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ABSTRACT ARTICLE HISTORY

We previously reported that autologous-fecal-microbiota-transplantation (aFMT), following Received 23 April 2023

6 m of lifestyle intervention, attenuated subsequent weight regain and insulin rebound for Revised 9 September 2023
participants consuming a high-polyphenol green-Mediterranean diet. Here, we explored  Accepted 25 September 2023

whether specific changes in the core (abundant) vs. non-core (low-abundance) gut micro- KEYWORDS

biome taxa fractions during the weight-loss phase (0-6 m) were differentially associated core microbiome: Low-
with weight maintenance following aFMT. Eighty-two abdominally obese/dyslipidemic par- abundance taxa; aFMT;
ticipants (age =52 years; 6 m weightloss =-8.3 kg) who provided fecal samples (0 m, 6 m) weight regain; FMT,; lifestyle
were included. Frozen 6 m’s fecal samples were processed into 1g, opaque and odorless intervention

aFMT capsules. Participants were randomly assigned to receive 100 capsules containing
their own fecal microbiota or placebo over 8 m-14 m in ten administrations (adherence rate
> 90%). Gut microbiome composition was evaluated using shotgun metagenomic sequen-
cing. Non-core taxa were defined as<66% prevalence across participants. Overall, 450
species were analyzed. At baseline, 13.3% were classified as core, and Firmicutes presented
the highest core proportion by phylum. During 6 m weight-loss phase, abundance of non-
core species changed more than core species (P <.0001). Subject-specific changes in core
and non-core taxa fractions were strongly correlated (Jaccard Index; r=0.54; P<.001).
Following aFMT treatment, only participants with a low 6 m change in core taxa, and
a high change in non-core taxa, avoided 8-14m weight regain (aFMT=-0.58 + 2.4 kg,
corresponding placebo group =3.18+3.5kg; P=.02). In a linear regression model, low
core/high non-core 6 m change was the only combination that was significantly associated
with attenuated 8-14 m weight regain (P=.038; P=.002 for taxa patterns/treatment inter-
vention interaction). High change in non-core, low-abundance taxa during weight-loss
might mediate aFMT treatment success for weight loss maintenance.
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Introduction

One of the early ways to characterize the micro-
biome in a structured manner was by studying the
“core microbiome,” defined most simply and
broadly as microbial features shared across a -
population.”> While evidence suggests there is no
single core or non-core microbiome in the sense of
a shared set of taxa across all healthy individuals,’
studies with different hosts and habitats have
reported a role for taxa with low abundance,*®
including driving a community structure change
following a new diet in a model organism.” We
have reported a similar phenomenon in a human
trial, for participants consuming a high-
polyphenols plant-based Mediterranean diet.”
However, the significance of low-abundance taxa
in the context of obesity has yet to be further
addressed in humans.

Fecal microbiota transplantation (FMT) has
offered a direct way to utilize the microbiome as
a therapeutic tool. It is an effective treatment for
recurrent Clostridioides difficile infection® and is
being investigated for various conditions.””'* Due
to the increasing prevalence of obesity,"> and
reports supporting the role of the gut microbiome
in obesity,'®"” FMT has garnered attention as
a possible treatment for obesity. To date, few stu-
dies have examined FMT’s therapeutic potential for
obesity.”*>* Those studies show partial improve-
ment of metabolic markers, with little to no benefit
on body weight; however, they did not include
dietary interventions. Kootte et al.** reported dif-
ferences in baseline microbiota composition
between responders and non-responders, raising
the possibility that personal microbiome character-
istics are associated with FMT success. A novel
approach of FMT is autologous FMT (aFMT), i.e.,
obtaining a person’s fecal sample at a ‘healthier’
time and self-transplanting later, with the advan-
tage of eliminating the potential of inter-individual
pathogen transmission. In a mouse-model study
that compared the effects of aFMT, allogenic
FMT, and no FMT on obesity induced by 12w
high fat diet, followed by 6w of caloric restriction,
aFMT processed before obesity induction and
administered in the last 2 weeks of the caloric
restriction period proved most effective at poten-
tiating weight loss induced by calorie restriction.**

Recently, we have used aFMT in humans, by
processing participants’ fecal samples after an opti-
mization period (nadir of weight-loss) and trans-
planting them during the expected weight-regain
phase. We showed that aFMT attenuated the
expected weight regain and insulin rebound for
participants consuming a high-polyphenol
“green” Mediterranean diet,” as well as maintain-
ing decreased levels of leptin, C-reactive protein,
Interleukin-6, and total cholesterol that were
achieved in the weight-loss phase.*

In this exploratory analysis, we hypothesized
that distinct responses of the prevalent (core) and
low-abundance (non-core) fractions of the gut
microbiome during the weight loss phase might
contribute to aFMT treatment success.

