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ABSTRACT

Artificial sweeteners have been shown to induce glucose intolerance by altering the gut microbiota; however, little is known
about the effect of stevia. Here, we investigate whether stevia supplementation induces glucose intolerance by altering the
gut microbiota in mice, hypothesizing that stevia would correct high fat diet-induced glucose intolerance and alter the gut
microbiota. Mice were split into four treatment groups: low fat, high fat, high fat + saccharin and high fat + stevia. After 10
weeks of treatment, mice consuming a high fat diet (60% kcal from fat) developed glucose intolerance and gained more
weight than mice consuming a low fat diet. Stevia supplementation did not impact body weight or glucose intolerance.
Differences in species richness and relative abundances of several phyla were observed in low fat groups compared to high
fat, stevia and saccharin. We identified two operational taxonomic groups that contributed to differences in beta-diversity
between the stevia and saccharin groups: Lactococcus and Akkermansia in females and Lactococcus in males. Our results
demonstrate that stevia does not rescue high fat diet-induced changes in glucose tolerance or the microbiota, and that
stevia results in similar alterations to the gut microbiota as saccharin when administered in concordance with a high fat
diet.
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INTRODUCTION

More than one-third of Americans are overweight or obese
(Ogden et al. 2015), leading the United States Surgeon General
to declare obesity as the most important public health epidemic
of our time (Surgeon General 2001). Emerging evidence strongly
implicates an important role for the gut microbial community,
or microbiota, in the etiology of obesity. For example, obesity

is transferable via microbiota transfer (Turnbaugh et al. 2008;
Ridaura et al. 2013), the transfer of lean microbiota to obese
patients improves insulin sensitivity (Vrieze et al. 2012), and
microbiota diversity is associated with improved insulin resis-
tance (Cani et al. 2007; Vrieze et al. 2012).

Paralleling the rise in obesity has been the inclusion of
non-caloric artificial sweeteners (NAS) in dietary intake. Recent
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research suggests that consumption of NAS may actually con-
tribute to the development of obesity and metabolic disease
(Fowler 2016). The effects of NAS are in part mediated by the
microbiota, as diet is a known mediator of microbiota composi-
tion and function (David et al. 2013; Zhao et al. 2018). NAS con-
sumption (saccharin, sucralose or aspartame) leads to increased
glucose intolerance in mice as compared to those fed glucose or
sucrose, irrespective of whether mice consume a high fat diet or
normal chow; importantly, antibiotic treatment eliminates this
difference (Suez et al. 2014). While numerous NAS have been
shown to induce glucose intolerance, only saccharin, sucralose
and stevia consumption are known to alter microbiota compo-
sition as well (Ruiz-Ojeda et al. 2019). In particular, saccharin
induces dysbiosis (Suez et al. 2014; Bian et al. 2017), an effect that
may exacerbate glucose intolerance.

While NAS consumption is associated with negative con-
sequences, the metabolic impact of naturally-occurring non-
caloric sweeteners like stevia is currently unclear. The plant Ste-
via rebaudiana Bertoni has been used by indigenous South Ameri-
can populations for centuries as a food sweetener and medicine,
as it is known for its antibacterial and antifungal properties
(Lemus-Mondaca et al. 2012; Magnuson et al. 2016; Marcinek and
Krejpcio 2016; Wang et al. 2018); however, it has only recently
been incorporated into the diets of developed countries. Stevia
glycosides may assist with glycemic control by improving glu-
cose tolerance (Curi et al. 1986; Gregersen et al. 2004; Anton et al.
2010; Kujur et al. 2010; Assaei et al. 2016; Ritu and Nandini 2016)
and insulin sensitivity (Chang et al. 2005; Mohd-Radzman et al.
2013; Aghajanyan, Movsisyan and Trchounian 2017), although
the exact mechanism is not known. It is known that the gas-
trointestinal tract is an important interpolator in glycemic con-
trol, relaying nutrient intake to the brain via the gut–brain axis
(Cummings and Overduin 2007). Nutrients may act alone or trig-
ger the production of gut peptides from enteroendocrine cells
lining the gut lumen to act as signal molecules in an endocrine
or paracrine manner (Duca et al. 2015). It has been suggested that
stevia may act as a ligand for insulin receptors in the intesti-
nal tract, thus increasing glucose uptake by increasing GLP-
1 (Glucagon-like peptide 1) release from enteroendocrine cells
lining the small intestine (Ripken et al. 2014; van der Wielen
et al. 2016) and potentiating insulin release, feelings of increased
satiety and probable weight loss (Prata et al. 2017). Stevia may
also act to increase insulin release by activating TRPM5 (Tran-
sient receptor potential channel M5) ion channels found in type
II taste receptors (Philippaert et al. 2017). This subset of taste
receptors are expressed by enteroendocrine cells in the small
intestine, as well as on the tongue and in pancreatic ß-cells in
the liver, and have been shown to determine the activation of
glucose-induced insulin release (Colsoul et al. 2010; Philippaert
et al. 2017). Such effects on glycemic control suggest that stevia
may aid in the management of obesity and associated metabolic
syndrome, positioning stevia as a potentially safer NAS com-
pared to saccharin.

