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Abstract

Background: Over the past 50years, the incidence of obesity has gradually increased,
necessitating investigation into the multifactorial contributors to this disease, includ-
ing the gut microbiota. Bacteria within the human gut microbiome communicate using
a density-dependent process known as quorum sensing (QS), in which autoinducer
(Al) molecules (e.g., N-acyl-homoserine lactones [AHLs]) are produced to enable bac-
terial interactions and regulate gene expression.

Methods: We aimed to disrupt QS using quorum quenching (QQ) lactonases GclL and
SsoPox, which cleave AHL signaling molecules in a taxa-specific manner based on dif-
fering enzyme affinities for different substrates. We hypothesized that QQ hinders
signals from obesity-associated pathobionts, thereby slowing or preventing obesity.
Results: In a murine model of diet-induced obesity, we observed GcL and SsoPox
treatments have separate sex-dependent and dose-dependent effects on intestinal
community composition and diversity. Notably, male mice given 2mg/mL SsoPox
exhibited significant changes in the relative abundances of gram-negative taxa, in-
cluding Porphyromonadaceae, Akkermansiaceae, Muribaculaceae, and Bacteroidales
(Kruskal-Wallis p <0.001). Additionally, we used covariance matrix network analysis
to model bacterial taxa co-occurrence due to QQ enzyme administration. There were
more associations among taxa in control mice, particularly among gram-negative bac-
teria, whereas mice receiving SsoPox had the fewest associations.

Conclusions: Overall, our study establishes proof of concept that QQ is a targetable
strategy for microbial control in vivo. Further characterization and dosage optimi-
zation of QQ enzymes are necessary to harness their therapeutic capability for the
treatment of chronic microbial-associated diseases.
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1 | INTRODUCTION

Over the past 50years, the incidence of obesity has gradually in-
creased, and since 1980, the prevalence of obesity has more than
doubled, leaving nearly 700 million people affected by the disease
worldwide.l™* Obesity adversely impacts numerous physiological
functions while predisposing patients to several comorbidities, in-
cluding atherosclerosis,? diabetes,® and certain cancers.>?° If these
trends persist, roughly 20% of the global adult population will be
obese by 2030, placing significant economic and social burdens on
health care systems.® Although the primary cause of obesity is the
accumulation of excess body fat, recent findings have identified obe-
sity as a complex, multifactorial disease, linking the metabolism with
behavioral, genetic, environmental, and socioeconomic factors. 710

The intestinal microbiota is at the center of the multifactorial inter-
actions driving obesity and plays a role in regulating host weight and
metabolism.’®!! Previous studies comparing conventionalized germ-
free mice to nonconventionalized, germ-free mice indicated a differ-
ence between the intestinal microbiota from obese and lean mice.1>%3
One study by Ridaura et al.,** in which the microbiota from twins dis-
cordant for obesity was transplanted into germ-free mice, found the
lean microbiota was more invasive compared to the obese microbi-
ota.** Specifically, when mice with lean and obese phenotypes were
cohoused, microbiota associated with lean phenotypes (e.g., members
of the Bacteroidetes) were able to displace obese-associated microbi-
ota, but lean mice resisted incorporation of obese microbiota,* sug-
gesting that beneficial microbial populations may outcompete those
associated with obesity. Recent studies have also shown that dysbio-
sis, an imbalance of microbiota composition and function, may increase
the risk of developing chronic diseases, including inflammatory bowel
disease, cancer, and obesity.ls'17 Moreover, obese microbiomes are
extremely resilient, even after dietary and lifestyle interventions.'®
These findings indicate that the intestinal microbiota plays both an as-
sociative and causative role in driving and maintaining obesity while
highlighting the need to understand the mechanisms by which the mi-
crobiota influences the disease.

Bacteria communicate through diffusible, small molecules that
regulate gene expression in a density-dependent manner and based
on surrounding environmental conditions, called quorum sensing
(QS).Y? The accumulation of autoinducer (Al) molecules, such as N-
acyl-homoserine lactones (AHLs; Al-1), by gram-negative bacteria is
a sensitive and effective way to regulate gene expression and plays a
significant role in intra- and interspecies, as well as inter-kingdom, in-
teractions.? In addition to AHLs, produced and/or sensed predom-
inantly by gram-negative Proteobacteria and some Bacteroidetes,

Cyanobacteria, and Archaea,?t®

gram-positive bacteria produce
and respond to oligopeptide Als. Additionally, Al-2, a furanosyl
borate diester, a universal signal of interspecies communication, is
produced and/or sensed by both gram-negative and gram-positive
bacteria. Moreover, discovery and characterization of new classes
of QS compounds remain an active area of research.242¢ Although
some signals, like Al-2, may be used for “signaling,” or the induction

of an evolved behavior in the presence of QS molecules, they may

also be “cues,” or used to manipulate or coerce specific behaviors
from other species.?” Importantly, the host also monitors bacterial
QS via the aryl hydrocarbon receptor28 and, in response, regulates
host defenses, including obesity-associated inflammation, poten-
tially mediating an obese phenotype.?’

