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ABSTRACT

Shifts in microbial populations of the intestinal tract have been associated with a multitude of
nutritional, autoimmune, and infectious diseases. The limited diversity following antibiotic
treatments creates a window for opportunistic pathogens, diarrhea, and inflammation as the
microbiome repopulates. Depending on the antibiotics used, microbial diversity can take weeks to
months to recover. To alleviate this loss of diversity in the intestinal microbiota, supplementation
with probiotics has become increasingly popular. However, our understanding of the purported
health benefits of these probiotic bacteria and their ability to shape the microbiome is significantly
lacking. This study examined the impact of probiotics concurrent with antibiotic treatment or
during the recovery phase following antibiotic treatment of mice. We found that probiotics did not
appear to colonize the intestine themselves or shift the overall diversity of the intestinal microbiota.
However, the probiotic supplementation did significantly change the types of bacteria which were
present. In particular, during the recovery phase the probiotic caused a suppression of
Enterobacteriaceae outgrowth (Shigella and Escherichia) while promoting a blooming of Firmicutes,
particularly from the Anaerotruncus genus. These results indicate that probiotics have a significant
capacity to remodel the microbiome of an individual recovering from antibiotic therapy.
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Introduction
major health problem due to the significant and long

The gastrointestinal tract of mammals contains a
highly diverse and complex community of microor-
ganisms. The species level taxonomy of this commu-
nity can vary significantly between individuals but the
core microbiome is conserved and has high functional
redundancy.'” The host relies on these microbial den-
izens for nutrition, regulation of intestinal structures,
immune system development, and protection from
opportunistic pathogens.*® The microbiome plays an
essential role in maintaining the host health.
Disturbances to the microbiome can lead to altered
states of microbial complexity, also known as dysbio-
sis, which has been associated with various disease
states. Correlations between altered microbiome and
disease state has been suggested in several conditions
such as obesity, inflammatory bowel disease (IBD),
allergy, antibiotic associated diarrhea, or opportunistic
pathogen infection.”'® In particular the antibiotic
induced alterations of the gut microbiome can pose a

lasting changes to the microbial community following
treatment. Taking antibiotics can promote the reser-
voir of antibiotic resistance genes and the emergence
of highly resistant strains of bacteria.'""'* Additionally,
antibiotic treatment can eliminate non-pathogenic
commensal bacteria allowing opportunistic pathogens,
such as Clostridium difficile, to flourish.

To treat gastrointestinal distress the consumption of
probiotics has received a substantial amount of public
enthusiasm, vastly outpacing research based evidence
of efficacy. Probiotics are living organisms which have
been ascribed health promoting benefits following
ingestion, commonly of the genera Lactobacillus, Lacto-
coccus, or Bifidobacterium. These fermented milk prod-
uct probiotics do not impact the diversity of an intact
“healthy” microbial population.'> Meta analysis of trials
utilizing probiotics in the context of disease states has
shown some efficacy.'*'® However, the impact on a
microbiome devastated by antibiotic treatment has not
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been well characterized. This study sought to determine
the impacts of a mixed probiotic on the diversity of
cecal and large intestinal contents of mice when taken
during antibiotic treatment or throughout the recovery
phase following antibiotic treatment.

This study utilized a multi-prong approach of
Sanger sequencing 16S rRNA genes from culture
dependent, clonal library, or total 16S next generation
sequencing analysis. Since a meaningful analysis of
the low abundance taxa requires deep sequencing of
many thousands of transcripts, our data focus pre-
dominantly on the latter technique. We found that fol-
lowing an extensive course of broad spectrum
antibiotics the cecal/intestinal contents can be brought
effectively to a monoculture of highly antibiotic resis-
tant Xanthomonads. Removal of the antibiotics leads
to a flourishing of opportunistic pathogen Enterobac-
teriaceae (E.coli and Shigella) which were suppressed
by the use of a probiotic throughout the recovery
period. Interestingly, probiotic treated animals exhib-
ited a diverse microbiome which was largely domi-
nated by a single, relatively uncharacterized, genus of
Anaerotruncus bacteria. These changes highlight the
power of probiotic administration to circumvent dis-
ease following antibiotic treatment. They also provide
a reason for caution of use in clinical settings until the
impacts of probiotics on “reseeded” gut flora are better
characterized.

