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ABSTRACT
The role of xenobiotic disruption of microbiota, corresponding dysbiosis, and potential links to host 
metabolic diseases are of critical importance. In this study, we used a widely prescribed antipsychotic 
drug, risperidone, known to influence weight gain in humans, to induce weight gain in C57BL/6J 
female mice. We hypothesized that microbes essential for maintaining gut homeostasis and energy 
balance would be depleted following treatment with risperidone, leading to enhanced weight gain 
relative to controls. Thus, we performed metagenomic analyses on stool samples to identify microbes 
that were excluded in risperidone-treated animals but remained present in controls. We identified 
multiple taxa including Limosilactobacillus reuteri as a candidate for further study. Oral supplementa
tion with L. reuteri protected against risperidone-induced weight gain (RIWG) and was dependent on 
cellular production of a specialized metabolite, reutericyclin. Further, synthetic reutericyclin was 
sufficient to mitigate RIWG. Both synthetic reutericyclin and L. reuteri restored energy balance in 
the presence of risperidone to mitigate excess weight gain and induce shifts in the microbiome 
associated with leanness. In total, our results identify reutericyclin production by L. reuteri as 
a potential probiotic to restore energy balance induced by risperidone and to promote leanness.
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Introduction

Gut microbes have the capacity to produce a vast 
reservoir of specialized metabolites1,2 that affect 
interspecies interactions and ultimately have effects 
on human health. Bioinformatic analyses of bio
synthetic gene clusters has led to a greater appre
ciation of the diversity and function of specialized 
metabolites.3–5 Specialized metabolites include 
molecules that act as antibiotics, anticancer thera
peutics, and other natural products of interest to 
the broader healthcare system. Many specialized 
metabolites are known to affect microbial commu
nities within soil ecosystems where they have been 
characterized more fully in vitro.6–10

Xenobiotics, such as psychotropic medications (e.g. 
fluoxetine), affect responses to specialized metabolites 

impacting host health by complex mechanisms that 
involve gut bacteria.11 Risperidone is a commonly 
prescribed second-generation antipsychotic that 
exacerbates obesity, diabetes, and other negative 
sequelae in humans.12 Previously, we demonstrated 
that risperidone alters the gut microbiome to mediate 
excessive weight gain leading to obesity in both 
humans and mice.13,14 A fecal material transplant of 
risperidone-altered microbiota was sufficient to sup
press the metabolic rate of naive C57BL/6J female 
mice relative to vehicle controls. Those results suggest 
that gut microbiota play a causal role during risper
idone-induced weight gain (RIWG) by altering energy 
efficiency. We hypothesize that specific bacterial taxa, 
otherwise displaced by treatment with risperidone, 
might protect mice from RIWG.
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To identify bacterial species or strains that 
might promote leanness, we performed shotgun 
metagenomic sequencing on stool samples to 
identify microbes that were excluded in risper
idone-treated animals but remain present in 
relatively lean, untreated controls. We identified 
several taxa including Limosilactobacillus reuteri, 
known for its production of specialized 
metabolites,15 presence in the global food 
supply,16 and its ability to be grown and geneti
cally manipulated in vitro.17 We supplemented 
mice with L. reuteri and found that the organ
ism was sufficient to mitigate enhanced weight 
gain following risperidone treatment. Further, 
we found that production of the L. reuteri spe
cialized metabolite, reutericyclin (Rtc), was 
necessary to protect mice from RIWG. 
L. reuteri ∆rtcN cells, lacking a key component 
of the reutericyclin biosynthetic gene cluster, 
were unable to protect mice from RIWG. 
Lastly, synthetic reutericyclin was able to protect 
mice from RIWG. Both synthetic reutericyclin 
and L. reuteri were found to restore energy 
efficiency without altering food consumption or 
digestive efficiency that could affect RIWG. 
Together, the data indicate that reutericyclin- 
producing L. reuteri restores energy balance 
and alters the gut microbiota associated with 
risperidone treatment.

Additional analyses by machine learning 
yielded a set of taxonomic features that were 
sufficient to classify distinct microbiota based 
on treatment group. Those features were utilized 
to generate a linear model (ridge regression) 
capable of predicting weight gain in mice for 
either synthetic reutericyclin or L. reuteri treat
ment. Although all treatment groups showed 
increases in Firmicutes (Bacillota) generally, 
strain-specific pathway analysis from metage
nomic data revealed that taxa associated with 
leanness had enhanced fermentation capacity. 
Overall, the results support a conclusion that 
reutericyclin elicits its anti-obesogenic effects 
by enhancing metabolic capacity by bacteria 
and preventing caloric uptake by the host. 
More broadly, strain-specific specialized meta
bolites may have a primary role as probiotics 
to prevent unwanted weight gain during treat
ment with xenobiotics.

Materials and methods

Bacterial cultures and growth

L. reuteri strains were grown in De Man, Rogosa 
and Sharpe (MRS) biphasic slants for 16 h over
night at 37°C to stationary phase as previously 
described.18 Cultures were then combined and pel
leted by centrifugation at 3000xg for 15 min, 
washed 3X with PBS +Ca/+Mg. The remaining 
pellet was resuspended in PBS+Ca/+Mg to 
a concentration of 3 × 109/mL daily prior to gavage. 
Colony forming units (CFUs) were quantified by 
serially diluting cultures onto MRS agar plates and 
grown 16 h under anaerobic conditions using the 
GasPak system (BD#261201).

Construction of the ∆rtcN mutant

The upstream and downstream regions of the 
rtcN gene were amplified using primers rtcNPP1 
(AAAGGATCCCCATTAAGATACGATAAAAG
GATTTATC), rtcNPP2 (TTAATGCTCCTTTT 
TATTTGTTATATTATTAATAAACTTTTGTA
AACTAGTAAGATTCATTGATAACAT) and 
rctNPP3 (TTTATTAATAATATAACAAAT 
AAAAAGGAGCATTAA), rctNPP4 (AAACTGC 
AGTTCTATATAATCAACTTGTTCAGGAATG
A) with L. reuteri LTH2584 chromosomal DNA 
as template. PCR sewing technology was used to 
generate a DNA fragment that contained both, 
the up- and downstream region. The fragment 
was digested with restriction enzyme PstI and 
cloned into the temperature sensitive cloning vec
tor pJRS233 resulting in plasmid JK5079. In gen
eral L. reuteri was grown on MRS slant agar at 
37C. Plasmid JK5079 was electroporated (2500 V, 
25 µF and 400 Ohm) into competent L. reuteri 
cells that were resuspended in water with 0.5 M 
sucrose and 10% glycerol. After transformation, 
the cells were incubated in prewarmed MRS med
ium and recovered for 1 h at 37C. MRS medium 
containing 10 µg/ml erythromycin was added to 
the cells and transferred onto MRS slant agar 
with 10 µg/ml erythromycin. Incubated for 80 
generations at 42-44°C followed to select for sin
gle crossover mutants. Plasmid integration was 
verified using primers specific to the erythromy
cin gene (Ermf CTTATTAAATAATTTATAG 
CTATTGAA, Ermr CGATAATTTCCAAGTT 
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TTA). L. reuteri with JK5079 integrated into the 
chromosome were cultured in MRS broth at 37°C 
for 100 generations to cure the cells of the plas
mid. Erythromycin-sensitive double crossover 
mutants were selected on MRS Agar. The deletion 
of the rtcN gene was verified using primers 
rtcNfwdcheck GATACCGAGAAATAAGTCCA 
CGT and rtcNrevcheck CTTCCATGG 
CATTATAACAGCATT. With these primers an 
amplicon of 3454 bp was detected with wild type 
L. reuteri and a 454 bp amplicon with the ∆rtcN 
mutant strain.

