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Abstract

The viability and persistence of orally administered microbes in the human gut are essential to their biological
function. We previously described the development of two synbiotic medical foods, SBD111 and SBD121, each
comprising four food-derivedmicrobial strains and prebiotic fibres for the dietary management of postmenopausal
bone loss and rheumatoid arthritis, respectively. Here, we report a randomised, open-label clinical study
examining gut persistence of SBD111 and SBD121 microbes by testing faecal samples from healthy adults following
administration for seven days. Thirty-eight participants, aged 18-64 years with a body mass index (BMI) of 18.5-
35 kg/m2, were randomised to receive one of the two synbiotic medical foods daily for one week, followed by
a four-week monitoring period. Employing quantitative PCR (qPCR), shotgun metagenomics, and culture-based
assays, we evaluated the presence and viability of the microbial strains comprising each synbiotic medical food
during and after administration. SBD111 and SBD121 were well-tolerated with minimal adverse events reported.
Strainswere detected in over 80% of participants during the administration period, with strain abundance peaking
in the first week. Persistence in the follow-up period varied by strain and detection method. The microbial strains
were detected by qPCR and metagenomic sequencing for a median of seven days and three days during the
follow-up period, respectively. However, Bacillus amyloliquefaciens was consistently detected for seven days by
both methods. Culture-based assays confirmed the presence of viable strains from both synbiotic medical foods in
stool samples up to one-week post-consumption. Faecal metagenome diversity and metabolic functional potential
remained stable throughout the administration and follow-up periods. Collectively, these results establish that
SBD111 and SBD121 deliver viable microbes that transiently persist in the gut, reinforcing their promise for safe and
targeted dietary interventions and highlighting the value of multi-platform detection strategies for comprehensive
microbial persistence assessment.
This trial, funded by Sōlarea biō, is registered at ClinicalTrials.gov (NCT06614166).
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1 Introduction

Probiotics are characterised as living organisms that,
when administered in sufficient quantity, can be benefi-
cial to the host (Hill et al., 2014). The most well-known
probioticmicrobes are bacteria, such as Bifidobacterium
and Lactobacillus species, but yeasts, including Sac-
charomyces species, have also been shown to confer
health benefits (Staniszewski and Kordowska-Wiater,
2021). Several studies have reported increased probiotic
survival in simulated gastric environments with coad-
ministration of prebiotics, non-digestible food com-
ponents that promote microbial viability and activity
(Peredo et al., 2016; Sathyabama et al., 2014; Pandey et
al., 2015). The combination of probiotics and prebiotics
are collectively referred to as synbiotics.

A critical factor for orally administered microbes
to confer health benefits is the ability to persist in
the gastrointestinal (GI) tract (Millette et al., 2008),
a trait that varies substantially by strain (Masco et
al., 2007; Elo et al., 1991). Persistence is commonly
assessed using molecular and culture-based detection
methods that enable strain-specific tracking in complex
microbial communities, such as stool samples (Morelli
and Pellegrino, 2021). Once administered, these strains
must compete with resident microbes for limited nutri-
ents and ecological niches, which can influence their
gut persistence and metabolic function (Pandey et al.,
2015). Evidence suggests that strain persistence is typi-
cally transient, lasting days to weeks after intake stops
(Maldonado-Gómez et al., 2016; Tremblay et al., 2023).
Microbial colonisation dynamics are influenced by sev-
eral host-specific factors, including microbiome compo-
sition, diet, and immune factors that contribute to high
interindividual variability (Zmora et al., 2018). Given
the transient nature of microbial colonisation and these
host-specific factors, evaluating microbial persistence
has become essential to understanding the function of
orally administered microbial interventions.

We previously described the development of two
rationally designed synbiotic medical foods, SBD111 and
SBD121, formulated for the dietary management of post-
menopausal bone loss and rheumatoid arthritis (RA),
respectively (Easson et al., 2022, 2024; Lawenius et al.,
2022). Both formulations contain probiotic strains iso-
lated from a variety of healthy foods sources, combined
with prebiotic fibres, oligofructose and blueberry pow-
der, and encased in enteric capsules to support micro-
bial viability and activity through the GI tract. In a
recently completed randomised clinical study of 286
early postmenopausal women, twice daily administra-

tion of SBD111, containing Leuconostoc mesenteroides
(SBS04255), Lactiplantibacillus plantarum (SBS04260),
Pichia kudriavzevii (SBS04263), and Levilactobacillus
brevis (SBS4254) reduced bone loss in participants with
osteopenia, elevated body mass index (BMI), and those
with elevated body fat (Schott et al., 2025). SBD121,
containing Lactococcus lactis (SBS04916), Schleiferilac-
tobacillus harbinensis (SBS04913), Bacillus amyloliquefa-
ciens (SBS04877), and Levilactobacillus brevis
(SBS04254), is a candidate synbiotic currently under
investigation in a randomised, placebo-controlled effi-
cacy trial of recently diagnosed RA patients in combina-
tion with the standard of care treatment, methotrexate
(ClinicalTrials.gov ID NCT06005220). A previous study
to evaluate safety and tolerability of SBD111 in healthy
participants demonstrated no detection of the orally
administered microbial strains after a 28-day washout
period (Sahni et al., 2023). However, the kinetics of
microbial abundance and persistence in the gut micro-
biome, aswell as the viability of these strains in vivo, fol-
lowing administration of these synbiotic medical foods
remained to be determined.