Results
Baseline characteristics and 6 months of weight-loss

Of 90 participants who began the intervention (aFMT;
n = 44, placebo; n =46), 83 were eligible for micro-
biome analysis and 82 for weight maintenance analy-
sis. Ineligibility reasons and study design are
presented in Figure 1. The 82 participants included
in the analysis did not differ from the 8 participants
who were not included in their weight at recruitment
to the lifestyle trial (included =92.4 + 14.39 kg, not
included =98.7 + 11.69 kg, P =0.19) and weight at
recruitment to the aFMT trial (included =84.4 +
11.9 kg, not included = 87.23 £13.23 kg, P =0.58).
The mean age of participants was 52.6, and most
were male (90.2%), reflecting the nature of the work-
place. The baseline and 6- months characteristics of
the participants included in the analysis are presented
in Table 1.

Core and non-core species at baseline and response
to lifestyle intervention

Overall, 450 species were included in the analysis
(Figure 2a, appendix). At baseline, 60 were classified
as core (13.3%), defined as prevalent in at least 66% of
participants. Firmicutes was the phylum with the
highest proportion of core species (47/263; 17.87%),
followed by Actinobacteria (10/62; 16.12%) and
Bacteroidetes (3/79; 3.79%). We further evaluated
species division to the core and non-core fractions
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Figure 1. Trial flow chart. ‘Microbiome analysis’ refers to Figure 2. ‘Weight maintenance analysis’ refers to Figure 3.

Table 1. Baseline and 6 months characteristics of the study population

Entire (n=82) aFMT (n=41) Placebo (n=41) P value

Male sex (%) 74 (90.2) 37(90.2) 37(90.2) 1

Age - yr 526 £10.5 532+ 10 521+ 111 .63
Weight - month 0 (kg) 924 + 144 93.1 £ 139 91.7 £15 .67
6 months weight loss (kg) 8+438 83 %53 7.7 +£42 .58
BMI - month 0 (kg/cmz) 31+38 30934 31.2+£42 .69
6 months BMI loss - (kg/cm?) 27+15 27 +17 26+13 67
Waist circumference - month 0 (cm) 109.1 £ 9.2 1087 +7.3 109.4 + 10.9 71
6 months Waist circumference loss - (cm) 9.8 +6.2 9.6 +58 10 £ 6.6 72
Systolic blood pressure - month 0 (mmHg) 132 +13.6 133.6 + 14.4 1303 + 126 28
6 months Systolic blood pressure loss - (mmHg) 94 + 11 10.7 £ 10.2 82+118 3

Diastolic blood pressure - month 0 (mmHg) 82+ 108 839+ 113 80.1 + 10.1 1
6 months Diastolic blood pressure loss - (mmHg) 62+79 73+76 5+82 .18

Baseline and 6 months changes characteristics for study population. Values are presented as means (+ standard deviation).

based on all available samples (including 6 m, 173
samples). Of 450 species, 445 (98.9%) matched their
original classification (three non-core and two core
species changed classification), and of all 701 available
taxa, 695 (99.1%) matched their original classification
(1 additional non-core taxa changed classification;
overall, 1 taxon that changed classification was from
the Firmicutes phylum), demonstrating that the divi-
sion to the core and non-core fractions was robust in

our study population. There was a strong correlation
between the prevalence across participants and mean
relative abundance at baseline across all species
(Spearman’s r=0.89, P<.0001), a correlation that
remained strong both for the non-core (Spearman’s
r=0.84, P<.0001) and core (Spearman’s r=0.61, P
<.0001) fractions, as well as within the four major
phyla (>1 species; Spearman’s r > 0.68, P < .0001). The
mean prevalence of core species was found to be
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a. Variation of metagenomic species across individuals
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Figure 2. Bacterial species, stratified by phyla, are presented as a singular bar along the X-axis, as the same vertical bar along the entire
figure represents the same species. (a). presence/absence matrix at baseline, red indicates presence. Each row represents a participant.
classification to the core and non-core taxa based on the presence/absence matrix, green represents core. (b). species prevalence
across all participants. (c). species mean relative abundance across all participants. (d). median log, species 6m change across all
participants. (e). T-test comparison of core and non-core 6m absolute median log, change.

