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Consumption of resistant potato starch
produces changes in gut microbiota that
correlate with improvements in abnormal
bowel symptoms: a secondary analysis of a
clinical trial

Jason R. Bush'” and Michelle J. Alfa’

Abstract

Background Studies have linked a lack of dietary fibre, including resistant starch (RS), to disease-associated changes
in intestinal bacteria. Healthy people often report abnormal bowel symptoms (ABS), including bloating, constipation,
abdominal pain, and diarrhea, however, connections between these symptoms and the gut microbiota are poorly
understood. Determining correlations between ABS and taxonomic groups may provide predictive value for using
prebiotics to mitigate ABS in combination with stool microbiome testing.

Methods Post hoc analysis of a three-arm randomized, double-blind, placebo-controlled clinical trial evaluating the
effects of 3.5 g and 7 g resistant potato starch (RPS) doses or placebo was conducted. The study population (n=70)
were healthy adults aged 18-69 years old living in and around Guelph, ON. Participants evaluated their stools using
the Bristol Stool Chart and also recorded any ABS daily. The presence of ABS was compared between treatment
arms at baseline and changes in ABS were compared within treatment arms over 1- and 4-week periods. Pearson
correlation analysis was used to identify significant relationships between changes in ABS and changes in bacterial
taxa.

Results Abdominal pain, belching, bloating, constipation, diarrhea, gas, and feeling unwell were reported

by participants at low levels at baseline. Neither RPS nor placebo had significant effects on mean ABS scores.
However, we identified positive correlations between treatment-dependent changes in symptoms and changes

in Granulicatella, Haemophilus, Lachnospira, Olsenella, Papillibacter, Turicibacter, unclassified Enterobacteriaceae,
unclassified Fusobacteriaceae, unclassified Pasteurellaceae, and unclassified Gammaproteobacteria. We also identified
negative correlations between treatment-dependent changes in symptoms and changes in Anaerotruncus, Dorea,
RFN20, Victivallis, unclassified Coriobacteriaceae, and unclassified Oxalobacteraceae. These Pearson correlations
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Biomarker

were significant after correction for repeated testing. The mean relative abundance of these taxa did not change in
response to treatment. Finally, macronutrient intake was unaffected by RPS or placebo treatments.

Conclusion Changes in ABS can be positively or negatively correlated with changes in specific gut microbiota,
creating opportunities for personalized microbiome-targeted interventions to resolve ABS.

Trial Registration The trial was registered at ClinicalTrials.gov (NCT05242913) on February 16, 2022.
Keywords Prebiotic, Abdominal pain, Belching, Bloating, Constipation, Potato, Resistant starch, Microbiome,

Background
Abnormal bowel symptoms (ABS), including abdominal
pain, belching, bloating, constipation, diarrhea, and gas
are occasionally experienced by healthy people. As fre-
quency and severity of ABS increase, these symptoms
may justify a medical diagnosis, such as Irritable Bowel
Syndrome (IBS). Formal IBS diagnosis involves patients
meeting some relatively complex criteria [1]. The patient
must be experiencing recurrent abdominal pain that
began at least 6 months prior to the time of diagnosis.
Abdominal pain must occur at least 1 day per week dur-
ing the most recent 3 months, and the pain must be in
association with two or more of the following criteria:
The pain is related to defecation, the pain is associated
with changes in stool frequency, and/or the pain is asso-
ciated with a change in stool form [1]. Individuals with
IBS-like digestive symptoms who also presented with
colonic lesions and inflammation would be diagnosed
with inflammatory bowel disease (IBD) [2]. ABS are not a
disease unto themselves, but they affect the quality of life
of healthy people as well as those with serious diseases,
and over time the ABS symptoms may progress and ulti-
mately transition to more serious disease categories.