In this study, we hypothesized that disrupting QS signaling, a

process termed quorum quenching (QQ),%%%!

may be a targetable
strategy to turn off signaling from obesity-associated pathobionts
to prevent or slow obesity progression. The AHL signaling molecules
produced are specific to individual taxa and vary in length of the car-
bon chain®Z therefore, selecting lactonases with differing specificity
is likely to have different effects throughout the microbial commu-
nity.33 We tested two lactonases: SsoPox, a thermostable lactonase,
which acts on longer-chain AHLs (C8-C12),%* and GcL, a highly pro-
ficient, promiscuous lactonase with broad substrate preference for
AHLs (C4-C12).52% These lactonases were delivered in drinking
water, and mice were fed a Western diet (WD) for 6 weeks to deter-
mine the effects of QQ enzymes on the microbial communities, food
intake, and weight gain. Results from this study provide one of the
first demonstrations of the use of QQ enzymes in vivo and suggest

potential future therapeutic applications of these molecules.

2 | METHODS
2.1 | Production of QQ lactonases SsoPox and GcL

The mutant lactonase SsoPox W2631,%° referred to as SsoPox through-
out this manuscript, and wild-type GcL with an N-terminal Strep-tag
113 were overexpressed in Escherichia coli strain BL21 Star (DE3)
(Invitrogen, Carlsbad, CA, USA) containing the pGro7 plasmid (TakaRa
Bio, San Jose, CA, USA). Enzymes were produced using previously de-

scribed procedures37’38

adapted to a 75-L fermentation system (New
Brunswick Scientific, Edison, NJ, USA). Briefly, exponential phase
growing cultures in fermentation medium at 30°C (with 300 rpm agita-
tion, 5psi vessel pressure, 25 slpm air flow, dissolved oxygen >30%,
and pH 6.8 with continuous glycerol feed) were induced at 23°C with
0.2% arabinose, 0.2mM CoCl,, and 0.25mM IPTG (Isopropyl 3-D-1-
thiogalactopyranoside) and harvested after 25h. Cells were lysed in
20mM Tris-Cl pH8.0 buffer containing 2mM MgCl, and 11 KU of
Benzonase nuclease using Panther homogenizer (15000psi primary,
1500 psi secondary; GEA Process Engineering, Inc., Hudson, WI, USA).
Lysed cells were centrifuged, and clarified supernatants were subjected
to heat treatment at 75°C (for SsoPox W263l) or 65°C (for Gcl) for
30min and centrifuged (15000g/30min/4°C) to remove precipitants.
The clarified protein solution was ultrafiltered (0.6 pm for GcL; 0.6 pm
followed by 0.2-um nominal filter for SsoPox) concentrated and diafil-
tered (using 5-kDa MWCO diafiltration membrane) in 50-mM Tris-Cl,
pH8.5 buffer and subsequently lyophilized under vacuum using a
VirTis FreezeMobile 25 system (ATS Scientific Products, Warminster,
PA, USA). The lyophilized enzymes were reconstituted in deionized
water at indicated concentrations and filter-sterilized immediately
before use. Both enzymes were assayed for lactonase activity against
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5-thiobutyl-y-butyrolactone (TBBL) substrate (synthesized by Enamine
LTD, Kyiv, Ukraine) in an activity buffer (50-mM HEPES pH 8.0, 150-
mM NaCl, 0.2-mM CoCIz) containing 0.5-mM TBBL and 1-mM Ellman's
reagent (5,5’-dithiobis-[2-nitrobenzoic acid] or DTNB).*