Methods
Animals and antibiotic/probiotic administration

C57BL/6 mice were obtained from Charles River
(Willmington, MA) at 6-8 weeks of age and housed in
the Ithaca College animal facility. Groups of animals
were co-housed with mixing of bedding between
groups for 3 to 4 weeks prior to the start of antibiotic
treatment. Ampicillin (Abraxis Pharma), Streptomy-
cin (Abraxis Pharma), and Clindamycin (Pharmacia)
were provided into sterile drinking water at a final
concentration of 1mg/ml, as previously described.’
These antibiotics were chosen due to the broad spec-
trum capacity and well documented impacts on intes-
tinal microbiota.'” Animals were allowed to drink ad
libitum for the duration of the experiment with water
replacement at 3 day intervals. A probiotic blend of L.
rhamnosus A 191, Lactobacillus acidophilus, Bifidobac-
terium breve, Bifidobacterium longum (CVS Maxi-
mum Strength Probiotic) were resuspended in 5mls

PBS for a total of 4 billion organisms per milliliter.
Probiotic was provided to the mice via oral gavage
(0.1ml/mouse) every other day for 2 weeks. All experi-
ments and protocols were approved by Ithaca College
Institutional Animal Care and Use Committee.

Sample collection and DNA extraction

DNA was extracted from large intestine and cecal con-
tents using the Power Fecal DNA kit (Mo-Bio)
according to manufacturer’s instructions. DNA was
amplified with PCR primers 27F/1492R and was next
generation PGM sequenced or cloned into Topo-TA
vectors (Life Technologies) for clonal isolation.'® Indi-
vidual clones were further isolated and Sanger
sequenced (Genewiz, NJ, USA). The antibiotic with
probiotic group produced 2 usable DNA samples
while all other groups were successfully extracted. For
culture based growth, the remaining cecal and intesti-
nal contents were diluted in 2mls PBS and serial
diluted on trypticase soy agar plates. Both aerobic and
anaerobic colonies were streaked to isolation, lysed,
and 16S rRNA genes amplified for sequencing (Gene-
wiz, NJ, USA). Clonal and culture based results were
concordant with next generation sequencing analysis.

Sequencing and bioinformatics data analysis

The 16S rDNA V4 variable region PCR primers 515/
806 were used in a single-step 30 cycle PCR using the
HotStartTaq Plus Master Mix Kit (Qiagen) under the
following conditions: 94°C for 3 minutes, followed by
28 cycles of 94°C for 30 seconds, 53°C for 40 seconds
and 72°C for 1 minute, after which a final elongation
step at 72°C for 5 minutes was performed."® Sequenc-
ing was performed at MR DNA (www.mrdnalab.com)
on an Ion Torrent PGM following the manufacturer’s
guidelines. Sequence data were processed using a pro-
prietary analysis pipeline (MR DNA). Briefly, sequen-
ces were depleted of barcodes and primers, then
sequences <150bp removed, sequences with ambigu-
ous base calls and with homopolymer runs exceeding
6bp were also removed. Sequences were denoised,
operational taxonomic units (OTUs) generated and
chimeras removed. OTUs were defined by clustering
at 3% divergence (97% similarity). Final OTUs were
taxonomically classified using BLASTn against a data-
base derived from GreenGenes (http://greengenes.lbl.
gov/cgi-bin/nph-index.cgi), RDPII http://rdp.cme.
msu.edu) and NCBI (www.ncbi.nlm.nih.gov).
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We applied the “Quantitative Insights Into Micro-
bial Ecology” (QIIME) software as part of our analy-
sis.”® To eliminate the differences in sequencing effort
between samples, a diversity was calculated based on
44000 reads per individual. We calculated 1) Chaol,
2) phylogenetic diversity, and 3) the Shannon index.
Total OTU rarefaction was calculated using R package
“vegan” and plotted in excel. To examine S diversity
PcoA biplots were produced using the QIIME analysis
and Emperor visualization tool. The coordinates of a
given taxon are plotted as a weighted average where
the size of the sphere is proportional to the mean rela-
tive abundance of the taxon across all samples.

