.001
PA0090 clpV1 Type VI secretion ATPase* -0.8 0.000
PA0296 spul Glutamylpolyamine synthetase -0.6 0.007
PAOG12 ptrB Positive regulation of cellular biosynthetic process -0.9 0.002
PA0B13 Uncharacterized protein -1.3 0.000
PA0614 Uncharacterized protein —-1.1 0.000
PA0615 Uncharacterized protein -1.3 0.000
PA0O616 Uncharacterized protein —-2.5 0.000
PA0B17 Uncharacterized protein 2.1 0.000
PA0618 Uncharacterized protein -1.9 0.000
PA0B19 Uncharacterized protein —2.4 0.000
PA0620 Uncharacterized protein 25 0.000
PA0621 Uncharacterized protein -3.2 0.000
PA0OB22 Uncharacterized protein -2.5 0.000
PA0623 Uncharacterized protein -2.3 0.000
PA0624 Uncharacterized protein —-2.3 0.000
PA0B25 Uncharacterized protein —-2.5 0.000
PA0G26 Uncharacterized protein 2.1 0.000
PA0B27 Uncharacterized protein —-3.7 0.000
PA0B28 Uncharacterized protein -2.9 0.000
PA0629 Uncharacterized protein —2.6 0.000
PA0630 Uncharacterized protein -1.8 0.000
PA0B31 Uncharacterized protein —-2.9 0.000
PA0B32 Uncharacterized protein —2.1 0.000
PA0633 Uncharacterized protein —2.2 0.000
PA0B34 Uncharacterized protein -1.5 0.000
PA0B35 Uncharacterized protein -1.9 0.000
PA0636 Uncharacterized protein —-2.5 0.000
PA0B37 Uncharacterized protein —-2.8 0.000
PA0B38 Uncharacterized protein —2.6 0.000
PA0639 Uncharacterized protein —-2.5 0.000
PA0B40 Uncharacterized protein 2.1 0.000
PA0G41 Uncharacterized protein —2.1 0.000
PA0B42 Uncharacterized protein —2.2 0.000
PA0B43 Uncharacterized protein —-2.2 0.000
PAOG44 Uncharacterized protein —-2.0 0.000
PA0B45 Uncharacterized protein -1.9 0.000
PA0B46 Uncharacterized protein -1.5 0.000
PAOB47 Uncharacterized protein -1.3 0.000
PAO0795 Uncharacterized protein -0.9 0.002
PAO807 ampD N-acetylmuramoyl-L-alanine amidase —2.7 0.000
PA0809 Transporter activity 1.7 0.000
PA0811 Transmembrane transport -1.8 0.000
PA0O812 Uncharacterized protein 1.7 0.000
PAO0908 alpB Response to antibiotic -2.0 0.000
PA0910 alpD Response to DNA damage stimulus -1.7 0.000
PAQ0911 alpE Response to DNA damage stimulus —-1.4 0.000
PA0912 Uncharacterized protein 2.4 0.000
PA1069 Uncharacterized protein -0.5 0.003
PA1171 sitB2 Soluble lytic transglycolase —-0.6 0.008
PA1183 dctA C4-dicarboxylate transport protein —-1.2 0.000
PA1337 ansB Glutaminase-asparaginase -0.9 0.002
PA1342 aatj Probable binding protein component of ABC transport 1.1 0.000
PA1585 SUCA 2-oxoglutarate dehydrogenase -0.6 0.001
PA1588 sucC Succinyl-CoA synthetase -0.6 0.002
(Continued)
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TABLE 4 | Continued

Gene ID Gene Protein Function log2 Fold Change p-value (10-6)
PA1592 nd Uncharacterized protein -0.8 0.001
PA1787 acnB Aconitrate hydratase B -0.5 0.003
PA2001 atoB Acetyl-CoA acetyltransferase -1.0 0.002
PA2007 maiA Maleylacetatoacetate isomerase -0.7 0.003
PA2008 fahA Fumarylacetoacetase —1.1 0.000
PA2040 pauA4 Glutamylpolyamine synthetase -0.7 0.002
PA2111 Uncharacterized protein —1.1 0.000
PA2247 bkdA1 2-oxoisovalerate dehydrogenase -0.7 0.004
PA2796 tal Transaldolase -0.8 0.004
PA3661 Uncharacterized protein -1.0 0.001
PA3692 IptF Lipotoxon F -0.8 0.006
PA3866 Pyocin S4 -1.0 0.000
PA4055 ribC Riboflavin synthase -0.7 0.005
PA4237 iQ 508 ribosomal protein L17 -0.6 0.005
PA4239 psD 308 ribosomal protein S4 -0.6 0.001
PA4240 psK 308 ribosomal protein S11 -1.0 0.000
PA4274 rplk 50S ribosomal protein L11 -0.7 0.002
PA4366 sodB Superoxide dismutase -0.7 0.000
PA4370 icmP Insulin-cleaving metalloproteinase outer membrane protein -0.9 0.000
PA4430 probable cytochrome b -0.6 0.003
PA4578 Uncharacterized protein -0.8 0.000
PA4TT4 Uncharacterized protein -0.7 0.001
PA4823 Uncharacterized protein —-1.2 0.000
PA4824 Uncharacterized protein -0.8 0.000
PA4825 mgtA Mg(@H) transport ATPase P-type 2 -0.8 0.000
PA4826 Uncharacterized protein -0.5 0.005
PA5149 mviM Uncharacterized protein -1.0 0.005
PA5169 dctM C4-dicarboxylate transport -1.0 0.001

The above table shows the list of the significant up regulated genes with a log2 fold change cut off > 0.5 by taking significant p-value < 0.05.

the Type VI secretion ATPase (PA0090). These genes were
outnumbered by the genes for which both compounds caused an
increase in transcript levels (Figure 2 and Table 3).

A significant number of these genes appear to be involved
in sensing (transcriptional regulators, sensor kinases, and
chemotaxis transducers), motility, glucose metabolism as well
as control of transcription and protein synthesis (Figure 2
and Table 3).

Functional Analysis of Pseudomonas
aeruginosa Transcriptome Following
Exposure to FOS and Inulin

GO terms (WEGO) enrichment analyses were conducted to
characterize the DEG (Differentially expressed genes) profiles and
K-means clustering was performed to further investigate their
biological function. We found that the differentially expressed
genes can be classified into 32 categories that belonged to three
gene ontology (GO) categories, i.e., the biological process, the
cellular component or the molecular function (Figure 3). There
were more genes classified into biological processes than the
other two categories and most genes were predicted to have a
binding function, as these genes are primarily involved in protein
metabolism (Figure 3).

The over-expressed DEGs were assigned to 15 GO categories
based on biological processes (Figure 3) and the results showed
that the response to the stimulus, metabolic process, biological
regulation, the establishment of localization and pigmentation
were among the most highly represented groups in the biological
process category in the presence of inulin or FOS. However,
“biological adhesion” and “developmental process” showed a
drastic decrease in the number of genes between inulin or FOS
samples. While in the “locomotion process” most of the inhibited
genes (43%) are annotated in FOS samples (Figure 3).

Furthermore, DEGs were assigned to seven GO categories
based on cellular component and the result showed that “Cell”
and “Cell part” are similar and highly represented groups for
FOS and inulin samples (Figure 3). However, the “extracellular
region” and the “organelle part” are lower and distinctly
represented in the presence of inulin or FOS (Figure 3).

Genes with altered transcript levels could be grouped
into 10 GO terms with different molecular functions of
which the categories “antioxidant; “binding, “electron
carrier; “transcription regulator; “structural molecular”, and
“transcription regulator” were most populated (Figure 3).
It is worth noting that, in the “molecular transducer”
category a significantly higher number of genes were noted
for inulin as compared to FOS. The individual genes that
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TABLE 5 | Genes with increased transcript levels following exposure to FOS treatment.

Gene ID Gene Protein Log2 fold Change p-value (10-6)
PAO003 reckF DNA replication and repair protein 1.2 0.000
PA0019 def Peptide deformylase 0.8 0.000
PA0026 plcB Phospholipase C 0.6 0.007
PA0408 pilG Twitching motility protein 0.8 0.000
PAO576 rpoD RNA polymerase sigma factor 0.7 0.000
PAOS77 dnaG DNA primase 0.5 0.003
PA0OG68 tyrZ Tyrosyl-tRNA synthetase 2 0.7 0.000
PA0BI1 phdA Prevent-host-death protein A 1.3 0.000
PA0B92 pdtB Phosphate depletion regulated TPS partner B 1.1 0.000
PA0B93 exbB2 Transport protein 1.1 0.000
PA0B95 Uncharacterized protein 1.2 0.000
PAO715 Uncharacterized protein 0.6 0.007
PAO730 3-hydroxyacyl-CoA-acyl carrier protein transferase. 0.6 0.004
PAQ762 algU RNA polymerase sigma factor 0.6 0.000
PAO768 lepB Signal peptidase | 0.6 0.004
PAQO782 PUtA Proline dehydrogenase 0.5 0.006
PAO805 Uncharacterized protein 1.2 0.000
PA0826 Uncharacterized protein 0.7 0.000
PA0842 Probable glycosyl transferase 0.6 0.005
PA0896 arufF Arginine N-succinyltransferase 0.5 0.001
PA0952 Uncharacterized protein 1.1 0.001
PA0979 Uncharacterized protein 1.0 0.000
PA1077 flgB Flagellar basal body rod protein FIgB 0.6 0.004
PA1081 flgF Flagellar basal-body rod protein FIgF 0.7 0.000
PA1084 flgl Flagellar P-ring protein 0.5 0.002
PA1327 Serine protease 0.8 0.000
PA1382 xqhB Probable type Il secretion system protein 0.6 0.004
PA1414 Uncharacterized protein 1.7 0.004
PA1606 Uncharacterized protein 0.7 0.000
PA1608 Probable chemotaxis transducer 0.8 0.000
PA1610 fabA Beta-hydroxydecanoyl-ACP dehydrase 0.8 0.000
PA1673 Uncharacterized protein 1.3 0.000
PA1796 folD Cyclohydrolase 0.7 0.001
PA1803 lon Protein secretion by the type Ill secretion system 0.5 0.003
PA2022 UDP-glucose 6-dehydrogenase 0.9 0.000
PA2426 pvdS Sigma factor 1.2 0.001
PA2428 Uncharacterized protein 1.0 0.000
PA2461 Uncharacterized protein 0.7 0.008
PA2548 Uncharacterized protein 0.9 0.000
PA2637 NUOA NADH dehydrogenase | 0.6 0.004
PA2667 mval Biosynthetic process 0.6 0.001
PA2685 vgrG4 protein secretion system type VI 0.5 0.005
PA2696 probable transcriptional regulator 1.0 0.004
PA2738 himA Integration host factor subunit alpha 0.8 0.000
PA2756 Uncharacterized protein 0.7 0.000
PA2882 Probable two-component sensor 1.0 0.000
PA2971 yeceD Uncharacterized protein 0.6 0.003
PA3019 uup Probable ATP-binding component of ABC transporter 0.6 0.002
PA3116 Probableaspartate-semialdehyde dehydrogenase 0.5 0.008
PA3147 wbpJ Probable glycosyl transferase 0.7 0.000
PA3161 him Integration host factor 0.6 0.005
PA3181 eda 2-dehydro-3-deoxy-phosphogluconate aldolase 1.4 0.000
PA3182 pgl 6-phosphogluconolactonase 2.0 0.000
PA3183 zwf Glucose-6-phosphate 1-dehydrogenase 2.1 0.000
(Continued)
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TABLE 5 | Continued

Gene ID Gene Protein Log2 fold Change p-value (10-6)
PA3190 gitB Component of ABC sugar transporter 0.8 0.004
PA3192 fellial Two-component response regulator 1.6 0.000
PA3193 gk Glucokinase 0.7 0.002
PA3194 edd Phosphogluconate dehydratase 1.9 0.000
PA3195 gapA Glyceraldehyde-3-phosphate dehydrogenase 1.1 0.000
PA3219 Uncharacterized protein 1.3 0.000
PA3262 Peptidyl-prolyl cis-trans isomerase 0.8 0.001
PA3280 oprO Pyrophosphate-specific outer membrane porin 1.1 0.000
PA3296 phoA Alkaline phosphatase 0.6 0.007
PA3305 Uncharacterized protein 1.9 0.004
PA3345 hptB Histidine phosphotransfer protein 0.5 0.008
PA3351 flgM Two-component system 0.7 0.000
PA3382 phnE Phosphonate transport protein 0.7 0.001
PA3383 phnD Binding protein component of ABC phosphonate transporter 0.6 0.001
PA3384 phnC Phosphonates import ATP-binding protein 0.9 0.000
PA3496 Uncharacterized protein 0.5 0.007
PA3560 fruA Phosphotransferase system transporter 1.3 0.000
PA3561 fruK 1-phosphofructokinase 1.8 0.000
PA3562 frul Phosphotransferase system transporter enzyme I. 2.0 0.000
PA3563 Uncharacterized protein 0.7 0.004
PA3623 Uncharacterized protein 0.6 0.002
PA3744 rimM 16S rRNA processing protein 0.6 0.004
PA3746 ffh Signal recognition particle protein 0.5 0.004
PA3903 prfC Peptide chain release factor 3 0.7 0.001
PA3990 Uncharacterized protein 0.9 0.000
PA4255 pmC 50S ribosomal protein L29 1.1 0.000
PA4264 osd 30S ribosomal protein S10 0.8 0.000
PA4270 poB DNA-directed RNA polymerase beta chain 0.9 0.000
PA4280 birA Regulation of transcription 0.6 0.000
PA4335 Uncharacterized protein 1.1 0.001
PA4336 Uncharacterized protein 0.8 0.003
PA4378 inaA Protein of response to stimulus 0.6 0.004
PA4418 ftsl Peptidoglycan D.D-transpeptidase 0.5 0.003
PA4420 yabC Uncharacterized protein 0.6 0.000
PA4421 yabC Uncharacterized protein 0.9 0.000
PA4432 rpsl 30S ribosomal protein S9 0.6 0.005
PA4451 yrbA Uncharacterized protein 0.9 0.000
PA4462 rpoN RNA polymerase sigma-54 factor 0.9 0.000
PA4475 Uncharacterized protein 0.7 0.001
PA4520 Probable chemotaxis transducer 0.6 0.002
PA4525 pilA Type 4 fimbrial precursor 0.9 0.000
PA4541 lepA Large extracellular protease 1.0 0.000
PA4545 comL Outer membrane lipoprotein 0.6 0.003
PA4602 glyA3 Serine hydroxymethyltransferase 0.6 0.004
PA4611 Uncharacterized protein 0.6 0.008
PA4690 Uncharacterized protein 1.1 0.000
PA4723 dksA Suppressor protein 0.7 0.000
PA4741 psO 30S ribosomal protein S15 0.7 0.002
PA4747 secG Secretion protein 0.8 0.000
PA4844 ctpl Chemoreceptor for inorganic phosphate 0.6 0.005
PA4853 fis Putative Fis-like DNA-binding protein 0.9 0.000
PA4941 hfiC Protease 0.5 0.004
PA4944 hfq Motilities and Quorum sensing 0.6 0.001
PA4945 miaA Delta 2-isopentenylpyrophosphate 1.0 0.000
(Continued)
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TABLE 5 | Continued

Gene ID Gene Protein Log2 fold Change p-value (10-6)
PA4960 serB Probable phosphoserine phosphatase 0.6 0.003
PA4961 Uncharacterized protein 0.5 0.005
PA4963 Uncharacterized protein 0.6 0.001
PA5013 ilVE Branched-chain-amino-acid transferase 0.6 0.000
PA5015 aceE Pyruvate dehydrogenase 0.4 0.008
PA5040 pilQ Type IV pilus-dependent motility 0.5 0.004
PA5042 pilO Type IV pilus-dependent motility 0.9 0.000
PA5043 PilN Type IV pilus-dependent motility 0.7 0.005
PA5045 PONA Penicillin-binding protein 1A 0.6 0.002
PA5058 phaC2 Poly(3-hydroxyalkanoic acid) synthase 2 0.7 0.003
PA5066 hisl Phosphoribosyl-AMP cyclohydrolase 0.6 0.002
PA5152 Probable ATP-binding component of ABC transporter 0.6 0.001
PA5170 arcD Arginine/ornithine antiporter 0.8 0.004
PA5208 Uncharacterized protein 0.7 0.005
PA5235 glpT Glycerol-3-phosphate transporter 1.2 0.000
PA5255 algQ Alginate regulatory protein 0.6 0.007
PA5285 SUtA Uncharacterized protein 0.5 0.006
PA5286 yjibQ Uncharacterized protein 0.7 0.000
PA5288 9K Nitrogen regulatory protein 0.6 0.003
PA5301 pauR Polyamine catabolic process 0.9 0.000
PA5315 momG 50S ribosomal protein L33 0.7 0.000
PA5332 crc Catabolite repression control protein 0.7 0.000
PA5348 Probable DNA-binding protein 0.7 0.001
PA5367 pstA Phosphate ABC transporter 0.7 0.001
PA5369 pstS Phosphate ABC transporter 0.7 0.000
PA5435 oadA Probable transcarboxylase activity 0.9 0.000

The above table shows the list of the significant up regulated genes with a log2 fold change cut off > 0.5 by taking significant p-value < 0.05.

were classified into these different GO terms are provided in
Supplementary Tables S1, S2.

Differential Gene Expression Pattern in

the Presence of FOS

The differential expression analysis performed with DESeq2
in the presence of FOS showed that 83 gene transcript
levels were reduced (Table 4), whereas 134 were increased
(Figure 2 and Table 5). A large number of genes with reduced
transcript levels (43%) were annotated as hypothetical proteins
of uncharacterized functions (Table 4). We observed a decrease
in the expression of genes related to (1) Metabolic pathways
like citrate synthase (prpC), glutaminase-asparaginase (ansB),
glutamylpolyamine synthetase (pauA4), and riboflavin synthase
(ribC), (2) Transport systems such as PA0811 and PA1342 (aatj)
(3) Translation cellular processes like several ribosomal proteins
(rplQ, rpsD, rpsK, and rplK) and (4) Virulence such as PA0090
(clpV); PA0612 (ptrB), PA3866 (pyocin S4), and PA4370 (icmP)
(see Table 4).

Surprisingly, in addition to increasing the expression of genes
involved in different metabolic pathways necessary for bacterial
growth, we found that transcript levels of many genes that
are related to P. aeruginosa motility were increased in the
presence of FOS (Table 5), exemplified by genes involved in
twitching motility (pilG), components of the flagellar motor or

chemoreceptors including CtpL that mediates specific taxis to
inorganic phosphate - a key regulator of P. aeruginosa virulence
(Zaborin et al., 2009; Bains et al., 2012). In the same manner,
transcript levels of many genes associated within the glucose
metabolism were also increased including genes eda, zwf, gapA,
glk, edd, or gltR (Table 5) suggesting that P. aeruginosa can
catabolize these compounds.

Effect of FOS on Virulence Related Gene

Transcript Levels

All the DEGs were mapped to KO terms in the KEGG
database to identify FOS modulated genes that play
a role in bacterial virulence, motility, or sensitivity to
antibiotics and the corresponding genes are provided
in Table 6.

Noteworthy are the increases observed for transcript
levels of PA0668 which encodes a TyrZ: Tyrosyl-tRNA
synthetase2 that inhibits growth and biofilm formation
(Williams-Wagner et al., 2015), genes of the pilMNOPQ operon,
which are important for the pilus assembly system (T4P) and
promote surface-associated attachment (Ayers et al, 2009;
Tammam et al., 2013; McCallum et al., 2016) showed increased
transcript levels like pilG (PA0408) (Log2 fold = 0.8); pilQ
(PA5040) (0.5 Log2 fold); pilO (PA5042) (0.9 Log2 fold);
piIN (PA5043) (0.7 Log2 fold); or different genes of the flg
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TABLE 6 | Genes with increased transcript levels in response to FOS that are related to bacterial pathogenicity.

Gene ID Gene Protein Log2 Fold Change Function References
PA0408 pilG Twitching motility protein 0.81 Twitching motility and Darzins, 1993; Darzins and
Chemotaxis Russell, 1997; Whitchurch
et al., 2004
PA0G68 tyrZ Tyrosyl-tRNA synthetase 2 0.7 Inhibit growth and biofilm Williams-Wagner et al., 2015
formation
PA0692 patB Phosphate depletion regulated 11 Type V secretion system Faure et al., 2014
TPS partner B
PAQO762 algu RNA polymerase sigma factor 0.6 Control expression of virulence Stacey and Pritchett, 2016;
genes Stacey et al., 2017
PA1077 flgB Flagellar basal-body rod protein 0.63 Bacterial-type Goodier and Ahmer, 2001
flagellum-dependent cell
motility
PA1081 flgF Flagellar basal-body rod protein 0.75 Flagellar assembly Goodier and Ahmer, 2001
FigF
PA1084 flgl Flagellar P-ring protein 0.54 Flagellar assembly Goodier and Ahmer, 2001
PA1382 xqhB Probable type Il secretion 0.6 Type Il secretion system Stover et al., 2000
system protein
PA1608 Probable chemotaxis 0.8 Chemotaxis system and biofim Southey-Pillig et al., 2005
transducer formation
PA2426 pvdS Sigma factor 1.22 Sigma factor activity Tiburzi et al., 2008
PA3183 zwf Glucose-6-phosphate 213 Carbohydrate metabolic Udaondo et al., 2018
1-dehydrogenase pathway
PA3192 gltR Two component system 1.6 Carbohydrate metabolic and Daddaoua et al., 2014
virulence
PA3351 figM Negative regulator of flagellin 0.73 Flagellar assembly Goodier and Ahmer, 2001
synthesis FigM
PA4520 Chemotaxis transducer 0.6 Chemotaxis system Victoria et al., 2003
PA4747 secG Secretion protein 0.7 Sec secretory pathway Crowther et al., 2015
PA4844 ctpL Chemoreceptor for inorganic 0.6 Chemotaxis to inorganic Rico-Jiménez et al., 2016
phosphate phosphate
PA5040 pilQ Type 4 fimbrial biogenesis 0.5 Surface filaments involved in Darzins, 1993; Darzins and
protein host colonization Russell, 1997; Whitchurch
et al., 2004
PA5042 pilO Type 4 fimbrial biogenesis 0.9 Surface filaments involved in Martin et al., 1995; Leighton
protein adhesion cell, twitching motility et al., 2018; Ayers et al., 2009
PA5043 PilN Type 4 fimbrial biogenesis 0.7 Surface filaments involved in Ayers et al., 2009
protein host colonization
PA5045 PONA Penicillin-binding protein 1A 1.0 ampR-B-lactamase modulation Handfield et al., 1997
PA5332 crc Catabolite repression control 0.8 Virulence, Quorum Sensing Milojevic et al., 2013;
protein Chakravarthy et al., 2017
PA5435 oadA Probable transcarboxylase 0.9 Virulence Bains et al., 2012
activity
PA5369 pstS Phosphate ABC transporter 0.8 Virulence Zaborin et al., 2009

transporter control protein

operon that encode proteins of the flagellar motor such as
flgB (PA1077) (0.6 Log2 fold); flgF (PA1081) (0.7 Log2 fold);
flgI (PA1084) (0.5 Log2 fold); and flgM (PA3351) (0.7 Log2
fold). Moreover, the transcript levels of three chemoreceptors
were increased in the presence of FOS, of which two (PA1608,
PA4520) are of unknown function, whereas PA4844 (ctpl)
encodes a specific chemoreceptor for inorganic phosphate
(Rico-Jiménez et al., 2016). In addition, the zwfl gene encoding
a glucose-6-phosphate dehydrogenase that is involved in
P. aeruginosa virulence (Udaondo et al., 2018) showed much
higher transcript levels (2.13 Log2 fold) in the presence of
FOS. In the same manner, transcript levels of gltR encoding

the response regulator of the GtrS/GItR two component
system (TCS) were significantly increased (1.6 Log2 fold)
(Table 6). This TCS was found to regulate the expression
of toxA encoding the primary virulence factor exotoxin A
(Udaondo et al., 2018).

However, the results (Table 7) show several virulence
related genes with reduced transcript levels, such as PA0090
encoding the ClpV1 protein, involved in the type VI secretion
system (Bonemann et al, 2009), or the PtrB component of
the type III secretion system (TTSS) that coordinates TTSS
repression and pyocin synthesis under DNA damage (Weihui and
Shouguang, 2005). The latter observation agrees with the reduced
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TABLE 7 | Genes with decreased transcript levels in response to FOS that are related to bacterial pathogenicity.

GeneID Gene Protein Fold change Function References
PAO090  clpV Type VI secretion ATPase -0.84 Biofilm formation and secretion system ~ Bonemann et al., 2009
type VI
PA0296  spul Glutamylpolyamine synthetase —0.55 Polyamine toxicity Dong-Kwon and Chung-Dar,
2006
PAOG12  ptrB Protease -0.85 Suppresses the Type Ill Secretion Weihui and Shouguang, 2005
System
PA0807  ampD  N-acetylmuramoyl-L-alanine amidase —2.68 B-lactam resistance Amber and Nancy Hanson, 2008
PA0908  alpB Outer membrane protein AlpB —1.98 Cellular response to antibiotic Alvarez-Ortega et al., 2010
PA1183  dctA C4-dicarboxylate transport protein —-1.23 Growth process Valentini et al., 2011
PA3692  IptF Lipotoxon F -0.78 Integral component of membrane and Heath-Damron et al., 2009
survival factor
PA3866 Pyocin S4, soluble (S-type) pyocins —0.95 Virulence factor Ameer et al., 2012
PA4370  icmP  Insulin-cleaving metalloproteinase outer membrane -0.938 Pathogenicity Christian et al., 2015
protein precursor
TABLE 8 | Quantitative real time PCR experiments to quantify the effect of FOS on
the transcript levels of genes that belong to the genomic island and that are A 3 mm Control
related to bacterial pathogenicity in P aeruginosa. * = Inulin
25
Gene ID Gene Protein Relative P- i) =
expression levels value % 2
o
PA0807 ampD N-acetylmuramoyl-L-alanine —6.1 0.04 = 15
amidase = 1
PAQO908 alpB Quter membrane protein AlpB -5.8 0.04 L
PA1183 dctA Cé-dicarboxylate transport 72 0.02 08
protein 0
PA0296 spul Glutamylpolyamine synthetase -7 0.04 pery exsA hept verG1
PA3866 Pyocin S4 Soluble (S-type) pyocins -10.7 0.01 secretion system I11 secretion system VI
PA4370 icmP Insulin-cleaving —-10.4 0.02
metalloproteinase outer B
membrane 18
. . * mm Control
PA4844  ciplL Chemoreceptor for inorganic + 0.65 0.09 16
3] = Fos
phosphate = 14
Experiments were conducted using P aeruginosa cultures grown in the presence g 12
and absence of 20 mg/ml of FOS. The cycle threshold values were normalized to A
that of the reference transcript, 16S RNA, and data of relative expression levels E 08
were normalized to the control lacking FOS. L o0s
04
02 *
. . . o *
transcript level of the gene (PA3866) encoding the pyocin S4 p—r o P ——

(Ameer et al., 2012).

In addition, the results shown in Table 7 reveal reduced
transcript levels for PA3692 (IptF), encoding an outer membrane
protein (alipotoxon), which plays a key role in P. aeruginosa
survival under harsh environmental conditions, including lung
colonization in patients with cystic fibrosis (Heath-Damron
et al., 2009). Furthermore, the reduction in transcript levels for
PA0807 (ampD) and PA0908 (alpB), encoding proteins involved
in responses to antibiotics, or in PA0296, involved in polyamine
toxicity, may indicate that FOS modulates sensitivity to
antibiotics (Amber and Nancy Hanson, 2008; Shah and Swiatlo,
2008; Alvarez-Ortega et al., 2010) and polyamines (Dong-Kwon
and Chung-Dar, 2006). These data have been confirmed by real
time quantitative PCR (rt-qPCR) experiments (Table 8).

Moreover, FOS treatment resulted in lower transcript levels
of the dctA gene (PA1183) which is associated with the normal

secretion system I1I secretion system VI

FIGURE 4 | Quantitative RT-PCR validations of the effect of FOS and inulin on
the expression of secretion system genes. rt-qPCR studies of P aeruginosa of
cultures grown in the presence and absence of 20 mg/ml inulin (A) or FOS
(B). The expression of genes encoding proteins of secretion systems Ill and VI
are shown. *P < 0.05 vs. Control.

growth of P. aeruginosa (Valentini et al., 2011) and of the icmP
gene (PA4370) encoding an metalloproteinase outer membrane
protein, which has been shown to degrade the plasminogen
activator (Christian et al., 2015) and plays a key role in the
Pseudomonas aeruginosa pathogenicity. These FOS mediated
alterations in transcript levels have been confirmed by rt-qPCR
studies (see Table 8). Altogether, data suggest that FOS acts
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3.5M

identified in a genomic island in P aeruginosa PAO1 genome.

FIGURE 5 | Location of the genomics island with genes widely repressed by FOS-treatment in Pseudomonas aeruginosa PAO1 genome. Figure were made using
IslandViewer4 (Bertelli et al., 2017). Genes ids with a red dot represent genes repressed in presence of FOS treatment. Genes with blue dot represent genes

Gene

Accnum Product
Name
PA0616 @ NP_249307.1 hypothetical protein
PA0617 @ NP_249308.1 bacteriophage protein
PAO618 @ NP_249309.1 bacteriophage protein
PAO619 @ NP_249310.1 bacteriophage protein
PA0620 @ NP_249311.1 bacteriophage protein

PA0621 @ NP_249312.1 hypothetical protein
PA0622 @NP_249313.1 bacteriophage protein
PA0623 @NP_249314.1 bacteriophage protein
PA0624 @NP_249315.1 hypothetical protein

PA0625 @NP_249316.1 hypothetical protein
PA0626 @NP_249317.1 hypothetical protein

PA0627 @NP_249318.1 hypothetical protein

PA0628 @NP_249319.1 hypothetical protein
PA0629 @NP_249320.1 hypothetical protein
PA0630 @ NP_249321.1 hypothetical protein

PA0B31 @NP_249322.1 hypothetical protein

PA0633 @NP_249324.1 hypothetical protein

PA0634 @ NP_249325.1 hypothetical protein
PA0635 @ NP_249326.1 hypothetical protein
PA0636 @ NP 249327.1 hypothetical protein
PA0637 @ NP_249328.1 hypothetical protein

PA0638 @ @ NP_249329.1 bacteriophage protein
PA0639 @@ NP_249330.1 hypothetical protein
PA0640 @ @ NP_249331.1 bacteriophage protein
PAO641 @ @NP_249332.1 bacteriophage protein
PA0643 @ @NP_249334.1 hypothetical protein
PA0644 @ @NP_249335.1 hypothetical protein
PA0G45 @ @NP_249336.1 hypothetical protein
PA0646 @ @NP_249337.1 hypothetical protein
PA0S47 @ @NP_249338.1 hypothetical protein

PA0648 @ @NP_249339.1 hypothetical protein

as a signal molecule that modulates bacterial virulence through
distinct signaling pathways.

Confirmation That FOS Reduces
Expression of Structural Proteins of

Secretion System lll and VI

To confirm that FOS mediates changes in secretion system
genes, we have conducted rt-qPCR experiments to determine the
influence of FOS and inulin on the expression of 4 genes that
encode proteins that are part of type III and VI secretion systems.
The products of the pcrV and exsA genes control the activation
of the type III secretion system (Lee et al., 2010), whereas the
proteins encoded by hcpl and vgrG1 are necessary for the type
VI secretion system (Hachani et al., 2011).

We found that inulin caused a significant increase in pcrV and
exsA transcript levels, whereas those of hcpl and vgrG1 did not
vary (Figure 4A). In contrast, the expression of exsA and hcpl
were dramatically down regulated by factors of approximately 20
and 7, respectively, in the presence of FOS (Figure 4B). FOS but
not inulin down regulated the expression of two components of
the type III and VI secretion system.

6 -
- WT
= PA0643

T 44 - PA0B44
é = PA0646
N
Q
© 5]

0.

L] L] ] 1 1 1
o 1 2 3 4 5 6 7 8 9
Time (Hours)

L) L)
10 24

FIGURE 6 | The effect of PA0643, PA0644, and PA0646 deletion on the
growth of P aeruginosa PAO1. Shown are results from growth experiments
that were conducted in M9 minimum medium at 37°C for 24 h.
Representative data from one of three independent experiments with similar
results are shown.
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FIGURE 7 | The effect of PA0643, PA0644, and PA0646 deletion on biofilm
formation of R aeruginosa PAO1. Biofim formation was monitored in minimum
medium supplemented with 5 mM of citrate and quantified after 2, 4, and 6 h.
The OD at 590 nm of crystal violet (CV) stained and resuspended bacteria
from biofims was recorded. Shown are means and standard deviations with
n=23-6;"P < 0.05vs. WT.

Identification of Genomics Islands
Widely Repressed by FOS-Treatment in

Pseudomonas aeruginosa PAO1

Due to their relevance to human health, extensive efforts have
been made to study genomic islands, which are large genetic
elements acquired through horizontal transmission (Juhas et al,,
2009; Stephen and Julian, 2015; Mao and Lu, 2016).

Our data, using RNAseq sequence analysis, indicates the
presence of a genomic island in PAO1 of ~17 kb comprising 15
genes that had been inserted into the 3’-end of the PA0639 gene
(Figure 5) through a phage encoded R2/F2 pyocin (Chang et al.,
2005). Most of its genes were clearly repressed in the presence
of FOS. Unfortunately, most of these genes code for proteins
with unknown functions. Furthermore, in order to determine the
biological role of this genomic island, various isogenic mutants
were constructed and submitted to a phenotypic analysis that
investigates changes in growth, biofilm formation, and motility.

Interestingly, PA0643, PA0644, and PA0646 mutants showed
reduced growth inhibition compared to the wild-type strain
(Figure 6). In addition, while the PA0643 mutant strain did not
cause any significant changes, the PA0644 and PA0646 isogenic
mutant demonstrated a reduction in biofilm formation at 4 and
6 h (Figure 7). Moreover, PA0643, PA0644, and PA0646 mutants
were tested for their ability to swim, swarm, and twitch and the
results showed that the mutants exhibited differences in all three
types of motility (Figure 8). While PA0643, PA0644, and PA0646
mutants caused the same reduced change in swarming motility,
it was found that PA0644 and PA0646 mutants significantly
inhibited (at least 50-60% of WT) the swimming motility.
Interestingly, the twitching motility has been drastically reduced
in the case of the PA0646 mutant (Figure 8). Markedly, this is
the first study which shows that the deletion of PA0643, PA0644,
and PA0646 genes are able to block P. aeruginosa swarming,
swimming, and twitching motility. However, further studies are
required to elucidate the function of these proteins.

DISCUSSION

Various factors appear to be implicated in the ability of
P. aeruginosa to cause health problems. While surface structures,
including pili and the polysaccharide, seem to favor biofilm
formation and adhesion of P. aeruginosa to host cells (Pollack,
1984/1992; Prince, 1992) promoting colonization, its exotoxins in
combination with various secretion systems deteriorate the host’s
defenses. The identification of signal molecules and the study of
their corresponding molecular mechanism, which is associated
with these processes, are of utmost interest.

Prebiotics have been shown to exert beneficial effects
on human health by altering the intestinal microbiota
and also by inhibiting the progression of some pathogenic
strains (Knol et al,, 2005), due to an indirect effect caused
by the selective growth of host friendly bacteria. To our
knowledge, antimicrobial properties have been described for
a number of oligosaccharides (Daddaoua et al, 2006) and
in a previous study, it was shown that FOS as a prebiotic
had specific effects on P. aeruginosa, since it reduced growth,
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FIGURE 8 | Effect of PA0643, PA0644, and PA0646 deletion on the motility of P aeruginosa PAO1. Motility assays were carried out as described in section
“Materials and Methods.” Shown are means and standard deviations with n = 3-6; *P < 0.05 vs. WT.
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limited the formation of biofilm, impaired motility, and
reduced the inflammatory response (Ortega-Gonzalez et al.,
2014). Although, inulin and FOS are structurally related
oligosaccharides, they differ in chain length and both
compounds can be used as a carbon and energy source for P.
aeruginosa growth.

The present study demonstrates that FOS induces a number
of important changes in P. aeruginosa transcript levels some
of which are related to bacterial survival (Figure 1) and
provides an initial insight into the corresponding molecular
mechanisms. As shown in Figure 2, in the 162 genes with
reduced transcript levels by FOS and inulin, only 13% of them
were affected by both compounds. Similarly, of the 443 genes
with increased levels only 24% of gene transcript levels were
altered by both compounds. Therefore, these compounds can
be considered as signal molecules; however, their molecular
mechanisms remain unknown.

RNA-Seq and rt-qPCR based comparative RNA profiling of
P. aeruginosa PAOL1 in the presence of FOS or inulin, not only
highlighted known functions required for survival metabolism,
but revealed a decrease in transcript levels of genes associated
with carbohydrate metabolism and growth such as PA1183 (dctA)
which has been shown to be associated previously with bacterial
growth (Valentini et al.,, 2011). Thus, the growth reduction may
be due to a reduction in transcript levels of genes associated
with carboxylic acid transport, carboxylic acid metabolism, and
reduction in ribosomal proteins.

Furthermore, these studies revealed a decrease of spul gene
transcript levels (PA0296), confirmed by rt-qPCR (Table 8),
which control the expression of polyamine toxicity and of pyocins
(PA3866), which are virulence factors that are induced by DNA-
damaging agents, such as UV light and mitomycin C (Dean-
Scholl and Martin, 2008).

The current analysis clearly shows that the pathogenesis of
P. aeruginosa in the presence of FOS is compromised due
to a decrease in several virulence-associated genes; i.e., alpB
(PA0908), a holin-like protein that is required for lysis and
the icmP gene (PA4370), which has been shown to degrade
plasminogen activator (Christian et al., 2015) and may play a role
in P. aeruginosa pathogenicity (Tables 5, 8).

Secretion of exotoxins through type III secretion systems
(T3SSs) (Filloux, 2011) are related to acute infections in
P. aeruginosa, while type VI secretion systems are often
associated with chronic infections and biofilm formation
(Silverman et al., 2012).

Here we show by rt-qPCR that FOS lowers the transcript
levels of exsA encoding a transcriptional activator of the secretion
system type (T3SS) as well as those of a key protein necessary for
the secretion system type VI (T6SS) function, encoded by the hcp
gene (Figure 4).

Interestingly, the RNA seq analysis data coincide with a
report that demonstrated that the repression of the ptrB gene
(PA0612) is implicated in the regulation of the T3SS under
DNA damage stress conditions (Weihui and Shouguang, 2005).
In addition, this report demonstrates that a repression of clpV
(PA0090) regulates the biofilm formation and T6SS (Table 5).
Altogether, our study is consistent with the notion that the FOS

mediated reduction in pathogenicity is mediated by the secretion
systems IIT and VI.

Further, we obtained initial data suggesting that FOS
modulates bacterial resistance to antibiotics, since FOS reduced
the expression of ampD (PA0807) transcription levels which
leads to the constitutive hyperproduction of the beta-lactamase
AmpC and consequently to an increase of the p-lactam
resistance (Lindberg et al., 1987). Furthermore, the data shows
that FOS lowers transcript levels of alpB (PA0908) a gene
product which is related to cell responses to antibiotics
(Alvarez-Ortega et al., 2010).

The RNA seq analysis demonstrated the presence of an island
with different genes of unknown function, whose expression
was completely inhibited in the presence of FOS (Figure 5 and
Table 4). The deletion of the PA0643, PA0644, and PA0646
genes caused alterations in bacterial growth (Figure 6), biofilm
formation (Figure 7) and motility (Figure 8). The alteration
of the transcript levels of this island is thus another possible
mechanism by which FOS reduces bacterial pathogenesis.

CONCLUSION

FOS containing supplements are currently being used to prevent
gastrointestinal infections (Yasuda et al., 2012), suggesting that it
is a valid strategy to combat Pseudomonas infection by potentially
including FOS in antimicrobial cocktails. The present study is
a contribution to close the gap of knowledge that exists in the
corresponding molecular mechanisms.
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Vibrio parahaemolyticus is a food-borne pathogen that causes pathogenic symptoms
such as diarrhea and abdominal pain. Currently no studies have shown that either
pathogenic and non-pathogenic V. parahaemolyticus possess growth heterogeneity in
a human environment, such as in gastric and intestinal fluids. The tlh gene is present
in both pathogenic and non-pathogenic V. parahaemolyticus strains, while the tdh and
trh genes are only present in pathogenic strains. This study firstly applied simulated
human gastric fluids to explore growth variability of 50 strains of V. parahaemolyticus at
37°C. The bacterial growth curves were fitted by primary modified Gompertz model, and
the maximum growth rate (wmax), lag time (LT), and their CV values were calculated to
compare the stress response of pathogenic and non-pathogenic V. parahaemolyticus
to simulated human gastric fluids. Results showed that the simulated human gastric
fluids treatment significantly increased the pwmax Of pathogenic strains and shortened
the lag time, while decreased the wmax Of non-pathogenic strains and prolonged the
lag time. Meanwhile, the CV values of genotypes (th™/tdh™/trh~) evidently increased,
showing that the pathogenic genotype (tth™/tdh™/trh™) strains had strong activity to
simulated gastric fluids. All of the results indicated that the V. parahaemolyticus strains
exhibited a great stress-resistant variability and growth heterogeneity to the simulated
gastric fluids, which provides a novel insight to unlock the efficient control of pathogenic
V. parahaemolyticus.

Keywords: Vibrio parahaemolyticus, growth heterogeneity, simulate gastric fluids, maximum growth rate, gene
heterogeneity

INTRODUCTION

Vibrio parahaemolyticus is a gram-negative non-spore halophilic bacteria, which inhabits primarily
coastal marine and estuarine environments and is widely found in various marine products
(Alonsohernando et al.,, 2013). Cross-contamination due to the transportation and sale of seafood
can also be found in large quantities in freshwater products (Jing et al., 2014). V. parahaemolyticus
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is a common food-borne pathogen, which can cause
pathogenic symptoms such as diarrhea, vomiting, acute
gastroenteritis, dehydration, shock, and even death after
the ingestion of the bacteria (Baker-Austin et al, 2010).
V. parahaemolyticus has become the major pathogen causing
food-borne infection in many countries and coastal areas,
such as Japan, Southeast Asia, the United States, and Taiwan
(Yamasaki et al., 2009). According to reports of patients in
China, due to V. parahaemolyticus, there have been 6.65
million cases of acute diarrhea, about 7.281 million cases
of acute gastroenteritis, and the proportion of food-borne
V. parahaemolyticus infection was about 68.0%. Thus, it
is essential to control and prevent V. parahaemolyticus.
Additionally, approximately 95% of V. parahaemoliticus
cases are non-pathogenic and 5% are pathogenic in the
environment (Nordstrom et al., 2007). The use of multiplex-
PCR can comprehensively detect V. parahaemolyticus. All
V. parahaemolyticus can amplify the t/h gene, which is unique
to V. parahaemolyticus. The detection of tdh and trh genes as
pathogenic isolates is also the main cause of human food-borne
diseases (Letchumanan et al., 2015).

Although most environmental strains are not pathogenic,
there are a small number of pathogenic strains with virulence
factors that serve as the most critical in causing food-borne
diseases. The reason that pathogenic V. parahaemolyticuscan
causes human diarrhea, which is contained in seafood. And it
is related to pathogenic factors, including the initial adhesion of
pathogenic bacteria to host cells; and the release of pathogenic
bacteria to the host cells with various biological activities such as
toxins, proteins, and polysaccharides plays a toxic role. Usually,
most pathogenic isolates and a few environmental sources
of V. parahaemolyticus are pathogenic, which is associated
with its cell-associated factors (such as colistin) (Obaidat
et al., 2017), extracellular factors (such as hemolytic toxins)
(Takahashi et al., 2000), and proteases (such as mucinase)
(Jun et al., 2003).

Previous studies’ identified methods for the pathogenic
isolates of V. parahaemolyticus mainly include: MLSA reveals
that pathogenic isolates have a higher genetic diversity than
non-pathogenic isolates (de Jesus Hernandez-Diaz et al., 2015).
The pathogenic isolates include two hemolysin genes (tdh
and trh) and a horizontally acquired type-three secretion
system (T3SS2) (Xu et al, 2015). The comparative genomics
method is used to analyze the differences in the genomes of
pathogenic and non-pathogenic isolates, and there are more
conserved genes in pathogenic isolates (Hazen et al., 2015). Using
Whole Gene Sequencing (WGS) characterization, the pathogenic
isolates containing tdh and trh genes account for the highest
proportion of increasing cases of V. parahaemolyticus each year
(Haendiges et al., 2015).

Current researches on V. parahaemolyticus have been
mostly applied to single strain in pure cultures or in food.
Studies have demonstrated that there are differences in the
growth kinetics between temperature and salinity leading to
pathogenicity and growth rate of the strains. There was an
inseparable relationship between environmental factors and
strain activity (Fujikawa et al., 2009). V. parahaemolyticus had

different growth activities under four different temperature
conditions (10, 20, 30, and 37°C) (Liu et al., 2016), and
found that of the strains at 37°C, 3% had a good growth
rate: As the temperature and salinity conditions become
increasingly tense, their growth vigor was also more inhibited
accordingly. Moreover, only a small amount of research has
shown the pathogenicity of V. parahaemolyticus, which was
present in the small intestine (Ritchie et al., 2012b), but few
studies have been done on the growth kinetic parameters of
V. parahaemolyticus under gastric digestion fluids. And there is
also limited knowledge of the pathogenesis of diarrhea caused by
V. parahaemolyticus. Therefore, it is of great significance to study
the heterogeneity of growth of V. parahaemolyticus in gastric
digestion fluids.

