
Article

Evaluation of Microbiome Alterations Following Consumption
of BIOHM, a Novel Probiotic

Mahmoud A. Ghannoum 1,2,*, Thomas S. McCormick 1, Mauricio Retuerto 1, Gurkan Bebek 3, Susan Cousineau 4,
Lynn Hartman 4, Charles Barth 4 and Kory Schrom 2

����������
�������

Citation: Ghannoum, M.A.;

McCormick, T.S.; Retuerto, M.; Bebek,

G.; Cousineau, S.; Hartman, L.; Barth,

C.; Schrom, K. Evaluation of

Microbiome Alterations Following

Consumption of BIOHM, a Novel

Probiotic. Curr. Issues Mol. Biol. 2021,

43, 2135–2146. https://doi.org/

10.3390/cimb43030148

Academic Editor: Pedro Escoll

Received: 12 October 2021

Accepted: 24 November 2021

Published: 29 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Dermatology, Case Western Reserve University, Cleveland, OH 44106, USA;
tsm4@case.edu (T.S.M.); mauricio.retuerto@case.edu (M.R.)

2 University Hospitals Cleveland Medical Center, Cleveland, OH 44106, USA; Kory.Schrom@uhhospitals.or
3 Department of Nutrition, Case Western Reserve University, Cleveland, OH 44106, USA; gurkan@case.edu
4 Fermentation Festival, Santa Barbara, CA 93117, USA; connect@thefarmecologist.com (S.C.);

vineescape@gmail.com (L.H.); charlesbartht@gmail.com (C.B.)
* Correspondence: mag3@case.edu; Tel.: +1-216-844-8580

Abstract: Gastrointestinal microbiome dysbiosis may result in harmful effects on the host, including
those caused by inflammatory bowel diseases (IBD). The novel probiotic BIOHM, consisting of
Bifidobacterium breve, Saccharomyces boulardii, Lactobacillus acidophilus, L. rhamnosus, and amylase, was
developed to rebalance the bacterial–fungal gut microbiome, with the goal of reducing inflammation
and maintaining a healthy gut population. To test the effect of BIOHM on human subjects, we enrolled
a cohort of 49 volunteers in collaboration with the Fermentation Festival group (Santa Barbara,
CA, USA). The profiles of gut bacterial and fungal communities were assessed via stool samples
collected at baseline and following 4 weeks of once-a-day BIOHM consumption. Mycobiome analysis
following probiotic consumption revealed an increase in Ascomycota levels in enrolled individuals
and a reduction in Zygomycota levels (p value < 0.01). No statistically significant difference in
Basidiomycota was detected between pre- and post-BIOHM samples and control abundance profiles
(p > 0.05). BIOHM consumption led to a significant reduction in the abundance of Candida genus in
tested subjects (p value < 0.013), while the abundance of C. albicans also trended lower than before
BIOHM use, albeit not reaching statistical significance. A reduction in the abundance of Firmicutes
at the phylum level was observed following BIOHM use, which approached levels reported for
control individuals reported in the Human Microbiome Project data. The preliminary results from
this clinical study suggest that BIOHM is capable of significantly rebalancing the bacteriome and
mycobiome in the gut of healthy individuals, suggesting that further trials examining the utility of
the BIOHM probiotic in individuals with gastrointestinal symptoms, where dysbiosis is considered a
source driving pathogenesis, are warranted.
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1. Introduction

Human gastrointestinal (GI) microbiome research has primarily focused on resident
bacteria and their associated bacterial–host interactions, both beneficial and detrimental.
However, solely focusing on bacteria has neglected the potential influence of the host’s
fungal community (mycobiome) on health and disease. In a previous study, we character-
ized the gut bacterial microbiota (bacteriome) and the mycobiome in family members with
Crohn’s disease (CD) and their healthy relatives in an attempt to define the interactions
leading to dysbiosis in CD. We identified a positive correlation between bacteria and fungi,
wherein the bacteria, Escherichia coli and Serratia marcescens, and the fungus, Candida tropi-
calis, demonstrated increased abundance in the GI tract of CD patients when compared
with their non-Crohn healthy relatives [1]. Subsequently, we showed that C. tropicalis and
the two bacterial species cooperate in a strategic way to form in vitro pathogenic biofilms
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capable of causing damage to the epithelial cell lining of the gut and initiating an inflamma-
tory response [2]. Not only do these findings identify a possible new therapeutic targeting
approach (i.e., bacterial–fungal interaction modulation) in patients with inflammatory
bowel disease (IBD), they also highlight a possible avenue for improving human health
and disease as a whole through microbiome modulation.

One approach to combat IBD symptoms by preventing and treating microbiome
dysbiosis includes the use of probiotics, which the World Health Organization (WHO) has
defined as live microorganisms that confer health benefits on the host when administered
in adequate amounts [3]. The importance of research and development of probiotics for
use in IBD is highlighted in a review by Sartor [4], who reported previously that minimal
research has been carried out on probiotics in the setting of IBD, and studies that have been
conducted are in relatively small trials with a low number of enrolled patients. Although
the numbers of probiotic trials designed to address IBD have increased exponentially,
modest cohort size and outcomes still hamper interpretation and limit the rigor of this
research [5]. Clearly, there is a need for more clinical trials involving larger numbers of
subjects powered sufficiently to statistically address the efficacy of probiotics in GI diseases.