Quantitative PCR

The abundance of total and specific probiotic bacterial
groups (Bacteroidetes, Enterobactericeae, Firmicutes)
and specific genus (Lactobacillus, Bifidobacterium,
Anaerotruncus) was measured by qPCR using univer-
sal and group-specific 16S rRNA gene primers
(Table S1) with the gScript One-Step SYBR Green
qRT-PCR kit (Quanta Biosciences).” *® Bacterial
DNA purified from resuspension of Probiotics (CVS
Max Strength, Culturelle) via the Power fecal DNA kit
(Mo-Bio) following manufacturer directions. qPCR
was performed on a Lightcycler 480(Roche). Bacterial
DNA was quantified relative to general 16S rRNA pri-
mers (Table S1) via the ACprmethod.

Statistical analysis

The abundance distributions across groups were com-
pared as Dirichlet-multinomial (D-M) distributions
using the HMP package (R software).** We examined
our data for statistical power using the included analy-
sis tools (Table S2). All treatment groups could be dif-
ferentiated when taxonomic data are included as part
of the QIIME diversity analysis. Chaol, phylogenetic
diversity, Shannon index and cecal morphology were
each compared among treatment groups with Krus-
kal-Wallis tests. In all cases for which the p < 0.01, we
conducted a nonparametric post-hoc test (using R
with the package nparcomp) to identify pairwise dif-
ferences. We used a Student T-test to compare quanti-
tative PCR analysis between CVS and Culturelle
probiotics. Cecal lengths and areas were calculated by
first sizing images to equivalent scale and then using
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the measurement tools in Nikon Elements D software
for image quantitation. (* = p < 0.05, ™ = p < 0.01)

Results

A multitude of diseases can be linked to dysbiosis of
the microbiome in the gastrointestinal tract. In partic-
ular, antibiotic associated diarrhea and infections
from opportunistic pathogens, such as Clostridium
difficile, can be common following treatment with
antibiotics.”>*” The use of probiotics has become pop-
ular among the public despite a general lack of under-
standing in mechanisms of action by which they
provide “health benefits.” We hypothesized that probi-
otics helped to promote microbial diversity in the gas-
trointestinal tract following antibiotic treatment. To
analyze the impacts of antibiotics and probiotics on
composition of gut microbiome, antibiotics were
administered to C57BL/6 mice via their water for 2—
4weeks (Fig. 1). The recovery period from antibiotic
treatment or continued antibiotic treatment was sup-
plemented with probiotic administration. The micro-
biota from all mice (cecal and large intestine) were
simultaneously harvested and assessed based on 16S
rRNA sequencing. The 16S sequences were isolated
via microbial culture, clonal isolation, and massively
parallel PGM sequencing approach. All approaches
were congruent in their findings but the PGM based
on the V4 hypervariable region of the small-subunit
rRNA provided the greatest depth of coverage and is
reported here.

We analyzed the 16S rRNA genes from 5 different
treatments of mice yielding a total of 2,006,079 gener-
ated operational taxonomic unit (OTU) sequence tags.
Based on rank abundance data, not including taxo-
nomic identifiers, a multi-group comparison using
Dirichlet-multinomial (D-M) method-of-moments
analysis found significant differences among the
groups, and a subsequent family of pairwise compari-
sons determined all groups are unique (p<0.01 after
family-wise correction) except for comparisons
between control and recovery groups. However, these
populations can be further defined by including taxo-
nomic information along with abundance data and
will be discussed below. At a significance level of 0.05,
power of the multi-group comparison was 100%.**
Pairwise analysis of groups demonstrated the least
powerful comparison existed between recovery groups
(power > 86%) (Table S2).
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Figure 1. Schematic for antibiotic and probiotic administration. Sixteen C57BL/6 mice received antibiotic treated water for 2 weeks in
duration. Mice were then split evenly into 4 treatments: 1) continued antibiotics, 2) continued antibiotics with gavaged probiotics 3)
regular water with gavaged probiotics, 4) regular water. Control animals were maintained on regular water throughout the experiment.
Mice were euthanized and contents of cecum and large intestine collected.