2.2 | Mice and QQ intervention

Male and female specific-pathogen-free (SPF) C57BL/6 mice (n=54)
purchased from Jackson Laboratories (Bar Harbor, ME, USA) at
6 weeks of age were conventionally housed, individually,in AAALAC-
approved animal facilities at the University of Minnesota. Mice were
randomly assigned to a 6-week treatment period of either drinking
water (n=18), GcL (n=18), or SsoPox (n=18). Three mice in each
treatment group received 2mg/mL QQ enzymes; all others received
1mg/mL enzyme or unamended drinking water (Table 1). Mice
were continuously fed Western chow (Teklad diet 88 137%—15.2%,
42.7%, and 42.0% kcal from protein, carbohydrates, and fat, respec-
tively), similar in composition to that of humans,*® and water was
also available ad libitum throughout the 6-week study period. Fecal
sample collections and weight and food intake monitoring were
performed weekly. After the mice were transferred to new cages,
2h was given before fresh fecal samples were collected. Mice were
housed under a 12-h light-dark cycle at 23°C. Experimental proce-
dures were approved by the University of Minnesota Institutional
Animal Care and Use Committee (IACUC) and performed following
the Office of Laboratory Animal Welfare guidelines.

2.3 | DNA extraction and sequencing

Intestinal microbiota was characterized from fecal pellets collected
at six time points, corresponding to each week of the experiment.
Bacterial DNA was extracted from individual mouse fecal pellets
(approximately 0.1 g) using the DNeasy PowerSoil Pro DNA Isolation
Kit (QIAGEN, Hilden, Germany) on the automated QlAcube platform
(QIAGEN) using the inhibitor removal technology (IRT) protocol.
Using the 515F/806R primer set,*! the V4 hypervariable region of
the 16S ribosomal RNA (rRNA) gene was amplified and paired-end
sequenced on the MiSeq platform (lllumina, Inc., San Diego, CA,
USA) at a read length of 301 nucleotides (nt) by the University of
Minnesota Genomics Center (UMGC, Minneapolis, MN, USA).#%43
Raw sequencing data were deposited in the Sequence Read Archive

under BioProject accession number SRP415730.44

2.4 | 16SrRNA amplicon processing and analysis

All sequencing data were processed and analyzed using mothur (ver-
sion 1.41.1)* and a modified version of our previously published pro-
cessing pipeline,46 with an initial read cut to 170 nt. Sequences were
pair-end-joined and trimmed for quality. Clustering was performed

by aligning sequences against the SILVA database (version 138.1).#”

Zl‘L\AS—Wl LEYJﬂ

A 2% pre-cluster was used to remove sequences likely to contain er-

rors.*® Chimeras were identified and removed using UCHIME (version
4.2.40).%° Amplicon sequence variants (ASVs) were binned at 99% se-
quence similarity using OptiClust cIustering,50 and classified against
the version 18 release from the Ribosomal Database Project.’ All
samples from experiments involving the administration of 1 mg/mL
of QQ enzyme were processed through MMUPHin (Meta-analysis
Methods with Uniform Pipeline for Heterogeneity in Microbiome
Studies).52 MMUPHin allowed for the normalization and combination
of replicated 1 mg/mL experiments to help reduce batch effects. Alpha
diversity (within-sample diversity) and beta diversity (between-sample
diversity) were calculated as the Shannon and Chaol indices and

Bray-Curtis dissimilarities,>® respectively, using mothur.

2.5 | Statistical analysis

For statistical comparisons, samples were rarefied to 4800 reads per
sample by random subsampling. Among all samples, a mean estimated
Good's coverage of 98.87+0.01% was achieved following rarefac-
tion. Data are presented as means+standard deviation. Differences
in alpha diversity were evaluated using ANOVA with Tukey's HSD
procedure for pairwise comparisons. Differences in the relative abun-
dances of families were determined using the Kruskal-Wallis nonpar-
ametric test using the Steel-Dwass-Critchlow-Fligner procedure for
pairwise comparisons. ANOVA and Kruskal-Wallis tests were com-
pleted using XLSTAT software (version 2022.5.1; Lumivero, Denver,
CO, USA). Overall community comparisons were evaluated by
ANOSIM,** and samples were visualized by ordination using PCoA of
Bray-Curtis distances.>® Correlation of family abundances with axes
positions was performed using Spearman correlation tests. ANOSIM,
PCoA, and Spearman correlation tests were performed using mothur.
All statistics were evaluated at «=0.05, with Bonferroni corrections
for multiple comparisons. To create covariance matrix estimation net-
works, we used the R package Sparse and Positive Definite Covariance
Matrix Estimation with Compositional Data (SpPDCC) [https://github.
com/ajmolstad/SpPDCC].>® This package allowed us to estimate basis
covariance matrices from our compositional data through a proximal-
proximal descent algorithm. For the network involving samples from
mice receiving 1mg/mL QQ enzyme, we used only the week 6 sam-
ples to allow for endpoint comparisons.