The main virulence factor of V. parahaemolyticus is hemolytic
toxin—the others are heat-resistant hemolytic toxin (TDH),
hemolytic toxin associated with heat-resistant hemolytic toxin
(TRH), and heat-labile hemolytic toxin (TLH) (Takahashi
et al, 2000; Dou et al, 2013). TDH is an enzyme that
can digest the cell walls of blood cells and can produce a
B-type hemolytic ring on blood agar medium, called Kanagawa
(KP +) (Zhang and Chen, 2018). Almost all pathogens isolated
V. parahaemolyticus produce a biologically active protein: TDH
or TRH. The most direct characterization of the TDH-producing
strain is the presence of beta-type hemolysis on the blood-
stained plate, which is positive for Kanagawa (KP+) and is
used as the most important marker for the pathogenicity of
the strain. Pathogenic strains that produce only TRH (trh™),
although negative for KP, also have enterotoxin activity, so these
strains are generally considered to be pathogenic strains. Most
environmental strains have neither tdh nor trh, and are called
non-pathogenic strains. And epidemiological investigations have
shown that the pathogenicity of V. parahaemolyticus is highly
correlated with TDH (Guo et al., 2014). Otherwise, as a food-
borne pathogen that is orally ingested, V. parahaemolyticus
must survive human digestion to cause disease in humans. It
is well known that in the gastric digestion fluids with pH 0.9-
1.5, V. parahaemolyticus can neither survive nor cause people
to become sick. However, the pH value of the stomach will
rise rapidly within half an hour after ingestion. Therefore,
for the food-borne pathogen V. parahaemolyticus, the bacterial
concentration reaches 10* CFU/ml, while the stomach provides
favorable conditions for growth and colonization. It can cause
other symptoms, such as diarrhea (Ritchie et al., 2012a).

Maximum growth rate (Jmax) and lag time (LT) are the
most important parameters for fitting microbiology models.
Predicting microbes is a precise method for risk assessment
(Lou et al,, 2015). Currently, risk assessment studies based on
V. parahaemolyticus focus on models established by single strains
under different environmental conditions (Yang and Jiao, 2008).
Few papers have analyzed the differences in the growth kinetic
parameters of highly pathogenic V. parahaemolyticus from
diverse sources. As V. parahaemolyticus is the most common
pathogenic microorganism in aquatic products, establishing a
perfect predictive model has market significance for ensuring
the quality of aquatic products and predicting the shelf life of
aquatic products.
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MATERIALS AND METHODS

Bacterial Strains and Preparation of

Inoculum

This study was carried out in accordance with the
recommendations of the World Medical Association’s
Declaration of Helsinki and the Shanghai First Maternity
and Infant Hospital Ethics Committee. The protocol was
approved by the Shanghai First Maternity and Infant Hospital
(ethics approval acceptance number: KS1940). The medical
ethics committee approved the project to amend the project
according to ethical requirements, conformed to ethical
requirements, and agreed to implement it. All subjects gave
written informed consent, or written informed consent was
provided by parents/guardians for participants that were
under the age of 16.

All V. parahaemolyticus virulence genes information were
identified in our previous studies (Li et al., 2017; Niu et al,
2018a). A total of 50 strains of V. parahaemolyticus were
used in this study, of which clinical isolates (VPC, n = 23)
were recovered from the patients who presented with acute
diarrhea in gastroenteritis outpatient clinics in the Shanghai
hospital. And each fecal specimen was collected after informed
consent was obtained from the patient or, if the patient was
a child, from the child’s parent/guardian. Environment isolates
(VPE, n = 27) were recovered from shrimp in freshwater or
seawater in our previous study. The sources and genotypes of
all of the strains are listed in Table 1. All V. parahaemolyticus
strains were stored —80°C in 25% glycerol test tubes. Strains
were streaked onto a thiosulfate-bile salt-sucrose agar medium
(TCBS; Beijing Guotuqiao Technology Co., Ltd., Beijing, China)
and cultured at 37°C for 8-12 h. A single colony from
TCBS plate was transferred into 9 ml TSB (Beijing Lugiao
Technology Co., Ltd., Beijing, China) at pH 8.0 and 3.0%
(w/w) NaCl concentration, and then incubated overnight at
37°C and 220 rpm to prepare the test inoculum. The overnight
culture was then diluted with 0.1% peptone water (PW; Beijing
Luqgiao Technology Co., Ltd., Beijing, China) to an optical
density (OD) value for 1.2 £ 0.02 (about 10° CFU/ml)
at 600 nm (OD 600). The automated turbidimetric system
Bioscreen C (Oy Growth Curves Ab Ltd., Raisio, Finland) was
used to test the corresponding OD values at regular intervals
(Niu et al., 2018b).

Preparation of Simulated Digestion
Fluids

Simulated human gastric fluids were prepared according to
the formula of Minekus simulated digestive fluids (Minekus
et al,, 2014), and sterilized by 0.22 um filter. 1 M HCI and
1 M NaOH were used to adjust the pH (SGF was 4.0). The
gastric fluids should be pre-warmed to 37°C before use, and
to avoid precipitation, the CaCl,(H,0O), solutions were finally
added to the mixture. The above inoculum was appropriately
serially diluted ten-fold with a 0.1% PW solution, mixed with
SGF digestion solution, and treated at 37°C, 110 rpm constant
temperature shaker for 120 min.

Growth Curve Experiments

Microbial culture growth is often divided into four periods:
lag time, logarithmic growth phase, stationary phase, and decay
phase. The growth curve has the culture time as the abscissa and
the logarithm of the number of bacteria or the growth rate as the
ordinate. It represents the dynamic change of the whole process
of growth, reproduction, and even death of bacteria in a new
suitable environment. The automated turbidity system Bioscreen
C (Oy Growth Curves Ab Ltd., Raisio, Finland) is used to detect
the OD value of the wideband filter (600 nm) at regular time
intervals. Changes in OD value can be observed throughout the
total time period. The initial inoculum of each strain prepared
was diluted ten-fold with five gradients in TSB. With strain
concentration of approximately 10* CFU/ml, the inoculated
TSB was transferred to a 100-well microtiter plate and then
placed in automated turbidimetric system Bioscreen C. Three
OD measurement replicates were tested throughout this process.
In addition, three independent experiments were performed
at each growth condition, and there were three samples per
strain completely utilized for testing. In this way, the total OD
growth curve described will reach 900 patterns (3 replicates x 3
independent experiments x 2 growth conditions x 50 types of
V. parahaemolyticus).

Maximum Specific Growth Rate and

Lag Time

Following the study by Lianou (Lindqvist, 2006; Alexandra and
Koutsoumanis, 2011), the Bioscreen gradient dilution method is
used to calculate the maximum specific growth rate of the strain
as: log(Ni) = K — Pmax X tges-

In the formula: g4 is the time (h) when the OD 600 nm
of V. parahaemolyticus reaches the Bioscreen C detectable level
(10°-107 CFU/mL); fimay is the maximum specific growth rate
of V. parahaemolyticus growth rate [log CFU/(mL h)]; Ni is the
initial concentration of V. parahaemolyticus (CFU/mL) in the
selected sample well; and K is a constant.

Growth Kinetics Fitting: Using the modified Gompertz model,
the growth data of V. parahaemolyticus under different growth
conditions were fitted by Origin Pro 8.0 software (Origin Lab
Corp., Northampton, MA, United States).

y:A+Cexp{—exp[%(x—t)+l]}

were A means the initial total number of bacteria (log CFU/mL),
C represents the difference between the maximum bacterial
species and the initial bacterial species, log CFU/mL, pw;,
represents maximum specific growth rate, \ is the time to reach
the relative maximum growth rate (h), and y represents total
number of bacteria at time (log CFU/mL).

Statistical Analysis Methods

The prediction model is evaluated through the coeflicient of
determination R2, the root mean square error (RMSE), the
Fisher’s F test P-value, the accuracy factor Ay, the bias factor By,
and other parameters (Zhang et al., 2015). When R? is close to
1, it means that the reference value of its prediction model is
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TABLE 1 | The sources and genotypes of 50 strains of V. parahaemolyticus.

No Genotype Source No Genotype Source
tih tdh trh tlh tdh trh

VPEO1 + - + Freshwater VPE48 + - Freshwater
VPEO2 + - - Seawater VPE49 + - - Seawater
VPEO3 + - + Freshwater VPC16 + + . Pathogenic
VPEO4 + - - Freshwater VPC18 + + - Pathogenic
VPEOS + - - Seawater VPC25 + + - Pathogenic
VPEO7 + + - Seawater VPC26 + + - Pathogenic
VPEO8 + - + Freshwater VPC29 + + - Pathogenic
VPEO9 + + - Seawater VPC32 + + - Pathogenic
VPE10 + + - Seawater VPC36 + + - Pathogenic
VPE11 + - - Seawater VPC40 + + - Pathogenic
VPE17 + + - Seawater VPC41 + + - Pathogenic
VPE27 + - - Freshwater VPC44 + + - Pathogenic
VPE28 + + - Freshwater VPC45 + + - Pathogenic
VPE29 + - + Freshwater VPC46 + + - Pathogenic
VPE32 + - - Seawater VPC47 + + - Pathogenic
VPES6 + - + Freshwater VPC49 + + - Pathogenic
VPE37 + + - Seawater VPC50 + + - Pathogenic
VPE38 + - - Freshwater VPC51 + + - Pathogenic
VPE40 + - + Freshwater VPC54 + + + Pathogenic
VPE42 + + + Human VPC55 + + - Pathogenic
VPE43 + + - Human VPC89 + + - Pathogenic
VPE44 + - - Freshwater VPC90 + + - Pathogenic
VPE45 + - - Seawater VPC94 + - + Pathogenic
VPE46 + - - Freshwater VPC97 + + - Pathogenic
VPE47 + - - Freshwater VPC100 + + - Pathogenic

higher; otherwise, when it is close to 0, its reference value is lower.
When Ay is equal to 1, it means that the predicted value and the
observed value are equal. If the Ay value is larger, it indicates that
the average accuracy of the model is lower. The By value in the
range of (0.9-1.05) indicates that the prediction model has a small
deviation. The parameter formula of each prediction model is as

follows: 2
R—|1_ > (pred — obs)
> (obs — mean)2
B 2
RMSE —, | 2= (0bs — pred)”
n
A= 10 (Z |Lg(pred/obs)|)
n

n

Bi= 10 (Z Lg(pred/obs))

Under the condition of gastric digestive fluids treatment, the
coefficient of variation (CV) of the tmax is calculated as follows:

_ Standard deviation of .y

Ccv x100%

Mean value of .y

In addition, a significant difference test using P-values was also
used to verify differences in growth rates of strains from different

conditions. The level of statistical significance (P < 0.05) was
tested by the least significant difference (LSD) method. Statistical
analysis were analyzed using the SPSS statistical package 17.0
(SPSS Inc., Chicago, IL, United States).

RESULTS

Changes in Maximum Growth Rate After
Gastric Digestion Fluids Treatment

The growth curves of 50 strains of V. parahaemolyticus were
measured in an automated turbidity system Bioscreen C. The
Modified Gompertz model was used to evaluate pmax(Nauta
and Dufrenne, 1999; Boonyawantang et al., 2012). Almost all
test values were fitted to the equations given above statistical
formula. All RMSE values tended to 0, and Ay and By
were close to 1. The results showed goodness-of-fit with the
Modified Gompertz model.

The maximum specific growth rates of V. parahaemolyticus
from different sources after treatment with gastric digestive
fluids (SGF) are shown in Figure 1. As shown in Figure 1A,
which compares with control groups (before treatment with
gastric digestive fluids), the pmax of 89% of environmental
V. parahaemolyticus strains were significantly reduced. Among
them, the pmax (OD x h™!) of VPEO1, VPE05, VPE37, and
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FIGURE 1 | Maximum specific growth rates (max) of V. parahaemolyticus strains from different sources after SGF. (A) Maximum specific growth rate of
environmental strains. (B) Maximum specific growth rate of pathogenic strains. (C) The change of maximum specific growth rate of environmental strains in SGF
treatment. (D) The change of maximum specific growth rate of pathogenic strains in SGF treatment.
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VPE49 decreased sharply. The ppyax of VPEOL decreased from
1.001 to 0.63, the L4y of VPEO5 went down from 0.889 to 0.434,
the Wmax of VPE37 dropped from 0.982 to 0.541, and the pmax
of VPE49 decreased from 0.979 to 0.565. Results indicated that
the max of environmental strains treated with gastric fluids were
decreased, which had poor tolerance to gastric fluids and poor
adaptability to external stress environments.

Interestingly, the pmax changes of the pathogenic
V. parahaemolyticus were completely opposite to that of
environmental strains. The value of pmax (OD x h™!) of most
strains were significantly different (P < 0.01) between control
and treatment groups. As shown in Figure 1B, the ppax of
most strains fluctuated between 0.4 and 0.6 in control groups.
After gastric fluids treatment, the pmax of the strains fluctuated
between 0.64 and 1.1, increasing by 1.8 times. Among them,
VPC40, VPC89, and VPC90 increased significantly. The pmax
of VPC40 increased from 0.483 to 0.979, the pmax of VPC89
increased sharply from 0.511 to the highest point of 1.142, and
the (max of VPC90 increased from 0.498 to 0.989. Also as shown
in Figure 1D, the ppnax changes of VPC40, VPC89, and VPC90
were 0.496, 0.631, and 0.491, respectively. Other pathogenic
isolates had increased to varying degrees. Meanwhile, the pmax

of VPC45, VPC49, and VPC100 decreased on the contrary: The
reductions were 0.196, 0.013, and 0.036, respectively. The reason
for these reductions will be the focus of future experiments.

Tendency of Lag Time (LT) ()\)

The biologically accepted definition is the time when a microbial
population undergoes a mutation in the environment and begins
to reproduce after self-adjustment. In the geometric sense,
the microbial lag period refers to the time interval when the
logarithmic growth phase of the microorganism reaches the
maximum specific growth rate (Aguirre and Koutsoumanis,
2016). The lag time (LT) exhibited changes, as shown in Figure 2.
The LT of most strains were significantly different (P < 0.05)
between control and treatment groups. In control groups, the
LT values of environment-derived isolates were different, with
about 60% of the isolates strains having LT of less than 3 h
(Figure 2A). The LT of 92.5% of the strains increased in the
treatment groups after SGE on the other hand. Among them,
the LT of VPE1LO reached a maximum of 6.2965, the LT of
VPE27 fell to a low of 2.1563, and the LT of VPE36 and VPE02
fluctuated insignificantly. However, as shown in Figure 2B, for
pathogenic-derived strains, the LT of the strains was about 3 h,
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which was not significantly different in control groups. While,
after SGF treatment, the LT of almost all pathogenic-derived
isolates strains were shortened significantly, and about 91% of the
strains had a LT of less than 3 h. The shortening of the pathogenic
strains LT corresponded to the stress of gastric fluids treatment.

Evaluation of Growth Variability After
SGF

In order to study the effect of SGF treatment on the growth rate
of V. parahaemolyticus, the growth variability of the strain was
studied by coeflicient of variation (CV). The maximum specific
growth rate and CV values of environmental isolate strains after
SGF treatment were shown in Figure 3A. After SGF treatment,
the maximum specific growth rate of the environmental isolate
strains decreased, and the CV value of the strain ppmax also
fluctuated. When the pax of VPEL, VPE5, VPE37, and VPE49
decreased the most, the CV values of Lpmax were 4.3%, 9.5%,
3.9%, and 0.9%, respectively. The results showed that the CV
value of pmax of VPE5 was the largest, which revealed the
largest growth heterogeneity in the gastric fluids environment,
and there was growth heterogeneity between the various strains
of V. parahaemolyticus after SGF treatment.

Results depicted the difference in the Ly coefficient of
variation CV of pathogenic isolate strains after SGF treatment
(Figure 3B). The CV value of most strains fluctuated between
0.26 and 4.00%. After SGF treatment, the CV value of pLpayx of
VPC18, VPC50, VPC89, and VPCI0 increased sharply, which
were 8.44, 8.97, 10.07, and 8.17%, respectively. The CV values of
Wmax of VPC25 and VPC46 fell respectively by 0.55 and 0.26%.
The CV values of pyax of pathogenic isolates, which were easier
to grow in gastric fluids, were significantly higher than those of
environmental isolates. When pathogenic V. parahaemolyticus
grows to a pathogenic amount in human stomach, it has the
potential of causing diarrhea and gastroenteritis.

The CV value of LT was significantly different (P < 0.01)
between environmental isolates and pathogenic isolates after SGF
treatment (Figure 3C). As shown in Figure 3C, the CV values

of LT of environmental isolates fluctuated between 0.16% and
1.50%, while the CV values of LT of VPE03 and VPE48 exceeded
1.5%, which were 1.56 and 2.61%, respectively. As shown in
Figure 3D, the CV values of LT of pathogenic isolates fluctuated
between 0.14 and 1.3%, while all of the CV values of LT of VPC16,
VPC18, VPC40, VPC55, and VPC97 strains were larger than the
fluctuation range, which were 1.64, 2.29, 1.78, 2.04, and 3.35,
respectively. By comparing the growth kinetic parameter, the
CV value of tmax and LT more comprehensively represents the
growth heterogeneity for V. parahaemolyticus strains.

Comparison of Growth Variability From

Different Sources

Table 1 shows the sources of different types of
V. parahaemolyticus, divided into environmental and pathogenic
strains. Among them, environmental strains can be roughly
divided into two categories: freshwater and seawater. The box
diagrams of the four types are: environment group, pathogenic
group, different sources strains before SGF treatment, and
different sources strains after SGF treatment (Figure 4).
The average of the maximum specific growth rate pmax was
counted, and significant differences were calculated by the
P-value. In addition, the P-values of the differences were
0.001 [environment group, SGF treatment (Figure 4A)],
0.000 [pathogen group, SGF treatment (Figure 4B)], 0.001
[environment group and pathogenic group before SGF
(Figure 4C)], and 0.000 [Environment group and pathogenic
group after SGF (Figure 4D)]. All four groups performed
significant difference analysis.

Effects of Genotypes on Growth
Variation After Treatment With Different

Sources

Genetic heterogeneity has a certain influence on the growth
variation of V. parahaemolyticus. To further describe the
growth characteristics of V. parahaemolyticus, 50 strains from
different sources (shown in Table 1) were classified by genotype.
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Based on different virulence factors, V. parahaemolyticus
could be divided into four categories: (1) tlh™/tdh™/trh™, (2)
th*t/tdh T /trh=, (3) tht/tdh—/trht, and (4) tht/tdht/trht
(Letchumanan et al., 2014), which were used to explore the
internal causes of the growth variability of V. parahaemolyticus.
In these virulence genes, all clinical and environmental strains
of V. parahaemolyticus had been expressed as tlh in previous
studies (Okada et al., 2009). Today, the most important virulence
factors of the recognized V. parahaemolyticus are heat-resistant
direct hemolysin (TDH) and heat-resistant hemolysin (TRH),
which are encoded by the tdh and trh genes, respectively,
as an important basis to distinguish pathogenic and non-
pathogenic V. parahaemolyticus.

The changes of V. parahaemolyticus of different genotypes
after SGF treatment are shown in Figure 5. In control
conditions, tlh"/tdh™/trh™ (green) exhibited the maximum
growth variability compared to the other three genotypes, which
had CV values at higher levels (Figure 5A). As shown in
Figure 5B, tlh"/tdh™/trh™ (black) and tlh*/tdh ~/trh™ (red)
performed moderate variability in growth. After SGF treatment,

the CV value of tlht/tdh™/trh ~ (blue) was the highest of
those of other genotypes (th*/tdh™/trh™, tih*/tdh™ /trh™, and
tih™ /tdh ™ /trh ™).

DISCUSSION
Effects of SGF on Growth Variability

Predictive microbiology model is an important research topic in
the field of food safety (Yoon et al., 2008; Stan-Lotter et al., 2010).
One should use a modified Gompertz model for growth kinetic
analysis of pathogenic and non-pathogenic V. parahaemolyticus
in broth and oysters, and use two-dimensional models (such as
Davey and square root models) to fit lag time and the maximum
growth rate (Yoon et al., 2014). Pathogenic V. parahaemolyticus
strains in Vannamei have different growth kinetic parameters
(Lou et al,, 2015). The prediction model of V. parahaemolyticus
was used to study the growth variation of pathogenic and non-
pathogenic strains. The maximum specific growth rate (Wmax)
and lag time (LT) are the two most important parameters of
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FIGURE 5 | The influence of the genotype on the growth variability of V. parahaemolyticus strains from different sources. (A) Control group (not treated with SGF).
(B) After SGF treatment.

microbial dynamics. It was obvious that 37°C was considered to  laboratory experiments (Baker-Austin et al.,, 2010; Fernandez-
be the optimal growth condition in the control group (Figure 1),  Piquer et al., 2011). However, the most effective obstacle of the
which had already been verified by the similar completion in  survival and onset of V. parahaemolyticus is the human stomach.
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After SGF treatment, V. parahaemolyticus showed different
variability. The maximum specific growth rate of environmental
strains decreased (Figure 1A), while the lag time was increased
simultaneously (Figure 2A). In fact, most environmental strains
were adapted to the natural environment, while SGF was not
adjusted to the growth of those strains. Interestingly, the growth
of the pathogenic V. parahaemolyticus was opposite to SGF stress.
The maximum specific growth rate of the pathogenic strains
increased (Figure 1B), whereas the lag period was shortened
(Figure 2B). The value of jtmax of pathogenic VPC89 was 1.1418,
and the lag time was only 2.59 h. This data indicates that VPC89
had a short lag time, rapidly entered into the log phase, which
grew rapidly to reach the maximum bacterial concentration in a
short time. Studies have shown that the length of the lag time can
reflect the strain’s ability to respond to the new environment. The
CV value of jLyax and LT more clearly reflected the heterogeneity
of V. parahaemolyticus after SGF (Figure 3). And the pathogenic
bacteria was significantly different (P < 0.01) than that of
environmental strains (Figure 4), which meant the pathogenic
bacteria had a stronger ability to adapt to the SGF environment.
This situation brought certain risks to food control and to human
health (Arroyo-Lopez et al., 2014).

Impact of SGF on Pathogenicity

In this study, the differences in maximum growth rates and
lag time between pathogenic and non-pathogenic isolates were
observed after SGF treatment. The V. parahaemolyticus with
high maximum growth rates in SGF generally presented a
positive correlation with virulence factors and pathogenicity.
Extracellular enzymes, endotoxin lipopolysaccharides, and heat-
labile capsular polysaccharides have enhanced the pathogenicity
of pathogenic strains. The pathogenic V. parahaemolyticus
contains the tdh gene (Petronella and Ronholm, 2018), which is
located in the coding region adjacent to the chromosome. The tdh
gene with genetic characteristics was more easily expressed than
the trh gene during SGF (Yoshitsugu et al., 2013; Shimohata and
Takahashi, 2010).

According to the strain information data collected in Table 1,
since there was only one strain containing tlh*/tdh"/trh™,
the characteristics of this genotype would not be typical, and
the black curve provided some references for different trends.
Besides, the genotype tlh*/tdht/trh™ is found in almost all
pathogenic isolated strains. In addition, the secretory systems
of V. parahaemolyticus play an indispensable role in the
pathogenesis. Almost all pathogenic V. parahaemolyticus have a
type III secretion system (T3SS), which is the main contributor to
the pathogenicity of V. parahaemolyticus (Rohinee et al., 2012).
The type III secretion system is a bacterial protein secretion
device, which mediates bacterial cytotoxicity in a manner that
induces programmed cell death or autophagy of host cells
(Kwon-Sam et al., 2004; Okada et al., 2010). Li et al. (2016)
reported that the vtrA/vtrC complex of V. parahaemolyticus
can induce v#rB to activate T3SS2, and vtrA and vtrB deletion
mutants cannot produce TDH and T3SS2 related proteins
(Gotoh et al, 2010). vopV, vopZ, and vopL are the three
major secretory effector proteins of T3SS2, and they play an

important role in the pathogenicity and intestinal colonization of
hemolytic V. parahaemolyticus.

These facts indicated that the maximum growth rate of
pathogenic strains was increased, the lag time was decreased after
SGF treatment, and the CV values of genotypes (tIh™/tdh* /trh™)
increased evidently more than those of other genotypes
(th*/tdh=/trh—,  tht/tdh—/trht  and  dht/tdht/trh),  as
shown in Figure 5. Therefore, the results suggested a
relationship between the expression of virulence genes and
the (tIh/tdh™ /trh™) genotype of V. parahaemolyticus, and it was
more adaptable to the changes of gastric fluids environment.

CONCLUSION

The growth kinetics characteristics of 50 pathogenic and
non-pathogenic V. parahaemolyticus strains with different
genotypes and from different sources were determined in
simulated gastric fluids. Compared to the control group, the
Wmax Of 87% of pathogenic strains significantly increased,
while the pmax of 89% of non-pathogenic strains decreased.
However, the LT of all pathogenic strains was shortened,
and the LT of all non-pathogenic strains was prolonged
in simulated gastric fluids. Meanwhile, the CV values of
genotypes (tlh/tdh"/trh™) increased evidently more than
those of other genotypes (th*/tdh™/trh™, tih™/tdh™ /trh™, and
tIht/tdht /trh ™). Therefore, more attention should be paid to
the clinical genotypes (tlh*/tdh™/trh™) associated with severe
virulence, which is of great significance for the prevention and
maintenance of human health. The generated knowledge will
facilitate the incorporation of strain variability in predictive
microbiology and microbial risk assessment and will hence
provide an efficient way and scientific guidance to control the
pathogens in the food industry.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material.

AUTHOR CONTRIBUTIONS

YZ, YP, and HL conceived and supervised the study. YW designed
and performed the experiments, analyzed the data, and wrote the
manuscript. YZ and HL revised the manuscript.

FUNDING

This research was supported by the National Natural
Science Foundation of China (31671779 and 31972188),
the National Key R&D Program of China (2018YFC1602205
and 2018YFC1602200), the Shanghai Agriculture Applied
Technology Development Program (T20170404), and the
Innovation Program of Shanghai Municipal Education
Commission (2017-01-07-00-10-E00056).

Frontiers in Microbiology | www.frontiersin.org

March 2020 | Volume 11 | Article 212


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

Heterogeneity of Vibrio parahaemolyticus in SGF

REFERENCES

Aguirre, J. S., and Koutsoumanis, K. P. (2016). Towards lag phase of microbial
populations at growth-limiting conditions: the role of the variability in the
growth limits of individual cells. Int. J. Food Microbiol. 2016, 1-6. doi: 10.1016/
j.ijfoodmicro.2016.01.021

Alexandra, L., and Koutsoumanis, K. P. (2011). Effect of the growth environment
on the strain variability of Salmonella enterica kinetic behavior. Food Microbiol.
28, 828-837. doi: 10.1016/j.fm.2010.04.006

Alonsohernando, A., Alonsocalleja, C., and Capita, R. (2013). Growth kinetic
parameters of Gram-positive and Gram-negative bacteria on poultry treated
with various chemical decontaminants. Food Control 33, 429-432. doi: 10.1016/
j.foodcont.2013.03.009

Arroyo-Lopez, F. N., Blanquet-Diot, S., Denis, S., Thevenot, J., Chalancon, S., Alric,
M., et al. (2014). Survival of pathogenic and lactobacilli species of fermented
olives during simulated human digestion. Front. Microbiol. 5:540. doi: 10.3389/
fmicb.2014.00540

Baker-Austin, C., Stockley, L., Rangdale, R., and Martinez-Urtaza, J. (2010).
Environmental occurrence and clinical impact of Vibrio vulnificus and Vibrio
parahaemolyticus: a european perspective. Environ. Microbiol. Rep. 2, 7-18.
doi: 10.1111/§.1758-2229.2009.00096.x

Boonyawantang, A., Mahakarnchanakul, W., Rachtanapun, C., and Boonsupthip,
W. (2012). Behavior of pathogenic Vibrio parahaemolyticus in prawn in
response to temperature in laboratory and factory. Food Control 26, 479-485.
doi: 10.1016/j.foodcont.2012.02.009

de Jesus Hernandez-Diaz, L., Leon-Sicairos, N., Velazquez-Roman, J., Flores-
Villasenor, H., Guadron-Llanos, A. M., Javier Martinez-Garcia, J., et al. (2015).
A pandemic Vibrio parahaemolyticus O3:K6 clone causing most associated
diarrhea cases in the Pacific Northwest coast of Mexico. Front. Microbiol. 6:221.
doi: 10.3389/fmicb.2015.00221

Dou, Y., Pei-Hong, H. U., and Peng-Cheng, G. U. (2013). Research progress in
Vibrio parahaemolyticus TDH toxin and detection methods. Mod. Food Sci.
Technol. 29, 215-218.

Fernandez-Piquer, J., Bowman, J. P., Ross, T., and Tamplin, M. L. (2011). Predictive
models for the effect of storage temperature on Vibrio parahaemolyticus viability
and counts of total viable bacteria in pacific oysters (Crassostrea gigas). Appl.
Environ. Microbiol. 77, 8687-8695. doi: 10.1128/aem.05568-5511

Fujikawa, H., Kimura, B., and Fujii, T. (2009). Development of a predictive
program for Vibrio parahaemolyticus growth under various environmental
conditions. Biocontrol Sci. 14:127. doi: 10.4265/bio.14.127

Gotoh, K., Kodama, T., Hiyoshi, H., Izutsu, K., Park, K.-S., Dryselius, R., et al.
(2010). Bile acid-induced virulence gene expression of Vibrio parahaemolyticus
Reveals a novel therapeutic potential for bile acid sequestrants. PLoS One
5:e13365. doi: 10.1371/journal.pone.0013365

Guo, Z., Cui, X., Wang, J., Sun, X,, Pan, Y., and Zhao, Y. (2014). Metabolome
response to tdh expression of pathogenic Vibrio parahaemolyticus induced by
different temperatures. Acta Microbiol. Sin. 54, 882-888.

Haendiges, J., Timme, R., Allard, M. W., Myers, R. A., Brown, E. W., and
Gonzalez-Escalona, N. (2015). Characterization of Vibrio parahaemolyticus
clinical strains from Maryland (2012-2013) and comparisons to a locally
and globally diverse V. parahaemolyticus strains by whole-genome sequence
analysis. Front. Microbiol. 6:125. doi: 10.3389/fmicb.2015.00125

Hazen, T. H., Lafon, P. C., Garrett, N. M., Lowe, T. M., Silberger, D. J., Rowe,
L. A, et al. (2015). Insights into the environmental reservoir of pathogenic
Vibrio parahaemolyticus using comparative genomics. Front. Microbiol. 6:204.
doi: 10.3389/fmicb.2015.00204

Jing, J. W., Wen, S. S., Meng, T. J., Hai, Q. L., Zhang, W, Xiao, H. S., et al.
(2014). Fate of Vibrio parahaemolyticus on shrimp after acidic electrolyzed
water treatment. Int. J. Food Microbiol. 179, 50-56. doi: 10.1016/j.ijfoodmicro.
2014.03.016

Jun, L. J., Kim, Y. H,, Kim, M. J., Hwang, H. S., Lee, T. H., and Cha, J. (2003).
Isolation and characterization of mucinase complex secreted from Vibrio
parahaemolyticus. J. Microbiol. Biotechnol. 13, 731-737.

Kwon-Sam, P., Takahiro, O., Mitsuhiro, R., Myoung-Ho, J., Kazuhisa, O., Tetsuya,
L, et al. (2004). Functional characterization of two type III secretion systems of
Vibrio parahaemolyticus. Infect. Immun. 72:6659. doi: 10.1128/IA1.72.11.6659-
6665.2004

Letchumanan, V., Chan, K. G., and Lee, L. H. (2014). Vibrio parahaemolyticus: a
review on the pathogenesis, prevalence, and advance molecular identification
techniques. Front. Microbiol. 5:705. doi: 10.3389/fmicb.2014.00705

Letchumanan, V., Yin, W.-F., Lee, L.-H., and Chan, K.-G. (2015). Prevalence
and antimicrobial susceptibility of Vibrio parahaemolyticus isolated from retail
shrimps in Malaysia. Front. Microbiol. 6:33. doi: 10.3389/fmicb.2015.00033

Li, H., Tang, R., Lou, Y., Cui, Z., Chen, W., Hong, Q., etal. (2017). A comprehensive
epidemiological research for clinical Vibrio parahaemolyticus in shanghai.
Front. Microbiol. 8:1043. doi: 10.3389/fmicb.2017.01043

Li, P, Rivera-Cancel, G., Kinch, L. N., Salomon, D., Tomchick, D. R., Grishin,
N. V., et al. (2016). Bile salt receptor complex activates a pathogenic type III
secretion system. eLife 5:e15718. doi: 10.7554/elife.15718

Lindgyvist, R. (2006). Estimation of Staphylococcus aureus growth parameters from
turbidity data: characterization of strain variation and comparison of methods.
Appl. Environ. Microbiol. 72, 4862-4870. doi: 10.1128/ AEM.00251-256

Liu, B., Liu, H., Pan, Y., Xie, J., and Zhao, Y. (2016). Comparison of the effects of
environmental parameters on the growth variability of Vibrio parahaemolyticus
coupled with strain sources and genotypes analyses. Front. Microbiol. 7:994.
doi: 10.3389/fmicb.2016.00994

Lou, Y., Zhang, Z. H., Xiao, L. L, Guo, D. F, Liu, H. Q. Pan, Y. J, et al.
(2015). Growth kinetic parameters of multi-drug and single-drug resistant
Vibrio parahaemolyticus strains in pure culture and in Penaeus vannamei. Mod.
Food Sci. Technol. 31, 181-186.

Minekus, M., Alminger, M., Alvito, P., Ballance, S., Bohn, T., Bourlieu, C,, et al.
(2014). A standardised static in vitro digestion method suitable for food - an
international consensus. Food Funct. 5, 1113-1124. doi: 10.1039/c3f060702j

Nauta, M. J., and Dufrenne, J. B. (1999). Variability in growth characteristics
of different E. coli O157:H7 isolates, and its implications for predictive
microbiology. Quant. Microbiol. 1, 137-155. doi: 10.1023/a:101008780
8314

Niu, B., Hong, B., Zhang, Z., Mu, L., Malakar, P. K,, Liu, H., et al. (2018a). A
novel qPCR method for simultaneous detection and quantification of viable
pathogenic and non-pathogenic Vibrio parahaemolyticus (tlh plus, tdh plus, and
ureR(+)). Front. Microbiol. 9:1747. doi: 10.3389/fmicb.2018.01747

Niu, B., Mu, L,, Xiao, L., Zhang, Z., Malakar, P. K., Liu, H., et al. (2018b). Reduction
of infection risk meditated by co-culturing Vibrio parahaemolyticus and Listeria
monocytogenes in refrigerated cooked shrimp. J. Sci. Food Agric. 98, 4454-4461.
doi: 10.1002/jsfa.8969

Nordstrom, J., Vickery, M., Blackstone, G., and Murray, S. A. (2007). Development
of a multiplex real-time PCR assay with an internal amplification control for the
detection of total and pathogenic Vibrio parahaemolyticus bacteria in oysters.
Appl. Environ. Microbiol. 73, 5840-5847. doi: 10.1128/ AEM.00460-467

Obaidat, M. M., Salman, A., and Roess, A. A. (2017). Virulence and antibiotic
resistance of Vibrio parahaemolyticus isolates from seafood from three
developing countries and of worldwide environmental, seafood, and clinical
isolates from 2000 to 2017. J. Food Prot. 80:2060. doi: 10.4315/0362-028X.JFP-
17-156

Okada, N,, Tida, T., Park, K.-S., Goto, N., Yasunaga, T., Hiyoshi, H., et al. (2009).
Identification and characterization of a novel type III secretion system in
trh-positive Vibrio parahaemolyticus strain TH3996 reveal genetic lineage and
diversity of pathogenic machinery beyond the species level. Infect. Immun. 77,
904-913. doi: 10.1128/iai.01184-1188

Okada, N., Matsuda, S., Matsuyama, J., Park, K. S., de los Reyes, C., Kogure, K.,
etal. (2010). Presence of genes for type III secretion system 2 in Vibrio mimicus
strains. BMC Microbiol. 10:302. doi: 10.1186/1471-2180-10-302

Petronella, N., and Ronholm, J. (2018). The mechanisms that regulate Vibrio
parahaemolyticus virulence gene expression differ between pathotypes. Microb.
Genom. 4:9. doi: 10.1099/mgen.0.000182

Ritchie, J. M., Haopeng, R., Xiaohui, Z., Tetsuya, I., Toshio, K., Susuma, L, et al.
(2012a). Inflammation and disintegration of intestinal villi in an experimental
model for Vibrio parahaemolyticus-induced diarrhea. PLoS Pathog. 8:¢1002593.
doi: 10.1371/journal.ppat.1002593

Ritchie, J. M., Rui, H., Zhou, X,, Iida, T., Kodoma, T., Ito, S., et al. (2012b).
Inflammation and disintegration of intestinal villi in an experimental model for
Vibrio parahaemolyticus-induced diarrhea. PLoS Pathog. 8:e1002593.

Rohinee, P., Hamel, O. S., Asta, S., and Martin, L. (2012). Genetic diversity of
clinical and environmental Vibrio parahaemolyticus strains from the Pacific

Frontiers in Microbiology | www.frontiersin.org

March 2020 | Volume 11 | Article 212


https://doi.org/10.1016/j.ijfoodmicro.2016.01.021
https://doi.org/10.1016/j.ijfoodmicro.2016.01.021
https://doi.org/10.1016/j.fm.2010.04.006
https://doi.org/10.1016/j.foodcont.2013.03.009
https://doi.org/10.1016/j.foodcont.2013.03.009
https://doi.org/10.3389/fmicb.2014.00540
https://doi.org/10.3389/fmicb.2014.00540
https://doi.org/10.1111/j.1758-2229.2009.00096.x
https://doi.org/10.1016/j.foodcont.2012.02.009
https://doi.org/10.3389/fmicb.2015.00221
https://doi.org/10.1128/aem.05568-5511
https://doi.org/10.4265/bio.14.127
https://doi.org/10.1371/journal.pone.0013365
https://doi.org/10.3389/fmicb.2015.00125
https://doi.org/10.3389/fmicb.2015.00204
https://doi.org/10.1016/j.ijfoodmicro.2014.03.016
https://doi.org/10.1016/j.ijfoodmicro.2014.03.016
https://doi.org/10.1128/IAI.72.11.6659-6665.2004
https://doi.org/10.1128/IAI.72.11.6659-6665.2004
https://doi.org/10.3389/fmicb.2014.00705
https://doi.org/10.3389/fmicb.2015.00033
https://doi.org/10.3389/fmicb.2017.01043
https://doi.org/10.7554/elife.15718
https://doi.org/10.1128/AEM.00251-256
https://doi.org/10.3389/fmicb.2016.00994
https://doi.org/10.1039/c3fo60702j
https://doi.org/10.1023/a:1010087808314
https://doi.org/10.1023/a:1010087808314
https://doi.org/10.3389/fmicb.2018.01747
https://doi.org/10.1002/jsfa.8969
https://doi.org/10.1128/AEM.00460-467
https://doi.org/10.4315/0362-028X.JFP-17-156
https://doi.org/10.4315/0362-028X.JFP-17-156
https://doi.org/10.1128/iai.01184-1188
https://doi.org/10.1186/1471-2180-10-302
https://doi.org/10.1099/mgen.0.000182
https://doi.org/10.1371/journal.ppat.1002593
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

Heterogeneity of Vibrio parahaemolyticus in SGF

Northwest. Appl. Environ. Microbiol. 78, 8631-8638. doi: 10.1128/AEM.015
31-12

Shimohata, T., and Takahashi, A. (2010). Diarrhea induced by infection of Vibrio
parahaemolyticus. J. Med. Invest. 57, 179-182. doi: 10.2152/jmi.57.179

Stan-Lotter, H., Fendrihan, S., Dornmayr-Pfaffenhuemer, M., Gerbl, F., Legat, A.,
Gruber, C,, et al. (2010). Presence of T3SS2 and other virulence-related genes
in tdh -negative Vibrio parahaemolyticus environmental strains isolated from
marine samples in the area of the Venetian Lagoon, Italy. FEMS Microbiol. Ecol.
70, 506-514. doi: 10.1111/§.1574-6941.2009.00764.x

Takahashi, A., Kenjyo, N., Imura, K., Myonsun, Y., and Honda, T. (2000). Cl-
Secretion in colonic epithelial cells induced by the Vibrio parahaemolyticus
hemolytic toxin related to thermostable direct hemolysin. Infect. Immun. 68,
5435-5438. doi: 10.1128/iai.68.9.5435-5438.2000

Xu, F, Ilyas, S., Hall, J. A, Jones, S. H., Cooper, V. S., and Whistler,
C. A. (2015). Genetic characterization of clinical and environmental Vibrio
parahaemolyticus from the Northeast USA reveals emerging resident and non-
indigenous pathogen lineages. Front. Microbiol. 6:272. doi: 10.3389/fmicb.2015.
00272

Yamasaki, S., Migita, Y., Nakamura, M., Ura, N., Harakudo, Y., Misawa, N., et al.
(2009). Effect of environmental factors on the occurrence of Vibrio vulnificus in
costal waters of nagasaki prefecture, Japan. J. Jpn. Vet. Med. Assoc. 62, 649-655.
doi: 10.12935/jvma.62.649

Yang, Z. Q., and Jiao, X. A. (2008). Molecular characterization and microbial
growth kinetics model of Vibrio parahaemolyticus isolates from different
sources. Chin. J. Zoon. 24, 210-215.

Yoon, J. H, Bae, Y. M, Jung, S. Y., Cha, M. H,, Ryu, K,, Park, K. H,
et al. (2014). Predictive modeling for the growth of Listeria monocytogenes
and Salmonella Typhimurium on fresh-cut cabbage at various temperatures.

J. Korean Soc. Appl. Biol. Chem. 57, 631-638. doi: 10.1007/s13765-014-
4096-y

Yoon, K. S, Min, K. ], Jung, Y. J., Kwon, K. Y., Lee, J. K,, and Oh, S. W.
(2008). A model of the effect of temperature on the growth of pathogenic and
nonpathogenic Vibrio parahaemolyticus isolated from oysters in Korea. Food
Microbiol. 25, 635-641. doi: 10.1016/j.fm.2008.04.007

Yoshitsugu, N., Jun, O., Tetsuya, I, and Mitsuaki, N. (2013). The urease
gene cluster of Vibrio parahaemolyticus does not influence the expression
of the thermostable direct hemolysin (TDH) gene or the TDH-related
hemolysin gene. Microbiol. Immunol. 47, 233-239. doi: 10.1111/j.1348-
0421.2003.tb03392.x

Zhang, H., and Chen, M. (2018). Comparison of different methods to identify tdh-
positive pathogenic Vibrio parahaemolyticus isolates. Curr. Microbiol. 75, 1-5.
doi: 10.1007/s00284-017-1332-1339

Zhang, Z., Liu, H., Lou, Y. Xiao, L. Liao, C., Malakar, P. K, et al
(2015). Quantifying viable Vibrio parahaemolyticus and Listeria monocytogenes
simultaneously in raw shrimp. Appl. Microbiol. Biotechnol. 99, 6451-6462.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Wang, Zhao, Pan and Liu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

38

March 2020 | Volume 11 | Article 212


https://doi.org/10.1128/AEM.01531-12
https://doi.org/10.1128/AEM.01531-12
https://doi.org/10.2152/jmi.57.179
https://doi.org/10.1111/j.1574-6941.2009.00764.x
https://doi.org/10.1128/iai.68.9.5435-5438.2000
https://doi.org/10.3389/fmicb.2015.00272
https://doi.org/10.3389/fmicb.2015.00272
https://doi.org/10.12935/jvma.62.649
https://doi.org/10.1007/s13765-014-4096-y
https://doi.org/10.1007/s13765-014-4096-y
https://doi.org/10.1016/j.fm.2008.04.007
https://doi.org/10.1111/j.1348-0421.2003.tb03392.x
https://doi.org/10.1111/j.1348-0421.2003.tb03392.x
https://doi.org/10.1007/s00284-017-1332-1339
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

',\' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 26 June 2020
doi: 10.3389/fmicb.2020.01450

OPEN ACCESS

Edited by:
Margarita Aguilera,
University of Granada, Spain

Reviewed by:

Emilie Viennois,

INSERM U1149 Centre de Recherche
sur I'lnflammation, France

Alexander Rodriguez-Palacios,

Case Western Reserve University,
United States

*Correspondence:

Ming Cui
cuiming0403@bjmu.edu.cn
Saijun Fan
fansanjun@irm-cams.ac.cn

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Microbial Symbioses,

a section of the journal
Frontiers in Microbiology

Received: 19 December 2019
Accepted: 04 June 2020
Published: 26 June 2020

Citation:

Li'Y; Xiao H, Dong J, Luo D,

Wang H, Zhang S, Zhu T, Zhu C,
Cui M and Fan S (2020) Gut
Microbiota Metabolite Fights Against
Dietary Polysorbate 80-Aggravated
Radiation Enteritis.