Recent advances in the ability to identify and charac-
terize unculturable bacteria in the digestive tract have
led researchers to characterize the relationship between
bacteria in the gut microbiome and ABS, especially in the
context of IBS [3—-12]. The correlations between micro-
bial taxa in the gut and ABS provide an opportunity to
develop personalized stool-based microbiome tests
designed to mitigate these symptoms by changing the
levels of bacterial taxa in the gut. For example, a person
with ABS undergoing microbiome testing may reveal
high levels of proteobacteria that are positively correlated
with abdominal pain. This correlation would suggest that
treatment with a substance known to reduce proteobac-
teria might efficaciously reduce abdominal pain. How-
ever, the complex heterogeneity of the gut microbiome
makes it difficult to find microbiome-ABS connections
and previous studies have failed to yield generalizable
conclusions in diseased states like IBS [13].

In some patients, the presence of pathogenic bacteria
or absence of beneficial bacteria may be clearly related
with specific disease symptoms, such as enterotoxigenic

Escherichia coli, for example [14]. Connections between
specific pathogenic bacteria and disease etiology may be
straightforward in some conditions. However, we suspect
that relationships between ABS and bacteria in the gut
microbiome are likely dynamic, with patterns emerging
only during specific treatment modalities (e.g. Prebiotic
consumption during a clinical trial) where there is corre-
lation between both the makeup of the gut microbiome
and the symptom level changes. Relationships between
bacterial taxa and symptoms have been previously identi-
fied in participants consuming a prebiotic [15, 16].

Resistant starch (RS) is a nutritionally important pre-
biotic fiber that has essentially disappeared from modern
diets [17, 18]. This contrasts with prebiotic oligosac-
charides, which are abundant in the diet and contrib-
ute more significantly to digestible dietary fiber levels
than previously appreciated [19]. Sources of RS include
high amylose maize starch, unripe green bananas, and
raw potato, including resistant potato starch (RPS) [18].
This scarcity in consumption of RS means that interfer-
ence from dietary RS sources is minimal in clinical trials
where diet is uncontrolled, as was the case in this clini-
cal trial [20]. We previously reported the primary con-
clusions of the trial, which revealed that consumption of
RS lead to significant increases in the relative abundance
of Bifidobacterium and Akkermansia compared to pla-
cebo, as well as fewer incidences of diarrhea and consti-
pation [20], and metabolomic changes characteristic of
enhanced intestinal barrier function [21] and improved
free fatty acid metabolism [22]. However, specific evalu-
ations of bacterial changes in relation to bowel symptoms
from this clinical study have not been reported.

We hypothesized that shifts in the abundance of some
bacterial taxa may be responsible for ABS, and that ana-
lyzing changes in both the abundance of bacterial taxa
and the magnitude of ABS in participants consuming
RPS might reveal important correlations. To this end, we
performed post hoc Pearson correlation analysis to detect
relationships between changes in ABS and changes in
bacterial taxa within the gut microbiome.
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Methods

Clinical trial structure, per protocol determination, and
sample collection

Clinical trial design, sample size estimations, participant
selection, and study procedures have previously been
described in detail [20]. Briefly, the trial was a random-
ized, double-blind, placebo-controlled three-arm paral-
lel group study that evaluated the effects of 7 g per day
resistant potato starch (RPS; containing 4.2 g of RS), 3.5 g
per day RPS (containing 2.1 g of RS plus 3.5 g of digest-
ible corn starch), and 7 g per day placebo (containing
0 g of RS in 7 g of digestible corn starch) on fecal bac-
teria composition and bowel movement consistency. The
study protocol was approved by Canadian Shield Ethics
Review Board (REB Tracking Number: 19-10-001; Burl-
ington, ON, Canada) on October 29, 2019. The investi-
gator or the investigator’s representative explained the
nature of the study to the participant or the participant’s
legally authorized representative and answered any ques-
tions. Participants were informed that their participa-
tion was voluntary and that study reports or publications
reporting on the study would not disclose the partici-
pant’s identity without specific consent. Participants
wishing to participate in the study, or their legally autho-
rized representative, signed a statement of informed con-
sent that met the requirements of local regulations, ICH
guidelines, and the research ethics board. The autho-
rized person obtaining informed consent also signed the
informed consent form and a copy was provided to the
participant or the participant’s legally authorized repre-
sentative. Written informed consent was obtained prior
to all study-related procedures. Seventy-five healthy par-
ticipants (25 participants per arm) from Guelph, ON and
the surrounding area aged between 18 and 69 years with
a body mass index between 18.0 and 34.9 kg/m?* were
recruited and enrolled in the study. The mean age of par-
ticipants was 38.5 years, and the mean BMI was 25.44 kg/
m?, Participants agreed not to use any dietary supple-
ments, including vitamins or minerals, 14 days prior to
treatment randomization until completion of the final
visit, and were advised to maintain their activity level and
habitual diet.