3 | RESULTS

3.1 | QQ enzymes do not significantly impact
weight gain or food intake in Western diet-fed mice

Administration of the WD in mice led to significant weight gain
among all treatment groups (Table 1). Control (DW) mice gained an
average of 7.65+1.49g during the 6-week study period. Similarly,
mice receiving 1mg/mL of GcL enzyme gained an average of
13.09 +0.55g, whereas mice administered 2mg/mL of GcL enzyme
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gained an average of 6.62+3.44g by week 6. Further, mice ad-
ministered 1mg/mL of SsoPox gained an average of 6.76+1.65g,
and mice administered 2mg/mL of SsoPox gained an average of
9.95+3.90g by the end of the experiment (Table 1). The average
weight of all mice changed significantly from the baseline (week 0)
to week 6 when the weight data from both the 1- and 2mg/mL QQ
enzyme experiments were combined (analysis of variance [ANOVA]
F=179.63, p<0.001; Table 1); however, no pairwise differences
were observed among treatment groups (Tukey's post-hoc p>0.05).
Furthermore, no differences were observed in food intake between
treatment groups and time points when combining the 1- and 2mg/
mL QQ enzyme experiments (ANOVA F=0.435, p=0.660; Table 1).

3.2 | QQ treatment alters community composition

Because the baseline sample (week 0) was collected prior to the
initiation of WD, it was excluded from temporal analyses to bet-
ter capture the effects of the individual QQ enzymes in relation
to diet-induced obesity. After baseline samples were excluded, no
significant temporal variation was observed between weeks 1 and
6 among all treatment groups receiving 1- or 2mg/mL QQ enzyme
(analysis of similarities [ANOSIM] R=0.005 and 0.002, p=0.29 and
0.394, respectively). Therefore, temporal variation was not consid-
ered in further analyses, and all samples, excluding baseline, were

combined to increase statistical power.

3.21 | Lower QQ enzyme dose (1 mg/mL)

There were no significant differences in Shannon alpha diversity

when comparing mice receiving 1 mg/mL of QQ enzyme by treatment

TABLE 1 Summary of physiological variables.

group and sex (ANOVA F=2.01, p=0.140; Figure 1A). Similarly, no
significant differences were observed when Chao1 indices were com-
pared by treatment group and sex (ANOVA F=0.12, p=0.883). Male
mice receiving GcL had significantly lower relative abundances of
Peptostreptococcaceae and Erysipelotrichaceae than those observed
in control mice (Steel-Dwass-Critchlow-Fligner post-hoc p<0.05 and
<0.0001; Figure 2A,; Table 2). Similarly, in females receiving GcL, the
relative abundances of Erysipelotrichaceae were significantly lower
than in control mice (post-hoc p<0.0001; Figure 2A; Table 2). Male
mice receiving SsoPox did not display significant changes in the rela-
tive abundances of predominant families relative to drinking water
mice. Similar to females receiving Gcl, female mice receiving SsoPox
had significantly lower relative abundances of Erysipelotrichaceae
compared to controls (post-hoc p<0.0001; Figure 2A; Table 2).
Overall community composition (beta diversity), measured
using Bray-Curtis dissimilarities, differed significantly between
male and female mice in each of the control, GcL, and SsoPox
groups (ANOSIM R=0.18, 0.21, and 0.16, respectively, p<0.001;
Figure 2C). However, among mice of the same sex between treat-
ment groups, differences in beta diversity remained statistically in-
significant (pairwise R=0.05-0.15, p>0.003, Bonferroni-corrected
a=0.003; Figure 2C). Principal coordinate analysis (PCoA) of
male and female microbial communities revealed their axis posi-
tions were significantly correlated with the relative abundances
Muribaculaceae,

of Porphyromonadaceae, Lactobacillaceae,

Akkermansiaceae, Ruminococcaceae, Lachnospiraceae, and
Streptococcaceae (Spearman p <0.05; Figure 2C).