Animal husbandry and gavage

C57BL/6J female mice (Jackson Laboratories) at six 
weeks of age were individually housed, provided 
with Inotiv Teklad 2920X chow, and placed on 
sterile, acidified water upon arrival and allowed 
two weeks to acclimate to the animal facility. At 
eight weeks of age, mice were weight matched and 
assigned to experimental cohorts. Risperidone was 
provided ad libitum at a concentration of 20 µg/mL 
and changed twice per week in the drinking water. 
Administration of reutericyclin (2.5 µg, 100 µL 
gavage PBS +Ca +Mg, 3% DMSO), L. reuteri 
(3×108CFUs/100 µL of PBS+/+) or vehicle control 
was administered daily by oral gavage. Fresh stool 
was collected twice weekly, flash frozen with liquid 
nitrogen, and stored at −80°C until DNA extrac
tion. Mice were placed in metabolic cages to deter
mine metabolic flux at 7 weeks of age, 9 weeks of 
age, and 17 weeks of age.

DNA isolation and library preparation

DNA was isolated from 0.3 g of stool using the 
PowerSoil DNA Extraction Kit 
(Qiagen#12888–100). DNA quality was assessed 
using a NanoDrop spectrophotometer and QuBit 
(dsDNA HS kit#Q32854). Libraries were pre
pared using the Illumina TruSeq DNA library 
prep system. 16S V3-V4 (341–806) libraries 
were sequenced on an Illumina MiSeq at 2 × 250 
paired-end (PE) reads. Shotgun libraries were 
sequenced on an Illumina HiSeq or an Illumina 
NovaSeq at 2 × 150PE reads with >10 million 
reads per sample.

Sequence analysis

Shotgun raw sequences were quality filtered using 
Trimmomaticv0.3919 (Phred33) and Illumina 
Utils20 v2.11. Samples were then co-assembled 
using MegaHit21,22 v1.2.9 to generate contigs of 
a minimal length = 1000 bp. Short reads were 
then mapped back to these contigs using Bowtie23 

v2.5.0 and converted into sorted BAMs using 
Samtools24 v1.20. An analysis and visualization 
platform for ‘omics data (Anvi’o)25,26 was used to 
visualize and analyze these data. Contigs were 
imported into Anvi’o v8.0.0 with a minimum 
length cutoff of 2500 bp and binned into prelimin
ary metagenome assembled genomes (MAGs) 
using MetaBAT2.27 Single copy genes defined by 
Campbell et al. (2013)28 were used to estimate 
completion and redundancy for the preliminary 
MAGs. MAGs were manually curated and consid
ered high quality if completion was >50% and they 
were >2 Mb in length, or if they had a completion 
of >90%, and they were considered medium quality 
if completion was between 50% and 90% but length 
was <2 Mb. MAGs with <50% completion were 
considered low quality. All MAGs were refined to 
have <10% redundancy. Taxonomic identification 
was achieved using KAIJU.29 Orthologous protein 
group IDS from the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) were used for the functional 
analysis of the microbiomes. LEfSe30 was used to 
identify differentially abundant MAGs with LDA 
scores >2.0 and p < 0.05. NCBI BLAST31 was used 
to attain species-level resolution of the 
Lactobacillaceae MAGs.

16S rRNA gene sequencing data was analyzed 
on the QIIME2 platform32 v2024.10 and taxo
nomic classification was obtained using the 
SILVA v138 reference database. Statistical com
parisons of differentially abundance taxa were 
performed using LEfSe. Random Forest analysis 
(implemented in R using the ‘Boruta’ and 
‘randomForest’ packages)33 was performed on 
discriminant features to generate Gini coeffi
cients that illustrate the importance of each 
feature to distinguish between treatment groups. 
Graphs were generated in PrismGraphpad, 
SigmaPlot, and ‘ggplot2’ R package.34 All statis
tical analyses in R were performed using 
R (v4.4.2).
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Metabolic caging & bomb calorimetry

Metabolic phenotyping was conducted as pre
viously described.35 Briefly, mice were individually 
housed in metabolic cages (Nalgene) to monitor 
fluid and food intake daily. Additionally, urine and 
fecal outputs were measured and collected. Fecal 
material was utilized to determine digestive effi
ciency by bomb calorimetry. Caloric densities of 
desiccated food and fecal samples were determined 
using a 50 mg semi-micro bomb calorimeter 
(Parr). Energy absorption was calculated as: 

Energy Consumed is the product of the dry mass of 
food consumed and the caloric density of dry food, 
and Fecal Energy is the product of the dry mass of 
feces produced and the caloric density of the dried 
feces. Digestive efficiency was then calculated as: 

Energy efficiency was calculated at various time 
points after the initiation of risperidone as: 

Ridge regression analyses for predicting weight 
gain

Ridge regression model was used to address 
issue of multicollinearity among predictor vari
ables: selected metagenomes from Boruta and 
weight gained by mice at end of respective 
study. Regularization parameters (best lambda) 
of 0.297088 and 23.82712 were selected after 10- 
fold cross-validation for LTH2584 and 
Reutericyclin study, respectively. Model perfor
mance was evaluated using Root Mean Squared 
Error (RMSE) and coefficients were extracted 
using ‘glmnet’ package in R.36,37

Scheme for synthesis of reutericyclin is 
available as a supplementary method

Results

Shotgun metagenomics reveals Lactobacillaceae 
strains are excluded from the gut following treatment 
with risperidone
Previously we demonstrated that risperidone 
excludes specific taxa from the gut using 16S 

rDNA sequencing.14 We hypothesized that these 
bacteria may be important in preventing weight 
gain during risperidone treatment. 16S sequencing 
of stool-derived bacterial DNA is typically limited 
to fragments such as the V3-V4 region of the rDNA 
gene and is frequently unable to resolve species or 
strain-level differences within microbiomes. 
Therefore, we used Illumina-based shotgun meta
genomic sequencing to gain resolution of the com
position of gut microbiota in risperidone treated 
C57BL/6J female mice (n = 5) and non-treated con
trols (n = 5).