Here, we report the results of an open-label study
designed to assess the abundance and gut persistence of
the microbial constituents of medical foods SBD111 and
SBD121 by detection from stool samples of 36 healthy
volunteers over time, using a combination of culture-
based methods, quantitative polymerase chain reac-
tion (qPCR), and metagenomic sequencing. Secondary
objectives included characterisation of changes in gut
microbial diversity and metabolic pathways, and the
exploratory endpoint assessed viability of the synbi-
otic microbes. By integrating multiple detection meth-
ods, this study aims to accurately elucidate SBD111 and
SBD121 microbial persistence, viability, and effects on
the endogenousmicrobiome in the human gut.

2 Materials andmethods

Study design and participants
An open-label study was conducted at a single site in
Waltham, Massachusetts, United States, between June
and December 2024, to investigate the detection and
persistence of medical food strains during and follow-
ing oral administration of SBD111 and SBD121 in healthy
adults. Secondary objectives included characterisation
of changes in gut microbial diversity and functional
potential over time. Exploratory analyses assessed via-
bility of probiotic strains in stool by recovering live
isolates at baseline, Day 7, and Day 14. This trial was
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Detection of orally administered microbes to evaluate gut persistence 3

Figure 1 Study design schematic. Participants were randomised to receive either SBD111 or SBD121 for a seven-day intervention period,
followed by a four-week wash-out period. Triangles indicate the faecal sample collection timepoints, annotated by the type of
analysis performed (e.g. live microbial enumeration, qPCR, and metagenomics).

approved by the Institutional Review Board at Advarra
(food trial to evaluate the kinetics of the medical foods
SBD111 and SBD121 persistence in healthy adults, IRB#
Pro00078728, ClinicalTrials.gov ID NCT06614166) and
enrolled 38 healthy adults aged 18-64 years agreeing to
follow study procedures (Figure 1).

The study planned to enrol 20 participants per group
with five repeatedmeasures (Days 0, 7, 10, 21, and 35) for
metagenomic analyses. Power analyses (α = 0.05, 80%
power) assumed within-subject correlation ρ = 0.3–0.7
and SD = 0.4–0.6 for Shannon diversity. This design can
detect between-group differences of ~0.22–0.42 Shan-
non units or absolute differences of ~24–32 percent-
age points in microbial presence across time points.
With expected modest attrition (18–16/group), power
remains adequate for biologically meaningful effects.

Participants were recruited through online advertise-
ments and flyers. Interested individuals completed an
online screening survey, followed by a virtual eligibility
assessment conducted by study staff. Participants were
eligible if they had a body mass index (BMI) between
18.5 and 35 kg/m2, were in general good health as deter-
mined by screening within 30 days prior to study start
(see supplemental methods for exclusion criteria) and
were willing to comply with the study protocol and
availability requirements throughout the study dura-
tion. The inclusion of adults across a broad BMI range
and age span (18–64 years) was intended to reflect vari-
ability present in the general adult population while
maintaining safety and feasibility for an early-phase
food study. Exclusion criteria focused on conditions or
medications likely to alter the gut microbiome (e.g.
recent antibiotic or probiotic use, chronic gastrointesti-
nal disease, or immune-compromising conditions) to
minimise confounding factors and ensure that observed
microbiome changes could be attributed to product
intake. Participants were not asked to change their diet
other than to refrain from taking probiotic supplements.
Consumption of probiotic-containing foods such as fer-
mented dairy products and vegetables was permitted

to maintain ecological validity and dietary habits repre-
sentative of free-living adults. All participants provided
written informed consent before the study was con-
ducted. Each participant was randomised 1:1 into one
of two study groups to receive either SBD111 or SBD121
using centralised, computer-generated randomisation.
Due to the open-label design, neither participants nor
investigatorswere blinded to group assignments. A clin-
ical monitor provided oversight of study conduct and
participant safety throughout the trial.