To gain more perspective on microbiome interactions occur-
ring from the use of GcL or SsoPox, we applied a systems-oriented
approach by estimating covariance matrices for the (latent) log-
abundances of the microbes in each of our sample populations. To

achieve a sufficient sample size for analysis, male and female samples

Food intake (g)

Weight (g)
Treatment  Dose Sex n  WeekO Week 6
DW N/A Male 9 2281+1.17 34.33+3.53
N/A Female 9 18.43+1.01 22.22+1.64
Gcel 1mg/mL  Male 6 23.22+1.10 33.88+2.14
Img/mL  Female 6 17.30+1.16 22.13+1.11
2mg/mL  Male 3 2410+1.28 33.33+4.18
2mg/mL  Female 3 17.77+0.55 21.77+2.35
SsoPox Img/mL  Male 6 23.20+1.06 32.68+3.24
Img/mL  Female 6 17.50+0.50 21.53+1.60
2mg/mL  Male 3 23.43+042 34.87+1.90
2mg/mL  Female 3 18.50+1.48 26.97+8.00
p-value Male 0.521 0.836
Female 0.170 0.115

A Week 0 Week 6 A
11.52+2.35  31.88+7.46 26.97 +5.368 -4.92+2.10
3.79+0.63  27.63+3.65 47.17+23.21 19.53+£19.55
10.67+1.04  30.80+5.13 29.30+7.48"% -1.50+2.35
4.83+0.05 2997+14.84  41.70+14.00 11.73+0.84
9.23+2.90  36.27+9.35 34.30+10.11"%  -1.97+0.76
400+1.80 2493+1.01 46.80+15.24 21.87+14.22
9.48+2.18  34.00+1.49 27.95+2.05"8 -6.05+0.56
403+1.11  26.70+1.13 54.80+26.07 28.10+24.94
11.43+1.50 28.60+2.44 48.43+13.50" 19.83+11.05
8.47+6.52  2617+3.47 44.93+26.31 18.77 +22.84
- 0.636 0.034 -
- 0.896 0.972 -

Note: Values reflect mean +standard deviation. Mean weight, change in weight, food intake, and change in food intake of mice receiving drinking
water, GcL, and SsoPox between weeks 0 and 6 are shown and separated by quorum quenching (QQ) dosage (1 mg/mL vs. 2mg/mL). A indicates
change from week O to week 6. All statistical analyses were performed using an analysis of variance (ANOVA) test evaluated at «=0.05. Samples

sharing the same letter ("B)

did not differ significantly in pairwise comparisons using Tukey's post-hoc test (p>0.05).
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FIGURE 1 Mean Shannon index of bacterial taxa in fecal samples. Mean alpha diversities according to the Shannon index across various
treatment groups, sex, and quorum quenching (QQ) enzyme dosages are shown. (A) 1mg/mL and (B) 2mg/mL are shown. Error bars indicate
the mean +standard deviation. Significant differences in Shannon index, as determined by ANOVA, are indicated by asterisk (*, Tukey's post-

hoc p < 0.05).
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FIGURE 2 Bacterial communities in males and females. (A, B) Predominant families for each experimental treatment and sex, for mice
receiving 1- and 2mg/mL quorum quenching (QQ) enzyme, respectively. Less-abundant genera comprised <15.1% and <22.1% of total
taxonomic composition, respectively. (C) Principal coordinate analysis (PCoA) of Bray-Curtis dissimilarities among samples from mice
receiving 1mg/mL QQ enzyme. Families significantly correlated to axis position by Spearman correlation (p <0.05) are plotted on the PCoA
with vector length indicating magnitude of correlation. (D) PCoA of Bray-Curtis dissimilarities among samples from mice receiving 2mg/mL
QQ enzyme. Families significantly correlated to axis position by Spearman correlation are plotted on the PCoA, with vector length indicating

magnitude of correlation.

were combined in each treatment group. Visual examination of the
estimated covariance matrices revealed the control network and
both treatment networks have differing strengths and number of
associations between nodes (Figure 3A-C). Consistent, strong pos-
itive associations among Bacteroidaceae, Porphyromonadaceae,
and Muribaculaceae were observed in all three networks. Further,

between networks the number of associations was greatest in the
control group (Figure 3A), whereas there were least associations in
the SsoPox treatment group (Figure 3C). Thus, our covariance matrix
models were consistent with our hypothesis—as QQ enzymes are ad-
ministered, reduced communication within the microbiome appears

to diminish patterns of co-occurrence.
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TABLE 2 Abundances of predominant families that varied significantly among mice receiving 1 mg/mL quorum quenching (QQ) enzyme

or drinking water by Kruskal-Wallis test.