Since the cooperative interaction of fungi and bacteria in the dysbiotic state has been
shown to produce harmful effects on the host, it is logical to suggest that the introduc-
tion of different combinations of microbes in the form of probiotics to restore overall
balance may help to counteract these detrimental effects. Probiotics have been shown to
be effective in preventing and ameliorating various medical conditions, particularly those
involving the GI tract in children. Recently, certain probiotic bacteria have been studied
as a potential method to prevent opportunistic infectious diseases by stimulating the host
immune system [6–8]. Previous studies have reported the positive effects of probiotics in a
variety of diseases such as Candida vaginitis [9] and vulvovaginal candidiasis [10,11], oral
candidiasis [12], GI infection [13], colon carcinoma [14], and recent probiotic studies on
IBD [15–22].

Since it has been demonstrated that microbial dysbiosis is implicated in GI diseases
such as IBD, ulcerative colitis, and CD, developing probiotics that can rebalance and main-
tain the gut microbiota is a reasonable approach to counteract the effect of dysbiosis. The
development of the BIOHM probiotic was guided by microbiome analysis based on a
large cohort of individuals who were analyzed through the BIOHM gut testing platform
to design a probiotic that would affect organisms increased in individuals with intestinal
dysbiosis. Our aim was to select appropriate microbes that target pathogenic bacterial and
fungal strains while supporting beneficial ones. To achieve this, we conducted correlation
analyses of bacterial–bacterial and bacterial–fungal interactions to identify appropriate
probiotic strains. This work led to the development of a new probiotic, BIOHM, consist-
ing of Bifidobacterium breve 19bx, Saccharomyces boulardii 16mxg, Lactobacillus acidophilus
16axg, and L. rhamnosus 18fx, combined with the enzyme amylase based on its anti-biofilm
activity [23–25].

In order to determine the effect of BIOHM on the comprehensive intestinal microbiome
(CIM, representing bacterial and fungal communities) of human subjects, in this study,
we enrolled a cohort of 49 volunteers in collaboration with the Fermentation Festival
group (Santa Barbara, California). The CIM profiles of bacterial and fungal communities
were assessed at baseline and following 4 weeks of BIOHM use. We then compared the
bacteriome of our subjects with those reported by the Human Microbiome Project (HMP)
for healthy subjects as a control for bacterial abundance. For fungal controls, we used
cumulative fungal abundance data generated through the BIOHM Gut Test data repository
of healthy individuals.

2. Materials and Methods
2.1. Design of BIOHM Probiotic

Appropriate probiotic strain selection is critical to the probiotic design process. To
select optimal probiotic strains that antagonize (inhibit the growth of) harmful microorgan-
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isms while supporting beneficial ones, we conducted correlation analyses of bacterial–
bacterial and bacterial–fungal interactions. Based on our results, we identified indi-
vidual bacterial and yeast strains that antagonize Candida (Lactobacillus rhamnosus 18fx
(2.38 × 1010 CFU/g), Saccharomyces boulardii 16mxg (5.6 × 109 CFU/g), and Lactobacillus
acidophilus 16axg (2.38 × 1010 CFU/g)), as well as a bacterium that antagonizes both
S. marcescens and E. coli (Bifidobacterium breve 19bx (2.38 × 109 CFU/g)) [26].

Based on our data, which showed that fungi and bacteria cooperate in strategic ways
to form pathogenic, inflammation-inducing biofilms, we included the enzyme amylase in
our formulation, which has been shown to inhibit biofilms and can be safely incorporated
into a probiotic mixture [23].

Prior to reaching the small intestine, probiotics must first pass through the harsh acidic
environment of the stomach. The pH of the stomach can increase to a range of 4.0–6.0 after
ingestion of a meal but normally returns to the baseline acidic range of 1.5–3.5 within
approximately 2 h [27]. It has been estimated that only 20–40% of probiotic cells survive
this acidic exposure [28]. Previously, we evaluated the ability of selected BIOHM probiotic
strains to survive at acidic conditions and showed that the S. boulardii and L. rhamnosus
can survive at a pH of 1.5, while L. acidophilus and B. breve are able to survive the acidified
stomach environment if ingested within 30 min of a meal [29].

2.2. Participants

To evaluate the effect of BIOHM on the microbiome structure of healthy individuals,
we collaborated with the slow-food movement Fermentation Festival, Santa Barbara group
(the slow-food movement was founded by Carlo Petrinin in 1986 as an alternative to “fast
food”; proponents encourage traditional cooking of locally grown produce and livestock)
to enroll in the present study [30]. Fecal samples were collected from volunteers (n = 49)
who signed informed consent at baseline and following 4 weeks of once-a-day BIOHM
consumption, these individuals are represented as “before” and “after” in all figures.
In addition, a “normal” population was generated by comparing the bacteriome of our
subjects to those reported by the Human Microbiome Project (HMP) for healthy subjects
as a control for bacterial abundance (see below). For fungal “normal” controls, we used
cumulative fungal abundance data generated through the BIOHM Gut Test data repository
of healthy individuals.

2.3. HMP Patient Comparison Selection

To select the healthy normal subjects, we followed the inclusion and exclusion guide-
lines of the Human Microbiome Project [31]. Specifically, we excluded subjects that re-
ported any chronic disease (e.g., diabetes, heart disease, overweight defined as having
BMI > 35 kg/m2, as well as subjects on medications (especially antibiotics, antifungals,
acid reflux medications, etc.). This resulted in selecting 950 individuals considered healthy
(age ranges included 18–34, 34–54, 55+), with a BMI of 18.6–34.9 kg/m2, in our analysis.