In accordance with multiple microbiome studies,
we found that the majority of cecal/intestinal OTUs
mapped to the Firmicutes, Bacteroidetes, and Proteo-
bacteria (Fig. 2 and figure S1). All data were rank
ordered based on non-treated controls and a bacterial
family was included if at least one mouse exhibited
greater than one percent of that family as part of its
cecal/intestinal microbiome. The treatment of broad
spectrum antibiotics drastically reduced the Bacteroi-
detes populations which never fully recovered follow-
ing cessation of antibiotic treatment. The cecal and
large intestinal microbiome of the 4 control mice were
predominantly composed of Firmicutes and Bacteroi-
detes. In contrast, antibiotic treatment resulted in Xan-
thomonadaceae becoming the predominant bacterial
family (Fig. 2B and Figure S1). The addition of probi-
otics concurrent with continued antibiotic treatment
did cause a rise in microbial diversity leading to small
increases in the Firmicutes phylum and an increase in
the Enterobacteriaceae family. The cessation of antibi-
otic treatment resulted in a restoration of Firmicutes
as the dominant bacterial phyla (99.8% =+ 0 .7 Recov-
ery + Pb and 80% =+ 21 Recovery alone). As com-
pared to recovery alone, the addition of probiotics

leads to a notable decrease in Proteobacteria which
will be addressed in further detail below. Collectively,
the broad spectrum antibiotics used in this study effi-
ciently eliminated the majority of gut bacteria com-
plexity allowing for the study of probiotics in the
repopulation of microbial diversity during the recov-
ery period.

To assess the impact of antibiotics and probiotics
on species diversity we used QIIME analysis to calcu-
late multiple measures of « and B diversity (Fig. 3).
We calculated Chaol, phylogenetic diversity, and
Shannon index of diversity for each group. By all
measures, antibiotic treatment lead to a significantly
reduced microbial diversity in the cecal and large
intestine contents of treated mice (p < 0.01). The anti-
biotic treatment condition limited the microbiome to
predominantly 2 genera of bacteria (Stenotrophomo-
nas and Xanthamonas)(Fig. 4b). The addition of pro-
biotics concurrent with antibiotics did not improve
species diversity (p > 0.32 across all measures). The
recovery period lead to a restoration of microbial
diversity (p < 0.01), which was not quite commensu-
rate with untreated control animals (p < 0.01). Thus
the diversity under both recovery conditions never
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Figure 2. Comparison of cecal/intestinal microbial community structure by rank ordering relative abundance of bacterial families follow-
ing antibiotic and probiotic treatment. More than 2 million OTU tags were retrieved from sequenced DNA and relative abundance at the
taxonomic family level was calculated. Family level abundance was pooled for each experimental group. Any bacterial family above 1%
total in any single animal lead to inclusion in figure for all groups. Control mice did not receive antibiotics. Ab mice were on antibiotics
for all 4 weeks. Ab/Pb mice were on antibiotics for 4 weeks and the last 2 weeks were supplemented with gavaged probiotics. Recovery
mice were switched to regular water with or without probiotic treatment.
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Figure 3. Impact of antibiotic treatment and probiotic supplementation on microbial diversity in the mouse intestine. Diversity analysis
utilized the QIIME pipeline. Alpha diversity was determined based on rarefied analysis of A) Chao1, B) Phylogenetic diversity, C) Shannon
index, and D) Observed species abundance. Standard deviations among group members are provided. Intergroup comparisons were
made based on principal coordinate analysis of unweighted UniFrac distances (E). In the biplot, the 5 most prevalent taxa driving the dif-
ferences in the PCoA are provided (F = family level, O = order level). Taxon specific spheres vary in size based on mean relative abun-

dance in all groups. (** = p < 0.01)