We assembled and binned the bacterial genomes 
for each mouse and visualized the data using the 
Anvi’o suite (Figure 1(a))25,26 as described in 
Methods. The resulting phylogram depicts micro
biomes for each mouse as a concentric ring (red =  
risperidone-treated animals, blue = control ani
mals), each metagenome as a radial slice, and the 
abundance of each metagenome is plotted as 
a function of intensity. The genomes are ordered 
based on the fold difference in mean coverage for 
risperidone-treated mice compared to controls.

The results are consistent with our previous 
findings using 16S rDNA sequencing14 where we 
found that the microbiota of risperidone-treated 
animals was either enriched or depleted for specific 
bacterial taxa relative to controls. We binned a total 
of 112 genomes with redundancies <10%, where 
redundancy is defined as the number of genes in 
a bin occurring more than once but typically found 
as a single copy in most bacterial genomes (i.e. 
single copy core genes (SCGs)). Full taxonomic 
assignments, average abundances in each treat
ment group, length of each reconstructed metagen
ome, and binning statistics are included in 
Supplemental Tables. Binned genomes were subdi
vided into high quality (>90% completion OR >  
2Mb and >50% completion; Table S1), medium 
quality (50–90% completion; Table S2), or low 
quality (<50% completion; Table S3). The abun
dances of 16 of the 112 bacterial metagenomes were 
statistically enriched in controls relative to risper
idone-treated animals (Kruskal-Wallis, p < 0.05) 
and all 16 metagenomes have an LDA score >2.0 
(Table S4).

Three genomes were resolved at the species 
level including Ligilactobacillus murinus, 
Limosilactobacillus reuteri, and Lactobacillus 
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Figure 1. Shotgun metagenomics reveals altered gut microbiota following treatment with risperidone. A) Shotgun metagenomics 
sequencing of stool from C57BL/6J female mice treated with with risperidone (n=5, 20 µg/mL risperidone, ad libitum) was compared 
to controls (n=5) after 60 days of treatment. Circle phylogram represents 112 metagenome assembled genomes (MAGs) organized 
based on the mean difference in read coverage comparing control and risperidone-treated mice. Each ring represents a single mouse. 
Read coverage for each MAG is represented by color intensity (either red or blue, depending on treatment group). Red boxes highlight 
a subset of metagenomes (Acetatifactor, Adlercreutzia sp., and Lactobacillus johnsonii) that are enriched following treatment with 
risperidone. Acetatifactor and Adlercreutzia sp are highlighted due to their role as key features predicting weight change as shown in 
Figure 10. Blue boxes highlight Lactobacillaceae MAGs (Ligilactobacillus murinus and Limosilactobacillus reuteri) that are depleted 
following risperidone treatment. The center of the wheel depicts metagenome completion and redundancy, as determined by using 
bacterial single-copy genes defined by Campbell et al. (2013). Taller bars indicate higher completion or redundancy. % GC content and 
length for each MAG are displayed at the center of the wheel and are also represented by the height of the bar. MAGs with length bars 
that reach the top of the panel are at least 2 Mb. B-D) Genome coverage for Lactobacillaceae MAGs (L. johnsonii, L. murinus, and L. 
reuteri). E) Top discriminatory features as determined by LEfSe. Red MAGs are enriched in risperidone-treated mice, and blue MAGs are 
enriched in controls. F-J) Relative abundances for Acetatifactor sp011959105, Adlercreutzia, L. johnsonii, L. murinus, and L. reuteri 
following treatment with risperidone. *: p<0.05; **: p<0.01 via Mann-Whitney U test.
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johnsonii. The reconstructed L. murinus metagen
ome is 1.7 Mb, the L. reuteri metagenome is 0.5 
Mb (Figures 1(g,h)), and the L. johnsonii meta
genome is 1.8 Mb. We found that two of the three 
Lactobacillaceae metagenomes were present in 

control animals but largely depleted in risperi
done-treated animals; however, the third 
Lactobacillaceae metagenome, Lactobacillus john
sonii, was enriched in risperidone-treated animals 
instead.

Figure 1. (Continued).
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Supplementation with L. reuteri LTH2584 mitigates 
weight gain during risperidone treatment
Based on previous studies on Lactobacillaceae38 and 
the metagenomics data above, we hypothesized that 
these strains may be key constituents in the gut with 
the potential to stabilize an anti-obesogenic micro
biota. Because L. reuteri is known to be present in the 
human gut39 and is found in food sources such as 
sourdough bread,40 we decided to test whether 
L. reuteri could prevent weight gain in the presence 
of risperidone. Further, because L. reuteri is known to 
produce several biologically active metabolites, we 

chose strain LTH2584, which has been sequenced, 
has a genetic system and can produce reutericyclin.17,18

We administered 3 × 108 CFUs (100 µL) of 
L. reuteri LTH2584 via gavage or vehicle control 
(PBS) daily over two months to C57BL/6J female 
mice and assessed the efficacy of those bacteria to 
mitigate weight gain associated with risperidone treat
ment (ad libitum in drinking water) under a standard 
chow (2920X) diet. Four cohorts of 10 mice were 
treated for 63 days: 1) PBS, 2) risperidone, 3) 
LTH2584 cells, and 4) LTH2584 cells plus risperidone 
(Figure 2). At the endpoint, animals treated with 