Self-reported abnormal bowel symptom and Bristol Stool
Chart scoring

Participants rated their level of abdominal pain, belch-
ing, bloating, gas, and overall wellbeing daily throughout
the trial on a Likert scale: 0 (none), 1 (some), 2 (moder-
ate), 3 (severe), or 4 (terrible) based on a simplified form
of the Gastrointestinal Quality of Life Index [23]. Val-
ues were averaged during the run-in period (~14 days
prior to intervention; Baseline) as well as during the first
week (Week 1) and last week (Week 4) of the interven-
tion period. Participants reporting an abnormal bowel
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symptom or feeling unwell for at least one day during the
run-in period were considered to have that symptom or
be unwell at baseline.

During the same periods, participants scored their
bowel movements using the Bristol Stool Chart (BSC),
where Type 1=constipation with hard, round stools,
Type 2=lumpy and sausage-like, Types 3 and 4 are soft,
easily passed ‘normal’ stools, Type 5=soft blobs with
clear-cut edges, Type 6=mushy consistency with ragged
edges, and Type 7=watery diarrhea [24]. Constipation
and diarrhea were scored separately because individuals
may suffer from both symptoms, and symptoms could
be incorrectly normalized or lost if BSC scores were sim-
ply averaged over the study interval. To this end, con-
stipation scores were derived from bowel movements
with BSC Types 1-4, where Type 1 was scored 4, Type 2
scored 3, and Types 3 and 4 were each scored 1. Diarrhea
scores were derived from bowel movements with BSC
Types 3-7, where Type 7 was scored 8, Type 6 scored 7,
Type 5 scored 6, and Types 3 and 4 were each scored 1.
Diarrhea stools received higher numerical values due to
the urgency typically associated with diarrhea. Values
were averaged separately for constipation and diarrhea
during the run-in period (~ 14 days prior to intervention;
Baseline), during the first week (Week 1), and during the
last week (Week 4) of the intervention period.

Three-day food records

Participants recorded food consumption using a three-
day food record during the three days prior to stool col-
lection at baseline, week 1, and week 4 time points. The
food records were entered into ESHA Research Food
Processor Nutrition Analysis Software (ESHA Research,
Salem, OR) to calculate the macronutrient composition
(carbohydrates, protein, fat, sugar, and fiber) for each
food record day. The three days of records were then
averaged to determine a daily value.

Investigational product

Resistant potato starch (Solnul®; MSP Starch Products
Inc., Carberry, MB), an unmodified resistant potato
starch (RS type 2) manufactured via a proprietary pro-
cess yielding a minimum resistant starch (RS) content of
60% (AOAC 2002.02), was used in this study. The placebo
used was fully digestible corn starch (Amioca; Ingredion,
Brampton, ON) that contained no RS [25, 26].

Microbiome analysis

Microbial analysis was previously described [20]. Briefly,
16s amplicons of the v4 region were obtained from fecal
samples collected in OMNIgene-Gut kits (DNA Genotek,
Ottawa, ON, Canada) and sequenced on the MiSeq plat-
form (Illumina, San Diego, CA, USA). Fastq files were
filtered for quality and clustered into 97% similarity
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operational taxonomic units using the mothur software
package [27] and Greengenes v13.8 database at Microbi-
ome Insights (Vancouver, BC, Canada). Further analysis
is underway, and sequence data will be deposited once
this work is completed.