DW GcelL SsoPox

Family Male Female Male Female Male Female p-value
Muribaculaceae 25.31+3.86 25.24+6.80 24.33+5.27 25.96+6.42 21.08+8.80 25.03+7.69 0.59
Lachnospiraceae 18.57+4.475°  13.30+£3.92"  20.35+6.81° 1516+4.85"% 20.32+3.89°  1595+4.60"°¢  0.0001
Akkermansiaceae 11.10+4.93 13.33+5.98 10.13+5.34 12.42+5.87 11.48+5.05 12.63+5.38 0.35
Ruminococcaceae 9.62+2.67 8.27+241 9.62+3.31 8.71+2.50 10.63+4.06 10.35+4.30 0.06
Porphyromonadaceae 5.08+4.13 8.65+7.08 6.41+5.35 6.38+5.37 5.54+4.17 6.46+5.54 0.09
Lactobacillaceae 3.20+4.86 4.53+3.42 3.10+3.03 7.60+4.41 2.38+1.66 5.88+7.18 0.09
Streptococcaceae 3.46+1.668 2.12+0.72% 4.56+2.108 2.38+0.88" 4.47+2.028 2.36+1.124 0.0001
Peptostreptococcaceae 3.85+4.09% 3.78+4.05"®  0.75+1.90* 4.70+4.668 1.5+3.10"8 3.8+3.56° 0.0001
Erysipelotrichaceae 3.92+2.24¢ 3.23+1.90¢ 3.47+3.015¢ 1.7+110"%  4.49+3.00° 1.26+0.58* 0.003
Bacteroidaceae 2.59+1.41 3.48+2.56 2.65+1.82 2.64+1.98 3.07+1.63 3.14+2.58 0.353

Note: Values reflect mean + standard deviation. Pairwise comparisons were calculated using the Steel-Dwass-Critchlow-Fligner procedure. Samples

sharing the same letter (*B<P)

(A) (B

@ Peptostreptococcaceae

@ Lachnospiraceae

did not differ significantly in pairwise comparisons using the Steel-Dwass-Critchlow-Fligner procedure (p>0.05).

© Bacteroidaceae © Bacteroidaceae

© Porphyromonadaceae © Porphyromonadaceae
© Akkermansiaceae © Akkermansiacese

@ Muribaculacoae @ Muribacuiacoae

© Lachnospiraceae © Lachnospiraceae

@ Stroptococcaceae @ Stroptococcaceas

© Lactobacillaceae © Lactobacillaceas

@ Peptostreptococcaceae @ Peptostreptococcaceae
@ Lachnospiraceae @ Lachnospiracese

FIGURE 3 Estimated covariance matrices at study endpoint of samples from mice receiving 1 mg/mL QQ enzyme. (A) Control mice. (B)
GcL mice. (C) SsoPox mice. The thickness of the edge corresponds to the strength of the association where stronger associations are shown
by thicker edges. Positive and negative correlations are colored green and red, respectively, and a zero correlation is indicated by the lack of

an edge.

3.2.2 | Higher QQ enzyme dose (2mg/mL)

To determine whether a higher dose may induce different changes
in the intestinal microbiome, mice received 2mg/mL of QQ en-
zyme. After the administration of 2mg/mL QQ enzyme, Shannon
index was significantly altered based on the treatment group
among male mice, but not female mice (ANOVA F=11.57 and
0.121, p<0.0001 and 0.887, respectively; Figure 1B). Specifically,
male mice receiving SsoPox had greater Shannon alpha diversities
than male mice receiving either GcL or drinking water (Tukey's
post-hoc p<0.05). However, no significant differences were ob-
served in either sex when Chaol indices were compared by treat-
ment group (ANOVA F=0.253-0.492, p=0.615-0.778). Male
mice receiving GcL had significantly higher relative abundances of
Erysipelotrichaceae than in the control (Steel-Dwass-Critchlow-
Fligner post-hoc p=0.006; Figure 2B; Table 3). Female mice re-
ceiving GcL had no significant changes in the relative abundances
of predominant families relative to drinking water mice. Male

mice receiving SsoPox had significantly greater relative abun-
dances of Muribaculaceae and Bacteroidales than those observed
in the control, and significantly lower relative abundances of
Porphyromonadaceae, Erysipelotrichaceae, and Akkermansiaceae
compared to the controls (Steel-Dwass-Critchlow-Fligner post-hoc
all p<0.0001, Figure 2B; Table 3).