Figure 2. Supplementation with reutericyclin producing L. reuteri strain LTH2584 mitigates weight gain during risperidone treatment. A) To test 
whether supplementation with a reutericyclin-producing L. reuteri can mitigate weight gain, we provided L. reuteri strain LTH2584 at 3x108 CFUs/ 
day (100µL PBS) or vehicle control by gavage to C57bl/6J females at 56 days of age (8 weeks) and measured body mass gains over the course of 65 
days. Risperidone was provided ad libitum (20µg/mL) in the drinking water. B) Weight gain over time. After 9 weeks of treatment, LTH2584-only 
treated mice (n=10, green open) and gavage vehicle controls (n=10, black open) gained significantly less weight than the risperidone-only treated 
mice (n=10, black filled) (2-way ANOVA, p<0.001). LTH2584+risperidone-treated animals (n=10, green filled) gained significantly less weight than 
risperidone-only treated animals (2-way ANOVA, p<0.001), suggesting that L. reuteri strain LTH2584 mitigated risperidone-mediated weight gain. C 
and D) Quantification of the dissected perigonadal fat masses of each mouse demonstrated reduced fat mass in the LTH2584+risperidone 
treatment group relative to risperidone-only group. The perigonadal fat mass to total mass was then calculated. Risperidone-treated animals had a 
significantly higher ratio compared to all other treatment groups (Pairwise Mann-Whitney, p<0.01), while Risperidone+LTH2584 treated animals 
were not statistically different from vehicle controls or LTH2584 alone (Pairwise Mann-Whitney, p>0.05).
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buffer gained 4.41 ± 0.42 g and represents standard 
growth of C57BL/6J female mice under the conditions 
of our experiment. In contrast, animals treated with 
risperidone gained an average of 11.42 ± 0.72 g (∆ =  
7.01 g), while animals receiving LTH2584 cells gained 
4.24 ± 1.21 g. Mice treated with both LTH2584 cells 
and risperidone gained 7.34 ± 0.5 g (∆ = 2.93 g), sig
nificantly less than risperidone treated animals (p =  
0.0007). The relative reduction is 58%, indicating that 
LTH2584 cells can mitigate risperidone-induced 
weight gain in mice. This trend was also observed 
upon dissection of the visceral fat (Figure 2(c)). The 
ratio of visceral fat mass to total mass for each animal 
demonstrated that the deflection in weight gain is due 
to a reduction of fat (Figure 2(d)).

Synthetic reutericyclin is sufficient to prevent 
risperidone-induced weight gain
Because L. reuteri LTH2584 is known to affect micro
bial communities in vitro,41,42 we sought to investigate 
if reutericyclin alone was sufficient to mitigate weight 
gain as observed above. To answer this, we synthe
sized (S)-reutericyclin using L-leucine as a precursor 
molecule (see Supplemental Methods) and tested its 
ability to prevent RIWG. C57BL/6J female mice were 
treated with reutericyclin via gavage (2.5 µg/day), ris
peridone (20 µg/mL, ad libitum), reutericyclin plus 
risperidone, or with buffer (Figure 3). Risperidone 
and control animals received 100 µl of 2.5% DMSO 
in PBS daily as the vehicle control for reutericyclin 
treatment. After 25 days, risperidone-treated animals 
gained 3.58 ± 0.38 g, whereas animals treated with 
reutericyclin and risperidone gained 2.5 ± 0.43 g, 
a statistically significant reduction in weight gain 
(2-way ANOVA, *p = 0.039) (Figure 3).

There was no statistically significant difference in 
weight gain between cohorts receiving reutericyclin 
and buffer control indicating that reutericyclin alone 
does not lead to weight loss under the conditions of 
our assay but does prevent weight gain in the presence 
of risperidone. Further, we synthesized and tested (R)- 
reutericyclin, by using D-leucine as a precursor mole
cule, (see Supplemental Methods) which was also 
capable of deflecting risperidone-induced weight 
gain (Figure S1), albeit to a lesser extent than (S)- 
reutericyclin (Figure 3).

Figure 3. Synthetic reutericyclin (Rtc) is sufficient to prevent 
risperidone-induced weight gain in mice. A) Experimental 
timeline. Cohorts of 5 mice were allowed to acclimate for 
two weeks to establish a baseline. Mice were treated with 
either water or risperidone provided ad libitum (20µg/mL) 
and gavaged with Rtc (25µg/mL) in 100µL PBS with 2.5% 
DMSO or vehicle, daily. B-C) Rtc mitigates risperidone 
induced weight gain. During 25 days of treatment, risper
idone treated animals (black filled) gained significantly 
more weight than gavage vehicle control animals (black 
open), Rtc only (blue open), or Rtc+risperidone treated 
animals (blue filled) by 2-way ANOVA (B) and Mann- 
Whitney (C) (p<0.05).

8 F. A. ABOULALAZM ET AL.



A reutericyclin biosynthesis mutant, LTH2584 ∆rtcN, 
does not mitigate risperidone-induced weight gain
While reutericyclin alone was sufficient to deflect 
weight gain in the presence of risperidone, we 
wanted to determine if reutericyclin production 
by L. reuteri was the factor required for prevention 
of weight gain by LTH2584 cells as shown above. 
Thus, we created and tested a mutant strain 
LTH2584 ∆rtcN, lacking the central biosynthetic 
gene encoding condensation, adenylation, and 
thiolation domains demonstrated to be required 
for reutericyclin production.17

We conducted an experiment with 8 cohorts of 7 
animals that received 1) vehicle control, 2) risper
idone, 3) L. reuteri LTH2584 cells, 4) LTH2584 plus 
risperidone, 5) L. reuteri LTH2584 ΔrtcN, 6) 
LTH2584 ΔrtcN plus risperidone, 7) LTH2584 
ΔrtcN plus reutericyclin, and 8) LTH2584 ΔrtcN 
plus reutericyclin and risperidone (Figure 4). All 8 
cohorts received treatment or vehicle containing 

2.5% DMSO daily via gavage. The results indicate 
that treatment with LTH2584 ΔrtcN cells alone did 
not reduce or prevent weight gain compared to the 
reutericyclin producing strain. Abrogation of 
weight gain was observed upon simultaneous addi
tion of synthetic reutericyclin alone or in combina
tion with the ∆rtcN mutant. Statistical analyses 
(ANOVA, interaction *p < 0.05) indicate that 
RIWG is mitigated significantly by either 
LTH2584 or reutericyclin alone but not by the 
∆rtcN mutant cells alone. There were no statisti
cally significant changes in weight gain for all 
cohorts where risperidone was not added.

Treatment with L. reuteri LTH2584 or synthetic 
reutericyclin restores energy efficiency without 
altering food consumption or digestive efficiency
Because treatment with LTH2584 or with reuter
icyclin alone did not fully prevent weight gain in 
the presence of risperidone, we wished to address 

Figure 4. Rtc production is required by LTH2584 to mitigate risperidone induced weight gain. Cohorts of 7 mice/group were treated 
with either the wild-type LTH2584 or LTH2584ΔrtcN at 3x108 CFUs/day with and without risperidone. A cohort of mice were also 
provided LTH2584ΔrtcN +Rtc (25µg/mL). After 50 days of treatment, mice were subjected to metabolic cages to examine feeding and 
drinking behavior, which we coupled to bomb calorimetry. A-B) LTH2584ΔrtcN does not mitigate risperidone induced weight gain. 
During the 50 days of treatment, risperidone treated animals (black filled) gained significantly more weight than gavage vehicle 
control animals (black open), LTH2584 treated animals (green open), LTH2584ΔrtcN treated animals (red open), and LTH2584ΔrtcN 
+Rtc animals (blue open) by 2-way ANOVA (A) and Mann-Whitney (C) (p<0.05). Importantly, risperidone treated animals (black filled) 
gained significantly more weight than the Risp+LTH2584 (green filled) and the Risp+ ΔrtcN+Rtc (blue filled) animals. However, Risp+ 
ΔrtcN treated animals (red filled) were not significantly leaner than Risperidone treatment alone.
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whether the observed differences might be due to 
alterations in eating behavior or digestive effi
ciency. To address this, we performed metabolic 
caging to quantify food and water intake as well as 
stool and urine output. We also performed bomb 
calorimetry to quantify calorie extraction from 
food (see Methods), as described previously.35