Front. Microbiol. 11:1450.

doi: 10.3389/fmicb.2020.01450

Check for
updates

Gut Microbiota Metabolite Fights
Against Dietary Polysorbate
80-Aggravated Radiation Enteritis

Yuan Li't, Huiwen Xiao', Jiali Dong’, Dan Luo’, Haichao Wang'23, Shuqin Zhang’,
Tong Zhu', Changchun Zhu', Ming Cui' and Saijun Fan™
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Radiation therapy is a cornerstone of modern management methods for malignancies
but is accompanied by diverse side effects. In the present study, we showed that food
additives such as polysorbate 80 (P80) exacerbate irradiation-induced gastrointestinal
(Gl) tract toxicity. A 16S ribosomal RNA high-throughput sequencing analysis indicated
that P80 consumption altered the abundance and composition of the gut microbiota,
leading to severe radiation-induced Gl tract injury. Mice harboring fecal microbes from
P80-treated mice were highly susceptible to irradiation, and antibiotics-challenged
mice also represented more sensitive to radiation following P80 treatment. Importantly,
butyrate, a major metabolite of enteric microbial fermentation of dietary fibers,
exhibited beneficial effects against P80 consumption-aggravated intestinal toxicity via
the activation of G-protein-coupled receptors (GPCRs) and maintenance of the intestinal
bacterial composition in irradiated animals. Moreover, butyrate had broad therapeutic
effects on common radiation-induced injury. Collectively, our findings demonstrate that
P80 are potential risk factors for cancer patients during radiotherapy and indicate that
butyrate might be employed as a therapeutic option to mitigate the complications
associated with radiotherapy.

Keywords: emulsifier, radiation enteropathy, intestinal microbiota, gut microbiota metabolite, GPR43

INTRODUCTION

Pelvic and abdominal cancers are common malignancies affecting gastrointestinal (GI),
genitourinary and gynecologic functions (Pal et al., 2019). Due to their large sizes and ease of spread
to other abdominal organs and the lymphatic system, pelvic and abdominal cancers are increasingly
being routinely treated via radiotherapy (Liauw et al., 2013; Citrin, 2017). After radiotherapy,
many patients with pelvic and abdominal cancers suffer from GI syndromes (GIS) (Peterson et al.,
2010; Hauer-Jensen et al., 2014), such as malabsorption, bacterial enteritis and diarrhea, which
adversely affect treatment and can even lead to death. These acute and chronic complications
have become major challenges for radiation oncologists and medical physicists. Therefore, the
identification of potential risk factors that may negatively influence the prognosis of cancer patients
after radiotherapy and development of novel therapeutic approaches are urgently needed.
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Emulsifiers are a class of detergent-like molecules that
are commonly added to processed foods, pharmaceutical
preparations and cosmetics. Commonly used dietary emulsifiers
include Tween, Span, sodium stearyl lactate (SSL) and propylene
glycol esters of fatty acids. For example, Tween 80 (or
polysorbate-80, P80) is a widely used food additive that
lends a smooth and stable consistency to cake, chocolate,
ice cream and other packaged snacks. In addition, P80 is
also used as a dispersal agent, solubilizer and stabilizer
for insoluble medicinal preparations (e.g., etoposide and
docetaxel injections) for cancer therapy (Iusuf et al, 2015;
Al-Ali et al, 2018). Because of its potential toxicity and
carcinogenicity, P80 has been used in limited doses (up to
1.0%) (Food Safety Commission [of Japan], 2007; Roberts
et al., 2013). However, the growing consumption of P80
over the past half-century is associated with the increasing
incidence of various chronic inflammatory and metabolic
diseases (Chassaing et al., 2015), particularly in conjunction
with alterations in the compositions and translocation of the
intestinal microbiota (Roberts et al., 2010). Ironically, cancer
patients would be given foods and medicines containing
P80 during radiotherapy. Therefore, whether consumption of
P80 adversely impairs the efficacy of radiotherapy remains
poorly understood.

The GI tract is inhabited by a community of trillions
of microbes that are collectively termed the gut microbiota
(Gopalakrishnan et al, 2018). The gut microbiota provides
crucial benefits to hosts, including the facilitation of food
digestion and development of the metabolic and immune
systems (Holmes et al., 2012; Wrzosek et al., 2013). Meanwhile,
perturbance or translocation of enteric microbes may also
result in a series of pathological processes (Clemente et al.,
2012; Lichtman et al., 2016), such as chronic colitis (Gevers
etal., 2014), Clostridium difficile-associated disease (Ghose, 2013;
Peng et al.,, 2018) and Crohn’s disease (Mottawea et al., 2016).
Disorders of the gut microbiota are also comorbid with a
series of psychiatric illnesses and systemic metabolic diseases,
such as anxiety (Heijtz et al., 2011), human immunodeficiency
virus (HIV) infection (Sun et al., 2016) and non-alcoholic fatty
liver disease (Chu et al., 2019). Indeed, substantial evidence
suggests a positive association between radiotherapy and the
development of colitis (Kirsch et al,, 2010; Andreyev et al,
2013), as well as significant alterations of the composition
of the gut microbiota after radiotherapy (Cui et al, 2016,
2017a).

In this study, we aimed to determine whether P80
consumption leads to detrimental alteration of the gut microbiota
and exacerbates radiation-induced intestinal injury (RIII). Our
observations demonstrated that P80 consumption altered the
composition of the gut microbiota and worsened radiation-
induced GI toxicity. Importantly, administration of butyrate
by the oral route mitigated the harmful effects of P80 in
irradiated animals. Taken together, our findings identified that
P80 is a risk factor for cancer patients during radiotherapy and
indicated that butyrate might be employed as a therapeutic
option for protection against radiation-associated GI toxicity in
preclinical settings.

MATERIALS AND METHODS

Animals

This experiment tested groups (12 mice per group) of 6-
8 weeks old male C57BL/6] mice, housed using Individual
Ventilated Cage as six mice per cage to provide a study
power of 80%. Experimental mice were treated with 200 ul
P80 (1.0% in sterile water) administered via oral route for
7 days, sterile water was used as control. No specialist equipment
was used. Cyclical bias were controlled as follows. Mice were
randomly allocated to treatment groups, no more than six mice
per cage to ensure the active area of each mouse was not
less than 0.01 m?. Mice were maintained on clean sawdust
substrates and fed an autoclaved (60 min wet cycle) pellet
food (Cat#1022, HFK Bioscience, Beijing, China, <5%CHO,
>18%PRO, >4%FAT/kg) and autoclaved filtered water (pH
around 5) ad libitum. To prevent dirty bedding, the bedding
material were changed every 2 days and mice in the same
cohort were blended and re-separated every 2 days throughout
the whole experiments to avoid the effects of coprophagy on
gut microbiome. Food/water were replaced every 4 days. A co-
housing protocol was used before the start of all experiments.
Fresh murine feces were collected routinely in the morning the
day after cage replacement and stored for about 30 days at
—80°C until analysis.

Polysorbate-80 (P80) Administration

P80 was purchased from Sigma (Spain, Cat#59924). In this study,
P80 consumption was performed by oral gavage of 200 pl for
7 days (the concentration of P80, 1.0% in sterile water) to mice
before exposed to abdominal irradiation and last until the end
of the experiment. The same water was used as vehicle for the
water-treated group (control).

Radiation-Induced Intestinal Injury
Model

A Gammacell® 40 Exactor (Atomic Energy of Canada Lim,
Canada) was used for all experiments. Male (approximately 20 g
in body weight) mice were treated with a single dose of 12 Gy
or 15 Gy y-ray at a rate of 1.0 Gy/min (test by dose rate meter
carried by the Exactor) total abdominal irradiation (TAI) using
a specific steel chamber, and radiation dose was monitored by
a dose rate meter. After irradiation, the mice were returned
to the animal facility for daily observation and treatment as
described above. Mice in all groups were monitored for survival
status throughout the 30-day course of the experiment, and
then sacrificed to collect tissue samples for gross structural and
functional examinations.

Hematoxylin and Eosin (HE) Staining
Following euthanasia, the small intestines and colons of
mice were fixed in 4% buffered formalin overnight at room
temperature and then embedded in paraffin. Tissues were
sectioned at 5 wm thickness and dipped in hematoxylin and eosin
(Solarbio, China) using standard protocols.
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Periodic Acid-Schiff (PAS) Staining

Small intestine tissues were fixed in Carnoy (60% dry ethanol,
30% chloroform, 10% glacial acetic acid) (Jiangtian Chemical
Technology, China) solution overnight, and 5 pm paraffin
sections were deparaffinized and oxidized in 1% periodic acid
(Solarbio, China) for 10 min, after rinsing, tissues were incubated
in Schiff’s reagent (Solarbio, China) for 10 min, washed in warm
water, and counterstained with hematoxylin (Solarbio, China) for
30 s, washed and dehydrated before mounting.

Fecal Microbiota Analysis

For this study, stool samples were freshly collected from five
mice in different cages as described before (Cui et al., 2017b),
and then stored at —80°C until use. DNA was extracted from
the stool samples using the Power fecal® DNA Isolation Kit
(MoBio, Carlsbad, CA, United States). The DNA was recovered
with 30 pl of buffer in the kit. The 16S ribosomal RNA
(rRNA) V4 gene amplification and sequencing were done using
the Illumina MiSeq technology. The library was sequenced
on an Illumina HiSeq 2500 and 250 bp paired-end reads
were generated. Sequence analyses were performed by Uparse
software (Uparse v7.0.1001"). Sequences with >97% similarity
were assigned to the same OTUs. Representative sequence
for each OTU was screened for further annotation. For each
representative sequence, the Silval23 Database was used based
on RDP classifier (Version 2.2%) algorithm to annotate taxonomic
information. Statistical difference of 16S rRNA high-throughput
sequencing was assessed by Tukey’s HSD. The primers are listed
in Supplementary Table S1.

Butyrate Administration

For butyrate treated group mice, sodium butyrate (Tokyo
Chemical Industry, Japan) was gavaged every day for 10
consecutive days after 12 Gy TAIL Fresh feces were collected
before and after 7 days of P80 treatment, as well as 7 days after
butyrate remedy, respectively, for downstream analysis.

Antibiotic Cocktail (ABX) Administration
ABX consisted of ciprofloxacin (0.125 g/l), metronidazole
(0.1 g/l), vancomycin (0.05 g/l), streptomycin (100 U/l) and
penicillin (100 U/I). Mice were exposed to ABX in drinking
water after TAL The same water was used for the water-treated
(TAI+P80) group.

Short Chain Fatty Acids (SCFAs)

Measurements

Quantification of short chain fatty acids was performed by high
performance liquid chromatography (HPLC) (Thermo Fisher,
United States) in supernatants of fecal samples reconstituted in
PBS. In brief, 1 ml of fecal solution was acidified with 1/10 volume
of H,SO4 (0.01 M), and passed through a condenser to isolate
volatile compounds within a sample. Following filtration through
0.45 pm membrane, equal volume of samples was loaded onto the

Uhttp://drive5.com/uparse/
Zhttp://sourceforge.net/projects/rdp- classifier/

HPLC Chromatographic column: C18 AQ (4.6*250 mm), sulfuric
acid (0.01 M) was used as the mobile phase, and the level of SCFAs
were determined by external standard calibration method.

Fecal Microbiota Transplantation (FMT)

For FMT experiments, fresh transplant materials were prepared
on the same day of transplantation within 4 h before gastric
perfusion to prevent changes in bacterial composition (Cui et al.,
2017b). Particularly, 200 mg of stools from the P80-treated mice
was re-suspended in 2 ml sterile saline, vortexed for 30 s and
allowed to stand for 30 min anaerobically. Eight-week-old male
C57BL/6] recipient mice were orally administered daily with the
supernatant for 10 days before 12 Gy TAI and maintained on
sterile water throughout the experiment.

Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR)

Total RNA was separated from the tissues or cells using Trizol
(Invitrogen, United States) according to the manufacturer’s
protocol. ¢cDNA was synthesized from total RNA using
poly(A)- tailed total RNA and reverse transcription primer
with ImPro-II Reverse Transcriptase (Promega, United States),
according to the manufacturer’s protocol. The RT-PCR was
performed using DreamTaq™ Hot Start Green PCR Master
Mix (Thermo Fisher Scientific, CA, United States) according
to the manufacturer’s protocol. The qRT-PCR was performed
according to the instructions of Fast Start Universal SYBR
Green Master (Rox) (Roche Diagnostics GmbH, Germany).
GAPDH was used as the housekeeping gene. The expression of
gene was indicated with 2722 and normalized to GAPDH.
Specifically, the calculated 222t in control group was set to
1, the expression of gene in experimental group was valued as
9~ A ACt(experimental group)/zfAACt(control group) The primers used

in this study were listed in Supplementary Table S2.

Residual P80 Measurements

Quantification of residual P80 was performed by HPLC in
supernatants of fecal samples. The chromatographic analysis was
carried out on a Dionex Ultimate 3000 (Dionex, United States),
and the mobile phase consisted of 20 mM ammonium acetate
and acetonitrile (9:1). Following filtration through 0.45 pm
membrane, equal volume of samples was loaded onto the HPLC.
Flow rate was 0.6 ml/min, and the column temperature was 30°C.

Immunohistochemistry Staining (IHC)
Following euthanasia, the colons of mice were fixed in carnoy
fixation overnight at room temperature and then embedded in
paraffin. Tissues were sectioned at 5 pum thickness, and blocked
with 5% BSA (Solarbio, China) for 1 h at room temperature
and then incubated with primary antibodies overnight at
4°C and incubated with fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit IgG antibody (ZSGB Bio, China)
for 1 h at room temperature, then stained by DAB Staining
Kit (ZSGB Bio, China), followed by hematoxylin nuclear
counterstaining. The primary antibody of rabbit anti-MUC2
(Abcam, United States) was used.
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Quantification of Fecal LCN2 and IL-10

Frozen fecal samples were re-suspended in PBS containing
0.1% Tween 20 (Jiangtian Chemical Technology, China) to
a final concentration of 0.1 g/ml, then vortexed to produce
a homogenous fecal suspension, followed by centrifuging for
10 min at 14,000 x g and 4°C. LCN2 and IL-10 levels were
measured from the clear supernatant using Mouse Lipocalin
(LCN2) ELISA kit (Solarbio, China) or Mouse IL-10 ELISA kit
(Solarbio, China) according to the manufacturer’s protocol. Read
the OD 450 nm value with a microtiter plate reader (Rayto,
China). Specifically, with the OD value of absorbance as the
ordinate (Y) and the concentration of the standard LCN2 (or IL-
10) to be measured as the abscissa (X), the corresponding curve
is made. The content of the LCN2 (or IL-10) to be measured
in the sample can be converted from the standard curve to the
corresponding concentration according to its OD value.

Cell Culture

The human enterocyte HIEC-6 cell line was cultured in RPMI-
1640 medium (Gibco, CA, United States) supplemented with 10%
fetal bromide serum (FBS) (Gibco, CA, United States) at 37°C in
a 100% humidified atmosphere of 5% CO,.

Cell Transfection

For cell transfection, the cells were cultured in a 6-well plate for
24 h and then were transfected with siRNA. All transfections were
performed using polyetherimide (PEI) (Sigma, Spain) according
to the manufacturer’s protocol. si-GPR43 was synthesized by
RiboBio (Guangzhou, China). The sequences of siRNA were
listed in Supplementary Table S3.

Statistical Analysis

Each experiment was repeated at least three times. Significance
was assessed by comparing the mean values (6 standard
deviation; SD) using Student’s t-test between each two cohort
as follows: *p < 0.05, *p < 0.01, **p < 0.001. Statistically
difference of 16S rRNA high throughput sequencing was
assessed by TukeyHSD and the data were analyzed controlling
for cage-clustering. Kaplan-Meier analysis was performed for
survival analysis, and significance between survival curves was
determined by a log rank test. Results with p < 0.05 were
considered statistically significant. The statistical tests were
clarified in related legends. Kernel-density-violin plots were used
to determine the sample sizes and data distribution (Basson et al.,
2020a).

RESULTS

P80 Consumption Shifts the Gut

Microbial Profile

In light of a recent finding that chronic P80 consumption (for
12 weeks) caused detrimental alteration of the gut microbial
profile and promoted colitis (Chassaing et al., 2015), we examined
whether inflammation and alteration of the gut microbiota were
induced by a relatively short-term P80 challenge (for 7 days) in

mice. Chronic P80-induced gains in overall weight and decrease
in colon length were not observed in short-term P80-treated mice
(Figure 1A and Supplementary Figure S1A; body weights not
shown), while short-term consumption of P80 led to loose stools
(Figure 1A). Given the important role of Glutl (Slc2al), Pgk,
and multidrug resistance protein (MDR) in the maintenance of
epithelial integrity (Zaki et al., 2010; Kelly et al., 2013; Winkler
et al., 2015; Cui et al.,, 2017b; Xiao et al., 2018), we observed
a significant reduction in the expression of Glutl (but not
MDR and Pgk) in the P80-challenged animals (Figure 1B and
Supplementary Figures S1B,C). In addition, the tumor necrosis
factor-o. (TNF-a) and pro-inflammatory cytokine interleukin 6
(IL-6) exhibited increased expressions in the small intestines
of mice subjected to short-term P80 treatment (Figures 1C,D).
Although short-term P80 consumption induced mild colitis in
mice, it did not cause histopathologic epithelial damage in the
intestines (Supplementary Figure S1D). Next, we performed
16S rRNA sequencing analysis to detect alterations in the
intestinal microbiota after short-term P80 treatment. The results
revealed a marked decrease in the numbers of intestinal bacterial
species after short-term P80 consumption (Figure 1E and
Supplementary Figures S1E,F). Principal component analysis
(PCA) further confirmed that short-term P80 administration
significantly altered the composition of the intestinal bacteria
(Figure 1F and Supplementary Figure S1G), leading to increased
abundances of Lactobacillus but decreased abundances of the
Allobaculum genus (Figure 1G).

P80 Consumption Aggravates RIll

To determine the effects of P80 consumption on RIII, we
repetitively administered (oral gavage) P80 daily for 7 consecutive
days before subjecting the mice to TAI. Notably, P80 treatment
reduced the survival rate (Figure 2A, p = 0.0028) and impaired
weight recovery (Figure 2B) in irradiated mice. At 30 days
post-TAI, mice were sacrificed to assess intestinal injury. The
irradiated mice with P80 challenge presented relatively short
colons, indicating severe intestinal inflammation (Figure 2C and
Supplementary Figure S2A). Histological analysis revealed that
P80 consumption decreased the number of intact intestinal villi
and goblet cells in the irradiated mice (Figures 2D,E), suggesting
that oral gavage of P80 aggravated the radiation-impaired small
intestinal epithelial integrity. Further determination of the levels
of Glutl, MDR, and Pgk in the small intestines revealed significant
reduction in expressions of these genes in the P80-challenged
animals (Figures 2F,G and Supplementary Figure S2B). Given
IL-18 plays a role in the maintenance of epithelial integrity
(Zaki et al,, 2010), we observed a significant reduction in IL-18
expression in the P80-challenged animals (Figure 2H).

P80 Consumption Exacerbates
Radiation-Induced Gl Toxicity Through

the Gut Microbiota

To elucidate the mechanism underlying the P80-mediated
aggravation of irradiation injury, we performed 16S rRNA
sequencing using fecal pellets from the mice to characterize
the composition of the gut microbiota. The mice were fed the
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FIGURE 1 | P80 consumption promotes intestinal inflammation and alters the gut microbiota. (A) The length of colon tissues from mice with or without consumption
of P80 by oral gavage was shown. (B-D) The expression levels of Glut1 (B), TNF-a (C) and IL-6 (D) in small intestines were examined by gRT-PCR. Significant
differences are indicated: *p < 0.05, ***p < 0.001; Student’s t-test, n = 12 per group. (E) The observed species number of intestinal bacteria in mice before and after
7 days of consumption of P80 was examined by 16S rRNA high throughput sequencing. The top and bottom boundaries of each box indicate the 75th and 25th
quartile values, respectively, and lines within each box represent the 50th quartile (median) values. Ends of whiskers mark the lowest and highest diversity values in
each instance. Statistically significant differences are indicated: *p < 0.05; TukeyHSD, n = 5. (F) The B diversity of intestinal bacteria in mice before and after 7 days
of consumption of P80 was examined by 16S rRNA high throughput sequencing. Statistically significant differences are indicated: **p < 0.01; TukeyHSD, n = 5.

(G) The relative abundances of enteric bacteria at the phylum level in mice before and after 7 days of consumption of P80 were assessed using 16S rRNA high

same rodent chow and sterile water in a specific-pathogen-
free (SPF) animal facility for at least 3 days to make the
microbiota of the mice accordant (Figure 3A). Interestingly,
TAI exposure alone did not change the a-diversity of the enteric
bacteria (Figure 3B and Supplementary Figure S3A), while
TAI following P80 consumption altered the a-diversity of the
gut microbiota (Figure 3C and Supplementary Figure S4A).
We also assessed the species number of enteric bacteria in
irradiated mice with or without P80 treatment and observed
no significant alterations (Figure 3D). Furthermore, PCA
analysis and unweighted_unifrac algorithm further confirmed
that, when the initial community configurations were similar
(Figures 3E,I), TAI alone did not change the composition of the
gut microbiota (Figures 3EJ), but P80 consumption significantly
shifted that in irradiated animals (Figures 3G,K). Notably,
although the species number of intestinal bacteria showed no
changes in irradiated mice with or without P80 consumption, the
PCA showed a separation of microbiota composition between
the two cohorts (Figure 3H), unweighted_unifrac algorithm

further confirmed that P80-challenged mice exhibited significant
changes in the gut microbial composition following TAI
(Figure 3L). To elaborate, TAI elevated the relative frequency of
Bacteroides but reduced that of the Lachnospiraceae_ NK4A136
group at the genus level (Supplementary Figure S3B),
whereas P80 administration increased the relative frequency
of Bacteroidetes but decreased that of Lactobacillus in
TAl-exposed mice (Supplementary Figure S4B). Further
analysis of the gut bacterial composition at the genus level
revealed increased abundances of Candidatus_Stoquefichus,
Parabacteroides, Bacteroides, Turicibacter, Erysipelatoclostridium
and Ruminococcus_1 in the irradiated mice (Supplementary
Figure S3C). In contrast, mice exposed to irradiation after P80
consumption harbored high relative abundances of bacterial
genera belonging to the phyla Firmicutes and Bacteroidetes, such
as Lactobacillus, Anaerotruncus, Roseburia and Rikenella, but low
relative abundances of bacterial genera belonging to the phyla
Proteobacteria and Actinobacteria, including Parasutterella and
Akkermansia (Supplementary Figure S4C).
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To eliminate the effects of residual P80 in stools on
recipients, we performed HPLC to measure the residual
P80 in feces of mice that received water (control group)
or P80 for 7 consecutive days. The results showed no
significant difference between the two groups, indicating that P80

remains undetectable in feces after oral gavage (Supplementary
Figure S5A). Thus, we performed FMT (Figure 4A) and
antibiotic treatment to validate the role of gut microbes in
P80-exacerbated radiation toxicity. Although FMT did not
affect the body weights of the animals (Figure 4B), mice
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FIGURE 3 | P80 alters the gut microbiota composition of irradiated mice. (A-D) The observed species number of intestinal bacteria was examined by 16S rRNA
sequencing before (or at 7 days after) 12 Gy TAI. Mice were treated with water (TAl group) or P80 (TAI+P80 group), respectively. Statistically significant differences are
indicated: none significance (NS), *p < 0.05; TukeyHSD, n = 5 per group. (E-L) The PCA (E-H) and B diversity (I-L) of intestinal bacteria in mice before (or at 7 days
after) TAl were examined by 16S rRNA sequencing. The top and bottom boundaries of each box indicate the 75th and 25th quartile values, respectively, and lines
within each box represent the 50th quartile (median) values. Ends of whiskers mark the lowest and highest diversity values in each instance. Statistically significant
differences are indicated: none significance (NS), *p < 0.05; TukeyHSD, n = 5 per group.

that received gut microbes from P80-challenged mice exhibited
susceptibility to irradiation, leading to slightly decreased
survival rates (Figure 4C, p 0.2589), relatively short
colons (Figure 4D and Supplementary Figure S5B) and
reduced levels of intestinal integrity markers (Figure 4E
and Supplementary Figures S5C,D). Consistent with the
results of FMT, when we used an antibiotic cocktail (ABX,
named “TAI+P80+ABX”) to eliminate the intestinal microbiota
of P80-treated mice following TAI, the mice that were
administered ABX exhibited increased weight loss (Figure 4F),
decreased colon lengths (Figure 4G and Supplementary
Figure S5E) and reduced intestinal integrity (Figure 4H and
Supplementary Figures S5FG), suggesting that alteration of
the gut microbiota might be a response to P80 consumption-
exacerbated GI toxicity after radiation exposure. Notably,
ABX administration induced relatively low grade inflammation
(TNF-o, p=0.014; IL-6, p = 0.117) (Figure 4I and Supplementary

Figure S5H); however, it might be inadequate to alleviate P80-
aggravated RIII.

Butyrate Replenishment Attenuates
P80-Aggravated Gl Toxicity Following

Irradiation

Given the protective effects of SCFAs against intestinal epithelial
injury (Fukuda et al, 2011; Smith et al, 2013; Kelly et al,
2015), we measured the concentrations of SCFAs in fecal
pellets of mice in different cohorts using HPLC. The acetate
levels remained unchanged in irradiated and P80-treated
animals (Supplementary Figure S6A). However, the butyrate
levels decreased in the feces of irradiated animals and further
decreased in the animals subjected to P80 exposure combined
with irradiation (Figure 5A). In contrast, the propionate
levels increased in the feces of irradiated mice and further
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n = 8 per group. (C) Kaplan-Meier survival analysis of mice was performed after TAl. p = 0.2589 by log-rank test between con and FMT group, n = 8 per group.
(D) The length of colon tissues was measured at 15 days after TAl. Statistically significant differences are indicated: *p < 0.05; Student’s t-test, n = 8 per group.
(E) The expression level of Glut1 was examined in small intestine tissues by gRT-PCR. Significant differences are indicated: **p < 0.01; Student’s t-test, n = 8 per
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expression levels of Glut1 (H) and TNF-a (I) in small intestine tissues were examined by gRT-PCR. Significant differences are indicated: *p < 0.05, **p < 0.001;
Student’s t-test, n = 12 per group.

elevated by irradiation following P80 exposure (Supplementary
Figure S6B). Thus, we evaluated the therapeutic potency of
butyrate toward P80-exacerbated GI injury following TAI Using
a mouse model of TAI, we observed that butyrate improved
survival rate reduction (slightly, from 78.6% to 85.7%) and
body weight loss of P80-challenged mice following radiation
in a dose-dependent manner (Figures 5B,C), suggesting that
butyrate treatment might alleviate P80-aggravated irradiation
injury. We chose the effective concentration of butyrate
(high, 7.5 mg/ml) to further study its role in protecting

radiation enteritis. As shown in Figure 5 and Supplementary
Figure S6, oral gavage of butyrate restored the length and
structure of the colon (Figures 5D,E and Supplementary
Figure S6C), as well as increased the number of intact intestinal
villi and goblet cells in the small intestines (Figure 5F).
The genes involved in maintenance of epithelial integrity
were upregulated in the butyrate-treated cohort (Figure 5G
and Supplementary Figures S6D-F). Moreover, butyrate
treatment eliminated the alterations in LCN2 and IL-10
levels in feces driven by P80 consumption (Figures 5H,I),
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FIGURE 5 | Butyrate prevents the P80-aggravated irradiation injury. (A) The concentration of butyrate in different fecal samples was analyzed by HPLC. Significant
differences are indicated: *p < 0.05; Student’s t-test, n = 12 per group. (B) Kaplan—-Meier survival analysis of mice after irradiation was performed. p = 0.0102
between TAI and TAI+P80 group by log-rank test; n = 14 per group. TAI group was treated with water before and after TAl as control, TAI+P80 group was treated
with P80 for 7 days before irradiation and water after irradiation, TAI+P80+butyrate group was treated with P80 before irradiation and different concentrations of
butyrate after irradiation (low, 3.75 mg/ml; high, 7.5 mg/mi). (C) The body weight of mice was measured after 12 Gy TAI using two-way group ANOVA (*p < 0.05
compared between TAI+P80 and TAI+P80+butyrate (l), *p < 0.05 compared between TAI+P80 and TAI+P80+butyrate (h); n = 14 per group. (D) The length of colon
tissues was measured at 30 days after TAI. Significant differences are indicated: *p < 0.05, *p < 0.01; Student’s t-test. (E) The morphology of the colon (upper
panel) was shown by HE staining. Immunohistochemical showed expression of MUC2 in the colons of mice (lower panel). (F) The morphology of the small intestines
was shown by HE and PAS staining. The arrows pointed to the goblet cells. (G) The expression level of Glut1 in small intestine tissues was examined by gRT-PCR.
Significant differences are indicated: **p < 0.001; Student’s t-test, n = 12 per group. (H) Fecal level of the inflammatory marker LCN2 was examined by ELISA.
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indicating that butyrate might be able to combat low-level
intestinal inflammation.

Given that butyrate is an important energy substrate (Buzzetti
etal., 2016), we observed that butyrate treatment upregulated the
expression of Mgam, Glut2 and Sglt1 expression (Supplementary
Figures S6G-I), which are essential genes for digestion and
energy absorption (Sainz et al., 2015; Barron et al., 2016; Buzzetti
et al., 2016). Previous studies have shown that the mechanism
underlying the SCFAs effect partially involves G-protein-coupled
receptors (GPCRs) (Macia et al., 2015). Therefore, we measured
the expression of GPR41 and GPR43, both of which are major

GPCRs activated by SCFAs. The results showed that the levels of
these two GPCRs were increased in the butyrate-treated cohort
(Figure 5] and Supplementary Figure S6]J).

To determine whether butyrate could alleviate common
radiation-induced injury, we performed water (as a control)
or butyrate administration by the oral route. As expected,
butyrate treatment resulted in significant gains in body weight
and amelioration of tissue damage (Figures 6A,B). Butyrate
also reduced multiple parameters of inflammation in mice,
including colon length (Figures 6C,D) and expression levels of
integrity markers in intestines (Figures 6E-H). To determine
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FIGURE 6 | Butyrate educates P80-aggravated Gl injury involving GPCRs. (A) The body weight of mice was measured after 12 Gy TAI using two-way group ANOVA
(*p < 0.05), n = 12 per group. (B) The morphologies of the intestine (upper panel) and colon (lower panel) of mice were shown by HE staining. (C,D) The length of
colon tissues of mice was measured at 30 days after 12 Gy TAI. Significant differences are indicated: *p < 0.05; Student’s t-test, n = 12 per group. (E-H) The
expression levels of Glut1 (E), MDR (F) and Pgk (G) in small intestines and /L-78 (H) in colon tissues of mice were examined by gRT-PCR. Significant differences are
indicated: *p < 0.01, **p < 0.001; Student’s t-test, n = 12 per group. (I) The expression level of GPR43 in the HIEC-6 cells with butyrate and with or without
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siGPR43 transfection were examined by gRT-PCR. Significant differences are indicated: *o < 0.05, **p < 0.01; Student’s t-test.

the mechanism underlying the modulation of radiation injury
by butyrate, we supplied HIEC-6 cells with butyrate and with
or without knockdown of the GPR43 expression by siRNA
(Figure 6I). Similar to the results obtained in mouse models,
butyrate treatment significantly upregulated the expression
of GPR41 and GPR43, while GPR43 siRNA transfection
downregulated GPR41 and GPR43 (Figures 6],K).

Oral Gavage of Butyrate Prevents
P80-Mediated Alteration of the Gut
Microbiota

To elucidate the mechanism underlying butyrate-mediated

protection, we performed 16S rRNA sequencing to assess
the intestinal bacterial composition of mice with or without

butyrate replenishment (Figure 7A). For comparison, the gut
bacterial taxonomic proportions of mice from the control group
(non-irradiated and non-P80-treated) exhibited no statistically
significant difference before and after 14 days of feeding
(Supplementary Figures S7A-D). However, supplementation
with butyrate significantly attenuated the P80-induced shift
in the gut microbial profile (Figures 7B,C). PCA further
confirmed that supplementation with butyrate attenuated the
P80-induced intestinal bacterial composition (Figures 7D,E).
Specifically, the P80-treated mice harbored increased abundances
of Proteobacteria and decreased abundances of Firmicutes after
TAI However, oral gavage of butyrate stabilized the abundance
of Proteobacteria and increased the abundance of Firmicutes
(Figure 7F). Moreover, butyrate administration elevated
the relative abundances of Parabacteroides, [Eubacterium],
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abundance of enteric bacteria at the genus level of irradiated mice was assessed using 16S rRNA sequencing.

Rikenellaceae, Turicibacter and Bifidobacterium at the genus
level and concurrently reduced the abundances of Odoribacter,
Anaerotruncus and the Lachnospiraceae_NK4A136 group
(Figure 7G and Supplementary Figure S7E).

DISCUSSION

During the past half-century, we have witnessed a steep rise in
the consumption of food and medicine additives. These agents
include spices, sweeteners, preservatives and emulsifiers, which
are added to preserve the flavor or enhance the taste, appearance,
or other qualities of foods and medicines. The primary basis
for approving the usage of the additives is the notion that
they fail to favor toxicity at concentrations reasonably greater
than the approved concentrations. Of late, mounting evidence
corroborates that many of these additives may have harmful

effects on human health. For instance, artificial sweeteners
have recently been reported to cause glucose intolerance in
humans (Suez et al, 2014). Similarly, there is an on-going
debate regarding a possible association between the addition
of thiomersal in vaccines and the development of autism
(Siva, 2012). Dietary emulsifiers, such as carboxymethylcellulose
(CMC) and P80, have been reported to impair the mucus layer
and alter the composition of the intestinal microbiota, resulting
in colitis and metabolic syndrome (Chassaing et al., 2015). The
intestinal tract is home to a complex and diverse microbial
flora, which interacts with the gut epithelium to maintain an
effective mucosal barrier that is important for the maintenance
of homeostasis (Brown et al., 2015; Zanvit et al., 2015). Recent
investigations have demonstrated that non-nutritive sweeteners
and dietary emulsifiers consumption shape the gut microbiome,
resulting in intestinal disturbance and inflammation, spurring
the development of the metabolic syndrome and detrimentally
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influence anxiety-related and social behaviors (Suez et al., 2014;
Chassaing et al., 2015; Holder et al,, 2019). For more than
10 years, microbial configuration has been associated with
radiosensibility in both humans and mouse models (Sokol and
Adolph, 2018). Notably, the data presented in our previous
studies have shown that regular work-rest cycle and FMT fought
against radiation toxicity via modulating gut microbiome (Cui
et al,, 2016, 2017b). Specifically, it has been reported in our
previously studies that TAI had no effect on the abundance of the
intestinal bacterial of mice after 3 days (Cui et al., 2017a), 5 days
(Xiao et al., 2018) and 6 or 12 days (Li et al., 2020) of TAL In
addition, recently study reported that after 1 month of TAI, there
was no significant change in the abundance of gut microbiota
(Lu et al,, 2019). All the studies prove that TAI unchanges the
a-diversity of gut microbiota in hosts. However, in light of PCA
analysis in this study and principal coordinates analysis (PCoA)
analysis in our another study (Li et al., 2020), TAI exposure
spurred the separation of gut microbiota, suggesting that TAI
might alter the composition of intestinal microbe configurations.
Moreover, germ-free mice, which lack colonizing microbes, are
resistant to radiation-induced lesions, indicating that the gut
microbiota indeed relates to radiation-induced intestinal damage
(Crawford and Gordon, 2005). Accordingly, we conjectured
that P80 might be a potential risk factor for cancer patients
receiving radiotherapy. To test this hypothesis, we performed
TAI exposure mouse models with P80 consumption. As expected,
the experimental mice exhibited more deteriorate symptom.
It suggests that P80 might be an adverse agent for cancer
patients receiving radiotherapy. Therefore, the medication and
diet of cancer patients with radiation therapy need monitoring.
In particular, the intake of P80 should be strictly limited so
as not to impair the prognosis. Cage-clustering effect is a key
interference factor for studies on gut microbes using mouse
models (Rodriguez-Palacios et al., 2018; Basson et al., 2020b).
Here, it should be noted that although we controlled the cyclical
bias by maintaining relative clean bedding material and providing
sterile diet and water, the cage-clustering effect always exists in
this system as the limitation of studies using mouse data, unless
mice are housed individually, or statistical methods are used to
control for cage effects.

The human GI tract harbors trillions of microbes, constituting
a bioreactor fueled by dietary macronutrients to produce
bioactive molecules. Many microbial products might emerge
as messengers between gut microbes and hosts, and play
pivotal roles in governing the physiological processes of hosts,
ranging from metabolism to brain function. For example, a
great majority of 5-hydroxytryptamine is synthesized in the
GI tract, modulating various biological processes, including the
function of the GI, cardiac and respiratory systems as well as
platelet aggregation (Kishi et al., 2013). Likewise, other microbial
products, such as betaine, trimethylamine N-oxide (TMAO) and
choline, are also involved in the development of cardiovascular
diseases (Wang et al., 2011). Bile acids, which are major intestinal
metabolites, may have beneficial effects on obesity and hepatic
insulin sensitivity (Tagawa et al., 2015; Kusumoto et al., 2017).
SCFAs are a group of major fermentation products from dietary
fibers by microorganisms in the gut, serve as histone deacetylases

inhibitors and GPCRs ligands governing host metabolism and
immunity (Chung et al., 2016; Koh et al., 2016). In comparison
with radiation-free mice here, TAI exposure downregulated
butyrate levels, a member of SCFAs, which was further decreased
in fecal pellets of mice subjected to P80 challenge. Since
Allobaculum is thought to be a beneficial bacterium, which
plays anti-inflammatory role, protects gut barrier function and
regulates host metabolism and immunity by producing SCFAs in
the intestine (Cox et al., 2014; Ma et al., 2020). Thus, P80-treated
mice may harbor lower relative abundance of Allobaculum in
the intestinal microbiota. Butyrate supplementation hinders the
development of hepatitis and colitis (Zhang et al., 2016; Sheng
etal,, 2017), implying that butyrate might be harnessed to protect
against radiation toxicity. To test this hypothesis, we performed
a butyrate “rescue” experiment in which butyrate was artificially
supplied via the oral route. We treated P80-challenged mice
with butyrate at concentration of 3.75 mg/ml and 7.5 mg/ml
and results showed that butyrate performed therapeutic effects
in a dose-dependent manner. Then, we used the optimal dose
of butyrate (7.5 mg/ml) throughout the study. As expected,
butyrate replenishment significantly restored the P80-shifted
gut microbial composition, and mitigated P80-aggravated GI
toxicity in irradiated animals. Generally, radiation-induced GI
tract injury represents as shortening of colon, losing of intestinal
villi and decreasing of goblet cells. In addition, emulsifiers intake
propelled epithelial damage of small intestine and shortened
colons. All the evidence indicates that small intestine might be
vulnerable to external stimulus and shows structural damage,
and contraction in length of colon might be a marker for
GI tract toxicity following radiation. Concerning the possible
mechanism by which SCFAs modulate host responses, previous
study suggests that human genome possesses approximately 800
GPCRs, and lately a cluster of four GPCR genes is identified
in close proximity to the CD22 gene on chromosome 19q13.1.
Luminal SCFAs are sensed by GPCRs, releasing bioactive factors
to impact satiety, inflammation and intestinal transit (Koh et al.,
2016). In line with the previous implications, the underlying
mechanism by which butyrate performs radiation protective
effects partly dependents on binding and activating GPCR. In
addition, 16S rRNA sequencing indicated butyrate replenishment
reconstructed the enteric bacteria composition of irradiated mice,
suggesting that the gut microbe pattern is the essential element
to sustain butyrate-mediated radiation toxicity. Taken together,
our findings suggest that butyrate, a metabolite of the gut
microbiota, can be employed as a therapeutic agent to attenuate
P80-aggravated GI injury following radiotherapy.
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Many studies have investigated the anti-obesity effects of probiotics in animal models
and humans. However, few studies have focused on the mechanisms of obesity-inducing
probiotics. In a previous study, we demonstrated that specific bacterial strains isolated
from kefir, Lactobacillus kefirnofaciens M1 and Lactobacillus mali APS1, possess obesity
and anti-obesity effects, respectively, in high-fat diet (HFD)-induced obese mice. Thus, in
the present study, we systematically investigated whether APS1 and M1 affect energy
homeostasis and lipid metabolism in HFD-induced obese mice and how this might
be achieved. We observed that the M1/APS1 intervention influenced fat accumulation by
regulating adipogenesis and inflammation-related marker expression both in vitro and in
a HFD induced C57BL/6J mice model. We also observed putative links between key taxa
and possible metabolic processes of the gut microbiota. Notably, families Christensenellaceae
and S24_7 were negatively correlated with body weight gain through increase in the
essential esterized carnitine for energy expenditure. These results suggest the importance
of specific probiotic interventions affecting leanness and obesity of subjects under a HFD,
which are operated by modulating the tripartite relationship among the host, microbiota,
and metabolites.

Keywords: Lactobacillus kefiranofaciens M1, Lactobacillus mali APS1, obesity, microbolomics, metabolomics

INTRODUCTION

Diet-caused dysbiosis is an important contributor affecting the development of obesity by
suppressing the metabolic capacity of gut microbiota and creating a chronic state of inflammation
(Malaisé et al., 2017; Wilkins et al.,, 2019; Amabebe et al., 2020). Impaired gut permeability
caused by dysbiosis leads to a continuous translocation of bacteria, which further jeopardizes
the metabolism of nutrients and affects energy extraction, expansion and storage (Pindjakova
et al, 2017; Nagpal et al, 2018; Amabebe et al, 2020; Tilg et al., 2020). Additionally, a
low-grade activation of the innate immune system and a chronic state inflammatory response
often accompany the excessive accumulation of lipid in overweight and obesity subjects due
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to physiological adaptive response to the stress of adipocyte
(Shoelson et al., 2007; Reilly and Saltiel, 2017).

Clear evidence shows that the gut microbiome plays a crucial
role in the functioning of the digestive tract and harvesting
energy from the diet as well as modulating the immune system
(Backhed et al., 2004; Maruvada et al., 2017; John et al., 2018;
Zhang et al., 2019; Crovesy et al, 2020). Studies of gut
microbiome in both animal models and humans revealed that
bacterial species from the Bacteroidetes and Firmicutes phyla
are dominated, which comprise more than 90% of the gut
microbiota (Huttenhower et al., 2012; Hall et al., 2017). Besides,
phyla of Actinobacteria, Proteobacteria and Verrucomicrobia
are three important phyla based on the species level and their
relative abundances (Mack et al., 2016; Hall et al., 2017).

Microbiome-targeted therapies such as probiotics, prebiotic-
resistant starches, and fecal microbiota transplant (FMT) provide
novel opportunities to prevent and treat the development of
obesity and metabolic syndrome by manipulation of the gut
microbiome (Kamada et al, 2013; Hill et al., 2014; Parekh
et al, 2015; Maruvada et al, 2017). Accumulating evidence
indicates that supplementation with specific probiotics in dietary
interventions could affect the host metabolism and modulate
the glucose homeostasis in an animal model and human studies
(Holmes et al., 2012; Cano et al, 2013; Yadav et al, 2013;
Cheng et al, 2015; Aoki et al., 2017). Some species within
the Lactobacillus demonstrated anti-obesity (Karimi et al., 2015;
Liet al., 2016) or anti-diabetic (Honda et al., 2012; Li et al., 2016)
effects in animal models or humans.

Two strains, Lactobacillus kefirnofaciens M1 (M1) and
Lactobacillus mali APS1 (APS1), were isolated from Taiwanese
kefir grain and sugary kefir grain, respectively, in our lab (Chen
et al., 2008). L. kefirnofaciens M1 has been demonstrated to
have an immune-modulating activity in vitro (Hong et al,
2009) and anti-allergic (Hong et al., 2010), anti-asthma (Hong
et al., 2011), and anti-colitis (Chen et al., 2012) effects in a
murine model. The immunoregulatory effects of L. kefirnofaciens
M1 involve upregulating the regulatory T (Treg) cell and
inhibiting secretion of proinflammatory and inflammatory
cytokines. L. mali APS1 demonstrated a beneficial effect on
accelerating weight loss (Chen et al., 2018b) and on ameliorating
hepatic steatosis (Chen et al,, 2018a) in a murine model of
diet-induced obesity. L. mali APS1 also possesses an anti-colitis
effect. For intestinal barrier protection, both L. kefirnofaciens
M1 and L. mali APS1 could improve epithelial barrier function
in vitro by increasing the transepithelial electrical resistance
(TEER) and significantly upregulating the level of the chemokine
CCL-20 (Chen et al., 2012). The features of both strains suggest
a potential to modulate chronic inflammatory activities and
strengthen the gut epithelial layer of obese individuals.
Surprisingly, M1 and APS1 exhibited opposite results on body
weight and glucose homeostasis in high-fat diet (HFD)-induced
obese mice. M1 possesses obesity effects, and APS1 has
anti-obesity and anti-T2D effects (Lin et al.,, 2016b).

Many studies have investigated the anti-obesity or
anti-diabetic effects of probiotics in animal models or humans.
However, few studies have focused on the mechanisms of
obesity-inducing probiotics. Thus, in the present study,

we further systematically investigated whether APS1 and M1
affected energy and glucose homeostasis in HFD-induced obese
mice by regulating adipogenesis and inflammation-related
proteins through modulating metabolites via manipulating the
gut microbiota composition.