In contrast to mice receiving 1mg/mL of QQ enzyme, PCoA
analysis revealed overall fecal community composition and diversity
among mice receiving 2mg/mL QQ enzyme differed significantly
based on treatment group and sex (ANOSIM R=0.74, p<0.001;
Figure 2D). Pairwise comparisons showed significant differences
between male and female mice in each of the control, GcL, and
SsoPox groups (pairwise R=0.91-0.99, p<0.001, Bonferroni-
corrected a=0.003; Figure 2D). Male mice receiving GcL had sig-
nificantly different community composition than controls (pairwise
R=0.28, p<0.001, Bonferroni-corrected «=0.003; Figure 2D).
Likewise, males receiving SsoPox had communities that differed
significantly from male control mice (pairwise R=0.76, p<0.001;
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TABLE 3 Abundances of predominant families that varied significantly among mice receiving 2mg/mL QQ enzyme or drinking water by

Kruskal-Wallis test.

Treatment DW Gel SsoPox

Sex Male Female Male Female Male Female p-value
Muribaculaceae 14.66+2.93%  14.28+3.50"  17.09+292" 13.84+2.48" 22.3+3.588 15.77 +3.90* 0.0001
Lachnospiraceae 16.63+3.08°  10.65+2.98" 15.78+3.83%¢  12.571+4.07°%¢  16.34+4.955¢  12.18+3.78"®  0.0001
Akkermansiaceae 7.49 +3.69° 2.45+3.58* 6.42+3.958 2.47 +4.194 1.20+2.944 1.80+2.424 0.0001
Ruminococcaceae 14.40+3.95 10.43+4.96 14.05+3.13 13.45+4.93 15.39+4.33 12.89+3.79 0.016

Porphyromonadaceae  11.80+2.07° 0.55+0.95" 14.63+4.14¢ 1.22+1.38% 5.22+3.398 0.45+0.36" 0.0001
Lactobacillaceae 0.48+0.33" 8.73+8.92¢ 0.47+0.28" 3.95+3.695%¢ 1.22+1.1178 4.29+4.57%¢  0.0001
Bacteroidales (o) 0.02+0.01* 7.84+1.36° 0.03+0.04% 8.50+1.90¢ 1.69+0.918 7.08+£2.14¢ 0.0001
Rikenellaceae 0.01+0.01 9.31+4.16° 0.0+0.01% 7.27+3.078 0.02+0.05" 6.32+3.04° 0.0001
Erysipelotrichaceae 9.57+3.80¢ 2.34+2.80%° 4.42+2.588 1.19+1.18% 4,44 +4.47°8 1.72+1.94 0.0001
Bacteroidaceae 11154227 16.74+3.94%¢  11.53+2.41° 17.49 +4.62¢ 12.38+3.23"%  15494+3.55¢ 0.0001

Note: Values reflect mean + standard deviation. Pairwise comparisons were calculated using the Steel-Dwass-Critchlow-Fligner procedure. Samples

sharing the same letter (A€

Figure 2D). Female mice receiving SsoPox, but not GcL, had commu-
nities that were significantly different compared to female controls
(pairwise R=0.24, p<0.001; Figure 2D). PCoA of male and female
microbial communities revealed their axis positions were signifi-
cantly correlated with the relative abundances of Akkermansiaceae,
Muribaculaceae,

Porphyromonadaceae, Erysipelotrichaceae,

Bacteroidales, Bacteroidaceae, and Rikenellaceae (Spearman
p<0.05; Figure 2D). Covariance matrix analysis was not performed
for 2mg/mL experimental groups due to insufficient sample size for

analysis.

4 | DISCUSSION

Rising obesity rates and obesity-associated metabolic disorders un-
derscore the importance of exploring various contributors to this
complex disease, including the intestinal microbiota.’™ Given the
prevalence of QS in the human gut microbiome,”” and the reported
effect of QQ strategies on microbiome population structures,?® we
aimed to use GcL and SsoPox, two QQ lactonases that degrade AHL
signaling molecules from predominantly gram-negative bacteria, to
test the hypothesis that QQ hinders signals from obesity-associated
pathobionts and consequently slows or prevents the development
of obesity.

In a murine model of diet-induced obesity, GcL and SsoPox treat-
ments produced separate, sex-specific and dose-dependent effects
on intestinal community composition and diversity. Different bac-
terial taxa produce unique AHLs with differing lengths and com-
positions of acyl side chains, depending on the type(s) of synthase
genes present.®23% Thus, the enzymes likely have differing effects
on taxonomic composition due to GcL having a broader affinity for
C4-C12 AHLs, whereas SsoPox has affinity for only longer-chain
C8-C12 AHLs.? Using both enzymes, we observed alterations in
the relative abundances of specific taxa such as Erysipelotrichaceae,

did not differ significantly in pairwise comparisons using the Steel-Dwass-Critchlow-Fligner procedure (p>0.05).