After 50 days of treatment, we placed individual 
animals in metabolic cages for four days and 
observed that there was no difference in the food 
intake (Figure 5(a)) or water consumption 
(Figure 5(b)) per day (pairwise Mann-Whitney, 
p > 0.05). We then assessed feeding efficiency, 
defined as the change in body mass per gram of 
food ingested over the 4-day period (Figure 5(c)). 
Differences are normalized to reflect percentage. 
Risperidone treated animals gained an average of 

50 mg of bodyweight per gram of food ingested 
relative to 20 mg of bodyweight per gram of food 
gained by vehicle control animals (Mann-Whitney, 
*p < 0.05). Treatment with either L. reuteri 
LTH2584 cells or synthetic reutericyclin (with or 
without risperidone) resulted in feeding efficiency 
similar to vehicle controls. In contrast, animals 
receiving both risperidone and LTH2584 ΔrtcN 
displayed feeding efficiency similar to risperidone 
treatment alone. Lastly, animals receiving 
LTH2584 ΔrtcN, synthetic reutericyclin and risper
idone displayed a feeding efficiency similar to vehi
cle controls, significantly reduced relative to 
risperidone treatment alone (*p < 0.05).

Because feeding efficiency could be affected by 
caloric extraction from food and/or caloric excre
tion in stool, we subsequently performed bomb 

Figure 5. Rtc production by LTH2584 restores energy efficiency. A-C) Metabolic caging and D-F) bomb calorimetry demonstrates no 
differences in food intake, water intake, or digestive efficiency, but major differences in weight gain occur per calorie ingested. 
Animals were placed in metabolic cages for three days, and their average food intake and water intake was calculated. No significant 
differences were found in the average daily food intake (A) or water intake (B) between any cohort by pairwise Mann-Whitney (ns, 
p>0.05). C) Body mass gains per gram of food ingested (feeding efficiency, Δmg body mass / total g food ingested) demonstrates that 
risperidone treated animals (black filled) and Risp+ ΔrtcN (red filled) gain significantly more weight per gram of food ingested which is 
corrected by LTH2584 (green filled) or rescue with Rtc (blue filled) (pairwise Mann-Whitney, p<0.05). D) Bomb calorimetry of the stool 
and food demonstrated no difference in the energy absorbed by each animal or the E) Digestive efficiency of each animal (% of 
calories from food absorbed) (Mann-Whitney, p>0.05). F) Calculations of energy efficiency (Δmg body mass / total kcal absorbed) 
demonstrate that risperidone treated animals (black filled) and Risp+ΔrtcN (red filled) convert the energy absorbed into significantly 
more body mass compared to all other groups (pairwise Mann-Whitney, p<0.05).
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calorimetry on both food and stool samples to 
determine the energy absorbed by each animal 
during the 4-day caging period. These data allow 
us to calculate digestive efficiency and energy effi
ciency, as described previously.35 No differences 
were found in the energy absorbed (Figure 5(d)) 
or the percentage of calories extracted from food 
and lost to stool (digestive efficiency; Figure 5(e)) 
across cohorts (p > 0.05). Digestive efficiency was  
~85% for all animals in this study, regardless of 
treatment.

Similar to feeding efficiency (Figure 5(c)), 
energy efficiency (Figure 5(f)), is the change in 
body mass resulting from calories absorbed. 
Energy efficiency was significantly higher for ani
mals treated with risperidone only or for animals 
treated with risperidone and LTH2584 ΔrtcN rela
tive to all other groups (Mann-Whitney, *p < 0.05). 
Treatment with either LTH2584 or synthetic reu
tericyclin restore energy efficiency for animals 
receiving risperidone. Thus, prevention of weight 
gain provided by either reutericyclin or L. reuteri 
LTH2584 is attributable to its effect on energy 
efficiency.

Both L. reuteri LTH2584 and reutericyclin generate 
distinct shifts in the gut microbiome
Previous work from our laboratory led us to con
clude that gut microbiota constitutes 
a thermogenic biomass;43 gut bacteria consume 
calories thereby contributing to energy balance 
and subsequent availability of calories for the 
host. In addition, surgical removal of mouse ceca 
(~1% body mass) contributed substantially to an 
overall decrease in energy expenditure (~8% of 
metabolic rate). Further, we demonstrated that 
fecal material transplantation was sufficient to 
mitigate weight gain in the presence of 
risperidone.14 Together, the results above 
(Figure 5) and our previous analyses suggest that 
reutericyclin may elicit its effect via shifts in the 
microbiota.

We performed microbiome profiling from 
cohorts tested in this study (Figures 2–4). For 
each experiment we extracted DNA from stool or 
cecum, performed 16S sequencing, and analyzed 
the data using the QIIME2 platform.32 We exam
ined shifts associated with treatments by LTH2584 
cells (Figures 6 (stool) and 8 (cecum)) or synthetic 

(S)-reutericyclin (Figures 7 (stool) and 9 (cecum)). 
For each treatment group, beta diversity was 
assessed and presented using a representative prin
cipal coordinate analysis (PCoA). Important dis
criminant features were assessed using random 
forest (with Boruta) and statistically by linear dis
criminant analysis with effect size (LEfSe).30 We 
found that each treatment group comprised statis
tically significant changes in the microbiome rela
tive to controls for both stool and cecal contents 
(Tables 1–8).

LTH2584 treated animals had stool samples 
(Figure 6; Table S5) that were enriched with 
Adlercreutzia, Akkermansia, and Angelakisella, and 
others (Figure 6(c)). (S)-Reutericyclin treated animals 
had stool samples (Figure 7; Table S6) that were 
enriched with Colidextribacter, Lachnospiraceae, and 
Ruminococcaceae (Figure 7(c)). Similarly, LTH2584 
treated animals had cecal samples (Figure 8; Table S7) 
that were enriched with several members of the 
Lachnospiraceae, and Ruminococcaceae and (S)- 
Reutericyclin treated animals had cecal samples 
(Figure 9; Table S8) that were enriched with 
Lachnospiraceae family members.