2.4. DNA Extraction

Fecal samples were analyzed for their bacterial and fungal communities using Ion
Torrent sequencing technology. Samples were transferred to tubes containing glass beads
with the lysis solution included in the QiaAmpFast DNA Extraction Kit (QIAGEN, Ger-
mantown, MD, USA). Bacterial and fungal DNAs were isolated and purified following
the manufacturer’s instructions with minor modifications: In this regard, we incorporated
an additional bead-beating step (Sigma-Aldrich beads, diameter = 500 µm), with the MP
FastPrep-24 speed setting of 6 M/s and 2 × 40 s cycles. The quality and purity of the
isolated genomic DNA were confirmed using a NanoDrop 2000 (Fisher Scientific, Waltham,
MA, USA). DNA concentration was quantified using a Qubit 2.0 instrument applying the
Qubit dsDNA HS Assay (Life Technologies, Carlsbad, CA USA) and adjusted to 100 ng per
sample. Extracted DNA samples were stored at −20 ◦C.
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2.5. Bacterial 16S rRNA Gene or Pan Fungal ITS Amplicon Library Preparation

For bacteria, the V3-V4 region of the 16S rRNA gene was amplified using 16S-515F:
GTGCCAGCMGCCGCGGTAA and 16s-806R: GGACTACHVGGGTWTCTAAT primers,
while the fungal ITS region was amplified using ITS1 (CTTGGTCATTTAGAGGAAGTAA)
and ITS 2 (GCTGCGTTCTTCATCGATGC) primers. The reactions were carried out on a
100 ng template DNA, in a 50 µL (final volume) reaction mixture consisting of Q5 PCR
Master Mix (ThermoScientific, Waltham, MA, USA), for a final primer concentration of
400 nM. Initial denaturation at 94 ◦C for 3 min was followed by 30 cycles of denaturation
for 30 s each at 94 ◦C, annealing at 57 ◦C (16 s) or 59 ◦C (ITS) for 30 s, and extension at
72 ◦C for 10 s. Following the 30-cycle amplification, there was a final extension time of
15 s at 72 ◦C. The size and quality of amplicons were screened on a 1.5% TAE agarose gel,
separated using 100v, and electrophoresed for 45 min then stained with ethidium bromide.
The PCR products were sheared for 20 min, using Ion Shear Plus Fragment Library Kit (Life
Technologies, Carlsbad, CA, USA). The amplicon library was generated with sheared PCR
products using Ion Plus Fragment Library Kit (<350 bp) according to the manufacturer’s
instructions. The library was barcoded with Ion Xpress™ Barcode Adapter and ligated
with the A and P1 adaptors.

2.6. Next-Generation Sequencing, Classification, and Analysis

The adapted barcoded libraries were concentrated 4–6× in a speed-vac (ThermoSci-
entific, Waltham, MA, USA) and the concentrated pooled libraries were then quantified
using a TaqMan Quantitation Kit (ThermoScientific, Waltham, MA, USA). The libraries
were adjusted to 100 pM and attached to the surface of Ion Sphere particles (ISPs) using
an Ion PGM Template OT2 400 bp Hi-Q View Kit (LifeTechnologies, Carlsbad, CA, USA)
according to the manufacturer’s instructions, via emulsion PCR. The quality of ISP tem-
plates was checked using Ion Sphere™ Quality Control Kit (Part no. 4468656) with the
Qubit 2.0 device. Sequencing of the pooled libraries was carried out on an Ion Torrent
PGM System using the Ion Sequencing 400 bp Hi-Q View Kit (Life Technologies, Carlsbad,
CA, USA) for 150 cycles (600 flows) with a 318 v2 chip, following the manufacturer’s
instructions. De-multiplexing and classification were performed using the Qiime Platform
(ver. 1.8). The resulting sequence data were trimmed to remove adapters, barcodes, and
primers during the de-multiplexing process. In addition, the sequence data were filtered
for the removal of low-quality reads below the Q25 Phred score and de-noised to exclude
sequences with a read length below 100 bp [32]. De novo OTU’s were clustered using
the Uclust algorithm and defined by 97% sequence similarity [33]. Classification at the
species level was referenced using the Greengenes (v. 13.8) reference database [34] and
taxa assigned using the nBlast method with a 90% confidence cut-off [35]. Abundance
profiles for the microbiota were generated and imported into Partek Discover Suite v6.11
for principal components analysis (PCA). Diversity and correlation analyses and Kruskal–
Wallis (non-parametric) analysis of variance were performed using abundance data and
R statistical analysis software (CRAN, and Morgan) with packages (Psych and Vegan,
Bioconductor). Diversity indices, including SDI, Richness (N), and PE, were calculated at
all taxonomic levels.

2.7. Statistical Analyses

Pre- and post-BIOHM consumption data were analyzed for each sample. Statistical
significance levels were calculated, comparing the changes across groups by t-test for a
given genus, species, or phylum. A p value < 0.05 was considered significant.

3. Results
3.1. Effect of BIOHM on the Mycobiome Community

Figure 1 shows the phyla level profile of the mycobiome community before and after
BIOHM consumption, compared with the level of fungal phyla observed in “normal”
healthy individuals from the BIOHM gut testing platform cohort. Enrolled subjects had
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significantly lower levels of the phylum Ascomycota at baseline, compared with controls,
while the level of phylum Zygomycota of the participants was significantly higher at
baseline. No significant difference in Basidiomycota was observed in enrolled individuals
compared to the healthy profile.
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Figure 1. Phyla level abundance profile of the mycobiome community. Fecal samples were collected from subjects at baseline
and following 4 weeks of once-a-day consumption of the probiotic BIOHM. The phyla level comparison of mycobiome
abundance is shown for baseline (Before) and post-4 week consumption of BIOHM (After). Reference abundance levels
(Normal) of the representative phyla are shown based upon the average abundance of a cohort of healthy individuals taken
from the participants of the BIOHM gut survey (n = 950). *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Mycobiome analysis following probiotic consumption (“after”) showed an increase in
Ascomycota levels in enrolled individuals, and the abundance of this phylum increased to
levels observed in healthy control profiles, a reduction in Zygomycota levels (p value < 0.01)
with a subsequent decrease in phylum abundance also matched healthy control profiles.
No statistically significant difference in Basidiomycota was detected between pre- and
post-BIOHM samples and control abundance profiles (p > 0.05).