quite returned to original levels. Rarefaction curves
involves resampling of survey data to generate ideal-
ized species abundance curves (Fig. 3d). This provides
an estimate of depth of sampling in a complex com-
munity. Notably, the species depth of recovery
animals is higher in the absence of probiotic adminis-
tration. Comparisons of treatment groups using prin-
cipal coordinate analysis separated the animals based
on 5 keystone taxonomies (Fig. 3E). PC1 accounted
for 24.4% of the microbiome diversity and separated
antibiotic mice on the presence of Xanthamonadacea
(Stentrophomonas and Xanthamonas) as compared to
the abundance of Lachnospiraceae in all other groups.
PC3 accounted for 14% of overall diversity and sepa-
rates recovery groups based on the presence of Rumi-
nococcaceae  (Anerotrouncus) compared to the
Enterobacteriaceae (Eschiricia and Shigella). PC2
accounts for 21.8% of overall diversity and separates
control animals from all other groups based on the

abundance of Bacteroidales. Collectively, the addition
of probiotics during recovery did not significantly
increase the diversity of bacteria but there was a con-
siderable change in the specific types of bacterial gen-
era present.

Examination of the cecal and large intestine micro-
biome identified 15 dominant genera of bacteria when
different experimental treatments were taken into
account. These dominant genera are graphically
depicted in Figure 4. This collection of dominant gen-
era constitute the majority (62% =+ 22 ) of the bacteria
in control untreated mice. Dominant bacterial families
were Lachnospiraceae(purple), composed of genus
Lachnoclostridum, Blautia, Robinsoniella, and a popu-
lation which could not be subclassified down to the
genus level (Unc. Lachnospiraceae). The family of
Clostridiaceae were predominantly composed of a sin-
gle genus, Clostridium (dark blue). Treatment with
broad spectrum antibiotics for 4 weeks in duration
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Figure 4. Genus level diversity of dominant 15 taxa among treatment groups. The top 5 genera from each treatment group were
consolidated into a pool of 15 dominant genera. These dominant genera make up the majority of OTUs from each mouse, average
OTU coverage =+ standard deviation displayed above pie charts. A) Control animals B) Antibiotics for 4 weeks C) Antibiotics for 4
weeks supplemented with probiotics D) Recovery from antibiotics supplemented with probiotics E) Recovery from antibiotics on regu-

lar water.

lead to the outgrowth of 2 dominant Proteobacteria
genus, Stenotrophomonas (93% =+ 0 .5) and Xantha-
monas (7% = 0 .3). Concurrent treatment of antibiot-
ics and probiotics for 2 weeks lead to a decrease of the
Xanthamonas population (5% = 0 .3) while the Steno-
trophomonas maintained its overall percentage of
microbial abundance. Probiotic treatment did cause
an increase in Firmicutes, such as the Lachnospiraceae
family (0.5%), and other Proteobacteria such as the
genus of Eschericia (0.2%) and Shigella (0.1%). These
data indicate the antibiotics used in this study effec-
tively eliminated nearly all bacterial diversity leading
to the dominance of the Xanthomonadaceae and elim-
inating variation in the microbiome. Concurrent anti-
biotic and probiotic treatment exhibited a marginal
shift in the bacterial community compared to antibi-
otic alone treatment (Figs. 3 and 4)

The recovery from antibiotics can occur rapidly
or require a long duration, depending on the anti-
biotics used in the study.”® In our previous experi-
ments we had identified that 2 weeks treatment of
our antibiotic mixture resulted in essentially a
monoculture of Stenotrophomonas while diversity
at 2 and 4 weeks recovery indicated a fairly rapid
return to highly diverse microbiome(Figs. 2 and 3,
previous data not shown). Commensurate with the

changes in the microbiome are changes in the gross
anatomy of the mouse. Antibiotic treatment causes
the ceca to significantly enlarge and develop a
deeper shade of brown (supplemental Fig. 2).
Removal of antibiotics causes the ceca to return to
more normal size and color although still signifi-
cantly larger compared to control animals (p <
0.01).