The data indicate that each treatment group is 
characterized by distinct bacterial taxa although 
reutericyclin appears to have altered the microbiota 
to a lesser extent than did LTH2584, at least by 16S 
analysis. Overall, synthetic reutericyclin and 
LTH2584 appear to support communities includ
ing the Ruminococcaceae and Lachnospiraceae, 
known butyrate producers. Lastly, because 
LTH2584 and reutericyclin treatment in conjunc
tion with risperidone resulted in unique micro
biomes relative to control animals, the prevention 
of weight gain is not due to a return to a control 
state but instead corresponds to a new anti- 
obesogenic microbiota.

Machine learning and ridge regression identifies 
factors to predict weight gain in animals 
supplemented with L. reuteri or reutericyclin
Both LTH2584 and synthetic reutericyclin pre
vented weight gain in the presence of risperidone 
and both produced similar shifts in resulting 
microbiota. Thus, we sought to identify additional 
factors that might define obesogenic or anti- 
obesogenic states. We took a machine learning 
approach to identify discriminators within the 
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microbiome that are associated with induction of 
weight gain by risperidone or mitigation of weight 
gain by LTH2584 or reutericyclin (Figure 10).

We conducted shotgun metagenomics on stool 
from cohorts in Figures 2–4 as described in 

Methods (NovaSeq 2 × 150PE, >10 million reads 
per sample). We then implemented random forest 
(with Boruta) to identify the discriminant meta
genomes capable of distinguishing between treat
ment groups (Figures 10(a,d)). The capacity for 

Figure 6. L. reuteri LTH2584 generates distinct shifts in stool microbiome relative to risperidone treatment or vehicle control. A) 
Principal Coordinate Analysis following Weighted Unifrac for 16S sequencing of stool from animals treated with vehicle (black), 
risperidone (red), LTH2584 (green) or both risperidone and LTH2584 (purple). B) Random forest (with Boruta) analysis of discriminatory 
features for the dataset in A. C) LEfSe analysis of discriminatory features for the dataset in A.
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Figure 7. Reutericyclin generates distinct shifts in stool microbiome relative to risperidone treatment or vehicle control. A) Principal 
Coordinate Analysis following Bray-Curtis for 16S sequencing of stool from animals treated with vehicle (black), risperidone (red), 
reutericyclin (blue) or both risperidone and reutericyclin (pink). B) Random forest (with Boruta) analysis of discriminatory features for 
the dataset in A. C) LEfSe analysis of discriminatory features for the dataset in A.

Table 1. Permuted multivariate analysis of variance (PERMANOVA) using ADONIS and dispersion (PERMDISP) analyses 
of LTH2584 study using stool samples.

DIVERSITY METRIC PERMANOVA PERMDISP ADONIS

Unweighted Unifrac t 1.798848 0.940544 R2 0.13698
p-value 0.001 0.451 0.001

Weighted Unifrac t 8.515259 0.734188 R2 0.429011
p-value 0.001 0.494 0.001

Bray Curtis t 2.834562 2.739339 R2 0.200069
p-value 0.001 0.037 0.001

Jaccard t 1.474026 2.922399 R2 0.115092
p-value 0.001 0.036 0.001

Significant p-values at p ≤ 0.05 are highlighted in bold.
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Table 5. Permuted multivariate analysis of variance (PERMANOVA) using ADONIS and dispersion (PERMDISP) analyses 
of LTH2584 study using cecum samples.

DIVERSITY METRIC PERMANOVA PERMDISP ADONIS

Unweighted Unifrac t 4.130326 1.678542 R2 0.398984
p-value 0.001 0.106 0.001

Weighted Unifrac t 13.772466 0.346422 R2 0.662794
p-value 0.001 0.738 0.001

Bray Curtis t 4.220023 4.177257 R2 0.361345
p-value 0.001 0.021 0.001

Jaccard t 1.921277 3.81157 R2 0.209074
p-value 0.001 0.129 0.001

Significant p-values at p ≤ 0.05 are highlighted in bold.

Table 2. PERMANOVA pairwise results from LTH2584 study using stool samples.

TREATMENT COMPARISON
UNWEIGHTED 

UNIFRAC
WEIGHTED 
UNIFRAC

BRAY 
CURTIS JACCARD

Control vs. Risperidone pseudo-F 2.018956 17.24643 3.917098 1.542823
p-value 0.004 0.001 0.001 0.001

Control vs. LTH pseudo-F 1.946042 9.581155 3.249257 1.47397
p-value 0.005 0.002 0.001 0.001

Control vs. LTH + Risperidone pseudo-F 1.84109 2.327409 1.810563 1.460699
p-value 0.003 0.041 0.004 0.001

Risperidone vs. LTH pseudo-F 1.914995 2.66034 1.863607 1.365291
p-value 0.001 0.053 0.013 0.005

Risperidone vs. LTH + Risperidone pseudo-F 1.694925 12.09876 3.520695 1.63842
p-value 0.001 0.001 0.001 0.001

LTH vs. LTH + Risperidone pseudo-F 1.48742 6.020318 2.513865 1.35035
p-value 0.001 0.001 0.001 0.002

Significant p-values at p ≤ 0.05 are highlighted in bold.

Table 3. Permuted multivariate analysis of variance (PERMANOVA) using ADONIS and dispersion (PERMDISP) analyses 
of Reutericyclin study using stool samples.

DIVERSITY METRIC PERMANOVA PERMDISP ADONIS

Unweighted Unifrac t 1.311868 0.975005 R2 0.192104
p-value 0.028 0.454 0.128

Weighted Unifrac t 1.426697 1.796587 R2 0.179416
p-value 0.131 0.101 0.035

Bray Curtis t 1.122108 1.122108 R2 0.180293
p-value 0.009 0.009 0.028

Jaccard t 1.319688 1.282093 R2 0.157553
p-value 0.025 0.376 0.011

Significant p-values at p ≤ 0.05 are highlighted in bold.

Table 4. PERMANOVA pairwise results from reutericyclin study using stool samples.