3.2. Effect of BIOHM on Candida Genus and Species Level

Abundance levels of Candida genus and C. albicans before and after BIOHM are shown
in Figures 2 and 3, respectively. Our data show that BIOHM consumption led to a significant
reduction in the abundance of Candida genus in tested subjects (p value < 0.013), while
the abundance of C. albicans also tended to be lower than before BIOHM use, albeit not
reaching statistical significance, compared with healthy control profiles (Figure 2). The
level of C. albicans at baseline also tended to be higher than the cumulative healthy subject
average abundance (Figure 3).

3.3. Effect of BIOHM on the Bacteriome Community

Our data showed baseline enrolled subjects had significantly lower phylum levels
of Bacteroidetes, compared with the HMP healthy control cohort, while the phylum level
of Firmicutes of these subjects was higher at baseline (p value < 0.01). Subjects in the
enrolled cohort had significantly higher phylum levels of Proteobacteria (known to be a
red flag for inflammation) at baseline, compared with the HMP healthy control values
(p value < 0.001). The phyla Actinobacteria, Tenericutes, and Verrucomicrobia were de-
tected at low abundance in all subjects irrespective of the time of collection relative to
BIOHM use (Figure 4).
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A reduction in the abundance of Firmicutes at the phylum level was noted following
BIOHM use, which approached levels reported for HMP controls. No significant changes
before and after BIOHM use were noted in the other phyla.
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Figure 3. Candida albicans abundance levels before and after 4 weeks of BIOHM consumption. Fecal
samples were collected from subjects at baseline and following 4 weeks of once-a-day consumption
of the probiotic BIOHM. The Candida albicans abundance level is shown for baseline (Before) and
post-4 week consumption of BIOHM (After). Reference abundance levels (Normal) of Candida albicans
were generated from the average abundance of Candida albicans in a cohort of healthy individuals
who participated in providing samples to BIOHM for gut survey testing (n = 950).
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4. Discussion

Several relevant changes occurred in the GI systems of subjects in the BIOHM cohort.
A 4-week regimen of a once-a-day dosage of BIOHM reduced gut dysbiosis of Candida at
the genus level, compared with the healthy control profile. Of particular significance to
our study is the reduction in Candida numbers in the gut. Diarrhea is a common side effect
of antibiotic use associated with the treatment of IBD, due to the eradication of beneficial
along with harmful bacteria. As a result, Candida can overgrow in the GI tract, leading to
further dysbiosis. For example, C. tropicalis, as well as C. albicans, have been shown to be
elevated in CD [26,36].

Beneficial changes in the bacterial community following BIOHM consumption were
also demonstrated. Noteworthy was the normalization of the abundance ratio between
Bacteroidetes and Firmicutes bacterial phyla. In the healthy gut, Bacteroidetes will out-
number Firmicutes strains, and a disruption of this balance may lead to obesity or sleep
disorders [37,38]. Thus, the increase in Bacteroidetes and decrease in Firmicutes following
BIOHM use suggested an improved balance between these strains of organisms.

Our previous work demonstrated that C. tropicalis, S. marcescens, and E. coli are over-
abundant in CD patients, suggesting that these organisms may form a mixed-species
biofilm in the gut. Data from our previously reported in vitro study demonstrated that the
culture filtrate from the BIOHM probiotic strains inhibited fungal growth and germination,
and possessed activity against both planktonic and biofilm forms of Candida, suggesting
that this activity is mediated by secretory factors [2]. Given these observations, one potential
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strategic approach to limiting the polymicrobial interactions observed in IBD would be
through the judicious use of a probiotic nutritional supplement.

Traditional approaches to IBD treatment include the use of biologic therapies such as
humanized monoclonal antibodies [39] that target and block specific immune pathways
that drive mucosal inflammation. Although these types of therapies have proven to be
successful in inducing and maintaining remission, patients often become recalcitrant to
their effects over time [40].

In an effort to circumvent the associated risks of biologic therapy, antimicrobials
have also been employed to control inflammatory symptoms resulting from pathogenic
bacteria and fungi colonizing the gut. However, while some patients report relief of IBD
symptoms during antibiotic therapy, concerns remain with respect to tolerability, long-term
safety, and the emergence of resistant strains [41]. Equally relevant to gut health is the
effect of antibiotic use on the bacteriome, or bacterial makeup, of the gut microbiome.
Antibiotics may have several adverse effects, which may include the development of
resistant antibacterial strains, reduction in beneficial bacteria that produce vitamins such
as vitamin K, lower diversity of microbial species that may lead to increased susceptibility
to pathogens, and changes to immune reactions in the gut [42]. Importantly, it is becoming
clear that broad-spectrum antibiotic use leads to the eradication of pathogenic bacteria as
well as beneficial ones, particularly in the gut [43]. As a consequence of the antibiotic effect,
Candida living in the GI tract overgrow, leading to further dysbiosis.

In that regard, enteric colonization by Candida is the most important predictor of
invasive fungal infections [44]. It is important to note, however, that Candida colonizes the
GI tract in over half of healthy individuals as well [45], and the development of mucosal
or systemic candidiasis can occur due to hormonal imbalance and immunosuppressive
conditions in addition to antibiotic overuse [46]. Thus, designing new strategies that
enhance beneficial microbes while inhibiting the expansion of detrimental organisms
is desirable.