Statistical analysis

All analysis was done using Excel (Microsoft, Redmond,
WA). Presence versus absence for abnormal bowel symp-
toms (ABS) and feeling unwell at baseline were compared
between treatment groups for each symptom using Chi
Square tests. Changes in ABS, feeling unwell, relative
abundance of select bacterial taxa, and macronutri-
ents were compared within treatment groups over time
using a single factor ANOVA. Chi square and ANOVA
comparisons were deemed significant if p<0.05. For cor-
relations analysis, changes in ABS or feeling unwell were
determined by subtracting Baseline values from Week 1
and Week 4 values, and changes in relative abundance
for bacterial groups were similarly calculated. Due to the
small number of participants, changes at weeks 1 and 4
were pooled [26]. Pearson correlation coefficients were
calculated for each symptom-bacterial group interaction,
converted to a ¢ statistic, and the p value was determined
using a two-tailed distribution. Significant correlations
were determined after correcting for multiple test-
ing using the Benjamini-Hochberg method within each
symptom-treatment group combination at a false discov-
ery rate of 0.1 [28].

Results

Participant characteristics

Among the participants completing the study, 48 were
female and 22 were males. Participants were largely white
(89%), non-Hispanic and non-Latino (97%), with small
representation of indigenous (1%), Asian (9%), and other
(1%) races and Hispanic (3%) ethnicity. Dietary and cul-
tural habits practiced by participants were largely from
North America, (80%), with South Asian (4%), East Asian

Table 1 Baseline presence versus absence of abnormal bowel
symptoms (ABS) and feeling unwell at baseline in each treatment

group

Symptoms Placebo 3.5gRPS 7 gRPS p value
Abdominal pain 10/24 15/24 11/22 0.348
Belching 11/24 12/24 12/22 0.84
Bloating 11/24 17/24 15/22 0.151
Constipation 15/24 14/24 14/22 0.9259
Diarrhea 21/24 19/24 17/22 0.6321
Gas 19/24 22/24 21/22 0.1869
Feeling unwell 15/24 17/24 12/22 0.5204

The proportion of participants reporting ABS or feeling unwell during the
run-in period are shown for each treatment group. Differences in symptom
presence versus absence were compared between treatment arms using Chi
Square test with p<0.05 considered significant
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(3%), Mediterranean (3%), Central American (1%), East-
ern European (1%), and Middle Eastern (1%) customs
being practiced by a minority of participants. Dietary
habits practiced by participants that were not associated
with geography or ethnicity included vegetarian or vegan
diets (5%), and vegetarian diets occasionally includ-
ing fish or chicken (1%). No participants reported being
either gluten or lactose intolerant.

Abnormal bowel symptom prevalence

Abnormal bowel symptoms (ABS), including abdomi-
nal pain, belching, bloating, constipation, diarrhea, and
gas, as well as feeling unwell, were prevalent in the three
treatment groups at baseline (Table 1). However, there
were no significant differences between treatment groups
for any of these symptoms at baseline.

Changes in abnormal bowel symptoms

Average scores of participants reporting abdominal pain,
belching, bloating, gas, or feeling unwell did not signifi-
cantly change (p>0.05) over time in the placebo (Fig. 1A),
3.5 g RPS (Fig. 1B), or 7 g RPS (Fig. 1C) treatment groups.

Microbiome-abnormal bowel symptom correlations

After meeting Benjamini-Hochberg criteria for multiple
testing correction, 21 significant bacterial taxonomic
group-abnormal bowel symptom correlations were cat-
egorized by symptom for 3.5 g and 7 g RPS (Table 2,
Genus column), and placebo (Table 3, Genus column)
interventions.

Changes in belching were significantly positively cor-
related with changes in Papillibacter (p=0.000317) in
the 7 g RPS treatment group and changes in unclassi-
fied Enterobacteriaceae (p=0.000233) in the 3.5 g RPS
treatment group (Table 2). Papillibacter was present in
only 7% of participants and increases in Papillibacter
were associated with increased belching. Unclassified
Enterobacteriaceae were present in 79% of participants,
and among those with unclassified Enterobacteriaceae,
most experienced increased belching with increases in
this taxonomic group. Changes in belching were sig-
nificantly negatively correlated with changes in Dorea
(p=0.000105) and unclassified Coriobacteriaceae
(p=0.000038) in the 3.5 g treatment group (Table 2).
Dorea was detected in every participant consum-
ing 3.5 g RPS while unclassified Coriobacteriaceae was
found in 83% of the same group. These negative correla-
tions suggest that increases of Dorea and/or unclassified
Coriobacteriaceae led to reduced belching in a subset of
participants consuming RPS.