Study procedure and intervention
The intervention consisted of four daily capsules. SBD111
capsules contained Levilactobacillus brevis SBS04254
(7.5 × 109 cfu), Lactiplantibacillus plantarum SBS4260
(7.5 × 109 cfu), Leuconostoc mesenteroides SBS04255
(7.5 × 109 cfu), and Pichia kudriavzevii SBS04263 (1.25 ×
109 cfu), while SBD121 capsules contained Levilactobacil-
lus brevis SBS4254 (7.5 × 109 cfu), Schleiferilactobacillus
harbinensis SBS4913 (3.5 × 109 cfu), Lactococcus lac-
tis SBS04916 (7.5 × 109 cfu), and Bacillus amyloliquefa-
ciens SBS04877 (7.5 × 109 cfu). Capsules also included
oligofructose and dried blueberry powder, in addition to
inert flow aids, magnesium stearate and silicon dioxide
(Supplementary Table S1).

Study participants collected faecal DNA swabs (4N6
FLOQSwabs; Copan Diagnostics, Murrieta, CA, USA)
at baseline (Day 0) and on Days 2, 7, 10, 14, 21, 28,
and 35 to assess microbial prevalence and persistence.
Swabs were stored at room temperature prior to DNA
extraction. To evaluate viability of medical food strains
before and after administration, a subset of participants
(12 receiving SBD111 and 17 receiving SBD121) provided
additional faecal samples (~1 g) on Days 0, 7, and 14,
which were immediately frozen by participants and
transported to the study site on dry ice for culture-based
analysis. Adherence to the supplementation protocol
was monitored by providing participants with an excess
number of capsules and assessing capsule counts dur-
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ing the Day 7 follow-up interview, where participants
reported the number of remaining capsules.

Medical food strain detection by quantitative
polymerase chain reaction (qPCR)
Total DNA was extracted from each faecal swab sam-
ple using the ZymoBIOMICS DNA miniprep kit (Zymo
Research, Irvine, CA, USA) according to manufacturer’s
instructions. Purified PCR products of each strain using
the strain-specific primers were combined per group at
110 copies per strain, including the 16S purified prod-
uct and specificity was checked by gel electrophoresis.
Standard curves were generated by 10-fold serial dilu-
tions of the mixture. Each faecal DNA sample was run
in duplicate and normalised to the lowest concentration
(above 2 ng/μl) among the eight samples collected from
each participant. If DNA concentrations were less than
or equal to 2 ng/μl, samples were run in triplicate undi-
luted.

Absolute quantification of strains in faecal samples
was performed by qPCR on a CFX96 Touch Real-Time
thermocycler (Bio-Rad Laboratories, Inc, Hercules, CA,
USA) using the primers and probes listed in Supplemen-
tary Table S2. Each reaction was performed with 10 μl
volumes using the PrimeTime Gene Expression Master
Mix (Integrated DNA Technologies, Inc., Coralville, IA,
USA), strain primers (0.25 μM), strain probes (0.25 μM)
andDNA template (1 μl). The PCR programme consisted
of 3 min at 95 °C, followed by 40 cycles of 95 °C for
10 sec and 63 °C for 30 s.

Shotgunmetagenomics andmicrobiome analysis
Stool samples for metagenomic analysis were collected
from study participants on Days 0, 7, 10, 14, 21, and
35. Metagenomic DNA libraries were prepared using
the Illumina DNA Prep (M) Tagmentation Kit (Illumina
Inc., San Diego, CA, USA), along with IDT Illumina
DNA/RNA UD Index Sets A and B, following the manu-
facturer’s protocol. Library concentrations were quanti-
fied using a Qubit 3 Fluorometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). Libraries were then pooled at
equimolar concentrations, and the final pooled library
was quantified using bothQubit 3 Fluorometer and real-
time PCR. Fragment size distributionwas assessed using
an Agilent 2100 Bioanalyzer to ensure quality and con-
sistency. Sequencing was conducted by Novogene Co.,
Ltd. (Beijing, China) on an Illumina NovaSeq X Plus
instrument, utilising a 25B FlowCell and paired-end 150
bp (PE150) chemistry. Each sample was sequenced to a
target depth of 5 Gb of data.

Raw sequencing reads were quality trimmed and
residual adaptors were removed using Trimmomatic
v0.39 (Bolger et al., 2014) with the following param-
eters: -phred33 LEADING:3 TRAILING:3. To eliminate
host contamination, reads were aligned to the human
reference genome (GRCh37, GCF_000001405.13) using
Bowtie2 v2.5.4 (Langmead and Salzberg, 2012), and
alignments were processed with SAMtools v1.13 (Li et
al., 2009) to filter human-origin sequences. All metage-
nomic samples were subsequently subsampled to a
depth of 10 million read pairs. Three samples with
fewer than 10 million read pairs were retained as they
exhibited acceptable microbial community coverage
(greater than 75% as estimated using Nonpareil v3.5.5;
Rodriguez-R et al., 2018).