Recently, new over-the-counter probiotic products have been developed with the goal
of preventing and ameliorating gut dysbiosis and IBD. In a previous in vitro study, we
determined the effect of a novel formulation containing the probiotic strains S. boulardii,
B. breve, L. acidophilus, and L. rhamnosus on pathogenic yeast and enteric bacteria, identified
as possible contributors to the inflammatory process [2].

S. boulardii, a well-known probiotic species, is widely used for the prevention and/or
treatment of intestinal disorders, including antimicrobial-associated diarrhea, recurrent
Clostridioides difficile (previously Clostridium difficile) disease, acute diarrhea in adults and
children induced by a variety of enteric pathogens, traveler’s diarrhea, and relapses of
CD or UC. Benefits of S. boulardii are believed to be related to direct enzymatic effects,
modulation of the gut endogenous flora, and enhancement of the immune response.
Samonis et al. evaluated the virulence of S. boulardii when used as a probiotic, and its
role in preventing GI colonization by Candida in a murine model [47]. They showed that
the gut colonization was proportional to the given dose but lasted only one week; no
dissemination of the yeast was detected.

Lactobacillus spp., Bifidobacterium spp., and S. boulardii have shown efficacy against
intestinal disorders, especially if treatment is introduced early. Orally administered L.
acidophilus and L. rhamnosus (as cheese ingredients) have also been shown to reduce oral
Candida colonization in denture wearers [48].

An in vitro study by Ribeiro et al. showed that both cells and supernatant of L. rhamno-
sus reduced C. albicans biofilm formation, filamentation, gene expression of adhesins (ALS3
and HWP1), and transcriptional regulatory genes (BCR1 and CPH1) [49]. Furthermore,
probiotics have been described as a potential strategy to control opportunistic infections
due to their ability to stimulate the immune system. In an in vivo study by Rossoni et al.,
strains of L. paracasei, L. rhamnosus, and L. fermentum were used in a Galleria mellonella
larvae model to evaluate whether clinical isolates of Lactobacillus spp. are able to provide
protection against C. albicans infection [50]. Their data demonstrated that L. paracasei strain
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28.4 had the greatest ability to prolong the survival of larvae infected with a lethal dose of
C. albicans, demonstrating that Lactobacillus can modulate the immune system.

Thus, a probiotic that will restore fungal and bacterial balance in the gut should be of
enormous benefit to individuals suffering from IBD, as well as to the health of the general
population. The ability of BIOHM to reduce polymicrobial biofilm formation may be an
outcome of particular importance considering the pathogenesis associated with biofilms
and the refractory nature of organisms incorporated in biofilms to traditional therapeu-
tics [2]. The ability to limit biofilm formed by microbial pathogens may improve the overall
ability to keep pathogenic organisms in check by decreasing the matrix of biofilms.

5. Conclusions

Our preliminary results show that BIOHM consumption results in the regulation
of both bacterial and fungal abundance in the gut within 4 weeks of daily consumption.
Importantly, the ability to significantly decrease the pathogenic genus Candida suggests
that this probiotic should be further examined using expanded clinical trials including IBD
patients, where we know imbalance in polymicrobial interactions is a key to dysbiosis and
pathogenesis [1].

Limitations of the current study include the modest number of participants in the
study as well as the lack of matched controls, although each participant did serve as their
own control at baseline. Further limits include subject demographics and knowledge
regarding potential dietary differences or the use of other potential probiotic regimens
prior to participation in the current study. A more longitudinal sampling approach in future
studies would provide more insight regarding the natural variability of the microbiome
and how it reacts to external factors, such as changes in diet or the intake of probiotics.

Given our early success in demonstrating the ability of BIOHM to modulate the gut
microbiome structure, more extensive placebo-controlled clinical trials are warranted to
determine whether this novel probiotic could ameliorate or prevent symptoms in persons
with IBD or gut dysbiosis. Further clinical implications regarding BIOHM consumption
to consider are the face validity of being able to modulate both bacterial and fungal gut
constituents. Modulation of the gut microbiome suggests that in addition to clinical ap-
proaches such as fecal microbiome transplant, it may be possible one day to tailor probiotics
that would augment host microbial composition and may show efficacy as primary or
adjuvant therapies for the treatment of diseases such as irritable bowel syndrome (IBS)
or obesity. Indeed, the ability to modulate the microbiome through the rational design
of probiotic would be useful in any number of clinical outcomes influenced by the gut
microbiome, including potential immune modulation.
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5. Jakubczyk, D.; Leszczyńska, K.; Górska, S. The Effectiveness of Probiotics in the Treatment of Inflammatory Bowel Disease

(IBD)—A Critical Review. Nutrients 2020, 12, 1973. [CrossRef] [PubMed]
6. Jorjão, A.L.; De Oliveira, F.E.; Leão, M.V.P.; Carvalho, C.A.T.; Jorge, A.O.C.; Oliveira, L. Live and Heat-KilledLactobacillus

rhamnosusATCC 7469 May Induce Modulatory Cytokines Profiles on Macrophages RAW 264.7. Sci. World J. 2015, 2015, 1–6.
[CrossRef] [PubMed]

7. Ryan, K.A.; O’Hara, A.M.; Van Pijkeren, J.-P.; Douillard, F.P.; O’Toole, P. Lactobacillus salivarius modulates cytokine induction
and virulence factor gene expression in Helicobacter pylori. J. Med. Microbiol. 2009, 58, 996–1005. [CrossRef]

8. Wickens, K.; Black, P.N.; Stanley, T.V.; Mitchell, E.; Fitzharris, P.; Tannock, G.W.; Purdie, G.; Crane, J. A differential effect of
2 probiotics in the prevention of eczema and atopy: A double-blind, randomized, placebo-controlled trial. J. Allergy Clin. Immunol.
2008, 122, 788–794. [CrossRef] [PubMed]