MATERIALS AND METHODS

M1 and APS1 Preparation

L. kefiranofaciens M1 and L. mali APS1 were grown in MRS
broth (Difco Laboratories, Detroit, MI) and incubated at 37
and 30°C for 36 and 12 h, respectively. To prepare the probiotic
treatments, the bacterial cells were harvested by centrifugation
(3,000 x g for 15 min) during the log phase. Cultures were
washed and suspended in saline three times. After washing,
the bacteria were resuspended in saline and adjusted to
5 x 10° CFU/ml for following in vitro and in vivo studies.
The preparation of bacterial cell-free excretory supernatants
(CFSs) and intracellular cell-free extracts (CFEs) was adopted
from Zeng et al. (2016). Briefly, M1 and APSI strains were
harvested by centrifugation at 3,000 x g for 10 min, washed
three times and resuspended in phosphate-buffered saline (PBS;
adjusted to 10° CFU/ml). The cell pellets of M1 and APSI
were resuspended before ultrasonic disruption (Mucroson XL
2000, Minsonix Inc., Farmingdale, NY, USA) in 3-s pulses for
30 s in an ice bath. The cell fractions were separated by
ultracentrifugation at 3,000 x g for 10 min.

In vitro Cell Culture

Cell Preparation

Both RAW264 macrophage cell line and 3T3-L1 preadipocytes,
purchased from Bioresource Collection and Research Center, Food
Industry Research and Development Institute (Hsinchu, Taiwan),
were cultured in Dulbecco’s Modified Eagles Medium (DMEM;
Corning, Lowell, MA, USA) containing 10% fetal bovine serum
(FBS) and 1% antibiotic-antimycotic in a humidified atmosphere
of carbon dioxide (CO,) 5/95% air atmosphere at 37°C.

3T3-L1 Adipocyte Differentiation

3T3-L1 was first cultured in preadipocyte medium containing
DMEM media with 10% bovine calf serum 25 mmol/L glucose,
10% bovine serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin in a humidified incubator set to 37°C and 5%
CO,. Differentiation of 3T3-L1 preadipocytes into mature
adipocytes was performed using a 3T3-L1 differentiation kit
(Biovision, Milpitas, CA, USA) according to the manufacturer’s
instructions. For initiate differentiation, cell cultures were
replaced medium with differentiation medium containing
differentiation cocktail and incubated for 3 days in a humidified
incubator at 37°C with 5% CO,. After differentiation induction,
cell cultures were maintained in a maintenance medium
containing 1 pl of insulin to 1 ml of DMEM/F12 (1:1) with
10% FBS and the medium replaced in every 2-3 days. After
7-10 days, lipid droplet accumulation was observed by light
microscopy BX-50 (OLYMPUS, Tokyo, Japan).
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Co-culture of M1/APS1, Adipocytes, and
Macrophages

After differentiation, 3T3-L1 cells were cocultured with RAW264
using the Transwell inserting with a 3 pm porous membrane
(Corning, Lowell, MA, USA) to separate adipocytes (lower
well) from macrophages (upper well). After 24-h incubation,
107 CFU/ml of L. kefiranofaciens M1/L. mali APS1 were
co-cultured with upper layer RAW264, at 37°C for 24 h. The
cells in the lower well were lysed in Trizol for further study.
For CFS/CFE, to examine the effect of M1 and APS1 on the
differentiation of preadipocytes into mature adipocytes, 3T3-L1
preadipocytes were treated with 10% of CFE or CFS of M1
and APS1 in culture medium during the differentiation period.

Oil Red O Staining of Lipid Droplets in 3T3-L1
3T3-L1 cells were washed with DPBS and fixed with 4.0%
formaldehyde (Sigma-Aldrich, St. Louis, MO, USA). After being
fixed, the cells were stained with Oil red O solution (Sigma-
Aldrich) containing 0.5% Oil red O in isopropanol for 30 min
at room temperature (RT) and then washed three times with
distilled water. The appearance of lipid accumulation was
visualized by bright-field microscopy BX-50 (OLYMPUS, Tokyo,
Japan). The area ratio (%) of Oil red O staining was determined
by Image] 1.3 image analysis software (National Institutes
of Health).

In vivo Animal Model

A total of 40 male (7-week-old) C57BL/6] mice were purchased
from BioLasco Corp., Ltd. (Ilan, Taiwan). The tested mice were
housed in cages (one mouse per cage) under a controlled RT
and 12 h light-dark cycle and provided food and filtered water
ad libitum. All animal husbandry and experimental activities
were conducted in accordance with national legal requirements.
The studies were conducted in compliance with relevant
guidelines, approved by the Institutional Animal Care and Use
Committee of Livestock Research Institute, Council of
Agriculture, Taiwan (Approval No: LRI IACUC 106-32). After
1 week of acclimatization, the mice were divided into four
groups (n = 10 per group): a normal diet (ND) group that
received the control diet (D12450B; Research Diets, Inc., New
Brunswick, NJ, USA), a HFD group that received a HFD
(D12492; Research Diets, Inc.) with oral administrated PBS,
an M1 intervention group that was simultaneously fed a HFD
and daily intragastric administration of 10° CFU/mouse
L. kefiranofaciens M1, and an APSI intervention group that
was simultaneously fed a HFD and L. mali APS1 10° CFU/
mouse intragastrically. All groups started from 8 weeks of age
and continued until 16 weeks of age. The energy content of
the HFD consisted of 60% fat, 20% carbohydrates, and 20%
protein (5.24 kcal/g). The body weight and food intake of all
mice were measured once a week. At the end of the experiment,
all of the tested mice were fasted for 8 h, then anesthetized
with isoflurane and sacrificed for serum and tissue collection.
For RNA extraction, the adipose tissue was freshly harvested
and then frozen stored in RNAlater (Applied Biosystems, Foster
City, CA, USA).

Quantitative Real-Time Polymerase Chain
Reaction Analysis

To analyze adipogenesis-related gene expression in vitro and
in vivo models, the total RNA was isolated from the samples
using the SPLIT RNA Extraction Kit (Lexogen, Vienna, Austria)
based on the product manual. Extracted total RNA was further
purified with Ambion™ RNase Inhibitor (Applied Biosystems)
and TURBO DNA-free™ Kit (Applied Biosystems), and then
saved for further cDNAs synthesis. cDNAs were synthesized
from 1 mg total RNA using a High-Capacity cDNA Reverse
Transcription Kit with RNase Inhibitor (Applied Biosystems).
cDNAs were then analyzed by qPCR using a Power SYBR
Green PCR Master mix (Applied Biosystems), which is
performed using a StepOnePlus Real-Time PCR System
(Applied Biosystems) for qPCR analyses. Specific primer
sequences were adopted from Breasson et al. (2017). Relative
quantification of gene expressions was performed using the
comparative Ct method and normalized by an internal control,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Results
were expressed as fold difference relative to a relevant
control sample.

Immunohistochemistry

After anesthetizing, epididymal white adipose tissue (eWAT)
of the test animal was collected and fixed in 4% formaldehyde.
Tissues were then paraffin-embedded and sectioned at 5 pm
thickness. For Immunohistochemistry (IHC), sections were
heated to 62°C to remove wax and then rehydrated prior
to treatment with blocking serum (PBS or 0.5% Triton X-100
with 5% serum) for 1 h at RT. The appropriate volume of
diluted primary anti-F4/80 (#70076, Cell Signaling Technology;,
Inc., Danvers, MA, USA) or anti-CD11c (#45581, Cell Signaling
Technology) antibody was added and incubated overnight
at 4°C. After washing, the sections were incubated at RT
with HRP-conjugated anti-Rabbit-IgG secondary antibody
(#31460, Thermo Fisher Scientific) for 1 h. Positive cells
were visualized with diaminobenzidine (DAB; TA-060, Thermo
Fisher Scientific) and counterstained with Mayer’s hematoxylin
under a light microscope SG-EX30 microscope (SAGE vision,
Taiwan). Each group had four sections and each section had
three visual fields.

Analysis of SCFA

The fecal samples were collected at the end of animal study
and immediately stored at —80°C. Fecal short chain fatty acids
(SCFAs) were analyzed using gas chromatography-flame
ionization detector (GC-FID) with a modified method described
by Mehrpouya-Bahrami et al. (2017). Briefly, 30 mg of each
fecal sample was weighed and suspended in 300 pl saturated
NaCl solution, and then homogenized for approximately 2 min.
Second, subsequently, the samples were acidified with 20 pl
of 10% sulfuric acid (Sigma-Aldrich, St. Louis, MO, USA).
After acidification, 400 pl of diethyl ether was added to the
samples for SCFAs extraction, and then centrifuged for 15 min
at 14,000 x g under 4°C. The supernatant was quantified using
a GC-FID to measure acetate, propionate, and butyrate.
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Western Blot Analysis

The fresh epididymal adipose of the tested mice was frozen
immediately in liquid nitrogen after collection and used for
preparation of the whole cell lysate. Two microgram total
protein from adipose tissue, was separated by SDS-PAGE using
4-20% Tris-glycine gels (Invitrogen). After electrophoresis,
proteins were transferred onto polyvinylidene difluoride (PVDF;
Millipore IPVH 00010) membranes by iBlot 2 Dry Blotting
System (Invitrogen) and blocked with 5% BSA (UniRegion
Bio-Tech, Taipei. Taiwan) in Tris-buffered saline with 0.1%
Tween 20 (TBST) at RT for 1 h. The member was then
washed three times for 5 min each with 5 ml PBS with
Tween-20 (PBST). After that, the membranes were subsequently
incubated overnight at 4°C with primary antibodies (1:1,000
dilute with 1X PBST and 5% BSA) used for immunoblotting
as follows: acetyl-CoA carboxylase (ACC; C83B10; anti-ACC,
#3676, Cell Signaling Technology, Inc.), anti-fatty acid synthase
(anti-FAS, #3180, Cell Signaling Technology, Inc.) and anti-
B-actin antibody (BA3R, Thermo Fisher Scientific). Further,
the membrane was washed three times for 5 min with 5 ml
TBST, and then incubated with Goat Anti-Rabbit IgG Antibody,
Peroxidase Conjugated (Millipore AP132P at 1:1,000) and Goat
anti-mouse IgG, F(ab’)2-HRP (Santa Cruz, sc-3697 at 1:1,000)
in 5 ml of blocking buffer with gentle agitation for 1 h at
RT. After being washed a further three times with TBST, the
anti-specific protein was visualized by the enhanced
chemiluminescence detection system (Millipore). Quantification
of the protein level in the luminescent bands was performed
by Image] software (NIH).

Analysis of Satiety Hormones

Total gastric inhibitory peptide (GIP), total ghrelin, Peptide YY
(PYY), pancreatic polypeptide (PP), leptin, and resistin levels
in mouse serum were measured using the Milliplex® MAP Kit
and mouse metabolic hormone 96-well plate assay (Millipore
Corporation) according to the manufacturer’s instructions.

DNA Extraction and Sequencing of Gut
Microbiota

The bacteria genomic DNA in the fecal samples from the
ND, HFD, HFDM1, and HFDAPS1 groups was extracted
by a QIAamp DNA Stool kit (QIAGEN, Hilden, Germany)
according to the manufacturer’s instruction. The bacterial
16S ribosomal RNA variable region V3-V4 was amplified
by PCR using a primer with a sample-specific barcode (V3F:
5'-CCTACGGGNGGCWGCAG-3'; V4R: 5'-GACTACHVGG
GTATCTAATCC-3') for microbiome analysis as described
previously (Chang et al., 2015). PCR products were employed
for microbiome analysis on an Illumina MiSeq sequencing
platform according to the manufacturer’s instructions. The
raw reads were denoised and filtered using QIIME (v1.7.0)
to remove sequences that containing a short variable region
(<90 bp) or undetermined bases (>2 bases) to get effective
tags in V3-V4 variable region. All 16S rRNA gene sequencing
data were submitted to the NCBI’s sequence read archive
(SRA) database under the accession number PRJNA634807.

Operational taxonomic unit (OTU) clustering and species
annotation of barcoded PCR amplicons from the various fecal
samples were performed from representative sequences using
UPARSE software (Version 7.0.1001') and the Greengenes
database based on ribosomal database project classifier (Version
2.2), respectively. Chao 1 and Shannon index of alpha diversity
and partial least squares-discriminant analysis (PLS-DA) plots
were measured with QIIME (Version v1.7.0) using R software
(Version 2.15.3). The abundance of specific bacteria at the
genus- and species-level at p < 0.05 was determined using
the non-parametric Kruskal-Wallis test. Taxonomic cladograms
were derived from a Linear discriminant analysis Effect Size
(LEfSe) analysis with linear discriminant analysis (LDA) scores
greater than 3 and significance at « < 0.05, as determined
by Kruskal-Wallis test. To clarify a co-occurrence network
of the predominant microbiota, we performed a bivariate
correlation analysis for the 15 most abundant families and
obesity-related indicators using Spearman’s correlation
coefficient and R and SAS software version 9.4 (SAS Institute
Inc., Cary, North Carolina, USA) with a value of p as 0.05.
The correlation heatmaps between gut microbiota and
inflammation markers and serum metabolites were generated
by R and SAS software version 9.4 (SAS), and then created
using GraphPad Prism software (Prism 7, GraphPad Software
Inc.,, CA, USA).

Non-Targeted Serum Metabolomics Profile
Investigation

Blood plasma samples were collected from the tested mice
and stored at —80°C until analysis. The metabolomic profile
analysis was conducted by the commission service of the
Metabolomics Core Laboratory at the Center of Genomic
Medicine, National Taiwan University (Taipei, Taiwan) using
ultraperformance liquid chromatography (LC; Infinity 1290,
Agilent Technologies, CA, USA) coupled with a quadrupole-
time of flight (Q-TOF) mass spectrometer (6540, Agilent
Technologies, Santa Clara, CA, US) with electrospray ionization.
The Acquity HSS T3 column (2.1 x 100 mm, 1.8 pm pore
size; Waters, Milford, MA, USA) was used and maintained
at 40°C. Metabolites were identified by analysis of the
spectra of mass spectrometry (MS) using XCMS2 (Benton
et al., 2008), TIPick (Ho et al., 2013), and Batch Normalizer
(Wang et al., 2013) methods.

Statistical Analyses

The values are expressed as the mean + standard deviation.
In addition to the gut microbiota, all statistical analyses were
performed by GraphPad PRISM 7 (GraphPad Software, Inc.).
Significant differences among the experimental results expect
for relative bacterial abundance were estimated by a one-way
ANOVA with post hoc Tukey’s test. A probability level p < 0.05
was considered statistically significant. Differences in the
abundance of specific bacteria were determined using the
non-parametric Kruskal-Wallis test.
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RESULTS

APS1 and M1 Interventions Affect TG Lipid

Accumulation Through Modulating
Adipogenesis, Lipogenesis, and
Inflammation in 3T3-L1 Cells

After confirmation of no cytotoxicity effect on the cells (data
no shown), we first in vitro evaluated the effect of M1 and

APS1 on adipocyte differentiation and key lipogenesis markers
involving in adipocytes. Results indicated that the M1 group
in viable cells could induce significantly more production of
lipid droplets than the CT and APS1 groups. Whereas, CFS
and CFE from APS1 could significantly inhibit lipid accumulation
relative to the control (p < 0.05; Figure 1A). Consistently,
APS1 intervention showed a tendency to downregulate the
mRNA expression of adipogenesis and lipogenesis markers
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FIGURE 1 | Effects of M1 and APS1 on modulation of adipogenesis in 3T3-L1 cells. (A) Lipid accumulation and the area ratio by ImagedJ (%) in 3T3-L1 cells treated
by viable cell, intracellular cell-free extract (CFE), bacterial cell-free excretory supernatant (CFS) of M1 and APS1 with Oil red O staining; and (B) modulation of
adipogenesis and macrophage-derived Tnf and Ccl2 relative mRNA levels in 3T3-L1 adipocytes after treated with viable M1 and APS1. Relative quantification of
gene expressions was performed using the comparative Ct method with normalization to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Results were
expressed as fold difference relative to a relevant control sample. Data are expressed as the mean + SD (n = 3). Labeled means without a common superscript letter
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(Pparg, Lpl, and Fasn) in 3T3-L1 cells when compared with
the M1 group without significant difference (p > 0.05; Figure 1B).
Conversely, treating cells with M1 promoted inflammation by
upregulating biomarkers of inflammatory cytokines (Ccl2 and
Tnf-a; p < 0.05) (Figure 1B). In vitro results demonstrated
that APS1 and M1 might affect lipid accumulation by modulating
adipogenesis, lipogenesis, and inflammation.

APS1 and M1 Interventions Affect the
Obesity-Induced Mass/Size and
Inflammation of Adipose Tissue by
Regulating Adipogenesis, Macrophage
Recruitment, and M1/M2 Status in vivo

In vivo results indicate that APSI intervention (5 x 10® CFU/
mouse/day) not only significantly decreased the body weight and
mean diameters of adipocytes, but also reduced the weights of
eWAT (by 36.68%), rpWAT (by 28.53%), and iWAT (by 27.57%)
relative to the HFD group (p < 0.05; Figures 2A-C). Whereas,
the body weight of mice treated with M1 (10* CFU/mouse) for
8 weeks was significantly higher than that of HFD mice (p < 0.05;
Figure 2A). However, no significant difference was observed in
mean diameters of adipocytes and the weights of retroperitoneal,
intrascapular, epididymal, and visceral white adipose tissues between
the HFDM1 and HFD groups (p > 0.05; Figures 2B,C).

We then investigated the possible underlying molecular
mechanisms. Results showed that APS1 intervention could
downregulate adipogenesis-related gene, Fasn (Figure 2D).
Conversely, upregulation of adipogenic gene expression, Pparg,
was observed in the HFDMI1 group (Figure 2D). After
studying mRNA expression, western blot analysis revealed
that APS1 intervention showed a tendency to reduce the
levels of FAS and ACC as compared with the HFDM1 group
(p > 0.05; Figure 2E).

Besides adipogenesis, the effects of L. kefiranofaciens M1
and L. mali APS1 on types of macrophages accumulating on
the adipose tissue of HFD-induced obese mice were also
investigated. We found that APS1 intervention could significantly
downregulate mRNA expressions of macrophage markers (F4/80,
CD11c¢), inflammatory markers (Tnf-a, MCP-1), and M1 activated
macrophage (IL-Ira), as well as upregulate M2 activated
macrophage CCR2 relative to the M1 and HFD groups (p < 0.05).
Whereas, M1 intervention showed significantly higher mRNA
expressions of macrophage markers (CD68, CD11c), inflammatory
markers (MCP-1), and M1 activated macrophage (IL-Ira;
p < 0.05) when compared with other groups (Figures 3A-C).
The further THC analysis for macrophage markers indicated
that the fat subjects (HFD and HFDM1 groups) had larger
adipocytes with higher F4/80 and CDllc in the eWAT than
the lean subjects (NC and HFDAPSI1 groups; Figure 3D).

APS1 and M1 Interventions Regulate
Metabolites and Fecal SCFAs Affecting
Lipid Metabolism in HFD-Induced Obese
Mice

Next, we studied the roles of metabolites and SCFAs
specifically changed by the APSI and M1 interventions on

body weight gain and lipid metabolism. The PCA plot of
non-targeted metabolomic profiling showed a significant
separation among all tested groups using 24 significant
detectable metabolites, explaining 31.3% of the variation
(Figure 4). Among the metabolites, eight compounds,

including  3-hydroxy 3-methylglutaric acid (HMG),
corticosterone, glycerophosphocholine (GPC), glycine,
L-isoleucine, octanoyl-L-carnitine (OLC), propionyl-L-

carnitine (PLC), and traumatic acid, demonstrated significant
differences among the four groups (p < 0.05; Table 1).
After analysis by the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database, the metabolites were related
to lipid metabolism, energy expenditure, lipid peroxidation,
anti-inflammation, fat oxidation, and anti-oxidative stress
(Table 1).

Besides, the mice fed with APS1 also had significantly
increased excretion levels of cecal acetate, propionic acid and
butyric acid (p < 0.05; Figure 5A). Upregulation of SCFAs
was not observed in the HFDMI1 group. Accompany the
SCFAs, the HFD group showed significantly higher leptin,
PP, and resistin than the ND group (p < 0.05; Figure 5B).
The mice that received the APSI significantly reduced the
production of resistin compared to the HFD group (p < 0.05).
Administration of M1 could downregulate the production of
leptin and resistin (Figure 5B).

APS1 and M1 Interventions Modulated
Enriched Taxa in HFD-Induced Obese Mice

We then investigated whether the modulating effects of M1
and APS1 on features of obesity and adipose low-grade
inflammation were associated with changes in metabolites
via the gut microbiota using NGS. First, the alpha-diversity
analysis of Chao 1 showed no significant difference (p > 0.05)
in the richness of gut microbiota among the groups (Figure 6A).
However, a significant Shannon diversity index (p < 0.05)
was observed between the ND and HFDAPS1 groups
(Figure 6A). Next, we performed a supervised PLS-DA based
on OUT levels to evaluate the variant of gut microbial
composition among the treated groups. Our PLS-DA plot
shows that PLS1 and PLS2 explain 15 and 6.45% of the
variation of gut microbiota composition, respectively, effectively
separating each group (Figure 6A).

To further identify the specific bacterial taxa that were
predominant as the biomarkers among the groups, the LEfSe
was calculated. A total of 25 influential taxonomic clades
(LDA score >3) were recognized (Figure 6B). The most
impacted taxa in the ND group were the family S24_7
(within the phylum Bacteroidetes), the order Bacteroidales
(within  the  phylum  Bacteroidetes), the family
Christenseneliaceae (within the phylum Firmicutes), and
species Lactococcus garvieae (within the phylum Firmicutes).
After 8-week HFD feeding, the order Actinomycetales and
family Caulobacteraceae (within the order Caulobacterales)
were more predominant in the HFD group than in the
other groups. Administrating APS1 specifically influenced
11 taxonomic clades in the mice, including the genera
Adlercreutzia (within phylum Actinobacteria), Actinomycetospora
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FIGURE 2 | M1 and APS1 regulate fat hypertrophy and mRNA expressions of adipogenesis in mouse adipose tissue. M1 and APS1 interventions modulated
(A) body weight; (B) the mean diameters of epididymal white adipose tissue (€WAT) adipocytes; (C) the weight of eWAT, rpWAT and iWAT; (D) adipogenesis-
related mMRNA expressions in mouse eWAT; (E) Western blot analyses of fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC) in adipose tissue. Relative
quantification of gene expressions was performed using the comparative Ct method with normalization to GAPDH. Results were expressed as fold difference
relative to a relevant control sample. Data are expressed as the mean + SEM of 8-10 mice per group. Labeled means without a common superscript letter
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FIGURE 3 | Effects of M1 and APS1 on expression of (A) macrophage markers; (B) inflammatory markers; (C) M1- and M2-activated macrophages and (D)
immunohistochemistry (IHC) analysis of F4/80 and CD11c¢ in adipose tissues of high-fat diet (HFD)-induced obese mice. Relative quantification of gene expressions
was performed using the comparative Ct method with normalization to GAPDH. Results were expressed as fold difference relative to a relevant control sample. Data
are expressed as the mean + SEM of 8-10 mice per group. Labeled means without a common superscript letter differ, p < 0.05.
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(within phylum Actinobacteria), and the species Candidatus
nitrososphaera (within phylum Actinobacteria). When orally
administered M1, the most influential taxa were the class
Clostridia (within the phylum Firmicutes), the family
Streptococcaceae (within the phylum Firmicutes), and Lactococcus
genus (within the phylum Firmicutes).

M1 and APS1 Interventions Affect Body
Weight Gain by Manipulating the Network
of Co-occurring Predominant Bacteria at
the Family Level

After identifying the specific bacterial taxa that were
predominant as the biomarkers among four groups, the roles
of these biomarkers in body weight gain and adipose
inflammation were investigated. First, we constructed a module
of the microbiome network among eight LEfSe selected
families from all groups (Figure 6C). We observed that
S§24_7 was positively correlated with Christensenellaceae.
Streptococcaceae was negatively correlated with $24_7 and
Christensenellaceae. We further correlated eight LEfSe selected
families with body weight gain and lipid weight. The families
S§24_7 and Christensenellaceae showed a negative correlation
with body weight gain and lipid weight while Streptococcaceae
had a positive correlation with lipid weight. We validated
these results by determining the relative abundance of specific
bacteria at the family level of taxonomic cladograms, where
we also found that the families $24_7 and Streptococcaceae
were enriched in lean and fat subjects, respectively
(Figure 6D).

M1 and APS1 Mediate Obesity-Related
Adipose Inflammation by Regulating the
Metabolites via Specific Bacterial Taxa
Finally, using Spearman’s correlations, we verified that M1 and
APS1 modulate inflammation and lipid metabolism by regulating
the metabolites via microbiota (Figure 7). Serum OLC, PLC,

and traumatic acid showed positive correlations with families
S§24_7 and Christensenellaceae, and species garvieae, and
had negative correlations with phylum Firmicute, family
Streptococcaceae, and genus Lactococcus (Figure 7). Circulating
isoleucine was positively correlated with the Streptococcaceae
family and Lactococcus genus and negatively correlated with
families $24_7 and Christensenellaceae in the whole study
population (Figure 7). Four taxa, including S24_7 and
phylum Bacteroides, had significant negative correlations
with serum GPC. Serum HMG showed negative correlations
with family Paenibacillaceae and genus Actinomycetospora,
but positive correlations with S24_7, Christensenellaceae,
and garvieae.

DISCUSSION

In a previous study, we demonstrated that specific
bacterial strains isolated from kefir, L. kefirnofaciens M1
and L. mali APS1, possess obesity and anti-obesity effects,
respectively, in HFD-induced obese mice. In the present
study, we investigated the mechanism contributing to the
opposite effects in body weight, further underscoring the
importance of the tripartite relationship among the host,
microbiota, and metabolites. Our findings highlight three
interdependent effects of the gut microbiome on adipogenesis,

lipogenesis, and inflammation through APS1 and
M1 interventions.
First, we observed that APS1 and MI interventions

elucidated different regulations on gene expression of lipid
metabolism and cellular crosstalk in both cell line and
adipose tissue. The HFDM1 group might be more effective
at extracting energy from food and stimulating lipogenesis
through upregulating an essential nuclear hormone receptor
(Pparg). Conversely, the HFDAPS1 group suppressed lipid
accumulation by downregulating the mRNA expression of
adipose Pparg and Fasn, as well as observed tendency for
reduced SREBP 1 and ACC at protein level. Adipocyte
differentiation is regulated by complex modulation of various
transcription factors and specific proteins. The PPARy is
considered key early regulators of adipogenesis, while FAS
and ACC are the two major enzymes of de novo lipogenesis,
which are abundantly expressed in adipose tissues under
the control of SREBP1 (Nishimura et al., 2014; Moseti et al.,
2016; Gross et al., 2017). SREBPI, the primary substrate
for AKT-mediated lipid metabolism, promotes lipid
biosynthesis and inhibits lipolysis (Niso-Santano et al., 2015;
Yan and Zheng, 2017; Choi et al., 2018).

Besides, because of obesity, the HFDM1 group demonstrated
low-grade inflammation in visceral adipose tissue through
enhancing production of inflammation-related cytokines, Ccl2
and Tnf-a. Additionally, low-grade inflammation also affects
adipocyte function with macrophage infiltration of adipose
tissue. The adipose tissue macrophages (ATMs) are
characterized as proinflammatory macrophages (M1) and
noninflammatory macrophages (M2) according to their
polarization state (Lumeng et al., 2007; Chang et al., 2015).
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TABLE 1 | The detected [by liquid chromatography—mass spectrometry (LC-MS)] differential metabolites of plasma sample among the normal diet (ND), high-fat diet

(HFD), HFDM1, and HFDAPS1 groups.

Metabolites lon (m/2) Mean intensity*? p value Physiological function
HFD/ND ND/HFD HFDM1/HFD HFDAPS1/HFD

3-Hydroxy 3-methylglutaric acid 161.046 0.097 10.271 3.286 3.912 0.00193 Lipid metabolism

Corticosterone 369.204 0.351 2.848 1.979 4.919 0.00634 Energy expenditure

Glycerophosphocholine 258.108 3.999 0.250 0.709 0.404 0.03595 Lipid peroxidation

Glycine 76.039 0.508 1.970 1.189 1.768 0.01156  Anti-inflammation

I-isoleucine 132.101 2.331 0.429 1.101 0.994 0.03404 Protein metabolism

Octanoyl-I-carnitine 288.217 0.078 12.755 1.186 1.977 0.00097 Fat oxidation

Propionyl-I-carnitine 218.139 0.502 1.992 1.189 1.243 0.00853 Fat oxidation

Traumatic acid 227.129 0.054 18.589 0.609 5.223 0.00108 Anti-oxidative stress

'n = 6 per group.

2Fold change was calculated by dividing the mean of the peak intensity of each metabolite from the ND, HFD, HFDM1, and HFDAPS1 groups.
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Obesity induces the accumulation of M1 ATMs, whereas,
M2 ATMs predominate in lean mice (Kitade et al., 2012).
In the present study, administration of L. kefiranofaciens M1
with HFD upregulated M1 activating marker (IL-1ra), leading
to a proinflammatory environment (MCP-1) relative to the
HFD group. Conversely, APS1 invention upregulated M2
activating macrophages in HFD-induced obese mice via
significantly downregulating relative mRNA expressions of
M1 macrophage and M1 activating markers (MIP-1, IL-Ira).

Thus, our findings provide a possible link between probiotic
intervention, obesity, and inflammation.

Secondary, we observed that the abundance of obesity-
or inflammation-associated bacteria in intestinal microbiota
was regulated by the APS1 and M1 interventions. Microbial
diversity has previously been identified as a significant factor
influenced by diet (Clarke et al., 2014), which is decreased
among the overweight (Le Chatelier et al., 2013) and increased
in lean individuals (Wang et al, 2010; Lu et al., 2016).
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analysis; bacterial networks co-occurring families of taxonomic cladograms correlating with (C) lipid weight and body weight gain; and (D) the relative abundance of
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by KruskaleWallis test, *p < 0.05.

FIGURE 6 | specific bacteria at the family level of taxonomic cladograms. LEfSe was used to compare the abundances of all detected bacterial taxa among four
groups. The differentially abundant taxa shown in the histogram are significantly different by the Kruskal-Wallis test and have an linear discriminant analysis (LDA)
score of greater than 3. n = 5 per group. Networks of co-occurring families showed associations among ND, HFD, HFDM1 and HFDAPS. Circles symbols
represent bacterial families positive (yellow) or negative (blue) correlated with body weight gain. The edges represent the strength of positive (green) or negative (red)
correlations among the families. The data are expressed as the mean + SEM. Labeled means without a common superscript letter differ. Values of p was calculated
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FIGURE 7 | Spearman’s correlations of relative abundance of 25 LEfSe
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correlations were employed in agreement with data distribution and verified
by Kruskal-Wallis test. *p < 0.05, **p < 0.01, **p < 0.0001 following the
Spearman’s correlations.

The results of the Shannon diversity index and PLS-DA
were consistent with previous findings. We further identified
the key microorganisms associated with M1 and APSI
intervention, and ultimately, leading to the obese and lean
animals. After analysis by LEfSe and Spearman’s correlations,
two families, S24_7, and Christensenellaceae, biomarkers in
the ND group, were negatively correlated with body weight
gain and lipid weight. Both families have been reported to
be associated with lean animals (Zhang et al., 2009; Serino
et al., 2012; Lin et al.,, 2016a; Chen et al., 2018b; Peters
et al., 2018), which were reduced in the HFDM1 and enriched
in the HFDAPS1. The family Streptococcaceae, which was
in abundance in obese animals (Peters et al., 2018), was
abundant in the HFDMI and reduced in the HFDAPSI.
The recently studied also observed that Christensenella minuta
and its close relatives in the Christensenellaceae family were
the most heritable bacteria. People with higher amounts of

the gut bacteria C. minuta tended to be leaner (Goodrich
et al., 2014). Additionally, some members of the $24_7
family could be differentiated by their degree of IgA labeling,
indicating that $24_7 might be targeted by the innate immune
system (Ormerod et al., 2016).

Alternation of metabolites profile has been regarded as
an indicator to physiological conditions, reflecting the changes
of gut microbiota composition (Chen et al., 2019). In the
present study, eight key metabolites in serum associated
with M1 and APSI interventions were identified by the
non-targeted metabolomic profiling. HMG could effectively
lower serum cholesterol (Lupien et al, 1979) and prevent
hypertriglyceridemia in rats (Yousufzai and Siddiqi, 1977).
PLC and OLC are essential substrates for energy expenditure.
PLC is an SCFA esterified to carnitine that plays an important
role in fatty acid oxidation and energy expenditure
(Mingorance et al,, 2012). OLC, which promotes free fatty
acids (FFAs) or acyl-CoA being able to move across the
inner mitochondrial membrane, has a vital role in fatty
acid metabolism (Reuter and Evans, 2012). Isoleucine, a
branched-chain amino acid (BCAA), suppressed the
development of NAFLD among obese youth by reducing
the ability of insulin on hepatic glucose production in
adiposity (Perng et al., 2014; Butte et al., 2015; Trico et al.,
2017). GPCs could increase growth hormone secretion and
hepatic fat oxidation, resulting in increased serum FFA levels
in young adults (Kawamura et al., 2012). GPCs are also
considered sensitive indicators for obesity-related diseases
such as cardiovascular disease (CVD) in adults
(Syme et al., 2016). After further analysis by Spearman’s
correlations, we demonstrated that the family Streptococcaceae
with an obese animal was positively correlated with
L-isoleucine, and negatively corrected with OLC and traumatic
acid, providing a possible link between Streptococcaceae and
the development of obesity. Conversely, the families S24_7
and Christensenellaceae were negatively correlated with GPC
and L-isoleucine and positively corrected with HMG, glycine,
OLC, PLC, and traumatic acid, contributing to the connection
between these two families and leanness.

Besides the key serum metabolites, SCFAs also showed
distinct actions relevant to various gut incretins, hormones,
and energy homeostasis (Rosenbaum et al., 2015). Oral
administration of butyrate significantly increases plasma
levels of the GIP, glucagon-like peptide-1 (GLP-1), PYY,
insulin, and amylin, which would have net effects of slowing
digestion and nutrient intestinal transit, promoting satiety,
and increasing plasma insulin. Acetate is reported to increase
leptin release by fat cells. Butyric acid and propionate
increase G-protein-mediated secretion of PYY and GLP-1 in
the gut, and rates of lipolysis and lipogenesis in fat cells
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(Fujishima et al., 2012; Kimura et al., 2014). In the present
study, oral administration of APSI promoted the SCFAs
production and downregulated the expressions of resistin
and leptin in the intestine. This finding suggests that SCFAs
were modulated by APS1-manipulated gut microbiota and
further modulated the production of SCFAs to regulate the
expression of the gut hormone, thereby controlling host
appetite through the gut-brain axis. For M1 intervention,
downregulating the expression of resistin, PP, and leptin
in the intestine was also observed, indicating that the obese
inducing effect of L. kefiranofaciens M1 is not due to
increasing appetite. This result is paralleled with our previous
finding in daily food intake.

Finally, by reviewing papers and our previous data, M1
and APS1 could exert effects on the gut microbiota through
the following mechanisms. (1) M1 and APSI could directly
affect gut microbial colonization through inhibitory/
promoting effects. Both strains could produce lactic acid
and certain SCFAs, which were identified earlier as a key
factor affecting microbiota. SCFAs could also interact with
the host, contributing to reducing oxygen concentrations
and creating a less favorable environment for pathogen
growth (Rivera-Chavez et al., 2016). Effect of other metabolic
byproducts produced by both strains on the gut microbiota
still needs to be further investigated. (2) M1 and APSI1
could also impact the gut microbiota indirectly by
manipulating the immune system, which in turn influences
the colonizing microbiota. Both strains have been reported
to interact with immune cells through toll-like receptor
(TLR) and modify the T helper (Th1,Th2) or T regulatory
cytokines (Hong et al., 2010; Lin et al, 2016b), which plays
crucial roles in host defense against colonization of certain
microorganisms (Pickard et al., 2017). (3) Additionally, in
our early study, L. kefiranofaciens could form biofilm (Wang
et al,, 2012), which might be related to quorum sensing
system to increase the cell density against harsh environment.
Quorum sensing is a communication mechanism between
bacteria to control specific processes, such as biofilm
formation, production of secondary metabolites and stress
adaptation mechanisms. Gram-positive bacteria have been
reported to synthesize small autoinducing peptides (AIPs)
as distinct signaling molecules to mediate quorum sensing
(Spangler et al., 2019).

CONCLUSIONS

In the present study, we show that interventions involving
L. kefiranofaciens M1 and L. mali APS1 with HFD affect
adipogenesis, lipogenesis, and inflammation by regulating the
expression of metabolites, and that this is achieved by
manipulating microbiota. Administration of L. kefiranofaciens
M1 and L. mali APS1 with HFD had different influences on
the abundances of specific families, Streptococcaceae, S24_7,
and Christensenellaceae in gut microbiota, which further
diversifies the specific serum metabolites, GPC, L-isoleucine,
HMG, glycine, OLC, PLC, and traumatic acid. The different

levels of these metabolites could contribute to lean and obese
subjects by regulating the metabolic pathways involved in
adipogenesis, lipogenesis, lipid metabolism, and energy
expenditure. SCFAs were also modified by APS1-manipulated
gut microbiota to regulate the expression of gut hormones,
thereby controlling host appetite through the gut-brain axis.
Additionally, the M1 and APSI interventions regulated low-grade
inflammation and macrophages in adipose tissue, leading to
obese-related proinflammatory macrophages and leanness-related
noninflammatory macrophages, respectively. This study highlights
the importance of specific probiotic interventions affecting
leanness and obesity of the subjects under HFD, achieved by
modulating the tripartite relationship among the host, microbiota,
and metabolites.
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Previous studies proved that heavy metals could increase the risk of disease by
acting on the gut microbiota. Meanwhile, gut microbiota played important roles in
detoxifying heavy metals. However, the response of gut microbiota to heavy metals
and which microbes dominated this detoxification processes are still unclear. This
study investigated the difference of high-fat-diet (HFD) and normal-diet (ND) gut
microbiota and their response to and detoxification effects on arsenic (As), cadmium
(Cd), and lead (Pb) exposure. Results showed that gut microbiota of ND and HFD
was significantly different and responded to As, Pb, and Cd exposure differently, too.
When exposed to 100 ppm As, Cd, or Pb, HFD-fed mice accumulated more heavy
metals in the liver and kidney along with more severe functional damage than ND-
fed mice, indicated by a more dramatic increase of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) activities and urinary total protein (TPU), urinary uric
acid (UUA), and urinary creatinine (Ucrea) content. Among ND gut microbiota, relative
abundance of Bacteroides, Lactobacillus, Butyricimonas, and Dorea was significantly
increased by arsenic (As) exposure; relative abundance of Faecoccus and Lactobacillus
was significantly increased by Cd exposure; relative abundance of Desulfovibrio,
Plasmodium, and Roseburia were significantly increased by Pb exposure. However,
among HFD gut microbiota, those microbes were not significantly changed. Bivariate
association analysis found weak positive correlations between content of fecal excreted
heavy metals and richness of total fecal microbiota as well as abundance of some of
the heavy metal-enriched microbes. Our study concluded that HFD increased disease
risk of heavy metal exposure probably via its gut microbiota which excreted less heavy
metal through feces.

Keywords: high-fat diet, heavy metal, gut microbiota, arsenic, cadmium, lead
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INTRODUCTION

Environmental toxin exposure is a global health problem in
the 21st century. Heavy metals are one of the most harmful
environmental toxins, which are widely found in polluted air,
water, and soil. Heavy metals enter and accumulate gradually in
the human body through diet uptake. Numerous studies have
shown that heavy metal pollution is widely spread in animal and
plant products, aquatic products, and various processed foods all
over the world (Dadar et al., 2016; Liu et al., 2016; Wijayawardena
et al., 2016). Heavy metals that enter the human body through
chronic exposure are very difficult to metabolize or decompose,
so they accumulate in all tissues and organs over the years and
exert chronic damage to the body when they reach a certain
threshold (Rachsler et al., 2018). Epidemiological investigations
have shown that heavy metals can be detected in the blood, urine,
hair, and nails of healthy and diseased people and that the content
is correlated with severity of respiration diseases (Wu et al., 2018),
cardiovascular diseases (Lamas et al., 2016), neurodegeneration
(Bjorklund et al., 2018a; Ghazala et al., 2018; Igbal et al., 2018)
diseases, autism spectrum disorder (Bjorklund et al., 2018b), and
obesity (Park et al., 2017; Shao et al,, 2017; Wang et al.,, 2018).
Great efforts have been made to reduce heavy metal pollution, but
these efforts often have very limited effects (Bisanz et al., 2014).
So it is an urgent requirement to explore new methods to reduce
their health risks.

Gut microbiota are the most important microecosystem in
the human body, which chemically modifies dietary compounds,
industrial compounds, pollutants, and drugs, thereby affecting
their disease risk, bioavailability, toxicity, and efficacy. However,
how gut microbiota metabolize these substances and their impact
on human health are still unclear (Koppel et al., 2017). The
mechanism of how gut microbiota detoxify heavy metals was
rarely reported. More Cd or Pb was detected in the blood
and organs such as liver, kidney, and spleen in germ-free
mice compared to specific pathogen-free mice after drinking
water containing inorganic Cd or Pb for 6 weeks (Breton
et al,, 2013a,b), indicating that the gut microbiota of SPF mice
prevented heavy metals from entering the bloodstream through
the gastrointestinal tract and accumulating in target organs.
Feces from rat could transfer methylmercury into inorganic
mercury, which was less toxic and easier to excrete (Rowland
et al, 1978). When rat gut microbiota was eliminated by
antibiotics, methylmercury accumulated more, and neurotoxic
symptoms became more serious (Rowland et al., 1980). Studies
have reported the presence of genes in intestinal microbes
related to heavy metal metabolism. Mercury-resistant gene
operons were discovered in gram-negative bacteria in primate
fecal microbiota (Liebert et al, 1997). Deep excavation of
human microbiome data revealed that there were symbiotic
microbes in the gastrointestinal tract containing all known
genes encoding arsenic-sensing and regulating proteins (Isokpehi
et al, 2014). Together, these data implied that the gut
microbiota could detoxify heavy metals through absorption,
metabolism, sequestration, and excretion. However, response of
gut microbiota to heavy metals and which microbes dominated
this detoxification processes were still unclear.

Gut microbiota are modified by heredity and various
environmental factors, among which diet is the major
determinant (Thomas et al, 2017). High-fat diet (HFD) is
a common problem worldwide, and the gut dysbiosis caused
by HED is closely related to the incidence of various diseases
including obesity, diabetes, cardiovascular disease, and tumor
(Cordain et al., 2005). Epidemiological studies have shown that
obese people, the majority of which have HFD, accumulate more
heavy metals in their bodies than do healthy people (Park et al.,
2017; Shao et al., 2017; Wang et al., 2018). We propose that gut
microbiota of HFD might have weaker ability to eliminate or
detoxify heavy metals than gut microbiota of normal diet (ND).
This study investigated the difference of gut microbiota between
HFD- and ND-fed mice and their detoxification effects on As,
Cd, and Pb exposure. Efforts were made to find characteristics
of gut microbiota that have a positive correlation with heavy
metals that are excreted more in feces, accumulated less, and
damaged the liver and kidney more mildly as well as specific
microbes that tolerated heavy metals and may have roles in
detoxifying As, Cd, and Pb.

RESULTS

Diet Effects on Liver Function Damage
Upon Heavy Metal Exposure

To determine the impact of dietary patterns on mice’s response
to heavy metal exposure, we first analyzed activity of blood
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST), the two primary indicators of liver function in plasma
samples. Higher activities of ALT or AST indicate more severe
liver damage. Arsenic (As), Cd, or Pb was used to treat both
ND- and HFD-fed mice. Results showed that consuming HFD
versus ND led to higher activity of AST and ALT and that
heavy metals further increased the activity of AST and ALT.
So HFD-fed mice exposed to heavy metals had the highest
AST and ALT activities among all the groups (Figures 1A-F).
In ND-fed mice, only AST upon As exposure and ALT upon
Cd exposure increased significantly (P < 0.05) (Figures 1B,C),
while in HFD-fed mice, AST upon As exposure (Figure 1B),
ALT and AST upon Cd exposure (Figures 1C,D), and ALT
upon Pb exposure (Figure 1E) increased significantly. Together,
these results indicated a possibility that compared to ND, HFD
increased liver damage caused by As, Cd, and Pb exposure.

Diet Effects on Kidney Functional

Damage Upon Heavy Metal Exposure

To further determine whether HFD would increase kidney
damage of heavy metals, we analyzed urine total protein
(TPU), urinary creatinine (UCrea), and urinary uric acid (UUA)
contents, the three main indicators of kidney function, with
higher contents indicating a heavier functional damage. Results
showed that consuming HFD versus ND led to higher content of
TPU, UCrea, and UUA and that heavy metals further increased
content of TPU, UCrea, and UUA with mostly more increase
in HFD- versus ND-fed mice (Figures 2A-I). Meanwhile,
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FIGURE 1 | Diet effects on liver function damage upon heavy metal exposure. (A-F) ND- and HFD-fed mice were exposed to 100 ppm As, Cd, or Pd for 10 weeks
(n = 6 for each group). Plasma was collected and analyzed for AST and ALT activities on the day of killing. Data were expressed as mean + SEM. Statistics
according to two-way ANOVAs and Bonferroni post hoc tests. n.s. not significant; *P < 0.05; **P < 0.01; **P < 0.001. ALT, alanine aminotransferase; AST,
aspartate aminotransferase.

in ND-fed mice, only UCrea and UUA upon As exposure
increased significantly (Figures 2B,C), while in HFD-fed mice,
all three indicators increased significantly upon As exposure
(Figures 2A-C), TPU and UUA increased significantly upon
Cd exposure (Figures 2D,F), and TPU and UUA increased
significantly upon Pb exposure (Figures 2G,I). Those results
implied a trend that HFD increased kidney damage caused by As,
Cd, and Pb exposure.