To test the impact of probiotics on the recovery
of the microbiome we examined the composition
of cecal and large intestine contents from probi-
otic fed mice. In line with several other reports,
we rarely found any OTUs which associated with
the bacterial genera in the probiotic mix. However,
the mice fed probiotics throughout recovery exhib-
ited a bloom of Anaerotruncus (53% =4 23 ) with
the microbiome dominated by this single bacterial
genus in 3 out of 4 mice (Fig. 4D). This is in stark
contrast to animals which were allowed to recover
from antibiotic therapy without further manipula-
tion. These animals exhibited an outgrowth of
opportunistic pathogens, specifically Eschericia
(12.3% =+ 13 ) and Shigella (7% =+ 7 .6)(Fig. 4E).
Where one mouse appeared to be highly suscepti-
ble to these opportunistic pathogens (49%), 2 mice
were intermediate for their abundance (13%), and
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one mouse was largely resistant to colonization
(1%). These data suggest that probiotics suppress
opportunistic pathogens but promote the signifi-
cant outgrowth of a relatively unknown bacterial
genus, Anaerotruncus.

The bacteria found in probiotics are not always
consistent with their package descriptions.**°
Thus, we used quantitative PCR to determine if the
Anaerotruncus bloom was introduced by the probi-
otic vs. an outgrowth of the recovering micro-
biome. To control for background vs. purposefully
added bacteria in the probiotic mix, we examined
the probiotic Culturelle™ and compared it to the
CVS Maximum Strength probiotic used in this
study. The CVS brand probiotic contains Lactoba-
cillus rhomnosus, Lactobacillus acidophilus, and Bifi-
dobacteria whereas the Culturelle probiotic should
only contain Lactobacillus rhamnosus. Based on
16S primers specific for major bacterial phylum,
both probiotics contain predominantly Firmicutes
with a minor contamination of Proteobacteria (<0
.01%) and Bacteroidetes (<10~°%) (Fig. 5). At the

-CVS (Max strength)

1.0e+03 *
1.0E+02
1.0E+01
1.0E+00
1.0E-01
1.0E-02
1.0E-03
1.0E-04
1.0E-05
1.0E-06

Relative Bacterial Abundance

genus level, both probiotics had robust amounts of
lactobacilli but only the CVS probiotic exhibited a
significant quantity of Bifidobacteria. The genus
specific primers for Amnaerotruncus were also of
very low abundance in the bacterial mix. Although
there is statistically more Anaerotruncus in the
CVS brand probiotic (p < 0.01) compared to
Culturelle™, the levels of abundance were com-
mensurate with the negligible background levels of
Bifidobacteria the
Culturelle™ probiotic. As a second control for

amplification  found in
background levels we also examined the levels of
abundance for L. acidophilus which should be
absent from the Culturelle™ probiotic. The relative
abundance of L. rhamnosus was high for both pro-
biotics and only the CVS brand gave a robust sig-
nal for the presence of L. acidophilus. Levels of
Anaerotruncus were commensurate with the back-
ground levels of L. acidophilus
Culturelle™, Collectively, the Anaerotruncus
observed in the recovering mice treated with probi-
otics is highly unlikely to have been acquired from

found in

Culturelle

*

» Y
& F
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Genus
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Figure 5. Relative abundance of bacterial taxa in probiotics. Quantitative PCR was used to determine the relative abundance of bacteria

in probiotic supplements to determine ‘purity’. Probiotic mixture CV.

GMax Strength \yas compared to mono-culture probiotic Culturelle™

Probiotics were screened at the phylum, genus, and species level using taxa specific PCR primers. (" = p < 0.05, ** = p < 0.01) Repre-

sentative of 3 independent experiments.



the probiotic itself, although this cannot be defini-
tively ruled out.

Discussion

The intestinal microbiota of vertebrates has coevolved
with each host species and is shaped by the types of
foods eaten, physiology of the gastrointestinal tract,
immune status, and competition between commensal
bacteria.’">* Once established the microbiota of each
individual is relatively unique, with many shared
major taxa, and fairly stable throughout life."" These
microbial denizens have helped shape their host as
evidenced by several immune defects and physiology
changes identified in germ-free mice.”” Studies to
examine the colonization of the intestinal tract have
looked at introduction of microbiota to these germ
free mice.”>>® An alternative to these measures would
be to eliminate the microbiota via antibiotic adminis-
tration and then manipulate the bacterial constituents
during re-population to achieve a healthy “normal”
microbiota.