TREATMENT COMPARISON
UNWEIGHTED 

UNIFRAC
WEIGHTED 
UNIFRAC

BRAY 
CURTIS JACCARD

Control vs. Risperidone pseudo-F 1.110789 3.200249 1.22423 1.679374
p-value 0.221 0.039 0.008 0.027

Control vs. Reutericyclin pseudo-F 1.47402 0.702525 1.078402 1.028406
p-value 0.167 0.582 0.226 0.381

Control vs. Reutericyclin + Risperidone pseudo-F 0.998839 3.803393 1.132602 1.851064
p-value 0.472 0.02 0.076 0.021

Risperidone vs. Reutericyclin pseudo-F 1.546203 0.840506 1.152494 1.05036
p-value 0.073 0.555 0.044 0.341

Risperidone vs. Reutericyclin + Risperidone pseudo-F 1.231956 0.824391 1.112671 1.204123
p-value 0.058 0.524 0.128 0.152

Reutericyclin vs. Reutericyclin + Risperidone pseudo-F 1.398681 0.622059 1.030533 1.144089
p-value 0.121 0.654 0.355 0.241

Significant p-values at p ≤ 0.05 are highlighted in bolds.
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each genome to distinguish those groups was 
plotted as mean decrease Gini score where 
a higher score correlates with greater discrimina
tory power. To visualize the association of each 
metagenome and its impact on weight gain, we 
initially applied a Multiple Linear Regression 
(MLR) model, which was observed to be prone to 
overfitting due to low sample size compared to a 
high number of discriminant metagenomes gener
ated from Boruta analysis. To address this, we used 
the ridge regression analysis (Figures 10(b,e)) to 
constrain the magnitude and plotted resulting 

coefficients (Figures 10(c,f)). Collectively, this ana
lysis defined the association between specific meta
genomes and weight gain. A MLR model was also 
used on relative abundance of discriminant bacter
ial taxa identified from Figures (6(b),7(b)); how
ever, the resulting Spearman’s rank correlation 
indicated a weaker association with weight gain 
(Adjusted r2 = 0.44, p = 0.011) which may be due 
to low discriminatory and phylogenetic power at 
species level.44,45 To improve predictive power of 
the mode, we elected to continue with the ridge 
regression model. The ridge regression model 

Table 6. PERMANOVA pairwise results from LTH2584 study using cecum samples.

TREATMENT COMPARISON
UNWEIGHTED 

UNIFRAC
WEIGHTED 
UNIFRAC

BRAY 
CURTIS JACCARD

Control vs. Risperidone pseudo-F 6.056726 2.786461 1.227602 1.180359
p-value 0.003 0.036 0.107 0.008

Control vs. LTH pseudo-F 3.819347 20.01491 5.128806 2.103304
p-value 0.003 0.001 0.001 0.001

Control vs. LTH + Risperidone pseudo-F 7.01924 26.71869 5.796761 2.293004
p-value 0.002 0.003 0.001 0.001

Risperidone vs. LTH pseudo-F 3.469467 15.11002 5.69166 2.271649
p-value 0.009 0.002 0.001 0.001

Risperidone vs. LTH + Risperidone pseudo-F 2.629491 17.68906 5.791972 2.254973
p-value 0.001 0.003 0.002 0.001

LTH vs. LTH + Risperidone pseudo-F 2.957234 2.448226 1.66471 1.400405
p-value 0.021 0.024 0.004 0.001

Significant p-values at p ≤ 0.05 are highlighted in bold.

Table 7. Permuted multivariate analysis of variance (PERMANOVA) using ADONIS and dispersion (PERMDISP) analyses 
of Reutericyclin study using cecum samples.

DIVERSITY METRIC PERMANOVA PERMDISP ADONIS

Unweighted Unifrac t 1.319688 1.554993 R2 0.563284
p-value 0.025 0.062 0.001

Weighted Unifrac t 1.426697 0.719951 R2 0.360802
p-value 0.131 0.377 0.001

Bray Curtis t 1.319688 0.167001 R2 0.166531
p-value 0.025 0.913 0.049

Jaccard t 1.319688 1.829765 R2 0.160617
p-value 0.025 0.225 0.001

Significant p-values at p ≤ 0.05 are highlighted in bold.

Table 8. PERMANOVA pairwise results from reutericyclin study using cecum samples.

TREATMENT COMPARISON
UNWEIGHTED 

UNIFRAC
WEIGHTED 
UNIFRAC

BRAY 
CURTIS JACCARD

Control vs. Risperidone pseudo-F 1.679374 3.200249 1.22423 1.679374
p-value 0.027 0.039 0.008 0.027

Control vs. Reutericyclin pseudo-F 1.028406 0.702525 1.078402 1.028406
p-value 0.381 0.582 0.226 0.381

Control vs. Reutericyclin + Risperidone pseudo-F 1.851064 3.803393 1.132602 1.851064
p-value 0.021 0.02 0.076 0.021

Risperidone vs. Reutericyclin pseudo-F 1.05036 0.840506 1.152494 1.05036
p-value 0.341 0.555 0.044 0.341

Risperidone vs. Reutericyclin + Risperidone pseudo-F 1.204123 0.824391 1.112671 1.204123
p-value 0.152 0.524 0.128 0.152

Reutericyclin vs. Reutericyclin + Risperidone pseudo-F 1.144089 0.622059 1.030533 1.144089
p-value 0.241 0.654 0.355 0.241

Significant p-values at p ≤ 0.05 are highlighted in bold.
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using discriminant metagenomes was evaluated by 
the root mean square error, which measures the 
average difference between predicted and observed 
weight values. A low RMSE indicates better pre
dictive accuracy. The model using discriminant 

metagenomes and weight gain of mice treated 
with LTH2584 and risperidone, LTH2584 only, 
and risperidone only was off by an RMSE value 
of ± 0.5891 grams (Figure 10(a)). The model using 
weight gain of mice treated with risperidone and 

Figure 8. LTH2584 generates distinct shifts in the cecal microbiome relative to risperidone treatment or vehicle control. A) Principal 
Coordinate Analysis following Weighted Unifrac for 16S sequencing of cecal contents from animals treated with vehicle (black), 
risperidone (red), LTH2584 (green) or both risperidone and LTH2584 (purple). B) Random forest (with Boruta) analysis of discriminatory 
features for the dataset in A. C) LEfSe analysis of discriminatory features for the dataset in A.
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risperidone + reutericyclin was off by an RMSE 
value of ± 2.913 grams (Figure 10(b)). Exposure to 
reutericyclin may not be able to fully parallel com
plex biological effects caused by LTH2584, which 
may explain differences in RMSE values between 
both prediction models, which are still low. Based 
on the model, the observed and predicted weight 
gain for both treatments indicates a high capacity 
for discriminant metagenomes to predict final 

weight outcome under the conditions of our 
experiments.

Discussion

The microbiome has been associated with the 
development of metabolic diseases including car
diovascular disease, diabetes, and obesity.46–50 As 
a result, development of microbiome-targeted 

Figure 9. Reutericyclin generates distinct shifts in the cecal microbiome relative to risperidone treatment or vehicle control. A) 
Principal Coordinate Analysis following Weighted Unifrac for 16S sequencing of cecal contents from animals treated with vehicle 
(black), risperidone (red), reutericyclin (blue), or both risperidone and reutericyclin (pink). B) Random forest (with Boruta) analysis of 
discriminatory features for the dataset in panel A. C) LEfSe analysis of discriminatory features for the dataset in A.
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therapeutics for specific conditions is highly attrac
tive. In this study, we used a rational approach to 
identify microbes within lean animals that might 
prevent risperidone-induced weight gain (RIWG). 
We identified ~16 metagenomes depleted in the 
risperidone-treated animals (Figure 1) and chose 
to focus on Limosilactobacillus reuteri as a prime 

candidate due to its production of specialized 
metabolites, known growth requirements, and 
availability of a genetic system.