Diet Effects on Heavy Metal
Accumulation in Liver and Kidney and

Elimination in Feces

To examine the impact of diet on the accumulation of heavy
metals in mice, the As, Cd, and Pb content in livers, kidneys, and
fecal samples was investigated in ND- and HFD-fed mice exposed
to As, Cd, or Pb (Figures 3A-1I). As expected, upon As, Cd, or Pb
exposure, these heavy metals accumulated significantly more in
livers and kidneys in HFD-fed mice than in ND-fed mice when

the background accumulation in ND- and HFD-fed mice with
no heavy metal treatment had no significant difference or was
even lower (Figures 3A,B,D,E,G,H). Interestingly, upon As, Cd,
or Pb exposure, these heavy metals were excreted significantly less
through feces in HFD-fed mice compared to ND-fed mice while
their background content in feces of mice with no heavy metal
treatment had no significant difference (Figures 3C,E,G). These
data implied that higher accumulation of heavy metals in organs
of HFD-fed mice might result from less fecal excretion.

Diet Effects on Total Gut Microbiota
Disturbance Upon As, Cd, or Pb

Exposure

Since different dietary patterns shape unique gut microbiota
profiles, to explore whether gut microbiota played a role
in explaining the different harmful effects of heavy metals
on ND- and HFD-fed mice, we analyzed the difference
of microbiota in fecal samples of ND- and HFD-fed
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FIGURE 2 | Diet effects on kidney function damage upon heavy metal exposure. (A-l) ND- and HFD-fed mice were exposed to 100 ppm As, Cd, or Pd for 10 weeks
(n = 6 for each group). Urine was collected and analyzed for total protein, uric acid, and creatinine contents on the day of sampling. Data were expressed as
mean + SEM. Statistics according to two-way ANOVAs and Bonferroni post hoc tests. n.s. not significant; *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001. TPU,
urinary total protein; UUA, urinary uric acid; Ucrea, urinary creatinine.

mice. A phylogenetic tree was made to summarize the
observed alterations in relative abundance of microbial
taxa (Supplementary Figure S1). It showed that there
was a significant difference between gut microbiota of

ND- and HFD-fed mice, which may respond differently
to heavy metals.

As expected, the gut microbiota of ND- and HFD-fed
mice respond differently to heavy metals. Principal coordinate
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FIGURE 3 | Diet effects on heavy metal accumulation in the liver and kidney and elimination in feces. ND- and HFD-fed mice were exposed to 100 ppm As, Cd, or
Pd for 10 weeks (n = 6 for each group). Feces, liver, and kidney were collected for As, Cd, or Pb content analysis. (A,B) Bioaccumulation of As in the liver/kidney of
ND- and HFD-fed mice upon As exposure. (C) As content in feces of ND- and HFD-fed mice upon As exposure. (D,E) Bioaccumulation of Cd in the liver/kidney of
ND- and HFD-fed mice upon Cd exposure. (F) Cd content in feces of ND- and HFD-fed mice upon Cd exposure. (G,H) Bioaccumulation of Pb in the liver/kidney of
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component analysis (PCA) based on an unweighted UniFrac
analysis showed that the gut microbiota of both ND- and HFD-
fed mice changed upon As, Cd, or Pb exposure. However,
the HFD microbiota changed more than the ND microbiota
(Figures 4A-C). Arsenic (As), Cd, or Pb exposure reduced
microbiota abundance based on operational taxonomic unit

(OTU) number (Figures 4D-F) and microbial diversity based on
the Chaol index (Figures 4G-I) in both ND- and HFD-fed mice;
however, there was more reduction in microbiota abundance and
diversity in HFD- than in ND-fed mice. Generally, these data
indicated that gut microbiota of HFD-fed mice suffered more
disturbance upon As, Cd, or Pb exposure.
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FIGURE 4 | Diet effects on gut microbiota disturbance upon As, Cd, or Pb exposure. ND- and HFD-fed mice were exposed to 100 ppm As, Cd, or Pd for 10 weeks
(n = 6 for each group). Cecum feces was collected for gut microbiota analysis by 16S rRNA gene sequencing. (A-C) Principal coordinate analysis (PCA) based on an
unweighted UniFrac analysis of the intestinal microbial composition where samples of ND-/HFD-fed mice upon As, Cd, or Pb exposure are highlighted with different
colors. The position and distance of data points indicate the degree of similarity in terms of both presence and relative abundance of bacterial taxonomies. (D-F)
Number of observed OTUs. Data (mean + SEM) represent 16S rRNA gene 454-pyrosequencing analysis of intestinal microbiota of mice. (G-l) Chao1 index of
microbial diversity. Statistics according to two-way ANOVAs and Bonferroni post hoc tests. n.s. not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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Diet Effects on Specific Gut Microbiota

Genus Upon As, Cd, or Pb Exposure

To further find specific microbiota that were changed by heavy
metals and which one(s) may confer detoxification effects, we
analyzed the abundance change of gut microbiota at all taxon
levels by arsenic (As), Cd, or Pb treatment in both ND- and
HFD-fed mice (Supplementary Figures S2-S7). Specific gut
microbiota genus that was changed significantly by As, Cd,
or Pb treatment was summarized in Supplementary Table S2.
Interestingly, among all the specific microbiota genera that were
changed by heavy metals, a few increased significantly in the
microbiota of ND- but not HFD-fed mice. Upon arsenic (As)
exposure, Bacteroides, Butyricimonas, Dorea, and Lactobacillus
increased significantly in the microbiota of ND- but not HFD-
fed mice (Figures 5A-D). Upon Cd exposure, Coprococcus and
Lactobacillus increased significantly in microbiota of ND- but not
HFD-fed mice (Figures 5E,F). Upon Pb exposure, Desulfovibrio,
Prevotella, and Roseburia increased significantly in microbiota of
ND- but not HFD-fed mice (Figures 5G-I). These gut microbiota
genera that were enriched by heavy metals in ND-fed mice
that suffered less toxicity and accumulation might be candidate
microbes with detoxification ability.

Correlation Between Fecal As, Cd, and
Pb Content and Abundance of Total Gut
Microbiota and Specific Microbiota

Genus

To further evaluate the possible detoxification role of the above
gut microbiota genera that were enriched by heavy metals in ND-
fed mice, we analyzed the correlation between the abundance
of these specific microbiota genera as well as the abundance of
total gut microbiota and content of fecal heavy metals, based on
an assumption that gut microbiota especially those specifically
enriched microbiota genera might help to excrete heavy metals
with feces, which results in less heavy metal accumulation and
organ damage. Results showed that the total microbe abundance
and fecal As, Cd, and Pb concentrations were positively
correlated, among which microbe abundance of As-exposed
mice and their fecal As were significantly positively correlated
(Figures 6A-C). Weak positive correlations were also found
between arsenic (As)-enriched Bacteroides and Lactobacillus and
fecal As content (Figures 6D,E), Cd-enriched Coprococcus and
Lactobacillus and fecal Cd content (Figures 6F,G), and Pb-
enriched Roseburia and fecal Pb content (Figure 6H). These
results implied a causal link between those microbes and heavy
metal detoxification.

DISCUSSION

It is widely accepted that diet is the most important determinant
of gut microbiota (Lynch and Hsiao, 2019). Studies have
confirmed that gut microbiota played roles in heavy metal-
caused diseases (Ba et al, 2017; Kim et al, 2017). Tinkov
et al. (2018) proposed a causal link between Cd exposure,
gut microbiota, and diseases: Cd exposure acted on the gut

microbiota and intestines, resulting in increased intestinal barrier
permeability, local intestinal inflammation, changes in intestinal
microbiota, and their metabolic functions, which led to bacterial
translocation, increased lipopolysaccharides and endotoxins, and
eventually the risk of infectious diseases. Moreover, metabolic
disorders and systemic inflammation would act on target organs
such as adipose tissue, liver, kidney, cardiovascular system, and
brain, which would increase the risk of corresponding diseases
(Tinkov et al., 2018). Here, we report that HFD affects heavy
metal toxicity and accumulation in mice liver and kidney and
report its relationship to gut microbiota. Results showed that
when exposed to heavy metals, there was more heavy metal
accumulation in the liver and kidney of HFD- versus ND-fed
mice and organ function damage increased more in HFD-fed
compared to ND-fed mice. It is probably because of their distinct
gut microbiota: HFD microbiota suffered more disturbances
when exposed to heavy metals. Some microbes that could
respond to heavy metals and enrich them in ND-fed mice did
not respond or cannot enrich as much in HFD-fed mice. The
abundance of overall microbiota and some of these specific
microbes had a positive correlation with the content of fecal
heavy metals, suggesting that the gut microbiota especially the
specific microbes might play a role in heavy metal detoxification
probably via absorption and fecal excretion.

A few literatures reported changes of gut microbiota caused
by heavy metal exposure (reviewed by Gillois et al., 2018). There
were no consistent results about microbiota changes in each
study at the taxa level of species, genus, family, order, or even
phylum, which may result from differences in dosage of the heavy
metals, exposure time, physiological feature of experimental
animals, and most importantly, the food composition of the
diet (Tinkov et al., 2018). Anyhow, different intestinal microbes
responded differently to heavy metal stresses, and their maximum
tolerated concentrations and sorption properties were different
(Riley and Mee, 1982; Sizentsov et al, 2019). Our in vivo
experiments in mice showed that under 100 ppm As, Cd,
or Pb, most gut microbes were tolerant without abundance
change while a few were sensitive indicated by a decrease in
abundance (Supplementary Figures S2-S7 and Supplementary
Table S2), implying that some intestinal microbes might not
respond to stresses from specific heavy metals. Moreover, we
found that the same heavy metal caused mostly the same change
of the same microbes in both ND and HFD. For example,
under arsenic exposure, Dorea, Lactobacillus, and Bacteroides
all increased while Allobaculum, Akkermansia, and Bilophila all
decreased in both ND- and HFD-fed mice; however, a few
microbes such as Butyricimonas, Adlercreutzia, and Prevotella
showed opposite changes in ND- and HFD-fed mice. This may
be due to the mutual promotion or inhibition of individual
microbes in a complex microbiota ecosystem, which affects their
response to stress.

It is worth noting that in five out of six heavy metal
treatment groups, Lactobacillus was significantly increased, and
Akkermansia was significantly decreased, regardless of feeding
diet (Supplementary Table S2). Lactobacillus abundance was
positively correlated with fecal discharge of both As and Cd.
With an estimated >200 species presently, Lactobacillus is
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well known for its ability to modulate the microbiota in the
host gastrointestinal tract, conferring beneficial effects in health
(Holzapfel and Wood, 2014; Yeo et al., 2018). Our study proposed
that Lactobacillus might also have function in heavy metal
detoxification. The decrease in Akkermansia had been shown
in various disease conditions such as obesity and inflammatory

bowel disease (Naito et al., 2018). Our study indicated that its
decrease might also be related to the risk of disease caused by
heavy metal exposure.

Several other gut microbes including Bacteroides, Coprococcus,
and Roseburia were enriched by heavy metals and were
also positively correlated with heavy metal content in feces.
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Genomic and subsequent proteomic analyses for Bacteroides
thetaiotaomicron and Bacteroides fragilis have found multiple
pump systems to get rid of toxic substances (Wexler, 2007).
Roseburia spp. were commensal bacteria producing short-chain
fatty acids and could serve as markers of human health (Tamanai-
Shacoori et al., 2017). Although their correlations were weak,
they provided candidates for future screening for heavy metal
detoxification. Certainly, the roles and mechanisms of these
intestinal microbes in detoxifying heavy metals and reducing
their toxicity to the host still needed to be verified by in vivo
single-strain replenishment experiments. Since with sequence of
16S rRNA V3/V4, we could not annotate gut microbes accurately
to species level, it was expected that full-length sequence could
screen out intestinal microbes at the species level that respond to
heavy metals in future studies; then proper strains could be used
for experimental verification, and the detoxification mechanism
has to go after these efforts.

Health risks of heavy metal exposure could be reduced by
interventions targeting gut microbiota. Cd-exposed rats when fed
with probiotics Lactobacillus plantarum and Bacillus coagulans
showed reduced Cd accumulation in the liver and kidney,
as well as reduced serum alanine transaminase and glutamic
transaminase activities and creatinine and urea concentrations,
suggesting a reduction in Cd toxicity (Jafarpour et al., 2017).
In rats exposed to Cd, the abundance of lactic acid bacteria
in fecal microbiota was positively correlated with fecal Cd
content and negatively correlated with the serum Cd content,
indicating that the probiotics might absorb Cd and exclude it
(Djurasevic et al., 2017). A randomized open-label pilot study in
heavy metal-contaminated areas showed that supplementation of
Lactobacillus rhamnosus resulted in significantly lower levels of
mercury (Hg) and arsenic (As) in the blood of pregnant women
than in the control group (Bisanz et al., 2014), suggesting that
interventions targeting gut microbiota in specific populations
may reduce the health risks of heavy metals. Our study showed
that different diets affected accumulation of heavy metal and
damage of liver and kidney after heavy metal exposure. It is
reasonable to test the possibilities that health risk of heavy
metal exposure might be reduced through dietary interventions
targeting gut microbiota.

MATERIALS AND METHODS

Mice

Animal experiments were approved and performed in
accordance with the guidelines of the Laboratory Animal
Center of Guangzhou Medical University (animal protocol
number: 2019-634). Eight-week-old male C57BL/6 mice were
purchased from Guangdong Medical Laboratory Animal Center
(GDMLAC) and kept under controlled temperature and light
conditions (25°C, 12-h light-dark cycle), with free access to
food and water. Mice were randomly divided into eight groups
containing six animals each and housed in groups of three
animals per cage. Four groups of mice were fed with ND
(13.5% of energy from fat; D12450; GDMLAC, China) and the
other four groups with HFD (45% of energy from fat; D12451;

GDMLAC, China). The formula of the diet was shown in
Supplementary Table S1. Each group of ND-/HFD-fed mice
was given 0/100 ppm As (NaAsO,, Merck), Cd (CdCl,.5H,0,
Macklin), or Pd (PbCl,, Macklin) in drinking water for 10 weeks.

At week 10, urine and fecal samples were taken. Fecal samples
were dried in an oven at 65°C for 24-30 h until the weight became
constant. The weight of dried fecal sample was recorded. Animals
were fasted for 12 h before killing. Mice were deeply anesthetized
with 1% pentobarbital sodium (50 mg/kg BW), and whole blood
was withdrawn through the ventral aorta in tubes containing
anticoagulant KEDTA. The kidney and liver were removed and
weighed. Feces in the cecum was squeezed out. Organ and cecum
content samples were immersed in liquid nitrogen and stored at
—80°C for further analysis.

Liver Function Analysis

Whole blood was withdrawn through the ventral aorta in tubes
containing anticoagulant K2EDTA. Blood was centrifuged at
500 g for 5 min, and supernatants (plasma) were collected.
Two biomarkers of liver function, activity of ALT and AST,
were determined on the day of sampling by commercial ELISA
kits: ALT (Cat #05850797190, Roche Diagnostics, United States)
and AST (Cat #05850819190, Roche Diagnostics, United States),
according to the manufacturer’s instructions.

Kidney Function Analysis

Three biomarkers of kidney function, TPU, UUA, and
Ucrea, were determined on the day of sampling by
commercial ELISA Kkits: total protein (Cat #051718190, Roche
Diagnostics, United States), uric acid (Cat #05171857190,
Roche Diagnostics, United States), and creatinine (Cat
#06407137190, Roche Diagnostics, United States) according
to the manufacturer’s instructions.

Gut Microbiota Analysis

Cecal microbiota DNA was extracted using a Stool DNA
Kit (Guangzhou IGE Biotechnology, China) and applied to
amplification of V3-V4 regions of 16S rDNA. Cecal microbiota
composition was assessed using Illumina 2500 sequencing of 16S
rDNA amplicon and QIIME-based microbiota analysis. High-
quality reads for bioinformatics analysis were selected, and all
of the effective reads from all samples were clustered into OTUs
based on 99% sequence similarity according to QIIMEU clust.
OTUs were annotated through the RDP Classifier (Version 2.2),
with a confidence cutoff of 0.8 according to the Green Gene
database, and the composition and abundance information of
each sample at different classification levels were statistically
summarized. Based on the OTU information from each sample,
PCA was applied via R to examine the similarity between
different samples; a-diversity analyses were performed via the R
package phyloseq v.1.19.1 and vegan 2.4.2 packets to calculate the
diversity index.

Heavy Metal Analysis
Dried fecal samples and frozen liver and kidney were digested
with 6 ml 65% HNO3 (Merck Darmstadt, Germany) at
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25°C overnight and further digested by a microwave sample
preparation system (Multiwave 3000, Anton Paar, Austria). After
digestion, the solutions were diluted with ultrapure water to
a final volume of 50 ml. As, Pb, and Cd were measured by
inductively coupled plasma mass spectrometry (7700 x, Agilent,
Japan) according to Sanchez Lopez et al. (2003).

Statistical Analysis

Required sample sizes were calculated to obtain a power
of 0.8, based on the results of similar, previous studies
and preliminary data from our own laboratory. Statistical
analysis was performed using GraphPad Prism Version 7.0.
Unless otherwise indicated, data were analyzed by two-way
(heavy metals x diet) repeated-measures ANOVA, followed
by Bonferroni post hoc tests. All data were presented as
mean =+ SD. P-values < 0.05 were considered significant
(*P < 0.05, **P < 0.01, **P < 0.001). Graphs were
generated using the software GraphPad Prism 7.0. All significant
post hoc test results are depicted in the figures. Bivariate
associations between fecal heavy metal content and the whole
and genus-level gut microbiota abundance were assessed using
Pearson’s correlation.

CONCLUSION

Gut microbiota could detoxify environment toxins through
absorption and/or metabolic conversion (Koppel et al., 2017).
Intervention targeting gut microbiota to reduce health risks
of heavy metals was expected to be safe and cost-effective
(Bisanz et al, 2014). To explore the responses of the gut
microbiota upon heavy metal stress, exploiting the strains
with the potential to detoxify heavy metals and clarifying the
detoxification mechanism were the premise of the method.
Our study showed that when exposed to 100 ppm As,
Cd, or Pb, HFD-fed mice accumulated more heavy metals
in the liver and kidney along with more severe function
damage than did ND-fed mice, which might result from lower
abundance and diversity of HFD microbiota, especially specific
gut microbes that might be involved in this detoxification
process. Therefore, the health risk of heavy metal exposure
might be reduced through dietary interventions targeting
gut microbiota. Arsenic-enriched Bacteroides and Lactobacillus,
cadmium-enriched Coprococcus and Lactobacillus, and lead-
enriched Roseburia were positively correlated with As, Cd,
or Pb content in stools, respectively, and accumulated less
in organs, suggesting that these might be the microbes
with the potential to detoxify heavy metals. However, the
role of these intestinal microbes in detoxifying heavy metals
still needs to be verified by future in vivo single-strain
replenishment experiments.
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FIGURE S1 | HFD changes relative abundance of most intestinal microbial taxa.
Cecum fecal of ND- and HFD-fed mice (n = 6 for each group) was collected for
gut microbiota analysis by 16S rRNA gene sequencing. Phylogenetic tree created
manually showing specific differences in intestinal microbial community at different
taxonomic levels between ND and HFD-fed mice. Nodes represent taxa, and the
size of each node represents its relative abundance. The color red indicates an
increase, blue indicates a decrease, and black indicates no change of relative
abundance in HFD compared with ND fed mice. The fully colored nodes indicate
the statistically significant difference (P < 0.05) and the hollow nodes indicate the
statistically non-significant difference by unpaired two-tailed student’s t-test.

FIGURE S2 | As exposure changes relative abundance of specific intestinal
microbial taxa in ND-fed mice. ND-fed mice were exposed to 100 ppm As for
10 weeks (n = 6 for each group). Cecum fecal was collected for gut microbiota
analysis by 16S rRNA gene sequencing. Phylogenetic tree created manually
showing specific differences in intestinal microbial community at different
taxonomic levels between As exposure and control mice. Nodes represent taxa,
and the size of each node represents its relative abundance. The color red
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indicates an increase, blue indicates a decrease, and black indicates no change of
relative abundance in As exposure compared with control mice. The full color of
the nodes indicates the statistically significant difference and the hollow nodes
indicate the statistically non-significant difference by unpaired two-tailed student’s
t-test.

FIGURE S3 | As exposure changes relative abundance of specific intestinal
microbial taxa in HFD-fed mice. HFD-fed mice were exposed to 100 ppm As for
10 weeks (n = 6 for each group). Cecum fecal was collected for gut microbiota
analysis by 16S rRNA gene sequencing. Phylogenetic tree created manually
showing specific differences in intestinal microbial community at different
taxonomic levels between As exposure and control mice. Nodes represent taxa,
and the size of each node represents its relative abundance. The color red
indicates an increase, blue indicates a decrease, and black indicates no change of
relative abundance in As exposure compared with control mice. The full color of
the nodes indicates the statistically significant difference and the hollow nodes
indicate the statistically non-significant difference by unpaired two-tailed student’s
t-test.

FIGURE S4 | Cd exposure changes relative abundance of specific intestinal
microbial taxa in ND-fed mice. ND-fed mice were exposed to 100 ppm Cd for

10 weeks (n = 6 for each group). Cecum fecal was collected for gut microbiota
analysis by 16S rRNA gene sequencing. Phylogenetic tree created manually
showing specific differences in intestinal microbial community at different
taxonomic levels between Cd exposure and control mice. Nodes represent taxa,
and the size of each node represents its relative abundance. The color red
indicates an increase, blue indicates a decrease, and black indicates no change of
relative abundance in Cd exposure compared with control mice. The full color of
the nodes indicates the statistically significant difference and the hollow nodes
indicate the statistically non-significant difference by unpaired two-tailed student’s
t-test.

FIGURE S5 | Cd exposure changes relative abundance of specific intestinal
microbial taxa in HFD-fed mice. HFD-fed mice were exposed to 100 ppm Cd for
10 weeks (n = 6 for each group). Cecum fecal was collected for gut microbiota
analysis by 16S rRNA gene sequencing. Phylogenetic tree created manually
showing specific differences in intestinal microbial community at different
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The prevalence of digestive disorders has increased globally, as countries have adopted
a more “Westernized” diet pattern. A Western diet, characterized as high in fat and
refined carbohydrates, can also be defined as a product of increased technology
and industrialization. Modern farmers rely on agrochemicals to meet the needs of a
growing population, and these chemicals have shifted the Western diet’s chemical
composition. While the number of individuals choosing to live a wheat-free lifestyle
without a celiac disease diagnosis has increased, clinical trials have shown that
gluten from wheat is not responsible for causing symptoms in healthy individuals
suggesting that something else is inducing symptoms. The herbicide, glyphosate,
is applied to wheat crops before harvest to encourage ripening resulting in higher
glyphosate residues in commercial wheat products within North America. Glyphosate
inhibits the shikimate pathway, a pathway exclusive to plants and bacteria. Glyphosate’s
effect on dysbiosis was not considered when making safety recommendations. Here,
we evaluate the literature surrounding glyphosate’s effects on the gut microbiome
and conclude that glyphosate residues on food could cause dysbiosis, given that
opportunistic pathogens are more resistant to glyphosate compared to commensal
bacteria. However, research on glyphosate’s effects on the microbiome suffers from
numerous methodological weaknesses, and these limitations make it impossible to draw
any definitive conclusions regarding glyphosate’s influence on health through alterations
in the gut microbiome. In this review, we critically evaluate the evidence currently known
and discuss recommendations for future studies.

Keywords: gut microbiome, dysbiosis, glyphosate, Roundup, crop-desiccation, mental health, wheat intolerance,
non-celiac gluten sensitivity
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Agricultural Practices and Gut Dysbiosis

DIGESTIVE DISEASES AND CROP
DESICCATION

Digestive disorders cost North Americans an estimated $154
billion annually in healthcare costs and lost productivity (Fedorak
et al, 2012; Peery et al, 2019). Canada has the highest
incidence of digestive diseases in the world, with two-thirds
of Canadians suffering from a gastrointestinal condition within
a given year (Fedorak et al, 2012). Some of these disorders
are chronic inflammatory conditions, including inflammatory
bowel disease and celiac disease. However, many digestive
disorders plaguing North Americans are non-specific, eluding
diagnosis based on any one set of criteria. Over the past
decade, North America has seen a growing increase in the
number of individuals choosing to live a wheat-free lifestyle
in the absence of a celiac disease diagnosis (Figure 1A).
When surveyed, individuals who abstain from wheat-based
foods report experiencing less gastrointestinal discomfort and
improved digestive health, reduced inflammation, reduced joint
pain, and improved mental health (Health Canada, 2014). Often,
individuals attribute the act of going gluten-free to their improved
health and wellbeing (Niland and Cash, 2018). However, double-
blind, randomized clinical trials have implicitly shown that gluten
from wheat is not responsible for symptoms in non-celiac and
otherwise healthy individuals (Croall et al., 2019). Is it possible
that agricultural practices we have embraced in the past two
decades are responsible for this dramatic increase in wheat-
sensitivity?

One agricultural practice that gained popularity during the
1990s is the desiccation of crops, including wheat. Desiccation
refers to the process of applying a chemical to a plant before
harvest to kill vegetation. Desiccation corrects for uneven growth
and is common in regions where the growing season is short
and damp. Cereal grains, including wheat, are particularly prone
to uneven ripening resulting in an increased prevalence of
desiccation (Figure 1B). Glyphosate is a systemic desiccant
with broad-spectrum herbicidal action taking weeks to dry
crops. However, glyphosate has the added benefit of controlling
green weeds and therefore is one of the most commonly used
commercial desiccants.

Some European countries, including Italy, have banned the
use of glyphosate pre-harvest while others, including France
and Germany, plan to ban its use entirely by 2023. North
America is one of the most prolific glyphosate users, with over
25 million kilograms purchased annually in Canada (Health
Canada, 2012), and over 36 million kilograms applied annually
in the United States (Benbrook, 2016). Routine monitoring of
3,188 food-items collected by the Canadian Food Inspection
Agency (CFIA) found that 29.7% of items surveyed contained
glyphosate residues (Canadian Food Inspection Agency, 2017).
Data collected by the CFIA also revealed that pre-harvest
application of glyphosate on wheat crops is leading to higher
glyphosate residues within the Canadian food supply. Of the
3,188 samples tested, 869 were grain products. In total, 36.6%
of the grain-based products tested contained glyphosate residues,
and 3.9% contained residues over the maximum limit currently
set for cereal crops (Canadian Food Inspection Agency, 2017).

To understand the possible implications of these findings and
how glyphosate might influence human health, one must first
understand its underlying mechanism of action.

GLYPHOSATE TARGETS TYPES OF
BACTERIA PRESENT IN THE GUT
MICROBIOME

Glyphosate exhibits its herbicidal action through inhibition of
the shikimate pathway, a seven-step metabolic pathway where
carbon skeletons from carbohydrate metabolism are converted
to chorismate. Glyphosate acts as a competitive inhibitor of the
enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS),
preventing the synthesis of chorismate. Chorismate is vital for
many plant functions, including aromatic amino acid, hormone,
and vitamin synthesis. Mammals do not possess the shikimate
pathway or any of the enzymes, which is why glyphosate was
considered to be non-toxic to humans. However, recent studies
have highlighted the potential cytotoxic and carcinogenic effects
of glyphosate both in vivo and in vitro (Van Bruggen et al,
2018). In addition to direct toxicity, it is possible that glyphosate
could influence health through secondary means via the gut
microbiome, which harbors trillions of microorganisms living as
a functional ecosystem. The shikimate pathway is essential for
bacterial survival that some organisms have developed glyphosate
resistance. Class I EPSPS enzymes are found within all plants
and bacteria and are highly sensitive to the effects of glyphosate
(Molin, 1998). Class II enzymes have been characterized in a
subset of bacteria and are more common in pathogenic species,
including Staphylococcus aureus and Streptococcus pneumonia
(Sutton et al.,, 2016). In the absence of Class II enzymes, some
bacteria, including Escherichia coli, have developed mutations
that mitigate the harmful effects of glyphosate (Cao et al,
2012) and these advantageous mutations appear to be more
common in pathogenic isolates (Bote et al., 2019). Commensal
bacteria appear to be more susceptible to glyphosate, as they
are more likely to possess glyphosate-sensitive Class I EPSPS
enzymes than potentially pathogenic bacteria, thereby promoting
dysbiosis (Figure 2A). Literature often describes gut dysbiosis as
an overabundance of opportunistic pathogens, including E. coli
and S. aureus, and this imbalance is associated with increased
inflammation (Sannasiddappa et al., 2011; Kittana et al., 2018),
obesity (Gao et al., 2015) and altered behavior (Jang et al., 2018).
In essence, symptoms that individuals report a reduction in when
eliminating wheat from their diet.

When determining glyphosate’s toxicity, the highest level
that does not produce harmful effects is referred to as the
no-observed-effect-level (NOEL) (Reyna, 1985). The acceptable
daily intake (ADI) is the amount of glyphosate that can be
ingested daily without discernible health risk; (Reyna, 1985)
and is determined by dividing the NOEL by a safety factor
(commonly 100) (Renwick, 1993). However, different governing
bodies may err on the side of caution and use a higher safety
factor, leading to an array of ADI values globally. For instance,
the Environmental Protection Agency (EPA), the acting executive
agency of the United States, has the highest ADI for glyphosate
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FIGURE 1 | (A) Over the past decade, more North Americans are choosing to exclude wheat from their diet, citing health benefits in the absence of a celiac disease
diagnosis. North America has seen a growing increase in the number of individuals adopting a gluten-free diet in the absence of a celiac disease diagnosis. Data
obtained from the National Health and Nutrition Examination Survey. Data presented as percentage of respondents (Choung et al., 2017). (B) Summary of maximum
residue limits allowed for glyphosate on the five most consumed food crops in North America (Health Canada, 2015).

globally, currently set at 1.75 mg/kg body weight/day (Mao
et al.,, 2018). For comparison, the ADI established by Europe
and Canada is 0.5 mg and 0.3 mg/kg body weight/day (Nielsen
etal., 2018), respectively. However, only direct glyphosate toxicity
was considered when determining the NOEL. Alarmingly,
glyphosate’s influence over health through secondary means, such
as the gut microbiome, was never considered. Given that the
gut microbiome is critical for our overall health and disease
susceptibility, glyphosate residues on wheat may contribute to
dysbiosis, thereby affecting our overall health. To understand
the secondary effects of glyphosate on human health through
dysbiosis, we reviewed the literature and critically evaluated the
evidence surrounding glyphosate’s effects on the gut microbiome.
Given the magnitude of the EPA dose compared to other

countries, any study using a dose higher than the EPA's ADI will
be referred to as “high-dose.”

GLYPHOSATE EXPOSURE INDUCES
GUT DYSBIOSIS

All bacteria contain glyphosate-sensitive Class I EPSPS enzymes;
however, the degree to which bacteria succumb to its effect
differs considerably. Opportunistic pathogens in the gut, are
more likely to contain Class II EPSPS enzymes that are
resistant to glyphosate. Studies using high-dose glyphosate
exposure drives dysbiosis increasing opportunistic pathogens,
including members of the phyla Fusobacteria (Tang et al., 2020).
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FIGURE 2 | Glyphosate residues present on food may cause intestinal dysbiosis. (A) Glyphosate exhibits its herbicidal action through inhibition of the shikimate
pathway enzyme EPSPS. Class | EPSPS are sensitive to the effects of glyphosate and are found in all plants and bacteria. However, glyphosate resistant EPSPS
(Class Il) appear to be more prevalent in opportunistic pathogens and may contribute to dysbiosis. (B) Summary of the alterations in microbial composition reported
in the literature when administering either glyphosate or glyphosate-based herbicides.

Dysbiosis

Glyphosate Based
Herbicides

*Dependent on formulation tested.

The phylum Fusobacteria contains both commensal organisms
and pathogenic species; however, an increased abundance of
Fusobacteria has been associated with the development of
colorectal cancer (Park et al, 2016). High-dose glyphosate
exposure has also been correlated with increases in other bacterial
groups, including Prevotella spp. and Actinomyces spp. (Mao
et al., 2018). An increased abundance of rod-shaped bacteria
including, Prevotella spp. (Lerner et al., 2017), and Actinomyces
spp. (Ou et al,, 2009) is a potential risk factor in celiac disease
development in susceptible individuals. These findings suggest
that high-dose glyphosate exposure may promote opportunistic
pathogen expansion in the gut microbiome.

The extinction of commensal bacteria also contributes to
gut dysbiosis. Indeed, animal studies examining the impact
of glyphosate on the microbiome at doses ranging from
5 mg-500 mg/kg body weight/day have shown that glyphosate

decreases Dbacterial species commonly hypothesized to be
beneficial, including Lactobacillus spp. (Mao et al., 2018) and
Butyricicoccus spp. (Dechartres et al., 2019). Lactobacillus spp.
constitutes a significant component of the human microbiota in
several sites throughout the digestive tract, including stomach,
duodenum and jejunum (Walter, 2008). Lactobacillus spp. tend
to exhibit a mutualistic relationship with humans by protecting
against pathogenic infections in exchange for nutrients from
their human host. As its name implies, members of the genus
Butyricicoccus spp. are significant producers of the short-chain
fatty acid butyrate, which is essential in the maintenance of
gastrointestinal health through inhibition of pro-inflammatory
pathways and the reduction of oxidative stress within the colon
(Canani et al, 2011). Butyrate is also the primary energy
source of colonic epithelial cells, and adequate levels aid in
maintaining barrier function (Konig et al, 2016). A failure
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to maintain barrier function homeostasis has been implicated
in chronic inflammation (Canani et al, 2011; Konig et al,
2016), and high-dose glyphosate exposure causes higher levels
of pro-inflammatory cytokines including IL-1f, IL-6 and TNF-a
in addition to increased transcription of mitogen-activated
protein (MAP) kinase and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) within the small intestine
(Mao et al, 2018). In addition to increasing inflammation
and oxidative stress, reduced butyrate levels influence intestinal
motility (Walter, 2008), which has been associated with a host
of digestive symptoms including abdominal pain, diarrhea and
reflux (Martinucci et al., 2014). While these studies suggest that
glyphosate alone may induce dysbiosis, in practice, crops are
sprayed with glyphosate-based herbicides (GBH), which contain
many additives in addition to glyphosate. These additives, alone
or combined with glyphosate, could have differential effects on
bacterial communities present within the gut.

COMMERCIAL HERBICIDE ADJUVANTS
FURTHER DRIVE DYSBIOSIS

The literature has shown that some bacterial communities that
are resistant to glyphosate exposure are less able to withstand
commercial herbicide exposure. Indeed, glyphosate and GBH
share some similarities, like decreases in Lactobacillus spp.
(Mao et al,, 2018; Tang et al., 2020). However, the differences
in microbial composition observed with GBH exposure are
dependent on the formulation tested. For example, exposure to
the herbicide R Grand Travaux Plus® results in a significant
increase in the Bacteroidetes phyla (Lozano et al., 2018). Whereas
exposure to the glyphosate-based herbicide Roundup® resulted
in a significant decrease in Bacteroidetes (Aitbali et al., 2018).
Bacteroidetes are considered one of the most stable phyla of
the gastrointestinal bacteriome, and they serve a broad range of
metabolic functions for their host. A reduction in Bacteroidetes
has been shown to be associated with obesity (Koliada et al.,
2017), whereas an overabundance has been associated with
irritable bowel syndrome (Pittayanon et al., 2019). There
were other notable differences observed between commercial
formulations. Exposure to Roundup 3Plus® resulted in significant
decreases in Lachnospiraceae and increased Erysipelotrichaceae
(Dechartres et al., 2019). Lachnospiraceae has been shown to be
protective against colon cancer in humans through its production
of butyric acid (Meehan and Beiko, 2014). In contrast, the
increased abundance of Erysipelotrichaceae has been implicated
in the development of colon cancer (Kaakoush, 2015). These
findings suggest that herbicide adjuvants may induce alterations
to the gut microbiome and may have a synergistic effect when
used in combination with glyphosate. However, it is essential to
note that the range of doses examined varied considerably, with
some studies using relatively small amounts [50 ng/L (Lozano
et al., 2018)] to enormous doses [500 mg/kg body weight (Tang
et al., 2020)] to elicit a response. An interesting theme in the
literature is that the deleterious effects of both glyphosate and
GBH do not appear to be dose-dependent. To truly understand
the potential implications of glyphosate exposure on the gut

microbiome and human health, it is vital to examine doses that
have been previously deemed safe for human exposure.

PRE AND POST-NATAL GLYPHOSATE
AND GLYPHOSATE-BASED HERBICIDE
EXPOSURE MAY INFLUENCE EARLY
MICROBIOME DEVELOPMENT

Early-life exposure to EPA approved levels of glyphosate or
GBH, results in significant changes to the developing neonatal
microbiome in a mouse model (Mao et al., 2018). While pregnant
dams exposed to glyphosate or the herbicide Roundup® did not
display dysbiosis, pups exposed during gestation and throughout
weaning showed altered gut microbiome diversity, including
reductions in Lactobacillus and an increase in Bacteroidetes
(Prevotella spp.) (Mao et al., 2018). Pups exposed to Roundup®
also had alterations to other communities, including a reduction
in Streptococcus spp., and Rothia spp., and increases in Veillonella
spp., as well as Parabacteroides spp., (Mao et al., 2018) again
highlighting the possible additive effects of GBH formulations.
Given the neonatal gut microbiome plays such a critical
role in immune development and tolerance (Mazmanian and
Round, 2009) the dysbiosis caused by glyphosate could have
catastrophic consequences for immunity. Indeed, subspecies of
the Rothia genus have been identified as playing a critical
role in the degradation of gluten within the mouth and upper
gastrointestinal tract (Zamakhchari et al., 2011). Gluten proteins
are difficult to digest by mammalian proteolytic enzymes and
recent studies have highlighted microorganism derived enzymes
which aid in breaking down these proteins (Zamakhchari et al.,
2011). Rothia spp., contain not only the enzymes necessary
for protein degradation but also have enzymes that target the
immunogenic epitopes that play a crucial role in celiac disease
(Zamakhchari et al., 2011). These findings suggest that exposure
to glyphosate, either alone or in a commercial preparation,
at doses previously deemed safe for human health, may have
profound effects on microbiome development and may be an
environmental trigger in the development of celiac disease.

GLYPHOSATE AND GLYPHOSATE-
BASED HERBICIDE EXPOSURE MAY
ALTER BEHAVIOR THROUGH CHANGES
IN THE GUT MICROBIOME

While there are many consequences to glyphosate-induced
dysbiosis, one of the more pressing effects may be on our
mental health. Recent studies show that dysbiosis can affect
the gut-brain axis (Carabotti et al, 2015) a bidirectional
communication system between the central nervous system and
the gastrointestinal tract (Martinucci et al., 2014). Exposure to
Roundup 3Plus® during pregnancy significantly increased the
abundance of Turicibacter spp., (Dechartres et al., 2019) which,
in combination with Clostridiaceae, plays a critical role in the
modulation of gut-derived serotonin (Reigstad et al., 2015).
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Serotonin is a monoamine neurotransmitter that elicits effects
locally within the gastrointestinal tract regulating intestinal
movements and secretion (Reigstad et al.,, 2015). Serotonin is
also a key neurotransmitter in the gut-brain-microbiome axis
(O’'Mahony et al, 2015) and the intricate crosstalk between
the gut microbiome and altered serotonergic neurotransmission
have implications for mood and behavior (Fung et al., 2019).
Indeed, pregnant dams exposed to either glyphosate alone
or the herbicide Roundup 3Plus®, displayed altered licking
behavior toward their pups and abnormal brain pathology
(Dechartres et al., 2019). Exposure to Roundup® is associated
with increased anxiety and depression-like behaviors in mice,
correlated with decreases in Corynebacterium spp., Firmicutes
(Lactobacillus spp.) and Bacteroidetes (Aitbali et al, 2018).
Research focused on the gut-brain-microbiome axis is in its
infancy, and much remains unknown in this rapidly developing
field. However, given that mood disorders are often comorbidities
associated with digestive diseases, understanding the implications
ubiquitous environmental toxins, including glyphosate, may have
on the gut microbiome and behavior is of vital importance.

SHEAFING IT TOGETHER

Over the past two decades, there has been a dramatic increase
in the number of individuals reporting beneficial health effects
when eliminating wheat from their diets. Exposure to glyphosate
alone or through the administration of herbicide appears to
promote gut dysbiosis through a reduction in commensal
bacteria species, including Lactobacillus spp., (Aitbali et al., 2018;
Mao et al, 2018; Tang et al, 2020) and butyrate-producing
bacteria (Dechartres et al., 2019) and an increase in opportunistic
pathogens (Mao et al., 2018; Dechartres et al,, 2019; Tang
et al,, 2020). This imbalance may be due to the presence of
glyphosate-resistant class II EPSPS enzymes which appear to
be more common in opportunistic pathogens. However, the
sequence of class II EPSPS enzymes appear to be unique to
the particular strain they are isolated from (i.e., CP4 EPSPS,
Ab EPSPS) and many Class II enzymes remain uncharacterized.
The dysbiosis induced by glyphosate appears to favor several
disease phenotypes including inflammation, (Kittana et al,
2018; Tang et al., 2020) reflux-disease, (Martinucci et al., 2014)
obesity (Koliada et al., 2017) and colon cancer, (Park et al,
2016) and may be an important environmental trigger in
the etiology of celiac disease through alterations in gluten-
neutralizing bacteria (Mao et al., 2018) or the over-abundance
of rod-shaped bacteria (Ou et al., 2009; Lerner et al., 2017). The
effects of glyphosate on the gut microbiome can have systemic
consequences through modulation of the serotonergic system
which may have implications for behavior and could play a
role in the development of mood disorders including anxiety
and depression (Aitbali et al., 2018). Glyphosate may also have
ramifications for early microbiome development when exposed
both pre and postnatally (Mao et al., 2018).

While the current review focused on the agricultural practice
of desiccating wheat, it should be noted that many crops,
including legumes, corn, and soy, have been shown to contain
high glyphosate residues due to desiccation and the advancement

of glyphosate-resistant crops. Eliminating wheat from one’s diet
does not guarantee the elimination of glyphosate exposure.
However, wheat products have been shown in independent
testing to contain higher residues post-processing (Canadian
Food Inspection Agency, 2017) and make up a significant
portion of the average North American’s dietary glyphosate
exposure. Future studies examining other popular diet patterns,
including gluten-free, ketogenic, paleo and the Mediterranean
diet pattern, may offer unique insight with regards to dietary
glyphosate exposure.

Research surrounding glyphosate’s effect on the gut
microbiome has yielded conflicting results, with studies
suggesting glyphosate has a limited impact on the gut
microbiome (Nielsen et al., 2018) and others claiming it
has extensive, detrimental effects (Aitbali et al., 2018; Lozano
et al, 2018; Mao et al., 2018; Dechartres et al., 2019; Tang
et al.,, 2020). How can there be so much variation in the data?
Research examining glyphosate’s impact on gut health has
primarily suffered from two major methodological flaws. First,
dose matters — too much of anything, whether it be water or
aspirin - has the potential to be detrimental to one’s health.
Research surrounding glyphosates effects on gut health often
use exaggeratedly high doses compared to what the average
North American is exposed to through diet. Some studies
promote the ADI as a physiologically relevant dose, however
most ADIs for glyphosate are much higher than what the
average individual is exposed to through diet alone. Future
studies examining dietary levels of glyphosate exposure on the
gut microbiome are warranted to determine the actual risk of
glyphosate induced dysbiosis. The second weakness has to do
with the formulation. While glyphosate is the active ingredient,
food crops are desiccated with GBH, which contain compounds
in addition to glyphosate. Complicating matters further is the
fact that most GBH are proprietary and their ingredients and
the relative percentages are unknown. This ambiguity poses a
significant challenge for researchers as they do not know what
they’re working with, the amount present and the synergistic
effects of these chemicals when combined. Additionally, crops
are often treated with a proverbial “cocktail” of agrochemicals,
including other herbicides, in addition to glyphosate and GBH.
The cytotoxic effects of glyphosate appear to increase when
combined with other herbicides, including Paraquat (Gunatilake
etal., 2019). This synergistic phenomenon suggests that relatively
low glyphosate residues within our food supply could have
serious consequences when combined with other commonly
used agrochemicals. Moreover, this synergistic phenomenon has
never been studied on the composition of the gut microbiome.

Arguably, the best way to determine the effect of desiccated
crops on the microbiome would be to examine the effects
of consuming commercially available desiccated and non-
desiccated crops on the microbiome composition. The duration
of the experimental intervention may also have profound
implications for microbial diversity. The studies included in the
current review had exposure durations ranging from 2 weeks
(Nielsen et al., 2018) to 2 years (Lozano et al., 2018) with the
former reporting no significant alterations to the composition
of the microbiome, even at doses of 25 mg/kg body weight/day
(Nielsen et al., 2018). Often, the first foods introduced to infants
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are wheat and grain-based and, in the absence of intolerance, we
continue eating wheat-based foods for the duration of our lives,
meaning chronic glyphosate exposure throughout life. Studies
have even suggested that certain taxa present within the gut
microbiome are heritable (Goodrich et al., 2014; Beaumont
et al., 2016) signifying that the effects of glyphosate exposure
could be inherited and even compounded over time. Long
term, multi-generational animal studies utilizing appropriate
dietary exposure levels are necessary for determining the actual
implications for human health. Furthermore, studies conducted
examining the effects of glyphosate on the gut microbiome
have only explored healthy populations. In many conditions,
including inflammatory bowel disease and celiac disease, there
is a combination of environmental and biological factors that
culminate in the etiology of disease. Additionally, all studies
included in this review are rodent studies. While mice are
an invaluable tool in microbiome research, there are some
dissimilarities in the composition of the gastrointestinal tract
and mouse microbiome compared to that of a human. Future
correlative studies examining the microbial composition of
pesticide workers or individuals consuming a predominantly
organic diet may shed light on the actual risk posed to humans.
However, given how ubiquitous glyphosate is within the North
American landscape, it would likely be impossible to find a true
glyphosate-free control for comparison.