Taxonomic profiling of metagenomic samples was
conducted using MetaPhlAn4 (Blanco-Míguez et al.,
2023), employing the mpa_vJun23_CHOCOPhlAnSGB_
202307 reference database. Taxa detected in at least
5% of samples were retained for downstream analy-
sis. Functional profiling of microbial communities was
performed using HUMAnN3 (Beghini et al., 2021) with
default settings. Functional annotation utilisedmultiple
reference pathway databases, including UniRef, KEGG,
UniPathway, andMetaCyc. The resulting pathway abun-
dance output was filtered to retain pathways with an
equal to or greater than 5% prevalence across samples.

Sequencing of samples fromDay 14 was performed in
a separate batch from the remaining time points. These
samples exhibited a high proportion of reads that failed
to align to the reference databases used and exhibited
lower microbial community coverage estimates both
before and after rarefying to 10 million read pairs. Due
to these putative batch effects, Day 14 samples were
excluded frommicrobial community profiling analyses.

SBD111 and SBD121 detection in stool metagenomes
To monitor the presence of SBD111 and SBD121 strains
in participant stool metagenomes across study time-
points, custom strain-specific k-mers were developed
using Strainer2 (Aggarwala et al., 2021) and further
refined using in-house bioinformatics pipelines. Target
genomes were fragmented into overlapping 31 bp k-
mers then screened against a custom reference database
of public and internal human stool metagenomic data-
sets, genomes of closely related strains with an Aver-
age Nucleotide Identity (ANI) greater than 98%, and
the MetaPhlAn4 marker gene database (mpa_vJun23_
CHOCOPhlAnSGB_202307) (Blanco-Míguez et al.,
2023).
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K-mer frequencies were calculated across this ref-
erence database to identify informative, strain-specific
k-mers. Informative k-mers were defined as the least
prevalent kmers in the database, comprising 1% of total
k-mers for L. brevis, L. plantarum, L.mesenteroides, L. lac-
tis, and S. harbinensis, 2% of total k-mers for B. amyloliq-
uefaciens, and 23% of total k-mers for P. kudriavzevii. For
each sample, the presence of a strainwas determined by
mapping the set of informative k-mers to the metage-
nomic reads and calculating k-mer coverage, defined as
the proportion of unique strain-specific k-mers detected
in the sample relative to the total number of k-mers in
the reference set. A strain was considered present if the
k-mer coverage exceeded 0.03× for bacterial strains or
0.01× for fungal strains.

Viablemicrobial detection using selective plating and
qPCR identification
Sampleswere transferred to an anaerobic chamber (Coy
Laboratories, Grass Lake, MI, USA), weighed, and pro-
cessed into 10% (w/v) faecal suspensions in phosphate-
buffered saline (PBS). Suspensions were homogenised,
filtered through 100 μm cell strainers, serially diluted,
and plated on both selective and non-selective media
(Supplementary Table S3) and incubated for 48 hrs
before enumerating colony forming units (cfus). Follow-
ing incubation, 24 colonies (Day 0) or 32 colonies (Days
7 and 14) for each samplewere picked from thesemedia
(except brucella), lysed in Tris-EDTA buffer (boiled at
95 °C for 30 min, centrifuged at 5,000 rpm for 1 min),
and used for qPCR-based strain identification. Modified
fluorophores were used for L. lactis and L. plantarum
probes (Supplementary Table S2). P. kudriavzevii and
B. amyloliquefaciens were detected using iTaq Universal
SYBR Green Supermix (Bio-Rad, Hercules, CA, USA).

Statistical analysis
Metagenomic sample statistical analyses were con-
ducted in R Statistical Software (v4.3.2; R Core Team
2021). Relative abundance values were square root-
transformed. Changes in repeated measures variables
across study groups were assessed using linear mixed-
effects models (LMER). The models included random
effects to account for repeated measurements within
subjects and fixed effects for repeated measures, e.g.
time points. Differential abundance of taxa and path-
ways was evaluated using LMER as implemented in the
lmerTest package (v3.1.3; Kuznetsova et al., 2017).

To control multiple hypothesis testing, P-values were
adjusted using the Benjamini-Hochberg false discovery
rate (FDR) correction. Adjusted P-values < 0.05 were

considered statistically significant. Changes in richness
and Shannon diversity over time for both taxa and
pathways were also assessed with the linear mixed-
effects model implementation from lmerTest. P-values
less than 0.05 were considered statistically significant.

qPCR data for strain abundance in stool sampleswere
first analysed for outliers using theGrubbs test, followed
by a mixed-effects model and Tukey’s multiple compar-
isons test in GraphPad Prism version 10.1.0 (Waltham,
MA, USA). Time to non-detection via qPCRwas assessed
using a one-way ANOVA, while the plating results from
selective agar were analysed with a two-way ANOVA;
both were followed by Tukey’s multiple comparisons
tests.