90.4%, whereas non-core species exhibited a mean
prevalence of 11.6%. Furthermore, the median relative
abundance of core species was observed to be 6.9%,
while non-core species displayed a median relative

abundance of 0.8%. Next, we calculated the median
6 m relative abundance fold change for each species
across participants (Figure 2e) and found that non-
core species changed more than core species (all spe-
cies core vs. non-core: P < .0001), we further observed

this pattern within Firmicutes species (Firmicutes
core vs. Firmicutes non-core: P < .0001).

Core and non-core subject-specific fractions and
aFMT weight maintenance

To evaluate person-specific changes in the core and
non-core taxa during the weight-loss phase, we calcu-
lated the within-person Jaccard dissimilarity index
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Figure 3. (a). subject-specific Jaccard index for the core and non-core microbiome fractions, their correlation, and division to four
“high/low core/non-core change” groups based on linear regression. (b). 8-14m weight regain comparison between aFMT and placebo
within each “core/non-core” sub-group. T-tests were used to compare weight maintenance between treatment and placebo within

each group.

using the R package Vegan® for each subject’s core
and non-core microbiome communities, assessing
the intra-individual distance between the baseline
and 6 m time points. A correlation was observed
between the Jaccard index in core and non-core
taxa fractions (Pearson’s r =.54, P <.001; Figure 3a).
By employing various cutoff thresholds to define the
core microbiome, it is expected that the correlation
strength would be most pronounced at the extreme
ends of these thresholds. We observed an upward
trend in the correlation starting at a cutoff of ~ 50%
(Fig. S1), which led us to set this threshold as the
minimum for our analysis. Subsequently, we com-
puted the individual ratio between the Jaccard index
for the core taxa and the Jaccard index for all taxa,
aiming to establish an upper threshold for our analy-
sis (Fig. S2), as we later utilized the changes in the core
fraction to estimate the expected change in the non-
core fraction. Although the proportion initially
showed a relatively high value, we observed
a downward trend at approximately 75%. This find-
ing justified our choice of setting the threshold at 66%
as it aligned with the observed trends in our dataset

and our analytical framework. We further performed
linear regression, with the non-core change as the
dependent variable and the core change as the inde-
pendent variable. Next, we divided participants
according to high/low 6 m change in each fraction
of the microbiome. High core microbiome change
was considered as an above-median Jaccard dissim-
ilarity index value. As the two fractions were highly
correlated, high non-core microbiome change was
considered a greater change than expected by the
change in the core fraction (positive residual value
in the linear regression model), generating four
groups of high/low change in core/non-core fraction.
Within each sub-group classified by its change in the
core and non-core fractions, we compared the weight
regain in 8-14 m between aFMT participants and
placebo (Figure 3b). First, we found that there was
no association between the core/non-core sub-groups
and the lifestyle intervention arms (as previously
described;”® P=0.6; Table S1). Prior to the aFMT,
following 8 months of dietary intervention, no differ-
ence in 0-8 m weight loss between aFMT and placebo
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was observed within any of the sub-groups (Fig. S3).
Following 6 months of administration of aFMT,
between 8-14 months, a significant difference in
weight change was observed only within the low
core/high non-core group, with aFMT participants
successfully maintaining their weight as compared
to placebo (aFMT - low core/high non-core group
=-0.58 £ 2.4 kg, placebo - low core/high non-core
group = 3.18 £ 3.5 kg, P=0.02; Figure 3b). A near-
significant opposite trend was observed in the com-
plementary group, high core/low non-core (aFMT -
high core/low non-core=2.4+1.5kg, placebo -
high core/low non-core=0.87 + 1.4kg, P=.052).
We further compared 8-14 m weight regain between
aFMT participants only and found that core/non-
core 6 m change pattern was associated with weight
regain (high core/low non-core =2.4 + 1.5 kg, high
core/high non-core =2.28 + 1.8 kg, low core/low
non-core = 0.63 + 1.9 kg, low core/high non-core =
—0.58 £ 2.4 kg; P =0.03 between groups; Fig. $4). In
a linear regression model testing the effect of core/
non-core group and treatment allocation on 8-14 m
weight regain, as well as their interaction, the only
significant pattern combination was the low core/
high non-core group, and its interaction with aFMT
treatment (P =.038 and P =.002, respectively; high
core/high non-core; P=.914, low core/low non-
core; P=.917, aFMT; P =185, high core/low non-
core and placebo were the references groups).
Furthermore, aFMT participants from the low core/
high non-core group were able to maintain their
weight attenuation, as compared to placebo until
the end of the lifestyle trial (8-18 m weight change:
aFMT - low core/high non-core =-0.22 + 2.1 kg,
placebo - low core/high non-core=3.77 £ 5.4 kg,
P =.047; Fig. S5). Low core/high non-core group,
and its interaction with aFMT treatment, remained
significant in a linear regression model testing 8-18
m weight regain (P =.04 an P =.011, respectively).