CONCLUSION

Glyphosate exposure, either through active ingredient alone or
commercial herbicide formulations, has the potential to induce
dysbiosis by creating an imbalance between commensal members
of the gastrointestinal microbiome and opportunistic pathogens.
Glyphosate may be a critical environmental trigger in the etiology
of several disease states associated with dysbiosis, including
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Endogenous steroid hormones and Endocrine Disrupting Chemicals (EDC) interact
with gut microbiota through different pathways. We suggest the use of the term
“endobolome” when referring to the group of gut microbiota genes and pathways
involved in the metabolism of steroid hormones and EDC. States of dysbiosis and
reduced diversity of the gut microbiota may impact and modify the endobolome
resulting at long-term in the development of certain pathophysiological conditions. The
endobolome might play a central role in the gut microbiota as seen by the amount
of potentially endobolome-mediated diseases and thereby it can be considered an
useful diagnostic tool and therapeutic target for future functional research strategies that
envisage the use of next generation of probiotics. In addition, we propose that EDC and
other xenobiotics that alter the gut microbial composition and its metabolic capacities
should be categorized into a subgroup termed “microbiota disrupting chemicals” (MDC).
This will help to distinguish the role of contaminants from other microbiota natural
modifiers such as those contained or released from diet, environment, physical activity
and stress. These MDC might have the ability to promote specific changes in the
microbiota that can ultimately result in common intestinal and chronic or long-term
systemic diseases in the host. The risk of developing certain disorders associated with
gut microbiota changes should be established by determining both the effects of the
MDC on gut microbiota and the impact of microbiota changes on chemicals metabolism
and host susceptibility. In any case, further animal controlled experiments, clinical trials
and large epidemiological studies are required in order to establish the concatenated
impact of the MDC-microbiota-host health axis.

Keywords: microbiota, endocrine disrupting chemicals, endobolome, hormones, endocrine pathogenesis,
microbiota disrupting chemicals
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INTRODUCTION

The effects of the bidirectional between steroid hormones and
gut microbiota on the development of diseases have been recently
reported (Kwa et al., 2016; Bajer et al., 2017). Hormones can have
an impact on the composition and metabolism of the microbiota.
In turn, the gut microbiome is highly involved in hormone
homeostasis through a number of possible mechanisms. The
concept “microgenderome” refers to the role of sex differences
in gut microbiota in relation to the incidence and comorbidity
of certain diseases (Mulak et al., 2014). An interesting example
of gut microbiome/hormones interactions is the role of sex
in type 1 diabetes found in a non-obese diabetic mouse
model that revealed that exposure of female mice to androgens
protected them from the disease (Fox, 1992; Markle et al., 2013),
which suggests the role played by sex-specific interactions in
disease development. The way this modulation affects hormone
metabolism, physiology, and pathophysiology is still unclear. The
gut microbiome can also modify hormone levels in the host by
participating in hormone biotransformation. A key triad of sex
hormones, host genotypic and phenotypic responses, and gut
microbiome has been proposed (Rosenfeld, 2017).

Previous research works have dealt with the effects of diet,
exercise and antibiotic use on host gut microbiome (Munyaka
et al.,, 2014; Murphy et al., 2015; Xu and Knight, 2015; Zhang
and Yang, 2016; Singh et al., 2017), but the effects of exposure
to exogenous chemicals on the microbiota have been poorly
investigated (Hu et al, 2016). Among these environmental
contaminants, the Endocrine Disrupting Chemicals (EDC)
have been recently defined by the Endocrine Society as: “an
exogenous [non-natural] chemical, or mixture of chemicals,
that interferes with any aspect of hormone action” (Zoeller
et al, 2016). This interference with the endocrine system
may result in biological, physical and metabolic disturbances
in humans. EDC can bioaccumulate up the food chain
and in the environment and that have been detected in
humans worldwide. These chemicals include dioxins, pesticides,
pyrethroids, polychlorinated biphenyls (PCBs), flame retardants
and, antibacterial such as triclosan (Garcia-Mayor et al., 2012;
Darbre, 2017; Galvez-Ontiveros et al., 2020), plant derived
compounds found such as phytoestrogens and plasticizers
such as phthalates and bisphenol A (BPA). Exposure to EDC
might result in marked disturbances in the gut microbiome,
which in turn lead to widespread disruptions in several
host systems and damage of the commensal bacteria in the
host gut (Rosenfeld, 2017). However, the association between
misbalanced microbiota diversity or dysbiosis and possible
biological mechanisms responsible for the development of certain
diseases in different environmental exposure settings remains
largely unknown (Hu et al., 2016).

The term “estrobolome” was previously used to describe the
gut microbiota genes involved in the synthesis of estrogen-
metabolizing enzymes (Plottel and Blaser, 2011). We now suggest
the use of the term “endobolome” when referring to the group
of gut microbiota genes and pathways involved not only in
the synthesis of estrogens, but also in the metabolism of other
steroid hormones and endocrine disruptor chemicals. States

of dysbiosis and reduced diversity of the gut microbiota may
impact and modify the endobolome resulting at long-term in
the development of certain pathophysiological conditions. The
reduction in the diversity of microbial communities’ composition
and inflammation could decrease the enzymatic activity which,
sequentially, decreases the metabolization of hormones and EDC
into their modified, active or inactive and circulating metabolites.
This reduced availability of circulating hormones and EDC
results in changes in hormone receptor activation, which may
lead to the development of disorders related to demonstrated
hormone deficiencies such as obesity, metabolic syndrome, and
cardiovascular and related cognitive dysfunctions. Conversely,
endobolome can also stimulate the production of gut microbial
enzymes which leads to an increase in circulating hormones
which, in turn, increase the risk of diseases related with high
serum levels of hormones such as sex-hormone driven cancers.

The relevance of the crosstalk between EDC, hormones and
gut microbiota warrants a review of the current information
available on the interactions of these chemical disruptors with
sex steroid hormones and gut microbiota as well on the role
played by these interactions in the development of hormone-
related diseases.

ESTROBOLOME ENDOBOLOME

It described the gut New term to compile the group of gut microbiota
genes, pathways and enzymes involved not only in
the synthesis of estrogens, but also in the

metabolism of other steroid hormones and

microbiota genes involved in
the synthesis of estrogen-
metabolizing enzymes (Plottel
and Blaser, 2011). endocrine disruptor chemicals in cohesion with

their impact onto human health/disease balance.

NATURAL HORMONE-GUT
MICROBIOME AXIS

Sex-related differences in gut microbome have been found
in human and mice experimental models. These differences
show a greater alpha diversity in the gut microbiome of
women (Falony et al., 2016), and lower abundance of Clostridia,
Methanobrevibacter, and Desulfovibrio in men (Falony et al,
2016). As in humans, a larger alpha diversity was found in female
mice and a higher relative abundance of Bacteroidetes in males
(Yurkovetskiy et al., 2013; Kozik et al., 2017).

There is evidence supporting the idea that sex-dependent
differences in gut microbiome composition are related to sex
steroid hormones (Table 1). In this respect, some studies
have shown that gut microbiome in women differs from
that of men after puberty and that gonadectomy results in
disturbances in the microbiome or dysbiosis. For instance,
during infancy there were no differences in the microbiota
between fraternal twins of the same or different sex. Moreover,
in different- or same-sex fraternal twins no differences in gut
microbiota were found during childhood, but after puberty
significant structural differences in gut microbiome were found
in different-sex fraternal twins in comparison with same-
sex twins (Yatsunenko et al., 2012). Similar sex-dependent
changes were observed in rodent models after puberty (Markle
et al., 2013; Yurkovetskiy et al., 2013) and after gonadectomy
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TABLE 1 | Studies linking natural hormones, the related diseases and the effects on the microbiota.

References Animal model Microbiota Dysbiosis/Related condition Microbiota changes
location

Studies in animals

Yuan et al. (2018) C57BL6 mice Gut e Endometriosis induced the dysbiosis. o Increased Firmicutes/Bacteroidetes ratio.

e Increased Bifidobacterium (phylum Actionobacteria).

Bailey and Coe (2002) Female rhesus Gut e Endometriosis is associated with an altered profile of e Decreased Lactobacilli.
monkeys intestinal microbiota. o Increased Gram-negative aerobic and facultative anaerobic bacteria.

Markle et al. (2013) Diabetic and Gut e Childhood T1D may induce dysbiosis. o Commensal colonization resulted in increased serum levels of testosterone and protected
non-obese non-obese diabetic males from T1D.
diabetic mice e In young females, the transfer of gut microbiota from adult males resulted in microbiota

changes, with increased testosterone and metabolic changes, decreased inflammation of
pancreatic islets and autoantibody production, and protection against T1D.

Guo et al. (2016) Female Gut e PCOS may significantly alter the gut microbiome. e Decreased Lactobacillus, Ruminococcus, and Clostridium and increased Prevotella were
Sprague- found in PCOS females. For Bifidobacterium, Escherichia coli, Enterococcus, and
Dawley rats Bacteroides there was no significant differences between PCOS females and the control
with PCOS group.

e Gut dysbiosis was related to sex hormone levels, estrous cycles and morphological
changes in the ovaries.

Kelley et al. (2016) Female Gut e PCOS may significantly alter the gut microbiome. o A significant decrease in the overall species composition and phylogenetic diversity of the
C57BL/6N gut microbiota, particularly in the relative abundance of Bacteroidetes and Firmicutes, was
mice with observed.

PCOS
Studies in humans
Banerjee et al. (2017) Women Tumor ovarian o Altered microbiome in ovarian tumor tissue. o Increased Proteobacteria and Firmicutes.
tissue and o Decreased Bacteroidetes, Actinobacteria, Chlamydiae, Fusobacteria, Spirochaetes and
non-tumor Tenericutes.
ovarian tissue e Retroviridae, Hepadnaviridae, Papillomaviridae, Flaviviridae, Polyomaviridae and
Herpesviridae abound in > 50% of cancer samples.
e Pneumocystis, Acremonium, Cladophialophora, Malassezia, and Microsporidia
Pleistophora were significantly detected in all the ovarian cancer samples screened//in
100% of tumor samples examined.
Sfanos et al. (2018) Men Gut e Prostate cancer hormonal therapy may alter the gut e Decreased alpha diversity in the gut microbiota of prostate cancer patients.
microbiota. o A significant increase in Akkermansia muciniphila, Ruminococcaceae spp., and
Lachnospiraceae spp., was found in the fecal samples of prostate cancer patients
undergoing oral ATT. Additionally, a significant decrease in the number of sequencing reads
belonging to families such as Brevibacteriaceae, Erysipelotrichaceae, and
Streptococcaceae was also observed.
Golombos et al. (2018)  Men Gut e An alteration of gut microbiota was observed in men o Increased Bacteriodes massiliensis in prostate cancer patients versus controls.
with prostate cancer. e Increased Faecalibacterium prausnitzii and Eubacterium rectale in controls versus
prostate cancer patients.
Liu et al. (2017) Women Gut e Disturbances in the gut microbiota of both obese and e Decreased bacterial alpha diversity, increased LPS-producing bacteria, and decreased
non-obese women with PCOS compared to non-obese  spore-forming bacteria species.
controls. e Increased Bacteroides and Escherichia/Shigella and decreased Akkermensia in obese
women with PCOS.

Fuhrman et al. (2014) Women Gut e Higher gut microbiota diversity was found in women e The relative abundances of the Clostridia class, including the Clostridiales order and the

with a high hydroxylated estrogens metabolites/parental
estrogens ratio in urine.

Ruminococcaceae family, were directly associated with the ratio of metabolites to parental
estrogens, while the Bacteroides genus was inversely associated with this ratio.

T1D: type 1 diabetes; PCOS: polycystic ovary syndrome; ATT: axis-targeted therapies.
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with a reduction in alpha diversity in ovariectomized mice
and rats (Moreno-Indias et al., 2016; Choi et al., 2017).
Ovariectomized mice showed decreased Bacteroidetes and
increased Firmicutes versus controls (Choi et al, 2017). In
male mice reduced Bacteroidetes and Ruminococcaceae were
observed after gonadectomy compared to controls (Harada
et al, 2016; Org et al, 2016). Future investigations should
examine acute versus long-term effects of gonadectomy (with
or without hormone replacement) in rodents and in other
species of mammals.

Microbiota, environmental and pathogenic bacteria have
the capacity to metabolize steroid hormones and their related
metabolites (Garcia-Gomez et al., 2013). Adlercreutz et al. (1984)
showed that disturbances in the gut microbiota secondary to
antibiotic therapy resulted in an increase in fecal estrogens
in women, which suggests the involvement of microbiota
in estrogen levels. Lombardi et al. (1978) demonstrated that
fecal microbiota may metabolize parent estrogens and their
metabolites. Fuhrman et al. (2014) demonstrated that high
estrogen metabolites/parent estrogens ratios related to increased
microbiota diversity in healthy postmenopausal women. In a
mouse model, Markle et al. (2013) showed that early-life changes
in gut microbiome result in increased testosterone and metabolic
changes that can suppress autoimmune diseases in genetically
high-risk animals while preserving fertility.

Gut microbiota can affect circulating levels of hormone
metabolites by deconjugation of the conjugated forms secreted
in bile and they can be subsequently reabsorbed through
the mucosal wall. Fuhrman et al. (2014) showed that estriol,
a hydroxylated estradiol metabolite, enters the enterohepatic
circulation, and that urinary and fecal levels of estriol and
parent estrogens are altered after antibiotic administration. They
also suggest that gut microbiota may differentially affect total
hormone levels as the association between total hormone and
microbiota diversity, which seemed to be stronger for metabolites
than for parent hormones. Lastly, they found higher gut
microbiota diversity in women with higher levels of hydroxylated
estrogen metabolites.

Shin et al. (2019) conducted a study in 31 men and 26
women and reported that sex steroid hormone levels are
correlated with gut microbial diversity and composition. In
men, they observed that testosterone levels were associated with
increased Acinetobacter, Dorea, Ruminococcus, and Megamonas.
In women, high estrogen levels were associated with increased
Bacteroidetes and decreased Firmicutes phyla. Lastly, a strong
association was found between Slackia and Butyricimonas and
estradiol levels.

The essential role played by gut bacteria in hormone
metabolism was described decades ago (Janssen and Kersten,
2015). Gut colonization by bacteria in germ-free mice resulted
in the regularization of the estrous cycle in females and
increased sperm counts in males, which in turn led to the
repair of fertility and reproductive capacities (Shimizu et al,
1998). In a cross-sectional study conducted by Fuhrman et al.
(2014) that included 60 healthy postmenopausal women, the
authors examined the relationship between the composition
and diversity of microbiome, assessed trough 16S rRNA

gene sequencing, with measurements of urinary levels of
estrogens and their metabolites. Authors found a significant
correlation between microbiota diversity and the estrogen
metabolites/parent estrogens ratio in urine. Moreover, this ratio
increased with increased microbial phylogenetic diversity. These
findings support the hypothesis that differences in estrogen levels
and their metabolism significantly correlate with alterations in
gut microbial diversity.

All these studies compiled above revealed significant
evidence of hormonal regulation of the microbe-controlling
mechanisms, supporting sex differences in microbiota, in
addition to sex-specific responses to the same microbiota. The
relationship between microbiota, hormones and metabolism
seems multi-directional. Collectively, these studies indicate
that upcoming investigations into the composition and
function of the microbiota must carry on dividing data for
sex-differential interactions to understand these complex
connections more entirely.

HORMONE-GUT MICROBIOME AXIS

Multidirectional between
microbiota,

Hormones exert regulation of the microbe-

relationships
hormones and metabolism.
controlling mechanisms, supporting sex
differences in microbiota, as well as sex-

specific responses to the same microbiota.

The determination of the endobolome experimental
parameters may serve as potential biomarkers of certain
diseases (Figure 1). For example, the determination of
B-glucuronidases may help in the identification of some
specific bacterial species and, as mentioned above, this enzyme
might potentially increase the intestinal reabsorption of
endogenous hormones and EDC. Microbial B-glucuronidases
will process endogenous molecules like p-glucuronides of
hormones and exogenous f-glucuronides from the diet by
enabling these compounds to bind to hormone receptors and
subsequently produce their physiological effects (Baker et al.,
2017). Phytoestrogens also exert their activity via mechanisms
involving hormonal receptors. As mentioned above, increased
estrogen metabolites correlate with increased microbiota
diversity versus parent hormones in fecal samples (Fuhrman
et al., 2014). Additionally, a higher parent hormones/hormone
metabolites ratio correlates with an increased risk of breast
cancer (Samavat and Kurzer, 2015), obesity and other metabolic
diseases (Chen and Madak-Erdogan, 2016).

Interestingly, androgens also play a central role in sexual
physiology, and disturbances in their action are associated
with the development of different conditions in both men and
women. Collden et al. (2019) demonstrated that glucuronidases
produced by the cecal microbiota can degrade the high content of
testosterone and dihydrotestosterone found in the small intestine.
The high content of free or unconjugated dihydrotestosterone
found in the colon of healthy young mice of both sexes and men
suggests that gut microbiota might be involved in the metabolism
of intestinal androgens and can therefore affect the risk of
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FIGURE 1 | Endobolome: multiproxy approach to determine the influence of microbiota disrupting chemicals (MDC) in relation to specific endocrine pathogenesis.
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androgen-related diseases in the distal intestine and probably also
in remote anatomical sites.

Identification of the bacterial genes in the gut microbiota
that encode enzymes responsible for the biotransformation of
endogenous steroids could explain potential interactions between
gut microbiome, host and the development of certain diseases.
In vitro studies have shown the capacity of gut microbiota to
the biotransformation of steroids. In this respect, Ervin et al.
(2019) conducted the first in vitro study to determine the capacity
of 35 B-glucuronidases of human gut to reactivate estrone-
3-glucuronide and estradiol-17-glucuronide to their parent
compounds. This supports the idea that the estrobolome is a
complex series of processes that occur in the gastrointestinal
tract of mammals and the probably involves different enzymes,
including distinct types of B-glucuronidases. Ridlon et al. (2013)
showed that Clostridium scindens may transform primary bile
acids to toxic secondary acids, and remove the two-carbon
side chain of glucocorticoids transforming them into androgens.
Doden et al. (2019) demonstrated that 20 B-hydroxysteroid
dehydrogenase from Bifidobacterium adolescentis can reduce host
glucocorticoids and thereby serve as potential probiotics for the
management of androgen-related conditions.

Another possible mechanism of interaction between EDC,
endogenous sex steroid hormones and gut microbiota is that
dysbiosis caused by EDC and hormone imbalance levels may

increase the permeability of the intestinal mucosa barrier in the
host. This would allow pathogens, LPS, toxins and metabolites
to enter the circulatory system thereby promoting chronic low-
grade systemic inflammation in the host, even targeting organs
like the brain (Fuhrman et al., 2014; Pickard et al., 2017).

Another potential mechanism involves the capacity of gut
microbiota to metabolize EDC and host hormones to produce
novel hormone receptor ligands (Schug et al., 2011). Additionally,
the microbiota may be modified in order to generate lower-
affinity hormones with endocrine functions but with a reduced
risk of developing hormone-responsive diseases like breast cancer
(Chen K. L. A. et al., 2018). It has been showed in a mouse
model that the status of hormone receptors such as estrogen
receptor f may alter microbiota composition and this microbiota
behaves differently to changes from diet complexity, promoting
Proteobacteria enrichment (Mulak et al., 2014). This suggests that
sex hormones have the capacity to mediate and modulate growth,
metabolism, and virulence of bacterial pathogens.

Bringing together all these findings allow us to validate the
theory that the endobolome implies a multidimensional set of
processes on-going inside the gastrointestinal tract that possible
involves many enzymes and pathways. The capacity of microbes
to control hormones and of hormones to modify microbial
diversity must be considered in future studies. Furthermore, it
is possible that in complex microbial communities the functions
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of hormone control could be diverse between different members
of the community. The detection of crucial microbial enzymes
in biodegradation might support to find microbial hormone
degradation routes and biomarkers of hormones metabolism by
a microbial community.

Moreover, we suggest that the gut may act a reservoir
for hormone metabolites that could exert effect locally and
possibly in the distance in systemic homeostasis and the
development of disease. Hormones and microbiota could exert
their activity separately for the development of disorders and
diseases; however, recent studies have shown that hormones
and microbiota may function together in conditions related
to hormone hypersecretion or deficiency (Tetel et al., 2018).
However, the way certain hormones alter the microbiome to
confer normal metabolic phenotypes or how microbial hormone
metabolites act as ligands binding to hormone receptors to
mediate metabolic functions (Fukui et al., 2018).

The communication between gut microbiota and hormones
guides to biological modifications through a diversity of tissues
ranging from neuronal development to reproductive health.
When dysibiosis occurs, these physiological responses are
altered and contribute to development of disease. Polycystic
ovary syndrome (PCOS) is a chronic metabolic disease in
reproductive-aged women with prevalence between 3 and
26% and whose pathogenesis is currently unknown. A novel
hypothesis suggests that microbiota dysbiosis may promote
the production of androgens in the ovaries which results in
disordered folliculogenesis triggered by a chronic inflammatory
response and insulin resistance (Tremellen and Pearce, 2012).
Kelley etal. (2016) found in a letrozole (a non-steroidal aromatase
inhibitor) induced PCOS murine model that treatment with
letrozole significantly changed the gut microbiome composition
in a time-dependent manner with a reduction in overall species
and phylogenetic richness. Guo et al. (2016) transplanted fecal
microbiota from healthy rats to letrozole-induced PCOS mice
and found that transplantation resulted in normalization of
the estrous cycles and the ovarian morphology. These findings
suggest the association between sex hormone levels, estrous
cycles, ovarian morphology and gut microbiota composition.
Another murine model study showed that transplantation of
male cecal microbiota to females led to increased testosterone
levels, compared with unmanipulated control females and female
mice transplanted with female cecal microbiota (Markle et al.,
2013). Liu et al. (2017) conducted a study in 33 PCOS patients and
found that gut dysbiosis correlated with the disease. The authors
also reported an increase in the relative abundance of Bacteroides,
Escherichia/Shigella, and Streptococcus in PCOS individuals, a
negative correlation between these bacterial species and ghrelin
levels, and a positive correlation with testosterone and body
mass index (BMI). Lastly, decreased abundances of Akkermansia
and Ruminococcus in PCOS, with a negative correlation of
these species and body-weight, sex-hormone, and brain-gut
peptides. Summarizing, human microbiota seems to play a key
role in endocrine and reproductive system disorders. Moreover,
microbiota reproductive dysbiosis have started to be treated
by probiotics using typical species from genus Lactobacillus
(Lopez-Moreno and Aguilera, 2020). Some Bifidobacteria seems

modulate sex hormone levels in patients with PCOS through the
gut-brain axis (Zhang et al., 2019).

The prostate is an estrogen and androgen target tissue
and estrogens have been shown to promote growth and
differentiation of prostate, potentially leading to the development
of prostate cancer. Recent studies indicate that gut microbial
species leading to increased serum levels of estrogens may
increase the risk of prostate cancer (Nelles et al, 2011).
Androgens are involved in the growth and survival of normal
prostate cells and in the development of prostate cancer, with
androgen suppression therapy being a usual treatment for this
type of cancer. However, although most patients with advanced
metastatic prostate cancer respond to androgen deprivation,
the tumors eventually become androgen-independent (Feldman
and Feldman, 2001; Porter et al., 2018). The capacity of gut
microbiome to alter androgen levels may result in depletion,
less effective androgen suppression therapy. Sfanos et al. (2018)
found a distinct microbial composition in patients undergoing
oral androgen suppression therapy versus patients not treated
with this therapy. Treated patients also showed an increase
in the bacterial metabolic pathways that stimulate androgen
synthesis. In addition, significant differences were found in the
gut microbial composition between prostate cancer patients
and patients with benign lesions (Golombos et al, 2018).
Similarly, Magri et al. (2018) considered prostatitis as a systemic
diseases correlating with alterations of specific microbiota or
seminal dysbiosis.

The relation between the gut microbiome and the
development of gynecologic cancers remains unclear (Mert
et al., 2018), but there is growing evidence of the role played
by changes in microbiome in an increased risk of these types
of cancers. It is plausible that all these factors can lead to
cancer by modifying the microbiota and its interaction with
host DNA or just simply by triggering inflammatory reactions.
Some possible mechanisms related to this increased risk are the
capacity of the microbiota to interact with the host DNA and to
promote chronic inflammation. As for epithelial ovarian cancer
patients, Banerjee et al. (2017) found a distinct gut microbiota
composition versus controls. Retroviridae and human papilloma
virus as well as Proteobacteria and Firmicutes were found in
ovarian cancer patients versus controls (Mitra et al., 2016).
In agreement with this hypotheses, probiotic microorganisms
are been investigating recently by their antigenotoxic potential
effects (Janosch et al., 2019).

Breast cancer has also been related with disturbances
in the microbiota. In this respect, it has been reported a
decreased gut microbial diversity and a different composition in
postmenopausal women with breast cancer versus controls (Zhu
et al,, 2018). Lahiji et al. (2020) analyzed recently the effect of
symbiotic on glycemic profile and sex hormones in overweight
and obese breast cancer survivors following a weight-loss diet
through a randomized controlled trial. However, Jones et al.
(2019) did not found any correlation between fecal microbiota
and breast density on the mammograms.

As with gut microbiota, the enteroendocrine cells found in the
gastrointestinal tract can alter the microbial composition having
an effect on the intestinal health patterns of estrogen metabolism
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used as markers of breast cancer risk in postmenopausal
women have been correlated with gut microbiota diversity and
composition (Kwa et al., 2016).

Estrogens promote the growth and proliferation of epithelial
cells in the mammary gland and in the reproductive system
and are thereby associated with proliferative conditions like
endometrial cancer and endometriosis. Several authors have
suggested an association between gut microbiota alterations and
development of endometriosis (Ata et al., 2019). Bailey and Coe
(2002) supported this equivalent idea association in a rhesus
monkey model. In addition, in a murine model Yuan et al. (2018)
reported a distinct composition of gut microbiota 42 days after
endometriosis induction.

Taking together all this data shown that commensal
microbiota of the host could be implicated in gender bias existing
in numerous diseases. The capacity of the gut microbiome in
controlling hormone levels allow to have stimulating therapeutics
applications in different diseases, taken into account a sex-
tailored therapeutic approach.

Efficacy and safety of current hormone replacement therapies
might be improved by combining probiotics with the hormones
that work independently or synergistically to provide a more
holistic treatment approach against hormonal disease (De
Franciscis et al., 2019). Lastly, it has been suggested that probiotic
bacteria administered in combination with hormone replacement
therapy may increase the efficacy of hormone replacement and
attenuate the side effects that can arise from its use, therefore
providing a more comprehensive treatment of hormonal diseases.
Next generation probiotics will explore the function in this area
of knowledge (Ejtahed and Hasani-Ranjbar, 2019). The response
to therapeutic alteration of the microbiota using prebiotics, live
biotherapeutics or fecal transplant therapy is likewise probable to
be dissimilar in males and females, although this has not been
specifically studied to date.

The studies compiled revealed significant evidence of sex-
specific communities, the role of sexual maturation producing
changes to microbial communities, and proof that microbial
communities could have a key function by modulating hormonal
and metabolic pathways. Results highlight the need to examine
sex-specificity in microbial composition and function.

ENDOCRINE DISRUPTORS-GUT
MICROBIOME AXIS

The role played by human exposure to EDC in the development
of diseases such as breast cancer, diabetes, obesity and some
neurobehavioral disorders is widely known (Andujar et al., 2019).
These diseases have also been related to gut dysbiosis, which
suggests the central role of gut microbiome in the effects induced
by EDC exposure in human metabolism (Galvez-Ontiveros et al.,
2020). It can therefore be suggested that the exposure to EDC may
result in alterations in the gut microbiome which may ultimately
affect human health. In a bidirectional interaction, microbiota
can metabolize EDC to biologically active or inactive forms,
and EDC may induce the proliferation and growth of certain
bacteria. These EDC-induced changes in the gut microbiota

may lead to disturbances in different host systems. However, it
remains unclear if EDC-induced metabolic disruptions in the
host occur before the changes in the microbiome or if the EDC-
induced microbiome changes result in metabolic disruptions
(Rosenfeld, 2017).

The gastrointestinal tract is the main route of entry for EDC;
however, their absorption through the intestinal wall is low
and they are transported by the peristaltic movement to the
distal small intestine and caecum where microbial flora is more
abundant and they can be directly metabolized by the microbiota
thereby increasing or decreasing their toxicity to the host. Part of
the disruptors is taken to the liver by the portal circulation where
they are conjugated. These conjugated forms can be excreted
in the bile entering the small intestine where microbiota tend
to deconjugate them therefore restoring the original compound
or producing new toxic metabolites. EDC can also affect the
composition and metabolic activity of gut microbiota, which in
turn may result in a disrupted activity of EDC metabolites or
in the toxicity of other contaminants metabolized by the gut
microbiota (Claus et al., 2017). Data from animal models suggest
that the alterations in gut microbiota not only affect the levels
of microbial enzymes, but also the levels of hepatic enzymes in
the host (Snedeker and Hay, 2012). In addition, exposure to EDC
could alter gut microbiota functions.

The gut microbiota has the capacity to transform non-
EDC in active compounds. For example, Van de Wiele
et al. (2005) reported that colonic microbiota can metabolize
polyaromatic hydrocarbons into 1-hydroxy pyrene and 7-
hydroxybenzo[a]pyrene, biologically active estrogen metabolites,
while the gastrointestinal digestion of these xenobiotics did not
produce estrogen metabolites. This finding suggests that the
colonic microbial communities have the capacity to transform
parent compounds directly into active metabolites.

The hypothesis that exposure to EDC may result in alterations
of the gut microbial composition has not yet been extensively
explored. In this scenario, the microbiota and their products may
act as mediators of the effects caused by these contaminants,
which will eventually lead to the development of disorders and
diseases. Several EDC have been shown to promote dysbiosis
or to inhibit bacterial growth in in vitro and in in vivo models
(Galvez-Ontiveros et al., 2020). Dysbiosis has been associated
with intestinal and non-intestinal disorders which have been in
turn related to EDC exposure. This would be consistent with
the idea that EDC exposure may have an impact on the normal
gut microbiota colonization, which will ultimately affect host
physiology and health. These EDC-induced alterations of the
gut microbiota composition may represent an underestimated
mechanism of interfering with human health.

MICROBIOTA DISRUPTING CHEMICALS
(MDC)

We propose that EDC and other xenobiotics that alter the gut
microbial composition and metabolism should be categorized
into a subgroup termed “microbiota disrupting chemicals”
(MDC). This will help to distinguish the role of contaminants
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from other microbiota disruptors such as diet, environment,
physical activity and stress. These MDC might have the ability to
promote changes in the microbiota that can ultimately result in
intestinal, hormonal and chronic or long-term systemic diseases
in the host as illustrated in Figure 1.

Below we summarize the best known and studied by now
MDC and their effects on the microbiota.

EDGGUT MICROBIOME AXIS MICROBIOTA

CHEMICALS (MDQ)

DISRUPTING

Central role of gut microbiome dysbiosis
linked to the effects induced by human
EDC exposure that trigger
metabolic diseases and other health

EDC and other xenobiotics that
could alter the gut microbial composition
and metabolism.

disorders.

Pesticides

Several studies have revealed the central role played by
gut microbiota in the toxicity of pesticides, with important
implications for environmental, animal and human health
(Yuan et al.,, 2019; Table 2). Glyphosate and chlorpyrifos, the
most widely used herbicide and pesticide, respectively, exhibit
endocrine disrupting activity. Human exposure occurs mainly
through diet and drinking water (Gillezeau et al., 2019). They
have been reported to interfere with gut microbial communities
and enteroendocrine cells (Li et al., 2019). Mucosal-associated
invariant T-cells (MAIT) are activated by bacterial-derived
metabolites from riboflavin and folic acid biosynthesis. Mendler
etal. (2020) investigated the effects of chlorpyrifos and glyphosate
on the regulation of MAIT activity but gut microbiota and
found that exposure to these pesticides results in disturbances
in the gut microbial communities studied, thereby promoting a
pro-inflammatory immune response.

In a fish model, chlorpyrifos led to disorders in the hepatic
lipid metabolism linked to oxidative stress in the gut and
dysbiosis (Wang et al., 2019). In a murine model, Liang et al.
observed that chlorpyrifos induced changes in the gut microbiota
which resulted in an increased risk of obesity and insulin
resistance (Liang et al., 2019). They also found that this pesticide
can disrupt the integrity of the intestinal barrier, leading to
the entry of lipopolysaccharides into the bloodstream ultimately
resulting in low-grade inflammation.

Using 16 S rRNA gene sequencing in a rat model, Tang
et al. (2020) observed that glyphosate exposure led to a
significant increase in a-diversity and changes in gut microbiota
composition with decreased relative abundance of Firmicutes and
Lactobacillus and enrichment of potentially bacterial pathogens.
Firmicutes produces butyrate as a byproduct of fermentation.
It has been reported that butyrate-producing bacteria play a
role in intestinal epithelial barrier maintenance (Canani et al.,
2011). Rueda-Ruzafa et al. (2019) showed that glyphosate-
mediated inactivation of 5-enolpyruvylshikimate-3-phosphate
synthase from intestinal microbiota results in dysbiosis which
in turn led to alterations in central nervous system causing
emotional, neurological and neurodegenerative disorders.

In a rat model, Li et al. (2019) investigated the effects of
chronic exposure to chlorpyrifos on serum hormone levels,
pro-inflammatory cytokines and gut microbiota and found that

exposure significantly decreased levels of luteinizing hormone,
follicle stimulating hormone and testosterone and change gut
microbiota composition. The affected bacteria included short-
chain fatty acid-producers, which stimulate the hypothalamic-
pituitary-adrenal axis and the immune response, and increase the
permeability of the gut barrier.

Diazinon, an organophosphate pesticide with estrogenic
activity (Manabe et al.,, 2006) has shown to alter the structure
of the gut microbiome community, functional metagenome, and
their associated metabolic profiles in a sex-related manner in
murine models (Gao et al., 2017a). Gao et al. (2017a) suggest that
diazinon neurotoxicity and its sex-dependent effects are related
to the pesticide-induced alterations of the gut microbiome and
its functions. The same authors (Gao et al., 2017b) investigated
the effects of diazinon exposure by determination the gut
bacterial metatranscriptome. They demonstrated that diazinon
has the capacity to regulate quorum sensing, a system used to
regulate bacterial population density and composition, and more
importantly, their functional genes. Lastly, they also found that
diazinon exposure results in the activation of stress response
pathways and in disruptions of energy metabolism of gut bacteria.

Organochlorine pesticides with endocrine disrupting capacity
have been also related with alterations in gut microbiota.
Dichlorodiphenyldichloroethylene (DDE) exposure of 3-week-
old male Sprague Dawley rats led to an increase of fat and body
weight, dysregulation of glucose homeostasis, and promoted
dysbiosis as suggested by a higher Firmicutes/Bacteroidetes ratio,
resulting in disruptions in energy harvesting. DDE also resulted
in alterations in the lipid metabolome profile with high plasma
concentrations of phosphatidylcholine, phosphatidylserine,
hosphatidylethanolamine, and triacylglycerol. The presence of
these lipid metabolites was significantly associated with changes
in microbiota composition (Liang et al., 2008).

Bisphenol and Phthalates

Bisphenol A (BPA) is an environmental contaminant with
endocrine disrupting activity widely used in the manufacture
of polycarbonate plastics and epoxy resins and is released in
large volumes into the environment. Phthalates are used in
many household products and in food packaging acting as
binding products and plasticizers. Human exposure to these
contaminants occurs mainly through the diet, as they leech
from plastic packaging, water, dust and to lesser extent from
skin contact (Larsson et al., 2017). Both endocrine disrupters
have shown to affect gut microbiota composition and function
in animal models (Table 3). In a mouse model, DeLuca et al.
(2018) found that BPA has the capacity to promote colonic
inflammation and alter the levels of tryptophan and other
microbiota metabolites derived from aromatic amino acids
related to autoimmune diseases, specifically to inflammatory
bowel conditions. In a mouse model, Lai et al. (2016) used
16S rRNA gene sequencing of cecal microbiota to demonstrate
that BPA exposure through diet may result in alterations
of gut microbiota composition and function, promoting the
growth of Proteobacteria, a marker of dysbiosis, that has been
associated to different disorders such as metabolic syndrome
and inflammatory bowel disease (Zhang et al., 2006). Increased
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TABLE 2 | Studies linking exposure to pesticides and gut microbiota changes.

References Animal Pesticide Microbiota changes Health effects
model dose
In vitro studies
Mendler et al. (2020) Humans CPF (50— e The growth of E. coli, Bifidobacterium adolescentis e £. coli activated a significantly higher number of MAIT cells to produce TNFa and IFNy
200uM) or and Lactobacillus reuteri was not inhibited. after exposure to CPF. However, B. adolescentis and L. reuteri did not induce activation of
GLP MAIT cells per se after exposure to CPF or GLP.
(756-300 e E. coli decreased riboflavin production after exposure to CPF. In contrast, folate
mg/L) production by E. coli was significantly increased after exposure to CPF.
e GLP exposure resulted in MAIT cell activation by E. coli, but exposure did not affect
vitamin production.
e Exposure to CPF and, to a lesser extent, GLP, can result in bacterial metabolism changes,
with imbalances in the levels of activation/inhibition of bacterial metabolites that could have
an impact on the inflammatory immune responses.
Studies in animals
Wang et al. (2019) Zebrafish CPF (30, o Significant decrease in y-Proteobacteria. e CPF induces oxidative stress.
100, and e Exposure to CPF could induce liver disorders of glucose and lipid metabolism in adult
300 pg/l) zebrafish.
Liang et al. (2019) C57BI/6 CPF (5 e Decreased Bacteroidetes phyla. e Exposure to CPF resulted in disrupted integrity of the intestinal barrier, which increases
and CD-1 mg/kg) e Increased Proteobacteria phyla. the entry of lipopolysaccharides into the body and lastly low-grade inflammation.
mice e Increased fat mass.
e Decreased insulin sensitivity.
Tang et al. (2020) Male GLP (0, 5, e Decreased Firmicutes phylum and Lactobacillus e GLP exposure decreased the villus height/crypt depth ratio in the duodenum and jejunum
Sprague 50, and genus. which is associated to decreased digestive and absorptive capacity.
Dawley rats 500 mg/kg) o Increased pathogenic bacteria Clostridium botulinum. e Decreased activity of antioxidant enzymes
e GLP exposure promotes the production of proinflammatory factors (IL-18, IL-6, TNF-a,
MAPK3, NF-kB and Caspase-3).
Li et al. (2019) Male Wistar CPF e Increased relative abundances of Streptococcus, e Decreased concentrations of luteinizing hormone, follicle-stimulating hormone, and
rats (0.3 mg/kg) Ruminiclostridium, and norank_f_Coriobacteriaceae in testosterone were found in rats exposed to CPF and fed normal-fat diet. The counteracted
adult rats exposed to CPF. effect of the high-fat diet was also found in intestinal hormones and pro-inflammatory
e Reduced relative abundances of Corynebacterium_1, cytokines.
Psychrobacter, Facklamia, norank_f__Peptococcaceae, e TNF-a were found in newly weaned rats exposed to CPF, whereas only peptide YY,
Oligella, Brevibacterium, Catabacter, Dietzia, ghrelin and IL-6 increased significantly in rats exposed in adulthood.
Atopostipes and Ignavigranum in newly weaned rats
exposed to CPF.
Gao et al. (2017a) C57BL/6 Diazinon e Decrease in several genera of the Lachnospiraceae o Tryptophanase was significantly downregulated in male mice but not in females.
mice (4 mg/L) family in exposed male and female mice. e Glycine was decreased in male mice, but not in females.
e High prevalence of pathogenic bacteria e Exposure to diazinon resulted in disturbances of bile acid metabolism in both male and
(Burkholderiales and Erysipelotrichaceae_Coprobacillus) female mice, but the patterns and involved metabolites were sex dependent. Lithocholic
was only found in exposed male mice. As well as acid and cholesterol increased in males. Lithocholic acid also increased in females, but with
increased Bacteroidetes phylum and decreased decreased cholesterol.
Firmicutes.
e Lachnospiraceae, Ruminococcaceae, Clostridiaceae
and Erysipelotrichaceae decreased in female mice.
Gao et al. (2017b) C57BL/6 Diazinon o Intestinal dysbiosis was observed in the previous e Altered quorum sensing mechanisms.
mice (4 mg/L) study (Gao et al., 2017a). e Increased motility and genes related to sporulation.

e Activation of stress response pathways.
e Impaired metabolic homeostasis of carbohydrates, fatty acids, and amino acids.

CPF, chlorpyrifos; GLR, glyphosate; MAIT cell, Mucosal-associated invariant T-Cell; TNFa, tumor necrosis factor-a, IFNy, interferon-y.
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TABLE 3 | Studies linking exposure to bisphenol and phthalate and gut microbiota changes.

References Animal BPA or Microbiota changes Health effects
model phtalates
dose
In vitro studies
Leiet al. (2019) C57BL/6J DEHP (10 e Increased abundance of Lactobacillus and Parabacteroides. e Exposed cultured microbiota increased the production of metabolites typically
mice or 100pnM) e Decreased abundance of Fluviicola and Enterococcus. associated with fermentation of sugar and amino acid residues.
e Among the metabolites detected are potentially toxic compounds derived
from aromatic amino acid. Metabolites normally found in low concentrations in
the intestine of healthy individuals but in high concentrations in developmental
disorders were also detected [3-phenylpropionic acid and 3- (3-hydroxyphenyl)
propionic acid are precursors of 3- (3 -hydroxyphenyl) -3 hydroxypropionic].
Studies in animals
Deluca et al. (2018) C57BL/6 BPA (50 _ e Exacerbation of colon inflammation in animals with dextran sulfate
mice na/kg) sodium-induced colitis.
e Reduction of fecal tryptophan and aromatic amino acids.

Lai et al. (2016) CD-1 mice BPA (BPA e Increased phylum Proteobacteria and Helicobacteraceae family. e Absorption of BPA in the diet affects gut microbial composition, which relates
content in e Decreased Firmicutes and Clostridia. with increased risk of metabolic disorders and inflammatory bowel disease.
contaminated
diet)

Javurek et al. (2016) California BPA e Exposure to BPA in PO females resulted in increased e BPA binds to and activates the estrogen receptors.

mice (50 mg/kg) Mogibacteriaceae, Sutterella spp. and Clostridiales. BPA exposure of e Many bacterial genera associated to EDC exposure are also found in several
F1 females resulted in increased Bifidobacterium and the family diseases such as inflammatory bowel disease, metabolic disorders, and
Mogibacteriaceae. colorectal cancer.
e In PO males exposure led to increased abundance of Mollicutes and
Prevotellaceae and increased. Akkermansia and Methanobrevibacter in
F1 males

Malaise et al. (2017) Mice BPA (50 e Decreased bifidobacteria and Clostridium. butyricum and Clostridium e Obesogenic impact of early and intrauterine exposure to BPA.
na/kg) Cluster XIVa. e Glucose intolerance and decreased insulin sensitivity were observed in young

and adult mice perinatally exposed to BPA.
o Perinatal BPA exposure may also result in a loss of intestinal barrier.

Chen et al. (2018a) Zefrafish BPA (0, 2, e BPA exposure in male fish resulted in increased abundance of e Exposure to 2 ng/L BPA resulted in decreased body weight in male fish
and 20 Actinobacteria at 13.9% (P < 0.001), Hyphomicrobium, and Lawsonia. versus controls, also in a significant reduction of the condition factor, and
na/l) o Single BPA exposure in female fish resulted in increased abundance decreased intestinal levels of serotonin.

of Actinobacteria to 15.7% (P < 0.001) and Hyphomicrobium.

o No significant differences in body length, body weight, or condition factor
were observed in female fish. Single exposure to BPA resulted in significantly
higher intestinal levels of serotonin versus controls.

e Decreased levels of intestinal IL1B were observed in males versus significantly
higher levels in females.