Changes in bloating were significantly positively corre-
lated with changes in Lachnospira (p=0.000007), Gran-
ulicatella (p=0.000156), Haemophilus (p=0.000073),
unclassified Pasteurellaceae (p=0.000072), unclassified
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Fig. 1 Levels of abdominal pain, belching, bloating, gas, and feeling unwell reported at baseline, week 1, and week 4 in the placebo (A; n=24),3.5 g RPS
(B; n=24),and 7 g RPS (C; n=22) treatment arms. Mean +/- SEM. p > 0.05 for all change over time comparisons (Single-factor ANOVA)

Table 2 Correlations between abnormal bowel symptoms and microbiome changes in healthy adults consuming 3.5-7 g of RPS per

day
Phylum Class Order Family Genus Pearson r p value Treatment
Belching
Firmicutes Clostridia Eubacteriales Oscillospiraceae Papillibacter 0.51792 0.000317 7 g RPS
Lachnospiraceae Dorea -0.53065 0.000105 35gRPS
Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae  unclassified 0.50735 0.000233 35gRPS
Actinobacteria Coriobacteria Coriobacteriales Coriobacteriaceae unclassified -0.55797 0.000038 35gRPS
Bloating
Firmicutes Clostridia Eubacteriales Lachnospiraceae Lachnospira 0.56389 0.000007 7 g RPS
Bacilli Lactobacillales Carnobacteriaceae Granulicatella  0.53969 0.000156 7 g RPS
Proteobacteria Gammaproteobacteria Pasteurellales Pasteurellaceae Haemophilus 0.56175 0.000073 7 gRPS
unclassified 056214 0.000072 7 gRPS
Enterobacterales Enterobacteriaceae  unclassified 0.50612 0.000456 7 g RPS
unclassified unclassified unclassified 0.52426 0.000259 7 g RPS
Fusobacteria Fusobacteria Fusobacteriales Fusobacteriaceae unclassified 0.50095 0.000533 7 g RPS
Constipation
Firmicutes Bacilli Lactobacillales Carnobacteriaceae Granulicatella  0.60963 0.000011 7 g RPS
Erysipelotrichia Erysipelotrichales  Turicibacteraceae Turicibacter 0.51073 0.000208 35gRPS
Proteobacteria Gammaproteobacteria unclassified unclassified unclassified 0.50783 0.000229 35gRPS

Enterobacteriaceae (p=0.000456), unclassified Gamma-
proteobacteria (p=0.000259), and unclassified Fusobac-
teriaceae (p=0.000533) in the 7 g RPS group (Table 2).
Occurrence of these taxa varied, with Lachnospira
present in 100%, Granulicatella present in 16%, Hae-
mophilus present in 93%, unclassified Pasteurellaceae
present in 75%, unclassified Enterobacteriaceae present
in 73%, unclassified Gammaproteobacteria present in
27%, and unclassified Fusobacteriaceae present in 5% of
7 g RPS consuming participants. Except for unclassified

Enterobacteriaceae and unclassified Gammaproteobac-
teria, the positive correlation indicates that participants
consuming 7 g RPS tended to experience decreased levels
of these taxa with decreased bloating.

Changes in constipation were significantly positively
correlated with changes in Granulicatella (p=0.000011)
in the 7 g RPS group, and with Turicibacter (p=0.000208)
and unclassified Gammaproteobacteria (p=0.000229) in
the 3.5 g RPS group (Table 2). Consumption of 7 g RPS
tended to decrease levels of Granulicatella along with
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Table 3 Correlations between abnormal bowel symptoms and microbiome changes in healthy adults consuming placebo

Phylum Class Order Family Genus Pearsonr p value Treatment
Abdominal pain

Lentisphaerota Lentisphaeria Victivallales Victivallaceae Victivallis -0.62491 0.000002 Placebo
Tenericutes - - - RFN20 -0.5244 0.00013 Placebo
Actinobacteria Coriobacteria Coriobacteriales Atopobiaceae Olsenella 0.52198 0.000142 Placebo
Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae unclassified -0.49401 0.000359 Placebo
Bloating