Peptostreptococcaceae, Porphyromonadaceae, Akkermansiaceae,
Muribaculaceae, and Bacteroidales without observable phenotypic
effects, such as severe weight loss or stool changes. These results
suggest that QQ lactonases are able to be administered in vivo in
drinking water and have effects on the intestinal microbiota, sup-
porting the premise that QQ lactonases may be able to influence
host phenotype through AHL-mediated modification of the microbi-
ota. However, weight is a poor measure of metabolic dysregulation,
and future studies assessing the effects of QQ on diet-induced obe-
sity should consider more sophisticated measures of body composi-
tion and metabolic activity.’®

Previous research has found that AHL signaling molecules vary
in length and in the composition of their acyl side chains, likely af-
fecting the taxonomic specificity of this signal.59 QQ lactonases,
SsoPox and GclL, act on long-chain (C8-C12) or broad-range (C4-
C12) AHLs, respectively, suggesting that QQ enzymes may have the
potential to target specific taxa by hydrolyzing the side chains of
their signaling molecules, thereby disrupting their interactions with
other bacteria.®>3¢%? Our findings build on this prior knowledge by
demonstrating that SsoPox and GcL have differential effects on the
relative abundances of specific gram-negative and gram-positive
bacteria, with these effects being potentially amplified with increas-
ing dose. Collectively, these results indicate that QQ lactonases may
have potential as a targetable approach to reduce the relative abun-
dances of bacteria associated with obesity, without significantly
disrupting the composition and diversity of the microbial ecosystem
within the gut.

Further demonstrating the distinct effects of GcL and SsoPox,
our covariance network analysis of taxa co-occurrence revealed
more associations among taxa in control mice, whereas mice receiv-
ing SsoPox had the fewest associations. Our analysis suggests GcL
and SsoPox may also have differential effects on bacterial commu-
nity networks, in which GcL may have an intermediate effect be-
tween SsoPox and the control.
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Prior research suggests a bidirectional form of communication be-
tween the endocrine system and the gut microbiota.®® Regardless of
dosage, our findings demonstrate sex-related differences in intestinal
community composition and diversity as a result of the administration
of both GcL and SsoPox, with SsoPox having a slightly greater effect
overall. These results may suggest a competitive dynamic between
certain QQ molecules, their AHL substrates, the microbiota, and host
hormone regulation. Further research is necessary to determine if
these observations are due to differences in endocrine signaling be-
tween male and female mice.

The limitations of this study include small sample sizes, testing
only in a single genotype, limited dose range, and no observed phe-
notypic effect. Although we were able to apply the SpPDCC package
for mice treated with 1 mg/mL doses, our sample size testing 2mg/mL
doses was too small to apply this tool. Future studies should employ
larger sample sizes to further assess the biological applicability of the
SpPDCC package for covariance network analysis.®* Additionally, our
study employed the use of two QQ lactonases at dosages of 1- and
2mg/mL. Given the amplification of effects on community compo-
sition and diversity with the 2mg/mL dose, our results suggest that
higher doses of QQ lactonases may vyield a greater degree of change
in composition and diversity in the intestinal microbiota. However, due
to the small sample size, additional testing is needed to determine de-
finitive dose responses, and future studies will be needed to inves-
tigate the optimal clinical dose for potential therapeutic applications
of QQ lactonases. Additionally, testing in multiple mouse genotypes
will be necessary to establish effective dose ranges and safety profiles
across different backgrounds. Finally, treatment with QQ lactonases
did not produce a significant phenotypic effect, measured as changes
in weight and food intake, in a murine model of diet-induced obesity
over a 6-week period. Further research should monitor caloric intake
and energy expenditure to better assess the effects of QQ lactonase
treatment on host phenotype. Moreover, changes in metabolomic and
transcriptomic profiles should be investigated to address changes in
microbial function that could be related to maintenance of intestinal
homeostasis.®?

Overall, the two tested QQ lactonases exhibit separate, sex-
dependent and dose-dependent effects on the intestinal microbiota,
demonstrating proof of concept that QQ is a targetable strategy for
microbial control. Further characterization and dosage optimization
of QQ enzymes may reveal therapeutic applications for a variety of
chronic microbial-associated diseases.
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