(Continued)
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TABLE 3 | Continued

References Animal BPA or Microbiota changes Health effects
model phtalates
dose
Xu et al. (2019) Mice BPA (80 or e Exposure to low BPA dose resulted in increased Bacteroidetes in o BPA accelerated the development of T1D in female mice, but delayed the
300 pg/kg) non-obese diabetic female mice. Exposure to high dose increased development of the disease in males.
unclassified bacteria from Rikenellacaea and decreased unclassified e The gut microbiome profile was consistently pro-inflammatory in females, but
bacteria from Bacteroidales and Lactobacillus. males had an overall decrease in anti-inflammatory and pro-inflammatory gut
e Sub-acute exposure in males resulted in an increase in bacteria microbes.
classified as other at the phylum level was significantly increased from
the low dose, while Tenericutes was significantly decreased in both BPA
doses of exposure. At the genus level, exposure to high BPA dose
increased Odoribacter and unclassified Campylobacterales and
decreased Anaeroplasma and Camplybacter, while Lactobacillus was
decreased at low BPA dose.
Lei et al. (2019) C57BL/6J DEHP (1 or e Increased Lachnoclostridum abundance. o Diethylhexyl phthalate promoted p-cresol production but inhibited butyrate
mice 10 mg/kg) e Decreased Akkermansia, Odoribacter and Clostridium sensu stricto. synthesis.
e Exposure to diethylhexyl phthalate could be involved in neurodevelopmental
disorders associated with dysbiosis.
Adamovsky et al. (2020)  Zebrafish DEHP o Diethylhexyl phthalate exposure increased Bacteroidiales and o Exposure in males negatively affected several membrane transport proteins,
(8mag/kg) Gammaproteobacteria and decreased Verrucomicrobiae in males and organic anion transporting polypeptides encoded by slc genes.
females. o Altered metabolites detected by intestinal and immune Th cells.
e In males the abundance of Fusobacteria and Betaproteobacteria
increased and Saccharibacteria decreased.
Wang et al. (2020) Sprague- DEHP (O, e Sprague-Dawley rats showed an increase in the e Sprague-Dawley rats were more sensitive to exposure to DEHP with more
Dawley and 300, 1,000, Firmicutes/Bacteroidetes ratio and in the abundance of Proteobacteria. severe organic damage, the highest Th1 inflammatory response and highest
Wistar rats, and e In C57LB/6J mice Proteobacteria and Actinobacteria showed a increase in body weight. Liver index increased in the medium and high dose
BALB/c 3,000 mg/kg) downward trend. Tenericutes showed only a significant increase in groups. IL-2, IFN-y, and TNF-« increased significantly and testosterone
and cecal content. At the genus level, a decreased abundance of Prevotella, decreased.
C57BL/6J Lachnospiraceae, and Desulfovibrio was found. o In mice, only C57LB/6J mice exposed to high dose showed a higher liver
mice. o In BALB/c mice only Bacteroides decreased, while Runimococcaceae  index. Alanine aminotransferase, aspartate aminotransferase,
and Rikenellaceae showed a significant increase. alkalinephosphatase levels increased markedly in the highest dose group.
e Wistar rats showed increased abundance of Adlercreutzia, e In Wistar rats, exposure to DEHP induced only a significant increase of
Eubacateriaceae and Roseburia, and a decrease of Coprococcus, alanineaminotransferase in the low and medium dose groups.
Dehalobacteiaceae. o In BALB/c mice testosterone concentration decreased.
Studies in humans
Yang et al. (2019) Newborns DEHP o Firmicutes/Bacteroidetes ratios changed significantly. e Rothia and Veillonella abundance has been associated with a lower incidence
exposure in e Bifidobacterium longum, Rothia spp. and Veillonella decreased. of asthma.
through o Early exposure to diethylhexyl phthalate can alter the immune response in
medical adulthood.
treatment

BPA, bisphenol A; DEHF, Diethylhexylphthalate; TNF-o, tumor necrosis factor-o; IFNy, interferon-y, T1D, type 1 diabetes.
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Helicobacteraceae and decreased Firmicutes and Clostridia
populations were observed in BPA-fed mice. In a mouse model,
Javurek et al. (2016) used 16s rRNA sequencing to show that BPA
exposure, especially during development, results in generational
and sex-related changes in the gut microbiome. Exposure to BPA
induced in the parents and their offspring the growth of bacteria
related to an increased risk of inflammatory bowel disease (IBD),
metabolic disorders, and colorectal cancer. Also, in a murine
model, Malaise et al. (2017) observed that perinatal exposure
to BPA promoted disturbances in gut microbiota and immune
system through a decrease in the Th1/Th17 cell frequencies in the
lamina propria as well as an increase of Thl andTh17 responses
in the spleen. These early-life alterations are associated with
impaired glucose sensitivity and IgA secretion into feces, and a
drop of fecal bifidobacteria versus non-exposed mice.

Chen et al. (2018a) found that simultaneous exposure to
titanium dioxide nanoparticles and BPA in zebrafish resulted
in growth and gut microbiota alterations including loss of
the mucosal barrier integrity and increased inflammation and
oxidative stress. In addition, the changes in gut microbiota were
sex- and concentration-dependent. The authors also found a
correlation between zebrafish body weight and abundances of
Bacteroides, which was also closely associated with the genera
Anaerococcus, Finegoldia, and Peptoniphilus. They also reported
that BPA at low concentrations interacts antagonistically with
titanium dioxide but BPA at higher concentrations interacts
synergistically. Lai et al. (2016) found that dietary BPA exposure
in mice resulted in changes in gut microbiota structure similar
to those found in mice on high-fat and high-sucrose diets. Xu
et al. (2019) described that the effects of BPA-exposure on type
1 diabetes (T1D) in non-obese diabetic mice and found that
were sex- age-dependent with changes in gut microbiota and
inflammation being the main mechanisms disease worsening
in juvenile exposure, while decreased inflammation resulted in
attenuated T1D in perinatally exposed females.

In a mouse model Lei et al. (2019) showed that exposure
to diethylhexylphthalate (DEP), a chemical associated
with neurodevelopmental disorders, led to changes in gut
microbial structure and metabolite profile. These changes
in the microbiota may activate the production of p-cresol, a
potentially toxic metabolite that has also been correlated with
neurodevelopmental disorders. Recently, Adamovsky et al.
(2020) showed that DEP exposure results in alterations in the
microbiome-gut-immune axis which promotes adverse effects
of DEHP on the host by altering metabolites sensed by both
intestinal and immune T-cells. Wang et al. (2020) postulate
that the differences in the toxicity of DEP on different strains
and species of rodents are related to the distinctive DEP-
induced changes in gut. Lastly, Yang et al. (2019) investigated
whether phthalate exposure in newborns through medical
treatment that required intravenous infusions had an impact
on gut microbiota composition and diversity and found that
this type of exposure caused gut dysbiosis, with decreased
Rothia sp. and Bifidobacterium longum. The authors conclude
that early-life exposure to DEP alters gut microbiota in
newborns and may result in disruptions of immune responses
later in life.

Metals

Many heavy metals have shown endocrine disrupting properties,
and human exposure occurs through diet and water, inhalation of
polluted air, smoking and dermal absorption (Sabra et al., 2017).
The effects of metal exposure on the gut microbiota have been
studied in various species including mice, rats, chickens, fish, and
humans in adulthood (Table 4).

Recent works have described the effects of metals on
microbiota including the paper by Zhou et al. (2020) reported
that subchronic exposure to mercury in chickens caused dysbiosis
and altered microbial growth and development, which may
ultimately led to metabolic disorders. Zhao et al. (2020) showed
that mercury exposure in mice resulted in alterations in microbial
growth and development, metabolic disorders, and promoted
apoptosis in mice. Gut dysbiosis was associated with increased
abundance of Coprococcus, Oscillospira and Helicobacter and
reduced Lgnatzschineria, Salinicoccus, and Bacillus.

Ruan et al. (2019) reported that high exposure to copper
and mercury in female mice led to histopathological lesions and
changed the diversity of the cecal microbiota. In an amphibian
model, Zheng et al. (2020) investigated the effects of exposure
to copper, cadmium and chrome on the gut microbiota and
found that at the phylum level, copper exposure increased
Proteobacteria, that has been described to be associated with
metabolic diseases (Rizzatti et al., 2017). Copper, cadmium and
chrome exposure significantly increased Bacteroidetes that is
implicated in the protein metabolism and in the complex cycling
of carbon (He et al., 2018). Lastly, exposure to copper and
cadmium resulted in a reduction of Fusobacteria. The abundance
of Fusobacteria is negatively related to the incidence of infectious
and diseases producing tissue necrosis (Knutie et al., 2018).

Zhang et al. (2020) found that exposure to cadmium
in crustacean P. clarkii resulted in histological changes in
the intestines and alteration of the richness, diversity, and
composition of its gut microbiota with changes in the
relative abundances of Firmicutes, Proteobacteria, Bacteroidetes,
Fusobacteria, and Actinobacteria. Yan et al. (2020) investigated
the toxicity of environmentally relevant concentrations of metals
and microplastics on the gut bacteria and gonadal development
in medaka fish and found significant changes in gut microbiota.
The authors also reported that the exposure to metals increased
the diversity and abundance of intestinal microbiota, in particular
of Proteobacteria. In an epidemiologic study Shao and Zhu
(2020) found that long-term exposure to arsenic, cadmium,
copper, lead and zinc increased the relative abundances of
Lachnospiraceae, Eubacterium eligens, Ruminococcaceae UGG-
014, Erysipelotrichaceae UCG-003, Tyzzerella 3, Bacteroides,
Slackia, and Roseburia and decreased Prevotella. The authors
also reported that these changes in the microbiota were sex-
dependent. Richardson et al. (2018) reported that the microbiota
can be used as a pre-clinical marker of exposure to specific heavy
metals. They described significant changes in the gut microbial
composition in rats after exposure to high doses of chromium and
cobalt, and dose-dependent changes after exposure to arsenic,
cadmium and nickel.

There are few studies that examine
metal exposure in human microbiota.

the effects of
In this respect,
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TABLE 4 | Studies linking exposure to metals and gut microbiota changes.

References

Animal model

Metal dose

Microbiota changes

Health effects

Studies in animals

Zhou et al.
(2020)

Zhao et al.
(2020)

Ruan et al.
(2019)

Zheng et al.
(2020)

Zhang et al.
(2020)

Yan et al.
(2020)

Richardson
et al. (2018)

Chickens

Kunming mice

Female
Kunming mice

B. gargarizans
tadpoles

P, clarkii
crayfish

O. melastigma

Sprague-
Dawley
rats

Mercuric chloride (250 mg/L)

Mercuric chloride (0 and
80 mg/L)

Cu and Hg

Cu (32 and 64 ng/L), Cr (104
and 416 ng/L), Cd (100 and
200 pg/L), NO3 -N (20 and
100 mg/L).

Cd (0, 2, 5, and 10 mg/L)

Pb (50 pg/L), Cd (10 pg/L),
and Zn (100 pg/L)

As (15, 22, or 31 mg/kg), Cd
(35, 54, or 85 mg/kg), Co (27,
47, or 82 mg/kg), Cr (44, 62, or
88 mg/kg), Ni (177, 232, or
300 mg/kg)

e At the phylum level, at 30 days there was an increase
in the abundance of Proteobacteria and Tenericutes
phyla, while Tenericutes phylum increased significantly
at 60 days.

e Increased abundance Coprococcus, Oscillospira, and
Helicobacter.

e Decreased Lgnatzschineria, Salinicoccus, and
Bacillus.

Decreased abundance of Rikenella, Jeotgailcoccus and
decreased abundance of Staphylococcus.
Corynebacterium increased significantly in mice
exposed to Cu.

e Decreased abundance of Sporosarcina,
Jeotgailcoccus and decreased abundance of
Staphylococcus in the Hg and Cu+Hg groups.
Anaeroplasm increased significantly in the Cu+Hg
group.

Exposure to NO3 -N, Cd, and Cu increased the
abundance of Proteobacteria.

e Exposures to Cu, Cd, Cr, NOg -N increased the
abundance of Bacteroidetes.

e Exposure to Cu and Cd decreased the abundance of
Fusobacteria.

Firmicutes, Proteobacteria, Bacteroidetes, and
Fusobacteria were the predominant phyla in the gut
microbiota after exposure to Cd.

Increased abundance of Firmicutes
(Lachnoclostridium-10, Ruminococcaceae and
Lactobacillus), Proteobacteria (Burkholderiales and
Pseudomonas), and Bacteroidetes were observed in
females treated with Pb, Cd, and Zn.

e The gut microbiota of adult males was more sensitive
to exposure to Pb, Cd, and Zn than that of females.
Exposure in males led to increased abundances of
Aurantimonadaceae, Rhizobium, Rhizobiaceae,
Paracoccus, Methylobacterium, Methylobacteriaceae,
and Aurantimonadacea.

Exposure to metals resulted in disturbed gut microbiota
composition, but the specific taxa affected were not
consistent.

e The Proteobacteria phylum (Enterobactericeae)
increased in abundance in response to exposure to
high doses of As and Ni.

e Exposure to mercury reduced body weight.

e Possible induction of metabolic disorders
(carbohydrate, terpenoids and polyketides, and
xenobiotics).

e Increased body weight and glucose levels.

o Intestinal injury.

o Significantly increased expression of pro-apoptotic
genes (Bax, JNK, ASK1, caspase3, and TNF-a), and
significantly decreased expression of the anti-apoptotic
gene Bal-2.

e Increased thickness of muscularis internal and
externa.

e Widened submucosa.

e Reduction of goblet cells.

e Necrosis of enterocytes.

e Decreased height of intestinal villi.

o Exposure to NO3 -N increased the risk of developing
metabolic disorders, various diseases, and adaptation
to the environment.

e Exposure to Cd could induce histological intestinal
damage.

e Poor quality of the eggs was observed after exposure.
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TABLE 4 | Continued

Health effects

Microbiota changes

Animal model Metal dose

References

Studies in humans

Shao and

Chronic exposure to As, Cd, Cu, Pb, and Zn resulted in
disturbances of gut microbiotas in inhabitants of
contaminated areas, particularly men. Increased
Lachnospiraceae, Eubacterium elegns,

As, Cd, Cu, Pb, Znc

Adults

(environmental exposure)

Zhu (2020)

Ruminococcaceae UGG-014, Erysipelotrichaceae

UCG-0083, Tyzzerella 3, Bacteroides, Slackia, Italic, and

Roseburia.

e Decrease in Prevotella.

Increases in microbial a-diversity and richness were

Pb (environmental exposure)

Adults

Eggers

associated with higher concentrations of Pb in urine.

Proteobacteria abundance increaseds.

et al. (2019)

Cu, copper; Hg, mercury; Cr, chromium; Cd, cadmium; NOz N, nitrate ion; Pb, lead; Zn, zinc; As, arsenic; Co, cobalt; Ni, nickel.

Eggersetal. (2019) examined the association between lead
concentration in urine and gut composition in adults and found
that increased lead levels were correlated with increased o-
diversity and richness. In addition, differences in Proteobacteria,
including members of Burkholderiales, as well as in p-diversity
were significantly associated (p = 0.003) with differences in lead
levels in urine.

Triclosan, Parabens

Triclosan (TCS) is a well-known EDC added to many consumer
products intended to reduce or prevent bacterial contamination
(Halden et al., 2017). Parabens are widely used as preservatives
in cosmetics, personal care products, drugs, and foods (Quiros-
Alcala et al., 2018). Triclosan and parabens have been showed to
alter microbiota in different studies (Table 5). Hu et al. (2016)
examined the effect of low-dose exposure to DEP, methylparaben
(MPB), TCS and the effect of simultaneous exposure (MIX) in
the gut bacterial composition in adolescent rats and found an
increased relative abundance of Bacteroidetes (Prevotella) and
reduced relative abundance of Firmicutes (Bacilli) in exposed rats
versus controls. The authors also found an increased abundance
of Elusimicrobia in rats exposed simultaneously to DEP and
MPB, increased Betaproteobacteria in simultaneous exposure
to MPB and MIX, and Deltaproteobacteria in TCS-exposed
rats. Surprisingly, these differences in gut bacterial composition
decreased diminished by adulthood despite continued exposure,
suggesting that environmental exposure to these chemicals
during adolescence has a strongest effect on the gut microbiome.
They also observed that exposure during adolescence, especially
to DEP and MPB, led to a slight but consistent reduction in the
bodyweight, consistent with the reduced Firmicutes/Bacteroidetes
ratio found in exposed adolescent rats. It has been reported
that the gut microbiota of obese animals and humans shows
a higher Firmicutes/Bacteroidetes ratio compared with normal-
weight individuals, suggesting this ratio as a biomarker. However,
the actual evidence of this association is not convincing
(Magne et al., 2020).

In a zebrafish model Gaulke et al. (2016) found that TCS
exposure resulted in alterations in the composition and ecological
dynamics of gut microbial communities. TCS exposure was also
related to rapid changes in microbiome structure and diversity,
with disturbance of Enterobacteriaceae. TCS-induced changes in
gut microbiota have also been found in other animal models,
including fathead minnows (Narrowe et al., 2015), rats (Hu et al.,
2016), and mice (Gao et al., 2017; Yang et al., 2018).

In contrast, only few studies have investigated the effects of
TCS exposure on the gut microbiota in humans. Bever et al.
(2018) found that fecal microbiota diversity in infants exposed
to triclosan through to breast milk was different from that found
in infant fed milk with non-detectable levels of TCS. In addition,
higher relative abundance of genus Dermabacter was observed
in children exposed to breast milk containing T'CS. Ribado et al.
(2017) reported that chronic exposure to TCS through toothpaste
increased the relative abundance of broadly antibiotic-resistant
Proteobacteria species in adults and in children with high TCS
levels in urine.
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TABLE 5 | Studies linking exposure to triclosan and parabens and microbiome changes.

References

Animal model

Triclosan and
Paraben dose

Microbiota changes

Health effects

Studies in animals
Gaulke et al. (2016)

Narrowe et al. (2015)

Hu et al. (2016)

Yang et al. (2018)

Gao et al. (2017)

Studies in humans
Bever et al. (2018)

Ribado et al. (2017)

Zebrafish

Fathead minnow

Sprague-Dawley rats

C57BL/6 male mice

C57BL/6 mice

Infants

Infants and their mothers

TCS (100 pg/9)

TCS (100 and
1,000 ng/L)

MPB (0.105 mg/kg)
and TCS
(0.05 mg/kg)

TCS (5-80 mg/kg)

TCS (2 mg/L)

TCS (exposure
through breast milk)

TCS (environmental
exposure and
through breast milk)

e Exposure to TCS led to a slight reduction in diversity, with significant
decreases in a-diversity between days 4 and 7 in exposed fish.

e Reduced abundance of Enterobacteriaceae and increased
abundance of Pseudomonas.

e Increase in a-diversity associated with TCS exposure.

e The abundance of Bacteroidetes (Prevotella) and Elusimicrobia
increases in both groups.

o Firmicutes (Bacilli) abundance decreased in both groups.

e Betaproteobacteria abundance increased in the group exposed to
MPB.

o Deltaproteobacteria increased in the group exposed to TCS.

o Beneficial bacteria like Bifidobacterium were reduced.

o After 4 weeks of exposure, a-diversity increased but it subsequently
decreased after 9 weeks of exposure.

e Significant increases in the genus Dermabacter, order
Rhodospirillales, and family Rhodospirillaceae were found in babies
exposed to TCS through breast milk.

e Enrichment of the phylum Proteobacteria in mothers exposed to
TCS-containing toothpaste.

e Enrichment of Proteobacteria in infants with higher TCS levels.

e Exposure to TCS may induce
long-term effects on the host organism.

e A subtle but constant reduction in
body weight was observed in the young
rats.

e Exposure to TCS led to low-grade
colon inflammation and colitis and
increased risk of colon cancer related
to the presence of colitis.

e The bacterial genes involved in stress
response showed significant
enrichment after exposure to TCS.

e High enrichment of metal resistome in
the gut microbiota, which is related to a
reduced effectiveness of infection
treatment.

TCS, triclosan;, MPB, methylparaben.
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TABLE 6 | Studies linking exposure to polybrominated dipheny! ethers and microbiota changes.

References Animal model PBDE dose Microbiota changes Health effects

Studies in animals

Chen et al. (2018b) Zebrafish PBDE mixture (DE-71) e Higher relative abundance of Firmicutes and Bacteroidetes in the gut of e In males, an alteration in intestinal health was
(5 ng/L) male fish, but a lower Firmicutes/Bacteroidetes ratio was observed. observed due to exposure to DE-71, which led
e DE-71 led to decreased Bacteroidetes in the gut of female fish with a to disruptions of the neural signaling, of the
higher Firmicutes/Bacteroidetes ratio. integrity of the epithelial barrier, inflammatory
e Mycoplasma, Ruminiclostridium, unclassified Firmicutes sensu stricto and response, oxidative stress and antioxidant
Fusobacterium were not detected in the gut of male and female fish. capacity, as well as disruptions of the

detoxifying capacity.
o In females, the physiological activities of the
intestine remained unchanged.

Wang et al. (2018) Mice PBDE-47 (0, 0.002 and e Exposure resulted in decreased abundance of Bacteroidetes and e High fat diet-induced obesity increased as a
0.2 mg/kg) Proteobacteria and in an increase of Actinobacteria at the phylum level. result of the exposure to BDE-47.
e Exposure resulted in increased abundance of o Steatosis of the liver, disturbances in glucose
Candidatus_Saccharimonas, Ruminococcaceae_UCG-013, homeostasis, metabolic dysfunction, and
Staphylococcus, Gemella, Eubacterium_nodatum_group, altered levels of gene mRNAs involved in lipid
Corynebacterium_1 and Paenalcaligenesen and in a decrease in the metabolism were found in mice fed high-fat diet
abundance of Turicibacter and Anaerotruncus at the genus level. and exposed BDE-47.
Lietal (2017) Male C57BL/6 mice PBDE-47 (10-100 _ e Absence of gut microbiome increased
pwmol/kg) and PBDE-99 PBDE-99-mediated upregulation of many
(10-100 pmol/kg) genes involved in drug metabolism and it also

affected hydroxylation of PBDEs.

e Exposure to PBDE increased unconjugated
bile acids in multiple bio-compartments in a gut
microbiota-dependent manner.

Studies in humans

Laue et al. (2019) Children PBDE-47, PBDE-99, e Exposure to PBDE-99 was associated with a decrease in uncultured _
PBDE-100, PBDE-153 bacteria within the Ruminococcaceae NK4A2174 group and exposure to
(environmental PBDE-47 led to differences in Ruminococcus 2.
exposure)

PBDEs: Polybrominated dipheny! ethers; DE-71: PBDE mixture; PBDE-47: 2, 2', 4, 4'-tetrabromodiphenil ether; PBDE-99: 2, 2', 4, 4', 5-pentabromodiphenil ether; PBDE-100: 2,2',4,4',6-pentabromodipheny! ether;
PBDE-153: 2,2',4,4',5,5'-Hexabromodiphenyl ether.
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Polybrominated Diphenyl Ethers (PBDEs)
PBDEs are environmentally persistent chemicals widely used
as flame retardants (Poston and Saha, 2019) that have
been shown to alter microbiota (Table 6). In a zebrafish
model, Chen et al. (2018b) showed that exposure to
environmentally realistic concentrations of PBDEs resulted
in alterations in the gut microbial community in a sex-
dependent manner, significantly affecting zebrafish health. Wang
et al. (2018) found that perinatal exposure to bromodiphenyl
ether (BDE-47) in an obese rat model led to obesity,
hepatic steatosis, and dysfunctional glucose homeostasis
and metabolism. The authors also reported that exposure
to BDE-47 led to changes in gut microbiota diversity and
composition, and microbial metabolism. These exposure-
related changes were stronger in mice on a high-fat diet.
These findings suggest that early life exposure to BDE-47 at
low doses of may stimulate obesity and the development of
metabolic dysfunction.

Li et al. (2017) investigated whether exposure to PBDEs
is associated with dysbiosis in standard and germ-free mice
and reported that PBDE exposure resulted in a significant
decrease in the alpha diversity of gut microbiome and
modulated 45 bacterial species with increased Akkermansia
muciniphila and Erysipelotrichaceae Allobaculum spp., which
have shown antiinflammatory and antiobesity capacity.
Lastly, they also found that PBDE exposure increased the
amount of unconjugated bile acids in a gut microbiota-
dependent manner.

Laue et al. (2019) compared the effects of PBDE perinatal
exposure on the gut microbiome profiles with the effects of
exposure in mid-childhood. Higher PBDE concentrations were
related to lower abundances of uncultured bacteria in the
Ruminococcaceae NK4A214 group and with variable abundances
of Ruminococcus 2 species. These changes at the taxon-level did
not lead to differences in within- or between-subject diversity.
Lastly, exposures at delivery were not linked to differences in taxa.

CONCLUSION

Endogenous steroid hormones and EDC interact with gut
microbiota through different pathways: (i) they could be directly
metabolized by the gut microbiota after ingestion or after being
conjugated in the liver, and (ii) they can interfere with the
composition and/or metabolic activity of the gut microbiota.
Both interactions may have an effect in host health. We propose
that toxicological studies should consider the changes in the
gut microbiota related to contaminant exposure and term the
chemicals having an effect on gut microbiota as “microbiota
disrupting chemicals.” The risk of developing certain disorders
associated with gut microbiota changes should be established by
determining both the effects of the MDC on gut microbiota and

the impact of microbiota changes on chemicals metabolism and
host susceptibility.

Gut microbiota composition used in combination with the
determination of serum, urinary and fecal levels of estrogens
can be used as susceptibility or risk biomarkers for disease.
Profiling of the gut microbiome could be taken a step
further by performing metagenomic analysis to determine
the levels of genes encoding B-glucuronidases and other
enzymes involved in hormone metabolism in the context of
hormone-related diseases. Novel hormone modulation methods
involving modifications of the microbiome or control of
hormone and EDC exposure may be very effective and provide
an alternative to current treatments of hormone-dependent
disorders. Additionally, the therapeutic effects of bacteria on the
endobolome, which cluster biosynthetic and metabolic arsenal
for estrogens, steroid hormones and/or endocrine disruptor
chemicals, should also be considered for the design and
development of biotherapeutic products. The endobolome plays
a central role in the gut microbiota as seen by the amount of
potentially endobolome-mediated diseases and thereby it can be
considered an attractive diagnostic tool and therapeutic target
for future research strategies that envisage the use of next
generation of probiotics.

In any case, further animal controlled experiments, clinical
trials and large epidemiological studies are required in order to
establish the concatenated impact of the microbial disrupting
chemical-microbiota-host health axis.
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Acacetin, a natural dietary flavonoid abundantly found in acacia honey and citrus fruits,
reportedly exerts several biological effects, such as anti-tumor, anti-inflammatory, and
anti-oxidative effects. However, the effects of acacetin on intestinal inflammation remain
unclear. We sought to investigate whether acacetin ameliorates inflammatory bowel
disease (IBD) in mice with dextran sulfate sodium (DSS)-induced ulcerative colitis (UC).
Our results suggest that acacetin alleviates the clinical symptoms of DSS-induced colitis,
as determined by body weight loss, diarrhea, colon shortening, inflammatory infiltration,
and histological injury. Further studies showed that acacetin remarkably inhibited both
the macrophage inflammatory response in vitro and levels of inflammatory mediators
in mice with colitis. In addition, some features of the gut microbiota were disordered
in mice with DSS-induced colitis, as evidenced by a significant reduction in microbiota
diversity and a marked shift in bacterial profiles. However, acacetin treatment improved
this imbalance and restored gut microbiota to levels that were similar to those in
normal mice. In conclusion, our work presents evidence that acacetin attenuates DSS-
induced colitis in mice, at least in part, by inhibiting infammation and regulating the
intestinal microbiota.

Keywords: ulcerative colitis, gut microbiota, inflammatory mediators, dextran sulfate sodium, acacetin

INTRODUCTION

Ulcerative colitis (UC) is a major form of inflammatory bowel disease (IBD), characterized by
continuous and diffuse inflammatory lesions of the colorectal mucosa. The original distribution
of UC included European and American countries. However, with the development of global
industrialization, as well as changing lifestyles and the living environment, UC has gradually
become a common disease worldwide. In developing countries with large populations, the
incidence of UC increases each year, which causes considerable mental stress and brings an
economic burden to the affected patients (Kaplan, 2015; Ananthakrishnan et al., 2018). Abdominal
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pain, diarrhea and mucopurulent bloody stools are the main
clinical manifestations of UC, which usually first affects the
rectum and then spreads to the whole colon (Sun B. et al,, 2018).
The etiology of UC is unclear and it is thought to be influenced
by a combination of several factors, such as genetic susceptibility,
impaired intestinal integrity, dysfunctional immune responses,
and environmental pathogens (Zhang et al., 2014; Ramos and
Papadakis, 2019). Several treatments have been developed for UC,
including glucocorticoids, sulfasalazine, and immunosuppressive
drugs (Hu et al,, 2019). However, the clinical application of
these drugs in long-term treatment is limited by their adverse
effects and the high recurrence rates observed, which necessitates
the development of novel therapies or complementary and
alternative medicine for IBD.

In the past few decades, an increasing number of studies have
suggested that alterations in the composition of gut microbiota
can play key roles in the pathogenesis of UC. Patients with UC
are often characterized by a damaged intestinal mucosal barrier,
reduced microbial diversity, and disrupted balance of “harmful”
and “protective” bacteria in the intestine (Kostic et al.,, 2014;
Kiely et al., 2018). In particular, the composition of three major
bacterial phyla in the gut microbiota are reportedly disturbed
in patients with UC, as manifested by a reduced proportion of
Firmicutes and Bacteroidetes, and an increased proportion of
Proteobacteria (Smits et al., 2013; Matsuoka and Kanai, 2015).
The transplantation of fecal bacteria and probiotic therapy in
patients with UC are reportedly effective therapeutic approaches,
and have shown promising outcomes in clinical practice (Zuo and
Ng, 2018; Burrello et al., 2019; Khan et al., 2019). Furthermore,
the disturbance of intestinal flora may serve as a major factor
in the development of UC. Disordered gut microbiota may
damage the intestinal barrier, promote intestinal permeability,
activate the immune system, and ultimately contribute to the
occurrence and progression of UC (Ott, 2004; Kostic et al., 2014;
Kiely et al., 2018).

Epidemiological evidence suggests that increased dietary
intake of flavonoid-rich fruits and vegetables is associated with
a lower risk of IBD (Hu et al., 2019). Flavonoid compounds
comprise a large family of hydroxylated polyphenolic molecules
that are abundant in plants and have potential therapeutic
potency in IBD (Salaritabar et al, 2017). Acacetin (5,7-
dihydroxy-4’-methoxyflavone), a flavone widely recognized as
an important bioactive constituent of acacia honey and citrus
fruits, reportedly exerts protective effects on the gastrointestinal
tract (Zhang et al, 2017; Yin et al, 2019). Acacetin can be
isolated from the Saussurea involucrata plant (Liou et al,
2017), damiana (Turnera diffusa), and black locust (Robinia
pseudoacacia) (Punia et al., 2017; Prasad et al., 2020). In
addition, acacetin reportedly has various pharmacological
activities, including antioxidant, anti-inflammatory, and anti-
tumor activities (Xiao et al., 2019). However, its effects
in UC and the associated underlying mechanisms remain
unknown. In this study, we present evidence that acacetin could
relieve UC-associated symptoms in mice, and show that the
attenuated effects were mediated, at least in part, by inhibiting
the macrophage inflammatory response and regulating the
composition of gut microbiota.

MATERIALS AND METHODS

Bone marrow-derived macrophages (BMDMs) culture and
treatment, and immunohistochemical staining assay details are
mentioned in Supplemental Methods.

Materials
Acacetin  (C;6H 205, molecular weight: 284.26, high-
performance liquid chromatography purity >98%) was

purchased from Chengdu Biopurify Phytochemicals Ltd.
Dextran sulfate sodium (DSS) (molecular mass, 36-50 kDa) was
purchased from MP Biochemical (Irvine, CA, United States).
RAW264.7 mouse macrophage cells were purchased from
the American Type Culture Collection (ATCC, Manassas,
VA, United States). Dulbecco’s modified Eagle’s medium
(DMEM), 100 U/ml penicillin/streptomycin and fetal bovine
serum (FBS) were purchased from Gibco BRL (Grand Island,
NY, United States). Diethylpyrocarbonate-treated water,
lipopolysaccharide (LPS), dimethyl sulfoxide, paraformaldehyde,
and diaminobenzidine were obtained from Sigma-Aldrich
(Shanghai, China). The enhanced chemiluminescence (ECL)
detection kit was obtained from Millipore (Billerica, MA,
United States). Rabbit antibodies to inducible nitric oxide
synthase (iNOS) (#13120), cyclooxygenase-2 (COX-2) (#12282),
tumor necrosis factor alpha (TNF-a) (#3707S), and B-actin
(#4970) were obtained from Cell Signaling Technology
(Danvers, MA, United States). Rabbit antibodies to interleukin
6 (IL-6) (ab83339) were obtained from Abcam (Cambridge,
MA, United States). Trizol and the SuperScript II Reverse
Transcriptase kit were purchased from Thermo Scientific Inc.,
(Waltham, MA, United States). The SYBR Premix ExTaq Mix
was purchased from Takara Biotechnology (Shiga, Japan). The
cell counting kit 8 (CCK-8) assay kit was purchased from Meilun
Biological Technology Co., Ltd. All other reagents were obtained
from Thermo Fisher Scientific (Waltham, MA, United States).

Mice and DSS-Induced Colitis

Healthy, female C57BL/6 mice (20 & 2 g), 6-8 weeks old,
were purchased from Shanghai Laboratory Animal Center, they
were maintained under specific pathogen-free conditions at a
fixed temperature range of 23-25°C and relative humidity of
55 4 10%, with a 12-h light/dark cycle. All mice were allowed
to acclimatize for 7 days after arrival and supplied ad libitum a
standard dry diet and tap water. All animal study protocols were
approved and carried out in accordance with the principles of the
declaration recommendations of the Animal Experimentation
Ethics Committee at Shanghai University of Traditional Chinese
Medicine (Animal license key: PZSHUTCM190315022).

As described previously (Dou et al., 2014), the experiment
lasted for 9 days. Acute experimental colitis was induced in mice
by administering drinking water containing 3.5% (w/vol) DSS
for 7 days, while control mice received drinking water only.
Acacetin was dissolved in 0.5% methylcellulose at dosages of
50 and 150 mg/kg. Mice were randomly distributed into the
following five groups (n = 10 mice per group): Group 1 was
treated as vehicle controls, which were administered 100 wL of
0.5% (wt/vol) methylcellulose by oral gavage once per day; Group
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2 was the acacetin group, which was administered acacetin at a
daily dose of 150 mg/kg throughout the experiment; Group 3
was the DSS group, which was administered 3.5% DSS in the
drinking water from day 3 to day 9 and 100 L of 0.5% (wt/vol)
methylcellulose by oral gavage once per day; Groups 4 and 5
received acacetin at doses of 50 and 150 mg/kg/day per body
weight, respectively, by oral gavage from day 1 to day 9.

Histological Assessment of Colitis

Mice were monitored and daily records were maintained for
changes in body weight, diarrhea, and bloody stools. Mice were
sacrificed under anesthesia on day 9, and 4 h after the last gavage.
The entire colon was then removed and its length was measured.
The distal colon was resected, fixed in 10% formaldehyde
overnight, and embedded in paraffin. The paraffin-embedded
colon sections were stained with hematoxylin and eosin for
histological evaluation. Histological injury was evaluated blindly
by a combination of inflammatory cell infiltration (score 0-3)
and mucosal damage (score 0-3), as described previously
(Zhang et al., 2015).

Fecal Microbiota 16S rRNA Gene

Sequencing

Mice feces were collected and stored at —80°C. Total genomic
DNA was extracted from fecal samples using the E.Z.N.A.®
Soil DNA kit (Omega Bio-tek, GA, United States) according
to the manufacturer’s protocols. The concentration and quality
of DNA were checked using the NanoDrop 2000 UV-Vis
spectrophotometer (Thermo Scientific, Wilmington, DE,
United States). The V3-V4 regions of the bacterial 16S rRNA
were amplified with the universal primers, 338F (5-ACT
CCTACGGGAGGCAGCAG-3’) and 806R (5-GGACTACH
VGGGTWTCTAAT-3') using a thermocycler PCR system
(GeneAmp 9700 ABI, Carlsbad, CA, United States). The protocol
included amplification at 95°C for 3 min in the first instance,
followed by 27 cycles (denaturation at 95°C for 30 s, annealing
at 55°C for 30 s, and elongation at 72°C for 45 s), and a final
extension (72°C, 10 min). Sequencing and data analysis were
then performed on the Illumina MiSeq platform (Illumina, San
Diego, CA, United States) according to the standard protocol of
Majorbio Bio-Pharm Technology Co., Ltd (Majorbio, Shanghai,
China). Sequence similarities of samples >97% were classified as
the same operational taxonomic units (OTUs). The taxonomy
of each 16S rRNA gene sequence was analyzed via the RDP
Classifier algorithm against the Silva (SSU123) 16S rRNA
database using a 70% confidence threshold.

Immunoblotting Analysis

Proteins extracted from colon tissues (1-1.5 cm proximal to
the anus) and cultured cells were homogenized and lysed in
cold radioimmunoprecipitation assay buffer with a suitable
concentration of protease and phosphatase inhibitor cocktail
tablets. The homogenate was then centrifuged (4°C, 12000 g,
15 min) and the supernatant was collected. The total protein
concentration was determined via the bicinchoninic acid assay.
Total protein (30 mg) from each sample was prepared and

separated using either 10% or 12% SDS-PAGE, and subsequently
transferred to 0.2 pm polyvinylidene fluoride membranes.
Membranes were blocked with 5% (w/v) skim milk for 2 h
at 25°C, and incubated overnight with primary antibodies
against iNOS, COX-2, IL-6, TNF-a, or B-actin. The membranes
were then washed three times with phosphate-buffered saline
with Tween® for 10 min. The corresponding HRP-conjugated
secondary antibody was added and membranes were further
incubated for 1 h. The immunoreactive bands were observed
with the aid of an ECL detection reagent and the images of blots
were analyzed on a GS-700 imaging densitometer (Bio-Rad, CA,
United States). The housekeeping gene, B-actin, was used as an
internal control.

Quantitative Real-Time PCR (qPCR)
Analysis

All experimental procedures followed the respective kit
manufacturer’s protocols. Total RNA was extracted from
colon samples using the TRIzol reagent. Complementary
DNA (cDNA) was reverse transcribed using the SuperScript
IT Reverse Transcriptase kit and 1.5 pg total RNA from each
sample. Primers for the inflammatory mediators and internal
reference were as follows: interleukin 1 beta (IL-1B): forward,
5-ATTGTGGCTGTGGAGAAGAAGA-3/, reverse, 5-TGAAG
GAAAAGAAGGTG-3; IL-6: forward, 5'-GCCTTCCCTACTTC
ACAA-3', reverse, 5-ACAACTCTTTTCTCATTTCCAC-3';
iNOS: forward, 5-GTCCTACACCACACCAAACT-3/, reverse,
5'-ATCTCTGCCTATCCGTCTC-3; COX-2: forward, 5'-ACAA
CAACTCCATCCTCCT-3/, reverse, 5'-GGTATTTCATCTCTCT
GCTCTG-3; TNF-a: forward, 5-CTCTTCTCATTCCTGCT
TGT-3', reverse, 5-GTGGTTTGTGAGTGTGAGG-3; and
B-actin: forward, 5-GGGAAATCGTGCGTGAC-3/, reverse,
5-AGGCTGGAAAAGAGCCT-3". The qPCR followed the
protocol of the Takara SYBR Green Master Mix Kit and
was quantitatively analyzed using the ABI Prism 7900HT
Sequence Detection System (Life Technologies, Carlsbad, CA,
United States). The internal control was B-actin.

Cell Culture and Cell Viability Assay

The RAW264.7 cells were cultured in Dulbecco’s modified Eagle
Medium supplemented with 10% fetal bovine serum and a
mixture of antibiotics (100 units/mL penicillin and streptomycin)
under 5% CO; at 37°C. The RAW264.7 cells (2 x 10°/well)
were seeded in a 96-well plate overnight. Cells were subsequently
incubated with a wide dose range of acacetin (0, 5, 10, 15, 20, 25,
30, 35, 40, and 45 pmol/L) for 24 h. Cell viability was determined
using a CCK-8 assay kit. A volume of 10 nL of the CCK-8
solution was added to each well, which was then incubated for
30 min at 37°C. Absorbance was measured at 450 nm using a
microplate reader.

Measurement of Nitric Oxide (NO)

Production

The RAW264.7 cells were seeded in a 96-well plate at a density
of 1 x 10° cells/well, and then incubated with different doses of
acacetin (0, 5, 10, 15, 20, 25, 30, and 40 pwmol/L) for 2 h, prior
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to stimulation with LPS (1 pwg/mL) for an additional 24 h. The
cell culture media were collected and the Griess reagent was used
to detect NO production. Absorbance was measured at 540 nm
using a microplate reader.

Statistics

All data were presented as the mean 4= SEM. Differences between
groups were analyzed with one-way analysis of variance using the
GraphPad Prism 7 software (GraphPad Software, La Jolla, CA,
United States). All p-values < 0.05 (two-sided) were considered
significant. All 16S rDNA sequencing data were analyzed on the
Majorbio I-Sanger Cloud Platform online (www.i-sanger.com).

RESULTS

Acacetin Ameliorated DSS-Induced

Acute Colitis in Mice

The mice with DSS-induced colitis showed significant weight loss
and diarrhea, while mice treated with acacetin (50 or 150 mg/kg)
showed significantly milder colitis symptoms (Figures 1A,B). As
with other indexes, such as body weight, diarrhea, and colon
length, the length of the colon in the DSS group was significantly
shortened compared with the other four groups. After the
administration of acacetin (50 or 150 mg/kg), the reduction
in colon length was reversed (Figures 1C,D). No significant
differences in body weight and colon length were observed
between the control group and acacetin treatment group
(Figures 1A-D). In addition, no signs of marked inflammation
were observed in the intestines of the control group or acacetin
(alone) treatment group, based on macroscopic histopathological
analysis. However, intestinal tissue injury was apparent in the
colon of the DSS model group, which showed severe epithelial
damage, abnormal crypt structures, and extensive neutrophilic
infiltration. Acacetin (50 or 150 mg/kg) treatment alleviated
the loss of mucosal architecture, ulcerations, and inflammatory
infiltration (Figures 2A,B). Specifically, acacetin (50 mg/kg)
produced the best phenotypes, and the 50 mg/kg acacetin
treatment group was thus applied for subsequent experimental
analyses. Collectively, these results suggest that acacetin could
ameliorate the symptoms of DSS-induced colitis.

Acacetin Inhibited the Production of
Inflammatory Mediators in Macrophages

Macrophages are the major source of proinflammatory mediators
when inflammation occurs in the intestine (Yan et al., 2018).
Therefore, we used RAW264.7 mouse macrophages to evaluate
the anti-inflammatory effects of acacetin in vitro. We used the
CCK-8 kit to test the cytotoxicity of acacetin on RAW264.7 cells.
The results showed that acacetin was almost non-cytotoxic at
dosages up to 45 pmol/L (Figure 3A). The iNOS in macrophages
can activate the secretion of NO in inflammatory states (Jiang
et al., 2020). Our results show that acacetin treatment can reduce
the production of NO, as well as the protein levels of iNOS
and COX-2 in LPS-induced RAW267.4 cells in a dose-dependent
manner (Figures 3B-D). We quantified the mRNA expression

of iNOS and COX-2 in LPS-stimulated macrophages. Acacetin
treatment was found to attenuate the mRNA levels of iNOS
and COX-2 in LPS-induced RAW264.7 cells (Figure 3E). In
addition, acacetin treatment also decreased the secretion of NO,
as well as the protein level of iNOS in IFN-y and LPS induced
bone marrow-derived macrophages (BMDMs) (Supplementary
Figure 1). Hence, acacetin was able to inhibit the production of
inflammatory mediators in RAW264.7 cells and BMDM cells.

Acacetin Decreased Macrophage
Infiltration and the Levels of

Inflammatory Mediators in Mice With
Colitis

To assess the potential innate immune influence of acacetin on
DSS-induced colitis, we examined the macrophage infiltration
by immunohistochemical staining of the macrophage markers
F4/80. We found that the infiltration of macrophages expressing
F4/80 in colon tissue was significantly decreased by acacetin
treatment compared with colitis mice (Supplementary Figure 2).
Several studies suggest that COX-2, iNOS, IL-6, and TNF-a
are important proinflammatory mediators associated with the
acute phase of IBD (Papadakis and Targan, 2000; Neurath,
2014). Therefore, we evaluated the effects of acacetin on the
production of inflammatory mediators in vivo. As illustrated
in Figure 4A, the mRNA levels of IL-18, TNF-a, iNOS, IL-6,
and iNOS were markedly increased in mice with DSS-induced
colitis. However, acacetin treatment significantly reduced the
mRNA expression of inflammatory mediators. On the other
hand, immunoblots showed that DSS treatment led to a marked
increase in the protein expression of COX-2 and iNOS in
colonic tissue. However, the administration of acacetin markedly
reduced the expression of COX-2 and iNOS (Figures 4B,C).
These results suggest that acacetin could reduce the production
of inflammatory mediators in mice with DSS-induced colitis.

Acacetin Regulated the Gut Microbiota
Composition

To investigate the possible effects of acacetin on DSS-induced
changes in the composition of intestinal microbiota, we
analyzed fecal samples through 16S rRNA sequencing. The
principal component analysis showed a noticeably separate
cluster between the DSS group and the control group. A similar
phenomenon was observed in comparisons of the DSS group
and DSS + acacetin group (Figures 5A-D). In addition, acacetin
treatment recovered the community diversity and significantly
shifted the gut microbiota structure in the PC1 direction in mice
with DSS-induced colitis. The Shannon index revealed that DSS
treatment resulted in a significant decline in intestinal microbial
community diversity, compared with the control or acacetin
(alone) treatment groups (Figure 5B).