9. De Seta, F.; Parazzini, F.; De Leo, R.; Banco, R.; Maso, G.; De Santo, D.; Sartore, A.; Stabile, G.; Inglese, S.; Tonon, M.; et al.
Lactobacillus plantarum P17630 for preventing Candida vaginitis recurrence: A retrospective comparative study. Eur. J. Obstet.
Gynecol. Reprod. Biol. 2014, 182, 136–139. [CrossRef] [PubMed]

10. Chew, S.Y.; Cheah, Y.K.; Seow, H.F.; Sandai, D.; Than, L.T.L. Probiotic L actobacillus rhamnosus GR-1 and L actobacillus reuteri
RC-14 exhibit strong antifungal effects against vulvovaginal candidiasis-causing C andida glabrata isolates. J. Appl. Microbiol.
2015, 118, 1180–1190. [CrossRef]

11. Yang, S.; Reid, G.; Challis, J.R.; Gloor, G.B.; Asztalos, E.; Money, D.; Seney, S.; Bocking, A.D. Effect of Oral Probiotic Lactobacillus
rhamnosus GR-1 and Lactobacillus reuteri RC-14 on the Vaginal Microbiota, Cytokines and Chemokines in Pregnant Women.
Nutrients 2020, 12, 368. [CrossRef] [PubMed]

12. Ai, R.; Wei, J.; Ma, D.; Jiang, L.; Dan, H.; Zhou, Y.; Ji, N.; Zeng, X.; Chen, Q. A meta-analysis of randomized trials assessing the
effects of probiotic preparations on oral candidiasis in the elderly. Arch. Oral Biol. 2017, 83, 187–192. [CrossRef]

13. Hayama, K.; Ishijima, S.; Ono, Y.; Izumo, T.; Ida, M.; Shibata, H.; Abe, S. Protective activity of S-PT84, a heat-killed preparation of
Lactobacillus pentosus, against oral and gastric candidiasis in an experimental murine model. Nippon. Ishinkin Gakkai Zasshi 2014,
55, J123–J129.

14. Zitvogel, L.; Galluzzi, L.; Viaud, S.; Vétizou, M.; Daillère, R.; Merad, M.; Kroemer, G. Cancer and the gut microbiota: An unex-
pected link. Sci. Transl. Med. 2015, 7, 271ps1. [CrossRef] [PubMed]

15. Alard, J.; Peucelle, V.; Boutillier, D.; Breton, J.; Kuylle, S.; Pot, B.; Holowacz, S.; Grangette, C. New probiotic strains for
inflammatory bowel disease management identified by combining in vitro and in vivo approaches. Benef. Microbes 2018,
9, 317–331. [CrossRef] [PubMed]

16. Dore, M.P.; Bibbò, S.; Fresi, G.; Bassotti, G.; Pes, G.M. Side Effects Associated with Probiotic Use in Adult Patients with
Inflammatory Bowel Disease: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Nutrients 2019, 11, 2913.
[CrossRef]

17. Dore, M.P.; Rocchi, C.; Longo, N.P.; Scanu, A.M.; Vidili, G.; Padedda, F.; Pes, G.M. Effect of Probiotic Use on Adverse Events in
Adult Patients with Inflammatory Bowel Disease: A Retrospective Cohort Study. Probiotics Antimicrob. Proteins 2019, 12, 152–159.
[CrossRef]

18. Fatmawati, N.N.D.; Gotoh, K.; Mayura, I.P.B.; Nocianitri, K.A.; Suwardana, G.N.R.; Komalasari, N.L.G.Y.; Ramona, Y.; Sakaguchi,
M.; Matsushita, O.; Sujaya, I.N. Enhancement of intestinal epithelial barrier function by Weissella confusa F213 and Lactobacillus
rhamnosus FBB81 probiotic candidates in an in vitro model of hydrogen peroxide-induced inflammatory bowel disease. BMC
Res. Notes 2020, 13, 1–7. [CrossRef]

19. Ghavami, S.B.; Yadegar, A.; Aghdaei, H.A.; Sorrentino, D.; Farmani, M.; Mir, A.S.; Azimirad, M.; Balaii, H.; Shahrokh, S.; Zali, M.R.
Immunomodulation and Generation of Tolerogenic Dendritic Cells by Probiotic Bacteria in Patients with Inflammatory Bowel
Disease. Int. J. Mol. Sci. 2020, 21, 6266. [CrossRef]

20. Kumar, M.; Hemalatha, R.; Nagpal, R.; Singh, B.; Parasannanavar, D.; Verma, V.; Kumar, A.; Marotta, F.; Catanzaro, R.; Cuffari,
B.; et al. Probiotic Approaches for Targeting Inflammatory Bowel Disease: An Update on Advances and Opportunities in
Managing the Disease. Int. J. Probiotics Prebiotics 2016, 11, 99–116.