The disruption of intestinal microbiota, dysbiosis,
has been associated with a multitude of diseases. The
abundance of Bacteroidetes vs Firmicutes/ Actinobacte-
ria has been associated with host obesity.”*>> The
microbial diversity has been hypothesized to impact
the host immune response enhancing susceptibility to
allergy.”® The microbiota can enhance, or suppress,
immune status of the intestines during inflammatory
bowel disease.”® Most importantly, the commensal
flora is able to keep opportunistic pathogens at bay.”>’
This defensive capacity is most prevalent following a
course of antibiotics taken by the host. Although pro-
tection from infection can be attributed to a single
commensal bacterial species in some cases, it is now
well accepted that the overall diversity of the microbial
flora is the best indicator of protective capacity.*® Two
specific areas of intense investigation have emerged
regarding microbial diversity as a mechanism of pro-
tection, antibiotic induced diarrheal disease (ADD)
and infections with Clostridium difficile (C. diff).*® In
both situations manipulation of the microbiome has
proven to be a promising method for treating the dis-
ease.'*'° In particular, the use of fecal transplant has
shown significant efficacy for C.diff infections which
have been resistant to several rounds of antibiotic
treatment.”® In a similar mechanism, mice treated
with antibiotics recover significantly faster and with
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greater microbial diversity when co-housed with a
normal control mouse, due to natural coprophagic
activity.”® Multiple meta-analysis of ADD have found
that concurrent intake of probiotics along with antibi-
otics result in the reduction in ADD onset.">*’
Probiotics, live microbes with health promoting
benefits, are becoming increasingly used as a manipu-
lation of the host microbiome. Following ingestion,
these probiotic strains are rarely identified as estab-
lished members of the fecal microbiota and thus their
impact may require constant administration.*"*’ In
“healthy flora” the addition of a probiotic does not
readily impact the resident microbial populations.*>**
However, in a situation exhibiting dysbiosis the addi-
tion of probiotics could have a significant impact on
reshaping the microbiota. Since there is no regulatory
body which has oversight of probiotics it requires the
research community investigate this over the counter

treatment.*

Mislabeled products can significantly
impact the interpretation of probiotic safety and effi-
cacy.”*® Commonly used probiotic strains have also
been documented to contain antibiotic resistance
genes which could create a potential source for trans-
fer of resistance to other members of the microbial
flora.*® In some rare incidents, such as patients with
underlying medical conditions, the probiotic strain
can become the pathogen causing an adverse event.*””
* Collectively, a better understanding of the impacts
of probiotics on the microbial flora is required to
ascertain how best to use them to treat disease.

This study examined the impact of probiotics under
2 separate conditions, probiotic concurrent adminis-
tration with antibiotics and probiotic administration
during the recovery phase. The sample size in this
study was small, but intergroup variation in the bio-
mes was marginal relative to across group comparison
making the biomes very distinguishable among treat-
ments. The broad spectrum antibiotic treatments
effectively reduced the microbial flora to 2 genera,
Stenotrophomonas and Xanthomonas. Stenotrophomo-
nas being the predominant genus is of note since this
highly antibiotic resistant bacteria is also a potential
emerging opportunistic pathogen.’®*" Stenotrophomo-
nas infections have been associated with poor progno-
sis for cystic fibrosis treatment.”> We found that
concurrent treatment with antibiotics and probiotics
lead to an increase in microbial diversity, albeit a small
percentage and not statistically significant. The probi-
otics themselves did not persist in the ceca or large
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intestine of antibiotic treated mice, but it did promote
the presence of more Firmicutes and Enterobacteria-
ceae. The increase in Escherichia and Shigella was
small but could be considered relevant in the context
that this enhances the starting populations for these
genera as the host enters the recovery phase. Future
experiments should examine recovery following con-
current Antibiotic/Probiotic treatment to determine
the impact of these increases in Enterobacteriaceae
microbial diversity as this could result in an adverse
outcome and should be cautioned against in a clinical
setting.