3 Results

SBD111 and SBD121 are well tolerated in healthy adults
Thirty-eight individuals were recruited and randomised
to receive either SBD111 or SBD121. One participant did
not initiate the study, and another withdrew after one
week; data from these individuals were excluded from
subsequent analyses. The remaining 36 participants (18
per group) completed the study. The ages and body
mass index (BMI) of study participants of each group
were similar (Table 1). Capsule consumption adherence
was high (98.3% average). However, one participant ran-
domised to the SBD121 group consumed the probiotic
prior to providing their baseline (Day 0) sample.

The incidence of adverse events was minimal, with
seven reported for SBD111 (four mild, three moder-
ate) and three for SBD121 (three mild) (Table 1). No
severe adverse events were reported. The most com-
monly reported adverse events were mild gastrointesti-
nal symptoms such as gas and bloating. A total of 10
adverse events were reported across eight participants.
However, no participants discontinued participation in
the study due to adverse events. Some events, including
upper respiratory infections, were assessed as unlikely
to be related to the intervention.

Microbe detection in human faeces via quantitative
polymerase chain reaction
qPCR was employed using DNA extracted from faecal
swabs collected throughout the study to evaluate the
presence and persistence of themedical food strains fol-
lowing oral administration. Custom-designed primers
and probes enabled sensitive detection of each target
microbe over time.
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Table 1 Participant demographics and reported adverse events

Medical food SBD111 SBD121
Participation
Recruited 20 18
Initiated (%) 19 (95%) 18 (100%)
Completed (%) 18 (90%) 18 (100%)
Clinical characteristics
Age (+/- SD) 31.9 (9.1) 33.4 (10.8)
BMI (+/- SD) 25.3 (4.0) 24.7 (4.5)
Sex/gender
Male (%) 10 (50%) 10 (55.6%)
Female (%) 10 (50%) 7 (38.9%)
Other 0 (0%) 1 (5.6%)
Race/ethnicity
White 14 (70%) 13 (72.2%)
Asian 1 (5.0%) 1 (5.6%)
Mixed 1 (5.0%) 4 (22.2%)
Other/unknown 4 (20%) 0 (0%)
Hispanic/Latino 7 (35%) 8 (44.4%)
Adverse events (AEs)
Total AEs 7 3
Number of participantswith AEs 6 2
Mild severity 4 3
Moderate severity 3 0
Gas and/or bloating 3 2
Diarrhoea 1 0
Headache 1 0
Upper respiratory infection 2 1

Analysis of baseline stool samples from the SBD111
group revealed detectable levels of L. plantarum and L.
brevis in one and six participants, respectively. Similarly,
L. lactis, B. amyloliquefaciens, and L. breviswere detected
in baseline stool samples from the SBD121 group for
one, two, one, and two participants, respectively. Fol-
lowing administration, all strains from both synbiotic
medical foods were detected in over 80% of partici-
pants. Notably, by Day 7, L. plantarum, L. lactis, B. amy-
loliquefaciens, and L. brevis from both synbiotics were
detected in 100% of participants who received their
respective formulations (Table 2). L. mesenteroides and
S. harbinensis were detected in 94% of their respective
participant groups and P. kudriavzevii was detected in
83% of SBD111-consuming participants. P. kudriavzevii,
L. lactis, B. amyloliquefaciens, and the SBD121 L. bre-
vis each showed a significant increase in abundance by
Day 2 compared to Day 0, while L. plantarum and L.
mesenteroides exhibited a significant increase in abun-
dance from Day 0 to Day 7 (Figures 2A and B). Signif-
icant increases in abundance of S. harbinensis in the

SBD121 group and L. brevis in the SBD111 group were not
observed. Each of the lactic acid bacterial strains and B.
amyloliquefaciens demonstrated a significant decrease
in abundance by Day 14, seven days after consumption
of the medical food was discontinued.

To further characterise strain persistence, the dura-
tion of detectability following product discontinuation
was examined. The median time to non-detection was
seven days post-administration for strains L. plantarum,
and L. brevis in the SBD111 group and L. lactis in the
SBD121 group, while B. amyloliquefaciens and the SBD121
L. brevis exhibited persistence beyond one week (11
and 14 days, respectively). Additionally, S. harbinensis
exhibited a median time to non-detection of six days.
The time to non-detection did not differ significantly
between strain pairs, except for P. kudriavzevii and L.
brevis in the SBD111 group, which were detected for a
median of three- and seven-days post ingestion, respec-
tively (Supplementary Figure S1).