http://doi.org/10.1128/mBio.01250-16
http://doi.org/10.1128/mBio.00338-19
http://www.ncbi.nlm.nih.gov/pubmed/30940712
http://doi.org/10.1097/MCG.0b013e3182549092
http://www.ncbi.nlm.nih.gov/pubmed/22688142
http://www.ncbi.nlm.nih.gov/pubmed/15687884
http://doi.org/10.3390/nu12071973
http://www.ncbi.nlm.nih.gov/pubmed/32630805
http://doi.org/10.1155/2015/716749
http://www.ncbi.nlm.nih.gov/pubmed/26649329
http://doi.org/10.1099/jmm.0.009407-0
http://doi.org/10.1016/j.jaci.2008.07.011
http://www.ncbi.nlm.nih.gov/pubmed/18762327
http://doi.org/10.1016/j.ejogrb.2014.09.018
http://www.ncbi.nlm.nih.gov/pubmed/25305660
http://doi.org/10.1111/jam.12772
http://doi.org/10.3390/nu12020368
http://www.ncbi.nlm.nih.gov/pubmed/32019222
http://doi.org/10.1016/j.archoralbio.2017.04.030
http://doi.org/10.1126/scitranslmed.3010473
http://www.ncbi.nlm.nih.gov/pubmed/25609166
http://doi.org/10.3920/BM2017.0097
http://www.ncbi.nlm.nih.gov/pubmed/29488412
http://doi.org/10.3390/nu11122913
http://doi.org/10.1007/s12602-019-9517-0
http://doi.org/10.1186/s13104-020-05338-1
http://doi.org/10.3390/ijms21176266


Curr. Issues Mol. Biol. 2021, 43 2145

21. Sato, N.; Yuzawa, M.; Aminul, I.; Tomokiyo, M.; Albarracin, L.; Garcia-Castillo, V.; Ideka-Ohtsubo, W.; Iwabuchi, N.; Xiao, J.-Z.;
Garcia-Cancino, A.; et al. Evaluation of Porcine Intestinal Epitheliocytes as an In vitro Immunoassay System for the Selection of
Probiotic Bifidobacteria to Alleviate Inflammatory Bowel Disease. Probiotics Antimicrob. Proteins 2021, 13, 824–836. [CrossRef]

22. White, R.; Atherly, T.; Guard, B.; Rossi, G.; Wang, C.; Mosher, C.; Webb, C.; Hill, S.; Ackermann, M.; Sciabarra, P.; et al.
Randomized, controlled trial evaluating the effect of multi-strain probiotic on the mucosal microbiota in canine idiopathic
inflammatory bowel disease. Gut Microbes 2017, 8, 451–466. [CrossRef] [PubMed]

23. Craigen, B.; Dashiff, A.; Kadouri, D.E. The Use of Commercially Available Alpha-Amylase Compounds to Inhibit and Remove
Staphylococcus aureus Biofilms. Open Microbiol. J. 2011, 5, 21–31.

24. Kalpana, B.J.; Aarthy, S.; Pandian, S.K. Antibiofilm Activity of α-Amylase from Bacillus subtilis S8-18 Against Biofilm Forming
Human Bacterial Pathogens. Appl. Biochem. Biotechnol. 2012, 167, 1778–1794. [CrossRef]

25. Vaikundamoorthy, R.; Rajendran, R.; Selvaraju, A.; Moorthy, K.; Perumal, S. Development of thermostable amylase enzyme from
Bacillus cereus for potential antibiofilm activity. Bioorganic Chem. 2018, 77, 494–506. [CrossRef]

26. Hager, C.L.; Ghannoum, M.A. The mycobiome: Role in health and disease, and as a potential probiotic target in gastrointestinal
disease. Dig. Liver Dis. 2017, 49, 1171–1176. [CrossRef]

27. Dressman, J.B.; Berardi, R.R.; Dermentzoglou, L.C.; Russell, T.L.; Schmaltz, S.P.; Barnett, J.L.; Jarvenpaa, K.M. Upper gastrointesti-
nal (GI) pH in young, healthy men and women. Pharm. Res. 1990, 7, 756–761. [CrossRef]

28. Bezkorovainy, A. Probiotics: Determinants of survival and growth in the gut. Am. J. Clin. Nutr. 2001, 73, 399s–405s. [CrossRef]
29. Ghannoum, M.; Ghannoum, A.; Long, L.; Sun, P.L.; Isham, N. BIOHM Probiotics Retain Viability in Low pH Environments

Simulating the Digestive Environment. J. Probiotics Heal. 2019, 07, 1–4.
30. Andrews, G. The slow food story. Sound. 2006, 31, 88–102. [CrossRef]
31. The 2017 NIH-Wide Microbiome Workshop Writing Team. 2017 NIH-wide workshop report on “The Human Microbiome:

Emerging Themes at the Horizon of the 21st Century”. Microbiome 2019, 7, 32.
32. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.; Costello, E.K.; Fierer, N.; Peña, A.G.; Goodrich, J.K.;

Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335–336.
[CrossRef] [PubMed]

33. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef]

34. DeSantis, T.Z.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie, E.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; Andersen, G.L. Greengenes,
a Chimera-Checked 16S rRNA Gene Database and Workbench Compatible with ARB. Appl. Environ. Microbiol. 2006, 72, 5069–5072.
[CrossRef]

35. Edgar, R.C. Search and clustering orders of magnitude faster than BLAST. Bioinform. 2010, 26, 2460–2461. [CrossRef]
36. Sokol, H.; Leducq, V.; Aschard, H.; Pham, H.-P.; Jegou, S.; Landman, C.; Cohen, D.; Liguori, G.; Bourrier, A.; Nion-Larmurier, I.; et al.

Fungal microbiota dysbiosis in IBD. Gut 2017, 66, 1039–1048. [CrossRef]
37. Brown, K.; DeCoffe, D.; Molcan, E.; Gibson, D.L. Diet-Induced Dysbiosis of the Intestinal Microbiota and the Effects on Immunity

and Disease. Nutrients 2012, 4, 1095–1119. [CrossRef]
38. Jumpertz, R.; Le, D.S.; Turnbaugh, P.; Trinidad, C.; Bogardus, C.; Gordon, J.I.; Krakoff, J. Energy-balance studies reveal associations

between gut microbes, caloric load, and nutrient absorption in humans. Am. J. Clin. Nutr. 2011, 94, 58–65. [CrossRef] [PubMed]
39. Deepak, P.; Loftus, E.V., Jr. Ustekinumab in treatment of Crohn’s disease: Design, development, and potential place in therapy.