Lentisphaerota Lentisphaeria Victivallales Victivallaceae Victivallis -0.4907 0.000399 Placebo
Feeling unwell

Firmicutes Clostridia Eubacteriales Oscillospiraceae Anaerotruncus -0.56273 0.000031 Placebo
Lentisphaerota Lentisphaeria Victivallales Victivallaceae Victivallis -0.49701 0.000326 Placebo

decreases in constipation scores despite 7 g RPS not
have an overall effect on constipation [20]. Turicibacter
was present in 92% of participants in the 3.5 g RPS treat-
ment group and consumption of this dose was previously
demonstrated to produce significantly fewer instances
of constipation compared to the placebo [20]. In the
placebo group, changes in abdominal pain were signifi-
cantly negatively correlated with changes in Victivallis
(p=0.000002), RFN20 (p=0.00013), and unclassified
Oxalobacteraceae (p=0.000359; Table 3). These taxo-
nomic groups were uncommon in the placebo consum-
ing group, with Victivallis present in 19%, REN20 present
in 4%, and unclassified Oxalobacteraceae present in 19%
or participants. The negative correlation suggests that
increasing these taxa could reduce abdominal pain. Con-
versely, changes in abdominal pain were significantly pos-
itively correlated with Olsenella (p=0.000142; Table 3),
another infrequently occurring taxonomic group (19% of
placebo-consuming participants). Relative abundance of
Olsenella increased in those with elevated pain, indicat-
ing that decreasing Olsenella is desirable for abdominal
pain mitigation.

Consistent with change in abdominal pain, changes
in bloating were significantly negatively correlated with
changes in Victivallis (p=0.000399) as were changes in
feeling unwell (p=0.000326; Table 3). Changes in feeling
unwell were also significantly negatively correlated with
changes in Anaerotruncus (p=0.000031; Table 3). Unlike
the other taxa that significantly correlated with changes
in ABS in the placebo group, Anaerotruncus was pres-
ent in 81% of participants and the number of participants
experiencing increases in Anaerotruncus were roughly
equal to those experiencing decreases. This is consistent
with heterogenous changes in feeling unwell in the pla-
cebo group and suggests that microbiome modulators
that can increase Anaerotruncus may decrease unwell
feelings.

The relative abundance of bacterial taxa correlated with
changes in ABS or feeling unwell did not significantly
change over time in response to placebo (Fig. 2A-E), 3.5 g
RPS (Fig. 3A-E), or 7 g RPS (Fig. 4A-H; p>0.05).

None of the correlations detected between changes in
bacterial taxa and changes in diarrhea or gas met statisti-
cal significance in any of the treatment groups (data not
shown).

Macronutrient intake

Average daily consumption of carbohydrates, protein,
fat, sugar, and fiber did not significantly change (p>0.05)
over time in the placebo (Fig. 5A), 3.5 g RPS (Fig. 5B), or
7 g RPS (Fig. 5C) treatment groups.

Discussion

Except for abdominal pain in the placebo and 3.5 g
groups, and belching and bloating in the placebo group,
all ABS were reported in 50% or more of the participants
at baseline, indicating that ABS are prevalent in other-
wise healthy individuals. The average levels of abdominal
pain, belching, bloating, gas, and feeling unwell did not
change over time in response to any treatments. It was
previously reported that RPS administration led to fewer
instances of constipation and diarrhea in the 3.5 g group,
and fewer instances of diarrhea in the 7 g group com-
pared to the placebo [20]. There were 21 bacterial taxa
that were significantly correlated with changes in vari-
ous ABS across the three treatment groups. However, no
treatment led to a significant change in the mean levels
of these taxa. Additionally, neither the 3.5 g or the 7.0 g
RPS treatments affected the baseline macronutrient con-
sumption of the participants, including fiber, which could
influence ABS and microbial abundance independent of
treatment (i.e. underlying eating habits were unchanged).
Collectively, these data suggest that treatment-dependent
changes in bacterial taxa are correlated with changes in
ABS in a personalized manner. This information may be
useful in combination with stool microbiome testing for
people seeking to use RPS to alleviate ABS.