Medical food strain detection in human faeces via
shotgunmetagenomic sequencing
As a complement to qPCR-based detection, shotgun
metagenomic sequencing was used to detect the admin-
istered medical food strains and determine their per-
sistence in the gastrointestinal tract of healthy adults.
To achieve this, genome-specific k-mer sequences were
used to identify eachmicrobial strain in stoolmetageno-
mes. Analysis of baseline stool samples confirmed the
absence of medical food strains in all participants,
except for one individual randomised to the SBD121
group, who showed detectable levels of L. lactis and L.
brevis, likely attributable to product consumption prior
to sample collection, as reported by the participant.
Additionally, L. lactis was detected in a second partic-
ipant from the SBD121 group at baseline, and L. brevis
was identified in one participant from the SBD111 group.

Genome coverage analysis revealed that all adminis-
tered strains were detected in at least one participant
at Day 7 in both groups, with SBD121 strains exhibit-
ing higher k-mer coverage than SBD111 strains (Fig-
ure 2C andD). Strain coverage peaked at Day 7, declined
by Day 10, and was undetectable at later time points.
Notably, two exceptions were observed: L. plantarum
was detected in one participant on Day 35, and another
participant had B. amyloliquefaciens detected on Day 14.

The detection frequency of the medical food micro-
bes on Day 7 varied across groups (Figure 2E and F).
In the SBD111 group, L. mesenteroides and L. plantarum
were detected in over 70% of participants, L. brevis in
66%, and P. kudriavzevii in 50%. In contrast, in the
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Table 2 Strain detection frequencies per detection method on day seven

Microbe qPCR Metagenomics Microbial plating
SBD111 group
Leuconostoc mesenteroides (SBS04255) 94% 78% 75%
Lactiplantibacillus plantarum (SBS04260) 100% 72% 67%
Pichia kudriavzevii (SBS04263) 83% 50% 50%
Levilactobacillus brevis (SBS04254) 100% 67% 100%
SBD121 group
Lactococcus lactis (SBS04916) 100% 100% 35%
Schleiferilactobacillus harbinensis (SBS04913) 94% 50% 0%
Bacillus amyloliquefaciens (SBS04877) 100% 100% 100%
Levilactobacillus brevis (SBS04254) 100% 94% 100%

SBD121 group, B. amyloliquefaciens and L. lactis were
detected in all participants, L. brevis in 94%, and S. har-
binensis in 50%.

Analysis of microbial diversity andmetabolic function
during and after consumption of synbiotic medical
foods
To explorewhether the presence of medical food strains
was associated with changes in faecal microbial diver-
sity, shifts in microbial species and metabolic path-
way abundance in stool metagenomes during and after
product consumption were assessed. No significant dif-
ferences in species Shannon diversity were observed
between Day 7 and any other time point in either
group. However, species richness significantly increased
in the SBD111 group from Day 7 to Day 10 (P < 0.05
LMER) (Supplementary Figure S2A and B). No signif-
icant changes were detected in the Shannon diversity
index or richness of metabolic pathways across time
points in either group (Supplementary Figure S3A and
B).

To further assess changes at the species and func-
tional pathway levels, stoolmetagenomeswere analysed
usingMetaPhlAn for taxonomic profiling and HUMAnN
for functional pathway analysis. Consistent with the
strain-level analysis described earlier, a non-significant
increase was observed in the relative abundance of L.
plantarum and L. brevis in the SBD111 group on Day
7 compared to other time points (Supplementary Fig-
ure S4A). Notably, L. mesenteroides showed a statisti-
cally significant increase on Day 7 relative to Day 21.
In contrast, in the SBD121 group, all strains showed a
significant increase at Day 7 compared to other time
points, with the exception of S. harbinensis (Supple-
mentary Figure S4B). LMER analysis also identified four
metabolic pathways with significantly increased abun-

dance in the SBD121 group (Supplementary Table S4).
On Day 7, PWY-6992 (1,5-anhydrofructose degradation)
and PWY-3001 (superpathway of L-isoleucine biosyn-
thesis I) were significantly elevated compared to Day
21. Additionally, at Day 7 versus Day 35, CENTFERM-
PWY (pyruvate fermentation to butanoate) and PWY-
6590 (superpathway of Clostridium acetobutylicum aci-
dogenic fermentation) were significantly increased. No
significant pathway-level differences were observed in
the SBD111 group.

Viablemedical food strain detection in human faeces
via selective plating
To demonstrate the viability of the medical food strains
after consumption and transit through the gastrointesti-
nal tract, additional one-gram stool samples provided
by participants who volunteered on days 0, 7, and 14
were homogenised and plated onto selective and non-
selective media and analysed using colony qPCR. No
significant changes in total microbial abundance were
observed across faecal samples in either group ormedia
type (Supplementary Figure S5). In both groups, MRS
agar with antibiotics displayed a small, non-significant
increase in total colony counts by Day 7. Similarly, M17
agar and TSA supplemented with cycloheximide exhib-
ited non-significant increases in microbial abundance,
corresponding to increases in L. lactis and B. amylolique-
faciens respectively, in the SBD121 group.