Discussion

In this exploratory analysis of a 14-month aFMT
randomized placebo-controlled trial including 82
participants, we showed, using a person-specific

Jaccard index metric, that participants who under-
went a relatively small change in their “core micro-
biome” and a notable change in their “non-core
microbiome” during a weight-loss phase uniquely
maintained their weight loss after aFMT, up to 4
months following intervention completion. While
the core and non-core fractions of the microbiome
6 m change were strongly correlated, the non-core
fraction changed more than the core fraction.

The trial had several limitations. Similar to our
previous trials,”®** most participants were male.
However, a previous notable study reported only
a small effect size of gender on the overall differ-
ence in microbiome composition at the population
level.’® In addition, recruitment of participants
from the same isolated workplace impose
a limitation on the generalizability of our findings.
In our analysis, very low-abundance taxa were
excluded, possibly hindering our ability to pinpoint
the effects of the very rare non-core taxa. We took
that conservative approach due to the zero-inflated
nature of microbiome data, trying to avoid the
identification of spurious correlations. Strengths
of the study include the rigorous double-blinded
placebo-controlled design with supervised capsule
administration and the use of bacterial species
resolution characterized by shotgun metagenomics
for microbiome analysis.

We report that substantial changes in low-
abundance taxa across a shared-workplace popula-
tion may contribute to the success of aFMT treat-
ment in reducing weight regain. Investigators have
applied different definitions and approaches to
defining the core microbiome,’"** but reports of
the importance of rare taxa in different habitats
and contexts™®”> motivated us to perform this
analysis. There is a wide range of variability in
threshold values reported in the literature, ranging
from 30% up to 100%.>">* While we acknowledge
that any choice of cutoff is somewhat arbitrary, our
selection was based on the correlation between the
core and non-core fractions and the changes
observed in the core fraction, which helped us
evaluate the expected changes in the non-core frac-
tion. Furthermore, our selected threshold does not
align with the extremes reported in the literature,
which provides some support for our decision. It is
noteworthy that all participants were recruited
from a single, isolated research center, where they



reside in the same geographical area and share
a communal workplace dining room for their
meals. Geography explains some of the inter-
individual variation in the microbiome.* The
induction of a lifestyle intervention was sufficient
to change the taxa with low prevalence in our study
population. The observed correlation between the
core and non-core fractions might be expected due
to the nature of microbiome data as compositional,
and due to the rigorous classification of taxa as
core/non-core after including samples following 6
months of lifestyle intervention. While we can’t
definitively rule out any potential negative impacts
of high changes in the core fraction, our analysis,
which establishes a dependency of the change in
the non-core fraction on the change in the core
fraction, allows us to draw the conclusion that,
within the context of low change in the core frac-
tion, a high change in low-abundance taxa may be
beneficial in the context of obesity.

While gut microbiome differ substantially
between individuals,” variation at a given point
in time (e.g., baseline of intervention) was
reported to be linked with obesity, response to
dietary intervention, and response to FMT
treatment.”>*>” In our analysis, variation of
the gut microbiome response to a lifestyle inter-
vention was associated with aFMT treatment suc-
cess. Our results further imply the possible
importance of personal microbiome features
with maintenance of body weight, with features
representing “core” and “non-core” microbial
community dynamic during a perturbation in
our analysis.

Firmicutes, known to be a highly abundant
phylum in the human gut microbiome, has
been suggested to be related to human obesity,
although this claim is still controversial.”® The
high stability of core species from this phylum
in our analysis, in conjunction with the rela-
tively high core proportion, might signify the
known role of Firmicutes as a stable component
of the human gut microbiome.