The average severity of ABS and feeling unwell was
very low in each group, ranging between 0 (none) and
1 (some) for all symptoms. It is therefore unsurprising
that treatments had no effect on the average ABS scores
in these participants. These observations are important
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Fig. 2 Relative abundance of Anaerotruncus (A), Olsenella (B), RFN20 (C), Victivallis (D), and unclassified Oxalobacteraceae (E) at baseline, week 1, and
week 4 in the placebo group. Mean +/- SEM showed p values>0.05 for all changes in the five bacterial categories over the three time frames evaluated

by Single-factor ANOVA

because clinical trials aimed at substantiating structure/
function claims on dietary supplements in the United
States are required to study healthy people, in whom any
symptoms have limited room for improvement [29]. Low
levels of ABS at baseline suggest that prebiotic clinical tri-
als evaluating changes in ABS using the Gastrointestinal
Quality of Life Index or related self-reported measures
in healthy people are unlikely to successfully generate
data that substantiates structure/function claims because
there are insufficient ABS at baseline to detect a change
[23]. Prebiotic studies evaluating changes in stool form
may be more successful in healthy populations given that
they experience periodic instances of constipation and
diarrhea that can be identified using tools such as the
BSC [24], and that most prebiotics are types of dietary
fiber, which are known to influence bowel habits [20].

The mechanistic linkages between RPS and the ABS-
correlated taxa are not clear. Bifidobacterium levels are
known to bloom during RPS supplementation in people
[20, 25, 30] but changes in this taxon were not signifi-
cantly correlated with ABS changes. Similarly, RPS stim-
ulated increases in Akkermansia [20] but we detected no
significant correlations between changes in abundance
and changes in ABS. Previously, we used similar post
hoc correlation analysis to detect correlations between
changes in Sporacetigenium and blood glucose levels [15],
and changes in Parasutterella and low-density lipopro-
tein in a RPS clinical trial [16]. Neither of these genera
are known to be directly influenced by RPS, suggesting
that RPS may be acting indirectly, through ecological
interactions between primary degraders like Bifidobacte-
rium and secondary or tertiary taxa like those described
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in the present work. Consistent with this hypothesis,
RPS administration did not significantly alter the relative
abundance of any ABS-correlated taxa.

RPS modulated belching, bloating, and constipation,
largely through positive correlations with changes in
several bacterial groups, including Papillibacter, Lach-
nospira, Granulicatella, Haemophilus, and Turicibacter,
as well as unclassified Enterobacteriaceae, unclassified
Fusobacteriaceae, and unclassified Gammaproteobacte-
ria. Among these, Papillibacter [31], Lachnospira [12],
Granulicatella [12], Haemophilus [10], Turicibacter [32],
and members of class Gammaproteobacteria, includ-
ing family Enterobacteriaceae [33], have previously been
associated with ABS symptoms in people or in animal
models. For symptom-bacterial taxon relationships like
these that bear a positive correlation, RPS administration

leading to reductions in the bacterial taxonomic group
are expected to reduce levels of the ABS.

Conversely, RPS modulated belching via negative cor-
relations with changes in Dorea and unclassified Corio-
bacteriaceae. Both Dorea and unclassified members of
Coriobacteriaceae (here represented by all bacteria not
belonging to the Collinsella genus) are also associated
with metabolic health and various other human condi-
tions [34, 35], but have not previously been associated
with belching or upper gastrointestinal complaints. In
the case of negative symptom-bacterial taxon correla-
tions, RPS supplementation that increases levels of Dorea
or unclassified Coriobacteriaceae would be expected to
mitigate belching. Gut microbiome testing is an impor-
tant first step in using these biomarkers given that these
bacterial groups were not present in all people.
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We also detected significant correlations between
changes in gut bacteria abundance and changes in ABS
symptoms in the placebo group. Changes in abdominal
pain were negatively correlated with changes in Victival-
lis, REN20, and unclassified Oxalobacteraceae, and posi-
tively correlated with changes in Olsenella in the placebo
group. Changes in bloating were negatively correlated
with changes in Victivallis, and changes in overall wellbe-
ing were negatively correlated with changes in Victival-
lis and Anaerotruncus in the placebo group. Interestingly,
Victivallis was consistently negatively correlated with
changes in abdominal pain, bloating, and overall well-
being in the placebo group, suggesting that therapies to
increase Victivallis might be helpful in mitigating these
related symptoms. However, none of the ABS-correlated
taxa identified in the placebo group have previously been
associated with ABS.