Regarding the distribution of species at the level of the phylum
in the bar plot, Firmicutes, Bacteroidetes, Epsilonbacteraeota,
Proteobacteria, Deferribacteres, and Actinobacteria were
the representative phyla among the fecal samples of each
group. In the DSS (alone) treatment group, Proteobacteria
and Deferribacteres were enriched, while Firmicutes were

Frontiers in Physiology | www.frontiersin.org

January 2021 | Volume 11 | Article 577237


http://www.i-sanger.com
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Ren et al. Acacetin Ameliorates Experimental Colitis

A Dosing scheme B
Day 2 -1 0 1 2 3 4 5 6 7
I -Dss | +DSS |

(I O O O O

| Vehicle / Acacetin |

120 5 —e— Vehicle
—— Aca 150
—_ [0 e DSS
o —
<110 ] . ——  DSS+Aca 50
S g —e— DSS+Aca 150
K o 3
=100 £
> Fokk ©
8 T 2
[a0] ok >
2 9o 2
(0] o
= s) ™
0 =y

Days 1 2 3 4 5 6 7 8 9 Days 1 2 3 4 5 6 7 8 9

Vehicle

Aca 150
DSS
DSS+Aca 50

DSS+Aca 150

(I

)

colon length (cm)

Aca 0 150 0 50 150
DSS

FIGURE 1 | Acacetin ameliorated weight loss, bloody diarrhea, and colon shortening in dextran sulfate sodium (DSS)-treated mice. (A) Mice body weight changes
after induction of colitis by DSS. The data were plotted as a percentage of the weight at baseline. (B) Bloody diarrhea score. The data were plotted as scores for
bloody diarrhea following DSS treatment at different time points. Macroscopic observation (C) and assessment of colon shortening (D) after DSS treatment. Data
were expressed as the mean + SEM (n = 7 mice in each group). *p < 0.005, **p < 0.001 vs. the DSS group; ##p < 0.001 vs. the vehicle group.

reduced (Figures 6A,B). The proportion of the aforementioned abundance of Bacteroidaceae,  Deferribacteraceae, and
microbiota with changed levels was reversed after acacetin  Enterobacteriaceae in the DSS-treated group was reversed at the
treatment (Figure 6B). On the other hand, the increased level of the phylum after acacetin administration (Figures 6A,B).
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FIGURE 2 | Acacetin ameliorated inflammatory infiltration and histopathological damage in dextran sulfate sodium (DSS)-treated mice. Representative hematoxylin
and eosin-stained colon sections (A) and histological score (B). The scale bar corresponds to 100 pm or 20 um. Data were presented as the mean + SEM (n =7
mice per group). *p < 0.01, **p < 0.001 vs. the DSS group; #**#p < 0.001 vs. the vehicle group.
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FIGURE 3 | Acacetin inhibited the expression of inflammatory mediators in vitro. Effects of acacetin on cell viability (A) and the secretion of nitric oxide (NO) (B) in
lipopolysaccharide (LPS)-induced RAW264.7 cells. (C) Protein expression levels of LPS-induced RAW264.7 cells, including inducible nitric oxide synthase (iINOS)
and cyclooxygenase-2 (COX-2), were determined by western blot analysis. (D) Quantification of protein expression was determined by densitometric analysis of the
blots. Expression was normalized to B-actin. (E) Effects of acacetin on the expression of proinflammatory mediator mRNA in LPS-induced RAW264.7 cells. The
mMRNA expression of COX-2 and iNOS were determined by gPCR. All expressions were normalized to f-actin. Data are presented as the mean + SEM (n = 3).

*n < 0.05, **p < 0.001 vs. the DSS group; #*#p < 0.001 vs. the vehicle group.
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FIGURE 4 | Acacetin inhibited the expression of inflammatory mediators in vivo. (A) Effects of acacetin on proinflammatory mediator gene expression in colon tissue
of dextran sulfate sodium (DSS)-treated mice. The mMRNA expression of interleukin 1 beta (IL-18), tumor necrosis factor alpha (TNF-a), interleukin 6 (IL-6), and
inducible nitric oxide synthase (INOS) in colon samples were determined by gPCR. All expressions were normalized to B-actin. (B) Effects of acacetin on the
inflammatory mediator protein expression of cyclooxygenase-2 (COX-2) and iNOS in colon tissue of DSS-treated mice. (C) Quantification of protein expression was
performed by densitometric analysis of the blots. Expression was normalized to B-actin. Data are expressed as the mean + SEM (n = 3). *p < 0.05, *p < 0.005,
“*n < 0.001 vs. the DSS group; #p < 0.05, ¥ p < 0.001 vs. the vehicle group.
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At the genus level, the DSS-treated group exhibited a
proportional increase in the abundances of Escherichia-Shigella
and Faecalibaculum, whereas the abundances of those two
genera were reduced after acacetin treatment (Figures 7A,C).
Furthermore, slight differences in Family XIII and Turicibacter
were noted between the DSS group and the DSS + acacetin group;
however, no significant differences were observed (Figures 7B,C).

Then we conducted a community heatmap analysis on genus
level showing 20 genera with a relatively high abundance
(Figure 8A). This result is consistent with the showing
of bar plot. Circos analysis confirmed the heatmap results
(Figure 8B). Escherichia-Shigella was decreased from 76% to
24% and Faecalibaculum from 74 to 22% by acacetin treatment
(Figure 8B). However, Turicibacter was increased, with an
abundance of 0.42% in the DSS group and 35% in the
DSS + acacetin group (Figure 8B).

These results indicate that DSS-induced colitis could disrupt
intestinal microbiota homeostasis, while acacetin treatment could
reverse this disruption.

DISCUSSION

The pathological mechanism of IBD presently remains to be
discovered, and IBD has been listed as a modern refractory

disease (Ramos and Papadakis, 2019). Conventional therapeutic
drugs may produce various side effects, yield a high recurrence
rate, and cannot adequately meet the extensive treatment needs of
patients with UC. Hence, exploration of the underlying molecular
mechanisms and the discovery and development of optimal
therapies for IBD are all crucial (Zhang et al., 2014).

To investigate the etiology and pathogenesis of UC, we
established a DSS-induced colitis mouse model, which is the
most widely used experimental model for UC (Eichele and
Kharbanda, 2017). In this animal model, weight loss, bloody
diarrhea, and colon length are critical hallmarks by which the
severity of colitis can be evaluated. The administration of acacetin
was found to improve these symptoms in mice with DSS-
induced colitis. Moreover, the mice treated with acacetin alone
showed no abnormalities nor toxic effects compared with those
treated with DSS throughout the study. These findings suggest
that the administration of acacetin at specific concentrations is
relatively safe in mice.

Elevated levels of inflammatory cytokines can serve as
disease hallmarks in patients with UC (Ishiguro, 1999).
Compelling evidence suggests that cytokines are crucial
pathophysiological regulators of the occurrence and development
of the inflammatory response of IBD (Strober and Fuss, 2011).
Interactions between the TNF family of receptors and their
ligands are crucial in immune responses (Zhang et al., 2019). The
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progression of inflammation is associated with TNF-q, as it is
involved in the recruitment of leukocytes to the inflamed areas
(Gupta et al., 2018). Furthermore, IL-6 plays an important role
in the development of inflammation by promoting lymphocyte
proliferation, which plays a crucial role in the acute stage of the
inflammatory response (Mudter and Neurath, 2007). As a key
proinflammatory cytokine, IL-1p can accelerate inflammation
and initiate antimicrobial immune responses (LaRock et al,
2016; Monajemi et al., 2018). Both iNOS and COX-2 are key

inflammatory mediators involved in the incidence of UC (Cox
et al., 2005; Sun L. et al., 2018). In the present study, increased
production of iNOS, COX-2, IL-6, TNF-a, and IL-1p was
observed in mice with DSS-induced colitis. Oral administration
of acacetin at 50 mg/kg significantly reduced the production of
these proinflammatory mediators.

Macrophages are crucial for raising appropriate immune
response against ingested pathogens. Compelling evidence has
shown that macrophages are the main source of inflammatory
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cytokines during the inflammatory response (Bosma et al., 2016;

to the therapeutic effect in UC patients (Zeissig et al,

Jones et al., 2018). Evidence has showed that the reduction of 2019). As a colitis model, DSS induces disease symptoms of

macrophages and inhibition of macrophage response contribute

damaged intestinal epithelial barrier and thereby increases the
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opportunities that gut lumen contents expose to innate immunity — of acacetin in vitro. Our results indicate that acacetin can
elements (e.g., macrophages) (Eichele and Kharbanda, 2017).  prominently inhibit the levels of NO, iNOS, and COX-2 in LPS-
Therefore, we further evaluated the anti-inflammatory effects stimulated RAW264.7 murine macrophages, as well as decrease
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the secretion of NO and the protein expression of iNOS in IFN-y
and LPS induced BMDM cells, which is consistent with the
findings of previous reports (Pan et al., 2006). Notably, acacetin
led to significant reduction of macrophage infiltration (labeled
by F4/80 +), this results suggest that inhibiting macrophage
inflammatory response might contribute to the attenuated effects
of acacetin on DSS-induced colitis mice.

Moreover, researchers have gained important insights into gut
microbiota composition during intestinal inflammation and have
revealed new directions for IBD treatment (Ungaro et al., 2017).
Several studies have highlighted that the remarkable changes
in gut microbiota composition in patients with UC can cause
intestinal inflammation. Severe dysbiosis is mainly manifested in
the gut of patients with UC, when there is a reduced abundance
of Firmicutes and Bacteroidetes, and increased abundance of
Proteobacteria (Lepage et al, 2011; Natividad et al., 2015;
Munyaka et al., 2016; Glassner et al., 2020).

Some species at the phylum level (e.g., Proteobacteria) could
play a role in the pathogenesis of UC, leading to adhesion and
invasion of intestinal epithelial cells, disruption of host defense,
stimulation of the inflammatory response, alterations in the
structure of intestinal microbiota, and ultimately, promote the
onset of UC (Bai et al., 2019). Furthermore, Escherichia, which
is an IgA-coated bacteria at the genus level, is the dominant
pathogen involved in the pathogenesis of UC (Xu et al., 2018).
Escherichia-Shigella, gram-negative bacteria with an outer LPS
membrane, can invade the human colonic epithelium and induce
inflammatory responses (Gronbach et al., 2014).

In the present study, the abundances of Proteobacteria and
Escherichia-Shigella were reduced following acacetin treatment in
mice with DSS-induced colitis. Moreover, significant alterations
were observed in DSS-treated mice, as levels of Firmicutes were
reduced at the phylum level and those of Escherichia-Shigella
were increased at the genus level; however, acacetin alleviated
these changes. Notably, this results are quite consistent with our
previously studied natural compounds, including obacunone and
pinocembrin (Luo et al., 2020; Yue et al., 2020). There are also
some researches indicate that Escherichia-Shigella are positively
correlated with high expression of inflammatory cytokines, and
many studies have shown its adverse effects in IBD (Zeissig et al.,
2019). Collectively, our findings provide evidence of the effects
of acacetin in reversing the DSS-induced dysbiosis of intestinal
microbiota and changes in community composition.

Indeed, the maintenance of the intestinal health depends on
a homeostasis between the microbiota and the innate immune
system, and macrophages are the most abundant in the innate
immune cells (Sica et al., 2015; Yue et al., 2019). Macrophages
can generate varieties of inflammatory cytokines, which further
activate innate/adaptive immunity, and therefore get rid of the
invading bacteria in intestinal lamina propria (Weber et al,
2009). However, excessive inflammatory response can cause the
imbalance of immunity homeostasis and influence the microbial
composition, which could exacerbate the intestinal inflammation
in turn (Sonnenberg and Hepworth, 2019). Moreover, numbers of
studies suggested that both exaggerated inflammatory response
and dysbacteriosis are often co-existing in IBD patients
(Yao et al., 2019). Hence, both inflammatory response and

dysbacteriosis are reciprocal causation in the IBD pathogenesis.
Our studies showed the evidence that acacetin could ameliorate
intestinal inflammation and regulate dysbacteria. There is a
need for research to precisely describe the causal link between
inflammatory response and dysbacteriosis. Additionally, the
precise mechanism of acacetin in the maintenance of intestinal
homeostasis needs further clarification.

CONCLUSION

Overall, these new findings suggest that acacetin could alleviate
DSS-induced colitis in mice by inhibiting the macrophage
inflammatory response and reversing gut microbiota dysbiosis.
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microbiome studies have largely focused on mothers from high income countries where
few women breastfeed to 6 months, the temporal changes in the breast milk microbiome
that occur during later lactation stages have not been explored. For this cross-sectional
study, microbiota from breast milk samples of Mam-Mayan mothers living in eight remote
rural communities in the Western Highlands of Guatemala were analyzed. All mothers
delivered vaginally and breastfed their infants for 6 months. Breast milk from 76 unrelated
mothers was used to compare two lactation stages, either “early” (6-46 days post-
partum, n = 33) or “late” (109-184 days post-partum, n = 43). Breast milk microbial
communities were assessed using 16S ribosomal RNA gene sequencing and lactation
stages were compared using DESeq?2 differential abundance analysis. A total of 1,505
OTUs were identified, including 287 which could be annotated as putative species.
Among several maternal factors, lactation stage explained microbiome variance and
inertia in ordination with the most significance (p < 0.001). Differential abundance
analysis identified 137 OTUs as significantly higher in either early or late lactation.
These included a general shift from Staphylococcus and Streptococcus species in early
lactation to Sphingobium and Pseudomonas species in late lactation. Species enriched
in early lactation included putative commensal bacteria known to colonize the infant oral
and intestinal tracts whereas species enriched in late lactation had a uniform functional
trait associated with aromatic compound degradation. Differentially abundant species
also included several species which have not previously been reported within breast
milk, such as Janthinobacterium agaricidamnosum, Novosphingobium clariflavum,
Ottowia bejjingensis, and Flavobacterium cucumis. These discoveries describe temporal
changes to the breast milk microbiome of healthy Guatemalan mothers from early to late
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lactation. Collectively, these findings illustrate how studying under-represented human
populations might advance our understanding of factors that modulate the human milk
microbiome in low and middle income countries (LMIC).

Keywords: 16S rRNA gene, human breast milk, microbiome, lactation stage, metagenomics 16S

INTRODUCTION

Human breast milk is a source of macronutrients and
micronutrients essential for infant nutrition (Cunningham
et al., 1991; Walker, 2010; Andreas et al., 2015). Research
has established that breast milk also provides infants
with a continuous source of commensal and potentially
beneficial bacteria which can act to inoculate the infant
respiratory and gastrointestinal tracts (Fernandez et al,
2013; McGuire and McGuire, 2017). Predominant genera
commonly reported include Staphylococcus, Streptococcus,
Pseudomonas, Cutibacterium (formally Propionibacterium),
or Bifidobacterium (Jeurink et al., 2012; Fitzstevens et al.,
2017). Recently, metagenomic sequencing studies have begun
to characterize the diverse bacterial species in breast milk to
better understand how this process might be associated with
infant and long-term health (Biagi et al., 2017; Ruiz et al., 2019;
Sakwinska and Bosco, 2019).

Several maternal factors are thought to modify bacterial
communities in human breast milk. One study reported
differences in bacteria (observed at the genera level) related to
stage of lactation, maternal BMI and mode of delivery (Cabrera-
Rubio et al., 2012), but other studies have reported little or no
differences in relative abundance of genera due to maternal age,
parity, mode of delivery, or infant sex (Urbaniak et al., 2016;
Williams et al., 2017). Given the advancements in resolution of
microbial barcoding technologies (Knight et al., 2018; Bolyen
et al, 2019; Gonzalez et al., 2019), coupled with the need
to identify the factors that influence breast milk microbiota
(McGuire and McGuire, 2017), the purpose of the study was to
determine if human milk microbiota differed by maternal age,
BMI, parity, breastfeeding practices and lactation stage. Breast
milk samples were collected from unrelated lactating mothers
living in the remote Western Highlands of Guatemala during
early (6-46 days postpartum) or established lactation (109-184
days postpartum) as previously described (Wren et al., 2015).

MATERIALS AND METHODS
Study Site and Participants

This cross-sectional study was part of collaboration between
McGill University and the Center for Studies of Sensory
Impairment, Aging and Metabolism (CeSSIAM) in the Republic
of Guatemala. Field studies were conducted in eight rural Mam-
speaking communities of the San Juan Ostuncalco region in
Guatemala (Chomat et al., 2015) between June 2012 and January
2013. Lactating mothers were identified and invited to participate
by community health workers. Individuals who had been treated
with antibiotics were excluded. All mothers delivered vaginally

and breastfed their infants. Samples from participating mothers
with infants aged from 6 to 46 (n = 33) and 109-184 (n = 43)
days postpartum were used to compare the milk microbiome
during early and late lactation. Breastfeeding practices were
also compared. Exclusively breastfeeding was defined as infants
receiving only breast milk; predominant breastfeeding was
defined as infants who breastfed but also received water, most
commonly as “agiiitas” (herbal teas), and mixed breastfeeding was
defined as infants who breastfed but were also given solid foods
in addition to aguitas (Wren et al., 2015).

Breast Milk Sample Collection

Prior to sample collection, the nipple and areola of the breast were
cleaned with 70% ethanol. Breast milk samples were collected
during a 3 h time window in the morning from the breast (not
recently used for breastfeeding) via full manual expression by a
trained midwife. Milk was collected into sterile 60 ml plastic vials
and immediately stored on ice. Samples were partitioned into
15 ml tubes at the field laboratory (—30°C) prior to transfer on
dry ice to McGill University where they were stored at —80°C
(Li et al., 2016).

16S rRNA Gene Amplification,

Sequencing, and Bioinformatics

DNA extraction was performed using 1ml of milk with DNeasy
Blood and Tissue mini kit from Qiagen according to the
manufacturer’s protocol by Genomic Quebec Innovation Centre.
For PCR, a target region of ~526 bp based on the Escherichia
coli 16S rRNA gene covering the V1-V3 was amplified with the
primers 27F (3-AGAGTTTGATCCTGGCTCAG-5/) and 533R
(3'-TTACCGCGGCTGCTGGCAC-5") (Cabrera-Rubio et al,
2012; Mediano et al., 2017; Lackey et al., 2019). Amplification
used the following conditions: initial denaturation 94°C for
2 min, denaturation 94°C for 30 s, annealing 58°C for 30 s,
extension 72°C for 30 s, final extension 72°C for 7 min, 4°C hold,
over 35 cycles. Amplification was conducted by the Genomic
Quebec Innovation Centre at McGill University and sequencing
was performed using the Illumina MiSeq platform. Reagent
controls were below the detection limit used by Genomic Quebec
Innovation Centre for quality assurance. The Anchor pipeline
(Gonzalez et al., 2019) was used to process amplicon sequences.
Briefly, Mothur (Schloss et al., 2009) was used to align and
dereplicate sequences before high count OTU selection at a count
threshold of 36 across all samples. NCBI 16S rRNA RefSeq,
NCBI non-redundant nucleotide, SILVA, and the Ribosomal
Database Project (RDP) databases were used to annotate OTUs
using BLASTn with criteria of >99% for identity and coverage.
When a BLASTn return had 100% identity and coverage hits
across multiple database, priority was given to NCBI 16S rRNA
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RefSeq due to the high standard of curation. Low counting
amplicons (<36 counts) were binned to high-count OTUs at
a lower threshold of >98% identity/coverage. Multiple, equally
good (highest identity/coverage), annotation was retained and
reported. All annotation, and in particular species calls, should be
considered putative even when sharing 100% sequence identity to
a single species due to database errors.

Alpha diversity of breast milk samples was measured using
Shannon and inverse Simpson indices within Phyloseq R
package (McMurdie and Holmes, 2013). Beta diversity was
estimated based on variation stabilization normalized counts
(rlog) using Bray-Curtis dissimilarity and the Constrained
Analysis of Principal Coordinates (CAP) ordination method.
Dispersion ellipses were drawn using veganCovEllipse function
from Vegan package in R (Oksanen et al., 2017). Significant
distance was evaluated between the groups using non-parametric
analysis of similarities (ANOSIM) on normalized counts
based on Bray distances (Vegan package). To characterize
differentially abundant taxonomic units between groups of
samples, parametric models developed in transcriptomics
perform well when applied to microbiome biomarker data
(uneven library sizes, sparsity, and sample representativity)
(Jonsson et al., 2016; Weiss et al., 2017; Brereton et al.,
2019; Gonzalez et al, 2019; Minerbi et al., 2019). DESeq2
procedure (Love et al., 2014a) was used to calculate differentially
abundant taxonomic units. Taxonomic units tested with a false
discovery rate (FDR or the expected proportion of false positive
findings) <0.1 were considered significant (Anders et al., 2013;
Love et al., 2014b, 2015; Gonzalez et al., 2019). Pearson’s
correlation was calculated between rlog normalized OTU
counts. Correlation matrices were sorted based on hierarchical
clustering of OTUs and represented using R package corrplot
(Wei and Simko, 2017).

RESULTS

Characterization of Guatemalan Mothers
Participating mothers were randomly selected from 8 remote
Mam-Mayan villages in the Western Highlands of Guatemala:
Los Romero (28%), Buena Vista (25%), Los Alnonzo (13%),
and <10% from each of Espumpuja, Los Lopez, Los Perez, La
Unién, and La Esperanza. Population characteristics by lactation
stage are summarized in Table 1. With regards to breastfeeding
practices, 86% exclusively or predominantly breastfed; mixed
feeding was more common in late lactation, increasing from
3 to 23.3%; regardless of breastfeeding practice, frequency per
24 h averaged 11 feeds per day, which aligns with current
recommendations.

Breast Milk Microbiome Community

Differs Between Lactation Stages

Sample extractions yielded significantly different concentrations
of total genomic DNA between early and late groups at an
average of 11.9 ng pl (£3.2) compared to 3.0 ng pl (£0.6),
respectively. A total of 1,505 OTUs were assembled and captured
6,294,781 sequence reads across all 76 breast milk samples.

These could be annotated as 287 species (71% of reads),
180 genera and 23 family or higher taxa as well as 1,015
which couldn’t be recognized as 99% similar (in both identity
and coverage) to any known taxa (termed TrueUnknowns).
Of the 287 OTUs annotated as putative species, the average
BLASTn return identity was 99.8% including 167 perfect hits
(100% identity). At a phyla level, bacteria from Firmicutes,
Proteobacteria, Actinobacteria, and Bacteroidetes were most
prevalent in comprising 48, 44, 6, and 1% of sequenced

TABLE 1 | Characteristics of Guatemalan mothers at each lactation stage.

Lactation stages

Total mean + Early mean + Late mean +

Frontiers in Microbiology | www.frontiersin.org

127

SD or % SD or % SD or %
(95% Cl) (95% ClI) (95% ClI)
Region (%)
Los Alonzo 13.1 18.2 9.3
Buena Vista 25.0 121 34.9
Espumpuja 2.6 6.1 0.0
Los Lopez 3.9 9.1 0.0
Los Pérez 9.2 3.0 14.0
Los Romero 27.6 36.4 20.9
La Unién 9.2 6.1 1.6
La Esperanza 9.2 9.1 9.3
Maternal age (years) 232+5.8 22.7+£5.5 23.6+6.0
Maternal height (cm) 146.7 £ 5.1 146.2 £ 4.7 1472 £ 5.4
Maternal weight (kg) 50.8 £7.6 50.2 £6.7 51.2+83
Maternal BMI (kg/m?)  23.5 + 3.1 235+28 235+ 3.4
Parity
Primiparous 49.0 45.0 52.0
Multiparous 51.0 55.0 48.0
Marital status (%)
Married 25.0 27.0 22.5
United 73.0 73.0 72.5
Single 3.0 0.0 5.0
Education (%)
No 81.0 85.0 76.0
Primary education or 19.0 15.0 24.0
higher
Delivery location and
attendant
Informal sector and 78.0 85.0 73.0
midwife
Hospital and formal 22.0 15.0 28.0
Infant feeding
practices
Exclusive 47.4 51.5 44.2
Predominant 38.2 45.5 32.6
Mixed 14.5 3.0 23.3
Breastfeeding First hour 61.0 53.0 68.0
Frequency/24 h 11.9+43 M1.7+£47 121 +4
Infant first food
Breast 88.0 88.0 87.5
Aguitas 1.0 12.0 10.0
Beverages 1.0 0.0 25
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amplicons, respectively (Supplementary File 1). The most
abundant species across all samples were Streptococcus salivarius
and Novosphingobium clariflavum making up 7.54 and 6.22%
amplicons, respectively.

Distance-based ordination using sparsity filtered raw count
matrix was performed with five different categorical variables;
four were dichotomous (lactation stage, parity, BMI, and mother
age) and one (breastfeeding practice) was based on three factors
(exclusive, predominant, or mixed). Constrained Analysis of
Principal Coordinates (CAP) analysis best segregated mothers
based on lactation stage (Figure 1) and identified significant
differences with Monte Carlo permutation testing between
sample groups (10,000 permutations) at p < 0.001; parity,
BMI, mother age and breastfeeding practice were not significant
(p > 0.11n all cases). Shannon and Inverse Simpson indices, used
to estimate microbiome diversity, were not significantly (¢-test
p < 0.05) higher in late compared to early lactation stage breast
milk (Figure 1).

In contrast, differential abundance analysis using DESeq2
identified taxa which were significantly different in relative
abundance between early and late lactation stages. In total, 137
OTUs were identified as significantly differentially abundant,
including 39 which were in higher relative abundance in
early stage milk and the remaining 98 higher in late stage
milk (Figure 2 and Supplementary File 2). These could be
annotated at various taxonomic levels, including: 60 species, 25
genera, 1 family as well as 52 which could not be recognized
(TrueUnknowns). A general shift in differential abundance was
observed with lower relative abundance in some taxa from
Firmicutes in early stage milk which were replaced by taxa from
Proteobacteria in late stage milk. This was driven by Streptococcus
and Staphylococcus species present at higher relative abundance
within early milk whereas Sphingomonadaceae and Pseudomonas
were higher in late milk, with the majority of differentially
abundant species in each respective taxa group being inversely
correlated (Figure 3 and Supplementary File 1).

Bacterial Species Associated With Early

Lactation
Ten distinct Staphylococcus OTUs were identified as
having significantly higher relative abundance in early

milk, including the species: S. hominis, S. epidermidis, and
S. hyicus (Figure 2). The most abundant Staphylococcus OTU
(Staphylococcus_MS_6) was ambiguous and could represent
one or more of the species S. epidermidis, S. haemolyticus, or
S. hominis.

Seventeen differentially abundant OTUs with higher
abundance in early lactation stage breast milk were identified
as putative species within the genus Streptococcus. These
included S. mitis, S. parasanguinis, S. peroris, S. pneumoniae,
S. pseudopneumoniae, and S. salivarius as well as four OTUs
which were ambiguous and could represent a number different
of species. Beyond Staphylococcus and Streptococcus, other
OTUs representing species identified as significantly higher in
relative abundance in early milk included: Corynebacterium
tuberculostearicum,  Corynebacterium  jeikeiu, Lactobacillus

gasseri, Acinetobacter  johnsonii, and

Janthinobacterium agaricidamnosum.

Kocuria  palustris,

Bacterial Species Associated With Late

Lactation

The general pattern of higher Staphylococcus and specific
Streptococcus species in early milk was also reflected by
corresponding significant (p < 0.05) inverse correlations
with  Sphingobium  yanoikuyae,  Pseudomonas  putida,
Stenotrophomonas  maltophilia, Ottowia beijingensis, and
Comamonas testosteroni, all of which were significantly
differentially abundant with higher relative abundance in
late breast milk.

Five distinct S. yanoikuyae OTUs and a S. limneticumm OTU
were identified as significantly higher in late milk. The two most
abundant OTUs, Sphingobium yanoikuyae_4 and Sphingobium
yanoikuyae_5, likely represent distinct strains in sharing 100%
identity with Sphingobium yanoikuyae S72 and ATCC 51230,
respectively, with each strain harboring four identical gene
copies. Additionally, a single Novosphingobium clariflavum OTU
was identified as differentially abundant and higher in late breast
milk. The Novosphingobium clariflavumn OTU was particularly
high in abundance in the majority of late breast milk samples
and was the most abundant OTU in 51% of late milk samples,
representing an average of 25% of raw reads.

Nine Pseudomonas OTUs were differentially expressed with
eight having higher relative abundance in late milk. These
included four P. putida and one P. fulva OTU as well as
three ambiguous OTUs which could be P. putida, P. fulva,
P. parafulva, and/or P. gingeri. Stenotrophomonas maltophilia
(closely related to Pseudomonas), Cloacibacterium normanense,
Flavobacterium cucumis, Ottowia beijingensis (absent from early
milk samples), Prevotella melaninogenica, Veillonella dispar,
Actinomyces odontolyticus as well as the highly abundant
Comamonas testosteroni, were also each identified as significantly
more abundant in late lactation stage breast milk.

A number of poorly characterized OTUs were also identified
as having higher relative abundance in late milk. These
were dominated by unknown sequences previously observed
in samples from oral or saliva microbiome studies, such
as: TrueUnknown_ 944 and TrueUnknown_ 978 (97.5%
similar ~ Streptococcus  sanguinis SK1), TrueUnknown_967
and TrueUnknown_980 (98% similar Prevotella sp.),
TrueUnknown_915 (98% similar Granulicatella elegans), as
well as the high relative abundance TrueUnknown_926 which
was 97% similar to a (challenging to culture) TM7 group
bacterium often found in oral samples.

DISCUSSION

General Characteristics

Breast milk supplies a continuous source of bacteria during
lactation (Fitzstevens et al., 2017) and there is consensus that this
provision inoculates the gastrointestinal tract with commensal
or beneficial bacteria (Martin et al., 2004; Ramsay et al,
2004; Moossavi et al., 2019; Williams et al., 2019). However,

Frontiers in Microbiology | www.frontiersin.org

February 2021 | Volume 12 | Article 557180


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Gonzalez et al.

Shifts in the Breast Milk Microbiome During Lactation

A . B Cc Shannon Inverse Simpson
® EARLY ° L]
o ® LATE
- ® & 2 ? . ol ®
— 2 H 3i
8 = e g°
\m, = ° [3] =
Q
s 3 8 2 =
I} H ~ > o .
IN = 2 . A
c © z ) } » )
o o ” [}
o 2 - s /7, / 2
1] [%] o = o
c o / Vi / e QO o & .
5 g e Lol Ty o e
o 1 ° b Loh B ’ . £ ol
5 g -M/ ® o -
& = L X ] \./ < ~
0 o

FIGURE 1 | Breast milk community ordination and alpha diversity comparing early and late lactation microbiome. (A) Variation explained by the tested variables in
constrained ordination (CAP). Significance testing using Monte Carlo permutation test (10,000 permutation; ***p < 0.001). (B) Lactation stage CAP, circles represent
sample density relative to each group. (C) Alpha diversity indices were not significantly different (t-test, p > 0.05) between early (n = 33) and late (n = 43) lactation

groups. See Supplementary File 1 for an overview of OTU taxonomy.
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this milk bacterial community is thought to be influenced
by the communities present in other maternal tissues (e.g.,
skin and the gastrointestinal tract) as well as the infant oral
cavity (e.g., “retrograde flow”) and the environment (Jost et al.,
2014; LaTuga et al.,, 2014; Rodriguez, 2014). Despite this, the
microbiome of breast milk is still poorly understood, and no
consensus has been reached on the “core” genera microbiome
(Jeurink et al., 2012; Fitzstevens et al., 2017) or if dynamic
changes in this bacterial community might occur throughout
lactation. In our study, unrelated mothers living in eight remote
but distinct communities with little possibility of exchanging
microbes among one another were studied. Moreover, this
indigenous Guatemalan population was chosen because nearly
100% exclusively or predominantly breastfed for 6 months (Wren
etal., 2015), complying with WHO recommendations to actively
breastfeed during this period (World Health Organization, 2014).
This is considerably higher than the global average of 41% of
mothers breastfeeding for 6 months, which falls to as low as
26% in North America (UNICEF, 2018). Importantly, this study
population also represented a cohort of mothers who are not from
a high-income country, which currently dominates the research
field. Thus, this study contributes toward identifying common
characteristics and possible biases generated from a shortfall
in participant diversity from under-represented communities in
breast milk microbiome research.

Early Lactation Stage Breast Milk Is
Dominated by Commensal
Bacterial Species

Although previous studies have reported differences in the
human milk microbiome related to maternal BMI and stage
of lactation (Cabrera-Rubio et al., 2012; Williams et al., 2017,
2019; Moossavi et al., 2019), few have characterized the milk
microbiome by identifying changes in the relative abundance
of putative species. The benefit of high-resolution microbiome
analysis at species level is that, although many species remain

poorly characterized, the potential for association to established
functions is improved when compared to annotation at phyla,
family or genera level. Species-level annotation however, even
when sequences share 100% 16S rRNA gene fragment similarity
to a single species, should be considered as putative as
substantial mistakes exist in major repositories (Gonzalez et al.,
2019). The two most abundant species identified in higher
relative abundance in early lactation stage were the coagulase
negative Staphylococcus hominis and Staphylococcus epidermidis
(Figure 2), both of which are ubiquitous in humans and have
been previously associated with opportunistic pathogenicity
(Coates et al., 2014). The higher abundance of S. hominis and
S. epidermidis in early milk is consistent with findings that non-
virulent strains of these species are likely early gut pioneers of
term infants, and may have the potential to reduce colonization
by more virulent species (Soeorg et al., 2017). In our study, it was
also interesting to note that although both species are recognized
as common skin bacteria and common inhabitants of healthy
breast milk environment (Heikkild and Saris, 2003; Martin et al.,
2007), their relative abundance was lower in late milk.
Streptococcus mitis and Streptococcus salivarius strains are
usually considered commensal, are commonly isolated from milk
(Kilian et al., 2014; Delorme et al., 2015; Serensen et al., 2016) and
have been identified as infant oral microbiome inhabitants within
the first days after birth (Pearce et al., 1995). The OTUs from both
species were generally in higher relative abundance in early milk
(Figure 2). An exception to this was in S. mitis, where two of the
six differentially abundant S. mitis OTUs (Streptococcus_mitis_9
and Streptococcus_mitis_12) had higher relative abundance in
late milk. Interestingly, the most abundant S. mitis OTU in
early (Streptococcus_mitis_14) and late (Streptococcus_mitis_9)
lactation stages share 100% identity to distinct strains, Strep mitis
RH_12363_08 and Strep mitis SK637, respectively. These OTUs,
alongside the others identified as significantly varying between
early and late lactation stages are most similar to different
S. mitis phylogenetic sub-clades (Supplementary File 1; NCBI
Genome Tree report), in line with previously described strain
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phylogeny (Rasmussen et al.,, 2016). Although little is known
about functional variation between these strains, these results
suggest that such variation does exist.

Species from the genus Corynebacterium are very commonly
isolated from human breast milk and are generally considered
commensal in nature (Hunt et al., 2011; McGuire and McGuire,
2017). The two species identified as higher in relative abundance

in early milk could be a concern as both C. tuberculostearicum
(which was first identified as leprosy-derived Corynebacterium
and C. jeikeium) have historically been considered pathogenic
(Riegel et al, 1994; Paviour et al, 2002; Hini¢ et al, 2012),
although recent evidence has indicated that these species can
be commensal (Damaceno et al.,, 2017). Similarly, Acinetobacter
johnsonii, which has been previously, although not commonly,
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detected in breast milk and is known to utilize lactate (Bouvet
and Grimont, 1986; Delgado et al., 2008), could be a potential
health concern as it has been associated with mastitis (Patel et al.,
2017). Kocuria palustris, first isolated from rhizosphere samples
(Kovacs et al., 1999), was also unexpected within early breast
milk as the species has not previously been reported in breast
milk samples; although the genera has been detected in both
ruminant and human milk (Jeurink et al., 2012; Li et al., 2017;
Lackey et al., 2019).

A number of species characterized as potentially beneficial
to infant health were also identified as significantly enriched
in early breast milk. Lactobacillus gasseri is well characterized
as a species with some strains that produce bacteriocins
(gassericin  A) (Pandey et al., 2013; Mousa et al, 2017)
and is widely considered a putative early colonizer of infant
guts. It is subsequently heavily marketed as a probiotic due
to the potential to provide host resistance to infections
from pathogens such as Listeria monocytogenes (Kawai et al.,
2004; Selle and Klaenhammer, 2013), although evidence of
this function in situ has not been yet been generated.
L. gasseri was significantly positively correlated with S. salivarius
and S. parasanguinis here (Figure 3 and Supplementary
File 1) and inversely correlated with the Sphingobium and
Pseudomonas species in late milk microbiome. Another species
with potential antimicrobial properties in significantly higher
relative abundance in early lactation stage breast milk was
Janthinobacterium agaricidamnosum, which produces an anti-
fungal compound (jagaricin) with strong antifungal activity
against major human fungal pathogens (Lincoln et al., 1999;
Graupner et al, 2012, 2015). Although the species could
potentially improve infant biotic resistance, it has not previously
been observed in milk and is largely uncharacterized (jagaricin
also has hemolytic activity; Fischer et al., 2019).

Species Associated With Late Lactation
Stage Breast Milk Have a

Common Function

An inverse correlation between bacteria within the phyla
Firmicutes and Proteobacteria has recently been observed in
human breast milk (Moossavi et al., 2019). The major genera
identified here as representing this shift toward Proteobacteria
in later lactation (Figure 2), Sphingobium and Novosphingobium,
are often found in human breast milk and have been previously
identified as highly abundant together with Pseudomonas in milk
of healthy mothers in a non-marker based metagenomic study
(Jiménez et al., 2015). Sphingobium yanoikuyae, identified here as
significantly higher in relative abundance in late breast milk, is a
well-known soil bioremediation species with some strains having
polycyclic aromatic hydrocarbons (PAH) degradation activity in
the environment (Cunliffe and Kertesz, 2006; Kou et al., 2018)
but was first isolated from human clinical samples (Yabuuchi
et al,, 1990). Recruitment of bacteria with such functionality
could be a response to accumulation of xenobiotics such as
PAHs and polychlorinated biphenyls, which can accumulate in
fatty tissue and breast milk (Dekoning and Karmaus, 2000),
although this would not explain association with lactation stage.

On the other hand, this species has also been previously observed
as associated with nipple aspirate fluid of healthy women in
a breast cancer study, where the authors speculated that the
PAH degrading activity may provide protection against cancer
tumor development (Chan et al., 2016; Parida and Sharma, 2019).
Finally, although N. clariflavum was very widely distributed
throughout samples, the species has yet to be characterized
in detail (Zhang et al,, 2017) and has never been previously
identified in breast milk samples. However, Novosphingobium
have been isolated from a very wide range of habitats including
soils, plants and water, and are known as aromatic hydrocarbon
compound degraders expected within soils and rhizospheres
contaminated with persistent organic pollutants (Kumar et al.,
2017; Wang et al., 2018).

The pattern of hydrocarbon degradation functionality was
consistent with the majority of species identified as significantly
enriched in late breast milk (Figure 2). Pseudomonas putida
strains are common soil and rhizosphere degraders of persistent
organic pollutants which are used for bioremediation as
it can metabolize aromatic hydrocarbons as a sole carbon
source (Feist and Hegeman, 1969; Dunn and Gunsalus, 1973;
Marqués and Ramos, 1993), including caffeine (Summers et al.,
2015). While Pseudomonas species are commonly observed
in metagenomic studies of healthy mothers (Jeurink et al.,
2012; Fitzstevens et al., 2017), they are generally considered
environmental contamination in human breast milk (Jiménez
et al.,, 2015). The closely related Stenotrophomonas maltophilia,
which is considered non-lactose fermenting, has previously
been identified as an opportunistic pathogen associated
with cystic fibrosis, where it can form mixed species biofilm
with Pseudomonas aeruginosa (Esposito et al, 2017). Given
an established capability to cooperatively associate with
P. aeruginosa, it is interesting to note that the species was
significantly correlated in our study with P. putida (Figure 3).

Consistent with the differential abundance of Sphingobium
yanoikuyae and P. putida, strains of Stenotrophomonas
maltophilia also have extensive hydrocarbon degradation activity
(Singh and Fulekar, 2010; Arulazhagan et al., 2017). The same is
true of Cloacibacterium normanense, which is often isolated from
wastewater and can often grow on oily sludge as its sole carbon
source (Cerqueira et al.,, 2012), and Comamonas testosteroni,
which has been isolated from cow milk (Quigley et al., 2013)
and has strains associated with (eponymously) steroid and
broader aromatic hydrocarbon degrading (Kamimura et al,
2010; Horinouchi et al., 2018). Ottowia beijingensis, first isolated
from phenol degrading consortia in wastewater sludge, and
Flavobacterium cucumis have not previously been reported in
breast milk, to the authors’ knowledge, but both have strains
with hydrocarbon degradation capability (Al-Mailem et al., 2014;
Cao et al., 2014; Fernandez-Gonzalez et al., 2018), consistent
with the majority of differentially abundant species significantly
enriched in late milk.

Other species significantly enriched in late milk have
previously been isolated from an expected common source—
the oral cavity, including Prevotella melaninogenica, Veillonella
dispar and Actinomyces odontolyticus. Actinomyces odontolyticus
is often considered pathogenic and strains have been associated
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with infection/mastitis (Hoyles et al., 2001; Bing et al., 2015),
but it is also a common oral commensal species which has
been observed to increase during puberty (Gusberti et al., 1990).
P. melaninogenica is a common oral commensal bacteria which
has been suggested as transmitted directly from mother to
colonize the infant mouth via saliva (Kononen et al., 1994), and
has also been suggested for the oral commensal Granulicatella
(Dewhirst et al., 2010; Gomez and Nelson, 2017). Species
such as V. dispar, identified here as significantly higher in
relative abundance in late milk, has been recently discussed with
relevance to infant age (being commonly isolated from the oral
cavity) (Tuominen et al., 2018) and strains have been identified
in late (3 months postpartum) milk alongside Granulicatella
(Simpson et al., 2018) and uncharacterized species from the hard
to culture TM7 group of bacteria Candidatus saccharibacteria
(Cabrera-Rubio et al., 2012). These findings suggest important
roles of poorly characterized and unknown bacteria associated to
lactation stage, highlighting that a substantial amount is yet to be
discovered about breast milk as an ecosystem.

Limitations

Differentially abundant species are presented here based on
amplified 16S rRNA gene sequences alone and do not establish
viability of bacteria putatively identified. Future research
confirming these findings should attempt to isolate species
identified using culturing techniques. A concern often raised in
milk microbiome studies relates to primer selection, an important
limitation in bacterial marker technology. Inconsistency in the
perceived “core” genera of bacteria commonly identified in the
breast milk of healthy mothers is well captured in the systematic
human breast milk microbiome reviews of Jeurink et al. (2012)
and Fitzstevens et al. (2017) where most of the major studies
report Staphylococcus, Streptococcus, Pseudomonas and either
Bifidobacterium or Cutibacterium (formally Propionibacterium).
This observed inconsistency between Bifidobacterium and
Cutibacterium originates from the fundamental limitation of
bacterial marker technology that there are no universal primers
for the 16S rRNA gene (Klindworth et al, 2013; Gonzalez
et al., 2019). Sequence analysis has revealed that the difference
between these studies relates to a bias associated with primer
selection. Specifically, the primers 27F/533R (utilized in this
study), targets the V1-V3 region of the 16S rRNA gene and
are often used in breast milk microbiome studies (Cabrera-
Rubio et al., 2012; Mediano et al., 2017; Lackey et al., 2019)
can successfully amplify the putative “core” breast milk genus
Cutibacterium (formally Propionibacterium) (Hunt et al., 2011;
Jost et al., 2013; Jiménez et al., 2015) but cannot amplify species
from the putative “core” genus Bifidobacterium (Klindworth
et al, 2013). Conversely, the other most commonly used
primers, the 515F/806R primer pair (V4 region targeting), do
amplify species within the genus Bifidobacterium but do not
amplify species from the genera Cutibacterium (Klindworth
et al., 2013), although Bifidobacterium sp. are often (Moossavi
et al., 2019) but not always (Davé et al., 2016; Ramani et al,
2018) identified in breast milk studies when such primers are
used. Whole genome shotgun (WGS) approaches can serve
to resolve these types of identification bias generated from

16S rRNA primer selection; however, quantitative differential
abundance analysis using WGS approaches remains a technical
challenge for studies involving high sample numbers and with
high bacterial diversity, such as is present within breast milk.
Although Pseudomonas sp. are normally identified in breast
milk of healthy mothers (Martin et al, 2007; Hunt et al,
2011, 2012; Jost et al., 2013; Ward et al., 2013; Jiménez et al.,
2015; Urbaniak et al., 2016; McGuire and McGuire, 2017;
Moossavi et al., 2019) species from the genera are common in
the environment and could represent contamination (Jiménez
et al., 2015; Treven et al, 2019), particularly as late breast
milk samples had lower average DNA concentrations, although
recent evidence suggests Pseudomonas presence in breast milk is
genuine (Douglas et al., 2020).

CONCLUSION

Evidence is provided of extensive remodeling of the breast
milk microbiome across lactation stages in a cohort of healthy
unrelated Guatemalan mothers. These include a microbiome
shift from specific Staphylococcus and Streptococcus species at the
beginning of lactation toward Sphingobium and Pseudomonas
species at a later stage of lactation. Collectively, the findings
reveal that common changes occur in the healthy human
breast milk microbiome over the first 6 months of lactation
and highlight the importance of investigating the microbiome
at different stages of lactation. The large majority of species
significantly associated with later lactation, such as Sphingomonas
yanoikuyae, Pseudomonas putida, Stenotrophomonas maltophilia,
Cloacibacterium normanense, Comamonas testosteroni, Ottowia
beijingensis, and Flavobacterium cucumis are intriguing in
having the common functional trait of aromatic hydrocarbon
degradation. Whilst the contribution of specific bacterial
species to infant metabolism and immunity is largely opaque,
these distinct changes suggest active on-going remodeling
of the milk microbiome throughout lactation that could
contribute favorably to infant health. Moreover, these
insights illustrate the need to study under-represented
human communities in breast milk research given the
complexity of cross-talk between the mother-infant dyad
during lactation.
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