To complement abundance measurements and fur-
ther evaluate strain viability, multiplex colony qPCRwas
used quantify detection frequency and positive iden-
tification rates, and to confirm recovered isolates cor-
responded to symbiotic strains across participants and
timepoints. By Day 7, all strains comprising SBD111 and
SBD121 were detected in at least one faecal sample,
with the exception of S. harbinensis (Figure 3A). Positive
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Figure 2 Detection and persistence of probiotic strains in stool samples. (A-B) Quantification of SBD111 and SBD121microbes in faecal
samples by qPCR. Data are presented as mean values with distribution shown using box plots. Statistical analyses were
performed using amixed-effects model with Tukey’s multiple comparison test. Significant differences between time points are
indicated (* P < 0.05 and ** P < 0.01). (C-D) Coverage of genome-specific k-mer sets for eachmicrobial strain comprising
SBD111 (L. plantarum, L. brevis, L. mesenteroides, and P. kudriavzevii) and SBD121 (L. brevis, B. amyloliquefaciens, S. harbinensis,
and L. lactis) in stool metagenomes of participants at baseline, 7 days, 14 days, 10 days, 21 days, and 35 days. Box plots represent
the median, interquartile range (IQR), and 95% confidence intervals. Each point corresponds to an individual stool
metagenome sample. (E-F) Detection frequency of SBD111 and SBD121 strains based on the genome-specific k-mer sets
identified in stool metagenomes of participants for each time point.
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Figure 3 Culture-based frequency and positive identification rate of administered probiotic strains. (A) Detection frequency reflects the
proportion of participants in which a viable representative microbe was recovered from stool. (B) Positive identification rate
reflects the proportion of cultured confirmed to match the intended strain. Bars indicate the proportion of participants in
which each probiotic strain was detected by plating methods and the frequency was confirmed by quantitative PCR across
study timepoints. Data are presented as percentages (n = 12 and 17 participants per SBD111 and SBD121 groups, respectively).

identification rates ranged from 0.67% to 100% across
strains and days (Figure 3B). Notably, the same L. bre-
vis was detected in 100% of participants on Day 7 in
both groups, with high positive identification rates. On
Day 0, prior to supplementation, L. brevis was detected
in a low percentage of participants in both groups. By
Day 14, although detection remained variable, L. brevis
was more frequently identified compared to baseline.
B. amyloliquefaciens was detected in all participants on
Day 7, with viability detected in over 50% of individu-
als through Day 14. Both L. mesenteroides and L. plan-
tarumwere present at all time points but exhibited con-
sistently low positive identification rates. L. lactis was
recovered from 35% of participants on Day 7, with a
low identification rate and persistence observed in only
one participant by Day 14. P. kudriavzevii was detected
exclusively onDay 7 in 50% of participants, with a 100%
identification rate in those samples.

4 Discussion and conclusions

This open-label study evaluated the presence, viability,
and persistence of strains in the medical foods SBD111
and SBD121 following daily consumption by healthy
adults. Using culture-based and molecular methods, we
demonstrated that these strains remained detectable
and viable in stool for a limited period post-
administration. These findings provide direct evidence
that certain microbial strains can transiently persist in

the gut, a property believed to be important for exerting
functional effects. The use of enteric-coated capsules
likely enhanced survival by protecting strains from gas-
tric acid and promoting targeted release in the lower
small intestine (Kim et al., 2016). While prior stud-
ies have reported persistence ranging from five to 30
days (Hanifi et al., 2015; Maldonado-Gomez et al., 2016;
Morelli and Pellegrino, 2021), few have employed a
targeted, multi-platform detection strategy to validate
strain-specific presence. Our combined use of qPCR,
metagenomics, and microbiological methods offers a
robust framework for evaluating strain-specific viability
and persistence following ingestion.

Probiotic persistence in the gut varies widely by
strain, detection method, delivery format, and host
(Morelli and Pellegrino, 2021). A previous study reported
a median time to non-detection of L. rhamnosus GG
(LGG) of 17 days, and another study having detectable
LGG in several participants at the study end (Saxelin et
al., 2010). In this study, qPCR detected several strains,
including L. plantarum and L. lactis, up to seven days
post-supplementation in some participants, while L.
brevis and B. amyloliquefaciens persisted beyond one
week in the SBD121 group. Notably, L. brevis persisted
one week longer in SBD121 participants than in SBD111
individuals, suggesting possible synergistic interactions
within the SBD121 formulation that enhance survival of
L. brevis. Metagenomic sequencing supported overall
patterns of persistence but revealed shorter detection
durations, three days post consumption, except for B.
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amyloliquefaciens, which remained detectable at Day 7.
Notably, culture-based methods diverged from molec-
ular results as live B. amyloliquefaciens was recovered
from over half of participants at Day 14. This finding
suggests that viable cells may persist longer than indi-
cated by DNA-based assays or that the DNA extraction
methods used were unable to efficiently isolate DNA
from spore-form B. amyloliquefaciens. These discrep-
ancies reflect differences in sensitivity and specificity
between detection platforms and highlights the com-
plex, host-dependent nature of probiotic persistence.