In conclusion, our results suggest that the effec-
tiveness of aFMT treatment to reduce weight regain
following intervention-induced weight loss might be
related to changes in the gut microbiome during the
weight loss phase, with a significant role for the
changes in low-abundance species.
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Patients and methods
Study design

The aFMT and DIRECT-PLUS (Dietary Intervention
Randomized Controlled Trial Polyphenols-
Unprocessed; ClinicalTrials.gov Identifier:
NCT03020186) lifestyle trial methods have been
extensively described previously.*” In short, the trial
included two phases, each phase began at the same
time for all participants. In the first phase, 294 eligible
participants, employees of the nuclear research center
in Dimona, Israel, were randomized to one of three
unique diets; all received free gym membership and
physical activity guidance. Inclusion and exclusion
criteria are detailed in a previous report.> The main
inclusion criteria were abdominal obesity (waist cir-
cumference: men >102 cm, women >88 cm) or dysli-
pidemia (Triglycerides >150mg/dL and HDL
cholesterol <40 mg/dL for men, < 50 for women);
exclusion criteria included major health impairments.
In the second phase, 90 participants with >3.5%
weight loss following 6 months of the first phase life-
style intervention, and without antibiotic use within
the prior two months, gave consent to enroll in an
aFMT randomized, double-blinded, placebo-
controlled intervention. The full fecal sample pro-
vided by participants at recruitment to the aFMT
trial was processed into frozen, opaque, and odorless
capsules. Participants were randomized in a 1:1 ratio
to consume 100 g of their own processed fecal matter
or an identical placebo dose over 10 sessions, over 6
months, starting at month 8 of the DIRECT-PLUS
trial. An investigator supervised each capsule admin-
istration session. During months 6-14, participants
still adhered to their allocated lifestyle intervention up
to month 18.*° The Soroka University Medical Center
human subject committee approved and monitored
the study. All participants provided written informed
consent and received no financial compensation.

Weight and microbiome assessments

Participants were weighed without shoes to the near-
est 0.1 kg at baseline, following the weight loss phase
(6 m), and at the beginning (8 m) and the end (14 m)
of the aFMT administration phase, as well as follow-
ing additional 4 months of adherence to their ran-
domized diet and physical activity (18 m). Fecal
samples were provided by participants at baseline
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and after 6 months of lifestyle intervention at the
study site, immediately frozen at —20°C for 1-3
days before storage at —80°C. For all microbiome
analysis, fecal DNA was extracted, sequenced, and
normalized using shotgun metagenomic. The aver-
age sequencing depth was 15.4 £ 2.6 million reads
per sample. DNA sequences were aligned using an
accelerated version of the Needleman-Wunsch algo-
rithm to a curated database containing all represen-
tative genomes in RefSeq, version 86.*° Each input
sequence was assigned the lowest common ancestor
that was consistent across at least 80% of all refer-
ence sequences tied for best hit. The number of
counts for each taxon was then normalized to the
average genome length. Additional details regarding
the metagenomic pipeline are provided in a previous
report.”” Taxa prevalent in less than 2% of baseline
samples and without phylum-level annotation were
excluded from all analyses. Fecal samples obtained
in the 2-months’ time window following antibiotics
intake were excluded from the analysis.

Statistical analysis

Taxa with species-level annotation, prevalent in > 2%
of samples and with relative abundance higher than
0.02% in at least one sample were included in the
baseline analysis (m0). Prevalence was calculated
based on the occurrence of species across all partici-
pants. A taxon was determined to be part of the core
microbiome if, across participants, it was prevalent
in>66% of the samples and non-core otherwise;
prevalent classification was given to taxa with >
0.02% mean relative abundance. Pearson correlation
was calculated to test the association between the
subject-specific change in the core and non-core
microbiome fractions. T-tests were used to compare
core and non-core species change during the weight-
loss phase and weight maintenance between treat-
ment and placebo, Chi-squared test was used to eval-
uate the association between categorical variables.
Analysis of variance (ANOVA) was used to compare
the body weight outcome between the four micro-
biome groups. We tested the interaction between
aFMT treatment and each of the core/non-core groups
in a linear regression model, with weight regain in
8-14 m/8-18 m as the dependent variable; high core/
low non-core was the reference group, in the python

package statsmodels.*" The cutoff for statistical sig-
nificance was set to P < 0.05. Statistical analyses were
performed using R software, version 3.5.3, and in the
python package Pingouin.*’
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