We demonstrate that either L. reuteri LTH2584 
(Figure 2) or synthetic (S)-reutericyclin (Figure 3) 
are sufficient to mitigate weight gain in the pre
sence of risperidone. We deleted a key component 

Figure 10. Machine learning identifies factors to predict weight gain in animals supplemented with L. reuteri or reutericyclin. A and D) 
A random forest wrapper method, Boruta feature selection algorithm, was applied to coverage of MAGs to reveal discriminatory 
features from (A) RISP vs. LTH2584+RISP vs. LTH2584 or (D) RISP+RTC vs. RISP from stool (animals in Figures 6 and 7). Random forest 
was performed on the selected features to generate Gini coefficients. B and E) Ridge regression model trained on MAG coverage of 
discriminant features to predict weight gain using 10-fold cross validation on samples from animals treated with (B) LTH2584 or (E) 
reutericyclin. Dashed black line represents perfect fit (y=x). Each dot represents one animal. Gray band indicates the 95% confidence 
interval. C and F) Individual coefficients from Ridge regression model depicting relative importance of discriminant features after L2 
regularization. Height of bars indicate magnitude of coefficient for each predictor variable (discriminant feature). Directionality of bars 
indicates positive or negative association with target variable (weight gain).
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of the reutericyclin biosynthetic gene cluster, rtcN, 
which eliminated protection from RIWG 
(Figure 4). Extracellular complementation with 
synthetic reutericyclin rescued the phenotype, indi
cating that reutericyclin production by L. reuteri is 
responsible for mitigation of weight gain in the 
presence of risperidone.

Protection from RIWG by either LTH2584 or 
synthetic reutericyclin was not due to altered food 
intake, water intake, energy absorption, or digestive 
efficiency (Figure 5). However, feeding efficiency 
and energy efficiency were altered such that risper
idone-treated animals gained more weight per gram 
of food ingested (Figure 5(c)) and gained more 
weight per kcal ingested (Figure 5(f)). LTH2584 
and reutericyclin restored both feeding efficiency 
and energy efficiency, thereby mitigating RIWG. In 
contrast, and as expected, the ∆rtcN mutant was 
unable to restore feeding efficiency and energy effi
ciency. Thus, we conclude that reutericyclin produc
tion by LTH2584 is necessary and sufficient for the 
observed protection to prevent RIWG. Studies using 
whole-animal calorimetry and microbial supple
mentation are underway to determine the mechan
ism of action by which reutericyclin affects energy 
expenditure.

Because a fecal material transplant from risper
idone-treated animals led to statistically significant 
weight gain in our previous study,14 we further 
characterized the microbiome for the cohorts in 
this study. Changes in gut bacteria using 16S 
demonstrated that each perturbation resulted in 
unique features characterizing distinct micro
biomes for each treatment group (Figures 6–9). 
Because three cohorts (controls, synthetic reuteri
cyclin, and L. reuteri) did not display enhanced 
weight gain yet displayed unique microbiomes, 
we conclude that multiple microbial consortia 
likely support leanness, as revealed by the Human 
Microbiome Project.51 Even in the presence of ris
peridone, treatment with synthetic reutericyclin or 
L. reuteri generates unique anti-obesogenic or lean 
promoting microbiota.

While we do not know the mechanism by which 
reutericyclin mediates protection from risperi
done-induced weight gain, we suggest several fac
tors here. First, reutericyclin possesses 
antimicrobial activity and could prevent growth 

or expansion of bacteria that contribute to obesity 
during risperidone treatment. It has been demon
strated that reutericyclin is hydrophobic and can 
insert into bacterial membranes, thus acting as 
a proton ionophore to dissipate the membrane 
gradient and lead to cell lysis.41 Broadly, it is 
known that Gram-positive organisms are sensitive 
to reutericyclin. However, the results from each 
treatment group including controls (Figures 6–9; 
Tables S5- 8) display significant shifts in members 
of the Firmicutes (or Bacillota), suggesting that 
a response to synthetic reutericyclin or L. reuteri 
is strain or consortium dependent.

Second, reutericyclin is similar in structure to aryl 
and acyl homoserine lactones (AHL; Figure S2), 
which play a role in intercellular bacterial signaling 
or quorum sensing. Interestingly, an AHL found in 
Pseudomonas aeruginosa was shown to sponta
neously convert (at low pH within the mucin bar
rier) to a tetramic acid which also displays 
antimicrobial activity; reutericyclin possesses 
a tetramic acid moiety42,52 and therefore could 
play a role in intercellular signaling and thereby 
promote ecological shifts. This point also raises the 
possibility that L. reuteri, engages in mimicry or 
competition by using a molecule typically associated 
with Gram-negative intercellular signaling.

Third, reutericyclin could act as a siderophore to 
mediate iron availability and subsequent changes 
in microbial composition. It is known that the 
tetramic acid from P. aeruginosa can sequester 
iron using the same moiety present in reutericyclin. 
Preliminary data indicate that synthetic reutericy
clin can bind iron in vitro (Figure S3). Because iron 
is an essential nutrient and limiting growth factor 
for many bacteria, alterations in iron availability 
could have significant impacts on gut microbial 
structure.53 All possibilities listed here for reuter
icyclin activity may function to elicit the results 
observed in our study.

The major biological question remaining is the 
mechanism by which microbiota affect weight 
gain. One hypothesis is that obesogenic micro
biota affects nutrient harvest, providing carbon 
for uptake by the host.49 A second hypothesis is 
that microbes in individuals with obesity pro
duce metabolites (e.g. short chain fatty acids) 
that modulate host metabolism to affect body 
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mass.54 A third hypothesis, one that we favor, is 
that the gut microbiota constitutes 
a thermogenic biomass such that cecal micro
biota in lean animals burn more calories, as 
suggested previously by our team.43 In support 
of this notion, we observe enrichment of fermen
tation genes in those organisms (Figure S6) con
tributing most to prevention of weight gain as 
shown in Figure 10(a–c)). In short, 
a reutericyclin-influenced bacterial consortium 
may possess enhanced capacity to turnover car
bon, thereby preventing calories from being 
absorbed by the host. Experiments are ongoing 
to test these possibilities.
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