Drug Des. Dev. Ther. 2016, 10, 3685–3698. [CrossRef] [PubMed]
40. Allez, M.; Karmiris, K.; Louis, E.; Van Assche, G.; Ben-Horin, S.; Klein, A.; Van Der Woude, J.; Baert, F.; Eliakim, R.; Katsanos,

K.; et al. Report of the ECCO pathogenesis workshop on anti-TNF therapy failures in inflammatory bowel diseases: Definitions,
frequency and pharmacological aspects. J. Crohn’s Coliti 2010, 4, 355–366. [CrossRef]

41. Abraham, B.; Quigley, E.M.M. Antibiotics and probiotics in inflammatory bowel disease: When to use them? Front. Gastroenterol.
2020, 11, 62–69. [CrossRef]

42. Langdon, A.; Crook, N.; Dantas, G. The effects of antibiotics on the microbiome throughout development and alternative
approaches for therapeutic modulation. Genome Med. 2016, 8, 1–16. [CrossRef]

43. Rainer, B.M.; Thompson, K.G.; Antonescu, C.; Florea, L.; Mongodin, E.F.; Kang, S.; Chien, A.L. Impact of lifestyle and demograph-
ics on the gut microbiota of acne patients and the response to minocycline. J. Dermatol. Treat. 2020, 32, 1–2.

44. Cerikcioglu, N.; Ilki, A.; Bilgen, H.; Ozek, E.; Metin, F.; Kalacs, S. The relationships between candidemia and candidal colonization
and virulence factors of the colonizing strains in preterm infants. Turk. J. Pediatr. 2004, 46, 245–250.

45. Coronado-Castellote, L.; Jiménez-Soriano, Y. Clinical and microbiological diagnosis of oral candidiasis. J. Clin. Exp. Dent. 2013,
5, e279–e286. [CrossRef]

46. Martínez-Álvarez, J.A.; Pérez-García, L.A.; Flores-Carreón, A.; Mora-Montes, H.M. The immune response against Candida spp.
and Sporothrix schenckii. Revista Iberoamericana de Micología 2014, 31, 62–66. [CrossRef]

47. Samonis, G.; Falagas, M.E.; Lionakis, S.; Ntaoukakis, M.; Kofteridis, D.P.; Ntalas, I.; Maraki, S. Saccharomyces boulardiiandCan-
dida albicansexperimental colonization of the murine gut. Med. Mycol. 2011, 49, 395–399. [CrossRef]

48. Miyazima, T.Y.; Ishikawa, K.H.; Mayer, M.; Saad, S.; Nakamae, A. Cheese supplemented with probiotics reduced theCandidalevels
in denture wearers-RCT. Oral Dis. 2017, 23, 919–925. [CrossRef]

http://doi.org/10.1007/s12602-020-09694-z
http://doi.org/10.1080/19490976.2017.1334754
http://www.ncbi.nlm.nih.gov/pubmed/28678609
http://doi.org/10.1007/s12010-011-9526-2
http://doi.org/10.1016/j.bioorg.2018.02.014
http://doi.org/10.1016/j.dld.2017.08.025
http://doi.org/10.1023/A:1015827908309
http://doi.org/10.1093/ajcn/73.2.399s
http://doi.org/10.3898/136266206820466200
http://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
http://doi.org/10.1016/S0022-2836(05)80360-2
http://doi.org/10.1128/AEM.03006-05
http://doi.org/10.1093/bioinformatics/btq461
http://doi.org/10.1136/gutjnl-2015-310746
http://doi.org/10.3390/nu4081095
http://doi.org/10.3945/ajcn.110.010132
http://www.ncbi.nlm.nih.gov/pubmed/21543530
http://doi.org/10.2147/DDDT.S102141
http://www.ncbi.nlm.nih.gov/pubmed/27956825
http://doi.org/10.1016/j.crohns.2010.04.004
http://doi.org/10.1136/flgastro-2018-101057
http://doi.org/10.1186/s13073-016-0294-z
http://doi.org/10.4317/jced.51242
http://doi.org/10.1016/j.riam.2013.09.015
http://doi.org/10.3109/13693786.2010.533203
http://doi.org/10.1111/odi.12669


Curr. Issues Mol. Biol. 2021, 43 2146

49. Ribeiro, F.; De Barros, P.; Rossoni, R.; Junqueira, J.; Jorge, A. Lactobacillus rhamnosusinhibitsCandida albicansvirulence
factorsin vitroand modulates immune system inGalleria mellonella. J. Appl. Microbiol. 2016, 122, 201–211. [CrossRef]

50. Rossoni, R.; Fuchs, B.B.; de Barros, P.P.; Velloso, M.D.S.; Jorge, A.O.C.; Junqueira, J.C.; Mylonakis, E. Lactobacillus paraca-
sei modulates the immune system of Galleria mellonella and protects against Candida albicans infection. PLOS ONE 2017,
12, e0173332.

http://doi.org/10.1111/jam.13324

	Introduction 
	Materials and Methods 
	Design of BIOHM Probiotic 
	Participants 
	HMP Patient Comparison Selection 
	DNA Extraction 
	Bacterial 16S rRNA Gene or Pan Fungal ITS Amplicon Library Preparation 
	Next-Generation Sequencing, Classification, and Analysis 
	Statistical Analyses 

	Results 
	Effect of BIOHM on the Mycobiome Community 
	Effect of BIOHM on Candida Genus and Species Level 
	Effect of BIOHM on the Bacteriome Community 

	Discussion 
	Conclusions 
	References