Notably, several of the bacterial groups that were cor-
related with ABS in this study have previously been cor-
related with symptom severity in individuals with IBS
[10, 12, 33]. Probiotic administration appears to provide
symptomatic reduction in IBS patients [36, 37], while
prebiotics and synbiotics do not provide significant ben-
efit [37]. Our findings raise the possibility that prebiotics,
at least RS, may influence ABS in a personalized manner
that is dependent upon the presence of one or more bac-
terial groups. Therefore, personalized approaches that
first characterize the composition of the gut microbiome

to identify putative ‘responders’ may be required for RPS,
and potentially other prebiotics, to reduce symptoms in
patients with IBS.

Finally, the composition of the microbiota in the gut
are known to be influenced by dietary patterns, includ-
ing dietary fiber intake [38]. The present study encour-
aged participants to consume their habitual diet, and
consumption of the test products was meant to mimic
how dietary supplement users would normally consume
RPS as a prebiotic supplement. Average daily intake of
carbohydrates, protein, fat, sugar, and fiber were unaf-
fected by consumption of any of the test products, sug-
gesting that underlying dietary patterns could not explain
the microbiome or symptom changes reported here with
RPS supplementation or in previous publications from
this clinical trial [20, 21].

Further work examining the utility of these symptom-
taxon relationships is warranted. For example, one could
test the hypothesis implied here that RPS-dependent
reductions in Granulicatella will lead to reductions in
constipation by screening participants for the presence
of both constipation and the constipation-correlated
taxon Granulicatella, and then assigning these partici-
pants to RPS or placebo controls. If the RPS consuming
group experienced both reductions in constipation along
with reductions in Granulicatella compared to the pla-
cebo group, it would validate the observations made here
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and provide rationale for conducting microbiome testing
ahead of constipation treatment.

There are several limitations to our study. First, gut
bacteria exist in a complex ecosystem with substantial
functional redundancy among strains, species and even
genera, making it difficult to ascertain relationships
between bacterial taxa and host symptoms. This trial was
not designed to study complex ecological interactions
between microbiota in the gut and their consequences on
the host. Second, we identified several correlations in the
placebo arm, consistent with previous observations that
corn starch placebo stimulated the growth of Proteobac-
teria in the gut [25]. While the placebo corn starch lacked
RS [25], it is possible that it has other effects on the gut
microbiome. Finally, several correlations were associ-
ated with unclassified bacteria taxa, which is a limitation
of the microbiome analysis methods used in this study.
Future studies using metagenomics and/or more com-
prehensive taxonomic databases may identify novel taxa
responsible for the effects described in this study.

Conclusions

This study reveals that ABS are prevalent in healthy
people and that neither the 3.5 g or the 7 g RPS treat-
ments were able to significantly alter the average levels of
abdominal pain, belching, bloating, gas, or feeling unwell
within groups. However, changes in ABS were correlated
with changes in bacterial taxa, suggesting that improve-
ments in ABS following RPS treatment may be personal-
ized and depend upon the presence of specific bacterial
taxa. Treatment with RPS did not significantly affect the
mean relative abundance of any taxonomic group found
to be significantly correlated with ABS or feeling unwell.
Treatment also did not affect the consumption of mac-
ronutrients, suggesting that underlying dietary changes
did not play a role in forming the gut microbiome-ABS
correlations. The results of the correlation analysis are
consistent with previous studies demonstrating that the
composition of the gut microbiome can be used to pre-
dict and monitor the efficacy of RPS modulation of host
health parameters, such as blood glucose, insulin, and
low-density lipoprotein cholesterol levels [15, 16]. The
use of biomarkers, such as specific bacteria in the gut
microbiome, to personalize strategies for the treatment
or mitigation of various health concerns is an emerging
opportunity. Personalized nutrition approaches, includ-
ing the supplementation of the diet with RPS, may help
restore a variety of host health parameters, including
reduction of ABS.
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