Interestingly, several administered strains were de-
tected at baseline in multiple participants, a phe-
nomenon reported in prior studies and likely attributab-
le to dietary sources (i.e. cheese, yogurt, fermented
foods) or the presence of genetically similar resident
microbes that cannot be distinguished by currentmeth-
ods (Dommels et al., 2009; Hanifi et al., 2015; Saxelin et
al., 2010). In our study, L. brevis, L. plantarum, and L. lac-
tiswere identified at baseline by both qPCR andmetage-
nomics, possibly due to the unrestricted consumption
of lactic acid bacteria-rich foods (Zapasnik et al., 2022).
Detection of S. harbinensis and P. kudriavzevii was lim-
ited by sparse reference genomes, while high genomic
similarity complicated resolution of B. amyloliquefa-
ciens from related strains. L. plantarum and L. brevis are
also known commensals (Matsuda et al., 2009), raising
the possibility of their native presence. However, signifi-
cant increases in detection frequency post-intervention
support the interpretation that these signals reflect the
administered strains rather than endogenous popula-
tions. These findings emphasise the ongoing challenge
of differentiating administered from endogenous or
dietary microbes, even with strain-specific approaches.

Live S. harbinensis was not recovered post-
intervention using culture-based techniques, likely due
to both methodological and biological limitations. The
relative abundance of S. harbinensis, estimated by qPCR
and metagenomics, was lower than the other strains in
SBD121. This may be due to its lower initial concen-
tration in the medical food and could suggest limited
replication in the gut. Recovery of S. harbinensis in cul-
turewas further hindered by the strain’s limited intrinsic
antibiotic resistance and high resistance overlap with
the other lactic acid bacteria in SBD121. This shared
resistance reduced the effectiveness of selective plating,
particularly since the other SBD121 strains exhibit faster
replication. Additionally, competition from resident gut
microbiota may have suppressed S. harbinensis growth,
particularly given its slower replication rate and lack
of adaptation to the gastrointestinal tract. Similar chal-

lenges have been noted previously, with reduced detec-
tion in faecal compared to colonic samples (Alander
et al., 1999). These challenges underscore the inherent
limitations of culture-based detection and highlight the
importance of multi-platform approaches for evaluating
probiotic persistence.

In parallel with evaluating strain-level persistence
and viability, we assessed the broader impact of syn-
biotic administration on gut microbial community
structure. Microbiome composition remained stable
throughout the intervention, with no significant chan-
ges in Shannon diversity or species richness, indicating
that a seven-day intake of SBD111 or SBD121 did not alter
the resident microbial community. These findings align
with the 28-day SBD111 safety study (Sahni et al., 2023)
and prior studies showing no microbiome shifts follow-
ing short-term probiotic supplementation in healthy
individuals (Larson et al., 2006). Similarly, Mai et al.
(2016) reported subject-specific microbiome cluster-
ing, highlighting inter-individual variation as a stronger
determinant of microbiome composition than probiotic
intake. Viable counts of total and lactic acid bacteria
(LAB) also remained stable throughout the interven-
tion, indicating no substantial change in cultivatable
gut bacterial populations. These findings suggest that
short-term synbiotic consumption does not significantly
affect overall microbial diversity, species abundance, or
functional pathways in the gut.

The observed differences in detection and viabil-
ity between strains emphasise the necessity of strain-
level tracking when evaluating probiotic formulations.
The combined use of qPCR, metagenomic sequencing,
and viability plating provided complementary insights:
qPCR offered sensitive strain-specific detection, metage-
nomic sequencing confirmed strain-level presence
within the community, and culture-based methods
demonstrated viability. Concordance across these plat-
forms strengthens the validity of our findings by add-
ressing the limitations of individual methods, such as
false positives from dietary or environmental sources,
and minimising misidentification of closely related taxa
through strain-resolved sequencing (Morelli and Pel-
legrino, 2021). This study demonstrates that strains in
SBD111 and SBD121 can be detected, remain viable, and
persist transiently in the human gut for up to one-week
post-consumption. These results highlight the need for
continued administration to sustain high probiotic lev-
els and inform future clinical and mechanistic studies.
Given that transient persistence is often sufficient to
elicit measurable physiological effects through metabo-
lite production or immune signalling, these findings
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support the biological plausibility of the clinical bene-
fits observed in SBD111 and SBD121 trialswhile acknowl-
edging their dependence on ongoing intake.
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