The administration of probiotics throughout the
recovery phase had highly significant impacts. Com-
parisons based on rank abundance in the D-M analy-
sis were unable to differentiate the control and
recovery populations as they were equivalently com-
plex. However, using taxonomic identifiers during
Qiime analysis it is clear that the recovery groups were
composed of drastically different types of bacteria.
The mice lacking probiotic supplementation were sus-
ceptible in varying degrees to infections with the
Enterobacteriaceae, genus Escherichia and Shigella. In
contrast, these opportunistic pathogens were highly
suppressed in the mice supplied probiotics. In line
with current therapies for AAD, it is evident that the
probiotic supplementation leads to an intestinal
microbiota more resistant to opportunistic patho-
gens.'>* In our study, the intestinal microbiome of
probiotic treated mice was largely dominated by the
genus Anaerotruncus. The Anaerotruncus have twice
been described, in the context of fecal samples from 2
boys with late onset autism and isolated from a fecal
sample of an elderly women with bacteraemia.’>>*
The Anaerotruncus were included as one of 17 strains
shown to induce a suppressive environment capable
of inducing regulatory T-cells.”® This group of 17
strains have also been associated with improved out-
comes from fecal transplant to treat inflammatory
bowel disease.”® The mislabeling or “pure” clonality of
probiotics has been problematic in previous reports
and thus we determined if the Anaerotruncus were
being introduced directly via the probiotic.”**° Based
on the real-time PCR analysis, it is highly unlikely that
the probiotic was the cause of the microbial bloom
(Fig. 5). The recovery alone mouse also had a signifi-
cant bump in the genus Anaerotruncus (1.9%=0 .7), a
4fold increase from control mice never treated with
antibiotics. Thus, it is most likely that the probiotic

enhanced the growth of the Anaerotruncus from the
resident flora during the recovery process. Additional
studies on the intestinal health impacts of Anaerotrun-
cus are warranted due to their very significant domi-
nation of the recovering microbiota. It was also noted
that the supplementation of probiotics effectively
eliminated Bacteroidetes from the cecal and intestinal
microbiome (Fig. 2). The loss of this phylum of bacte-
ria due to probiotic supplementation could have sig-
nificant impact on their capacity to repopulate as part
of the host microbiota. Since the Firmicutes/Bacteroi-
detes ratio can be tied to obesity, probiotic supplemen-
tation could have far reaching consequences in health
and nutrition following antibiotic treatment. >>*

The mechanism by which these probiotics are
exerting their ‘healthy benefits’ are still largely
unknown. Two potential mechanisms have been pur-
ported. First, probiotics can act directly on the intesti-
nal mucous layer and underlying epithelium to impact
intestinal barrier function and mucosal immunity.
Secondly, the probiotic could have an indirect impact
on the host by causing a modulation in the resident
microbial population structure or enzymatic activity.'®
To suppress local inflammation at the intestine muco-
sal epithelium, bacteria can express super oxide dis-
mutases (SOD). This reduction in local inflammation,
driven by probiotic expression of SOD genes, has been
correlated with improvements in mouse models of
colitis.””*® Interestingly, subsets of mice were more
responsive to this probiotic treatment based on the
composition of the existing microbiota. The addition
of the probiotic caused a metabolic shift in the micro-
biota which resulted in a non-permissive environment
for opportunistic pathogens.” A more recent report
by Eloe-Fadrosh et al. ** examined the dynamics of
the gut transcriptome following probiotic consump-
tion. They identified an increase in flagellar motility,
chemotaxis, and adhesion genes from resident com-
mensal bacteria which were positively regulated by the
addition of the probiotic to the host diet. These partic-
ular genes are hypothesized to improve the commen-
sal bacteria’s ability to colonize the mucosal
epithelium. Thus, the probiotic can have both direct
and indirect impacts on host biology and further stud-
ies should examine the transcriptome of both the host
and microbiota to tease out these direct and indirect
impacts.

It has been well established that disruption of the
intestinal microbial community, such as antibiotic



use, can lead to deleterious health consequences for
the host organism. The use of probiotics is one mecha-
nism which can be used to help reshape the microbial
flora as it repopulates. Although the probiotic bacteria
themselves do not appear to colonize and become part
of the fecal waste, these probiotics have very signifi-
cant impacts on the types of bacteria which repopulate
the intestine. Probiotics as treatment to purposefully
manipulate the microbiome will require further study
to determine the mechanisms by which they promote
a healthier intestinal microbiota.
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