Stevia metabolism is dependent upon the gut microbiota
because mammalian host enzymes are incapable of degrading
stevia glycosides, whereas microbial enzymes have been shown
to degrade stevia glycosides into steviols that can be absorbed by
the host (Hutapea et al. 1997; Nikiforov et al. 2013). However, the
effects of stevia on the gut microbiota remains poorly studied.
Given the effect of both high fat diet and NAS consumption on
shaping the microbiota, and the deleterious effects such alter-
ations can pose to an individual’s metabolic health, this study
sought to characterize the effect of stevia on glycemic response
and the microbiota using a murine model. We hypothesized that

chronic consumption of stevia in C57BL/6 J mice would correct
high fat diet-induced glucose intolerance and induce demon-
strable shifts in the microbiota.

METHODS

Study design

C57BL/6 J mice (n = 40) from Jackson Laboratory (Bar Harbor, ME,
USA) were randomly assigned to cages and individually housed
at 23◦C on a 12 hour light/dark cycle throughout the experi-
ment. Individuals were randomly assigned (unblinded) to one of
four treatment groups, each consisting of 10 animals (5 males,
5 females). These included groups consuming (Fig. 1): (i) low fat
(low fat food and drinking water), (ii) high fat (high fat food and
drinking water), (iii) saccharin (high fat food and drinking a sac-
charin solution), and (iv) stevia (high fat food and drinking a ste-
via solution). Throughout this study, we will refer to these four
different groups as different ‘treatments.’ The term ‘diet’ will
reference whether individuals received low fat or high fat food,
regardless of their consumed liquid.

Before beginning treatment, animals were allowed to accli-
mate for 8 days while consuming a low fat diet (Research
Diets formula D12450B, New Brunswick, NJ, USA). Baseline body
weight, food intake and water consumption were determined
each day for each animal. After the acclimation period, the low
fat group continued to consume a low fat diet while high fat, sac-
charin and stevia groups were placed on a high fat diet (Research
Diets formula D12492). After 6 days, saccharin and stevia groups
were provided with a saccharin or stevia solution in their water
bottle, whereas low fat and high fat groups continued drinking
water. Saccharin was used as a positive NAS control because it
is a well-studied NAS with demonstrated negative health effects
that may be more acute than other NAS (Suez et al. 2014). One
female mouse from the stevia group did not adjust to the high fat
diet and refused food, dying in the third week of treatment. We
did not believe this death was caused by the stevia supplemen-
tation and this animal was not included in statistical analyses.
The treatments lasted 10 weeks, during which time food intake,
body weight and liquid consumption were measured tri-weekly.

The Williams College Institutional Animal Care and Use
Committee approved this study (protocol # SS-P-17). All exper-
iments were performed in accordance with the guidelines
described by the US National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Sweeteners
Saccharin (98% purity) was obtained from Sigma Aldrich (St.

Louis, MO, USA) (product code: 1 002 359 797, lot # MKCB3758).
Powdered organic stevia leaf extract was bought commercially
(SweetLeaf, Gilbert, AZ, USA, lot #6 060 417). Dosage was cal-
culated to reflect the United States Federal Drug Administra-
tion’s (FDA) allowable daily intake (5 mg/kg) (Hsieh et al. 2003).
These dosages were calculated by group as follows: allowable
daily intake was multiplied by the average mouse weight of sac-
charin or stevia groups, then divided by the average daily liq-
uid intake of the group. Dosages were recalculated each week to
reflect changes in weight gain and liquid consumption.

To account for bias caused by liquid lost due to handling, we
set up five empty cages with control water. Each time a treat-
ment group’s water was measured, we also measured changes
in control water weight. We attributed these changes to evap-
oration and handling. This amount was averaged between the
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Figure 1. Experimental design.

empty cages to calculate the average water loss, which was sub-
tracted from the liquid weight of the treatment groups to deter-
mine the amount lost solely to drinking.

Glucose tolerance

Glucose tolerance tests were conducted before and after 10
weeks of the treatments (Fig. 1). Ten animals were randomly
selected to establish a baseline area under the curve (AUC) prior
to the start of the high fat diet and all animals were tested post-
treatment. On the day of the test, fresh glucose solution was pre-
pared (2 g of glucose dissolved in a final volume of 10 mL of ster-
ile saline). Animals were weighed and then fasted for 6 hours
during their light phase in a fresh cage with water (or sweet-
ener solution) ad libitum. Following the fast, animal tails were
nipped with a surgical blade and a drop of blood was placed on
a glucometer test strip (Nova Max product code #3, Bellerica, MA,
USA) to obtain the fasting blood glucose concentration prior to
injection. Animals were then injected intraperitoneally with 1
mg glucose per kg body weight. Blood glucose was measured
with a glucometer at 0, 15, 30, 60, 90 and 120 min in the initial
phase (before treatment) and at 0, 20, 40, 60, 90 and 120 min post-
treatment. Due to the greater number of animals in the post-
treatment testing, a longer time interval was needed to measure
all the individuals before beginning the next round. Mice were
returned to their treatment diet following testing. The AUC was
calculated in Excel by adding two consecutive data points, divid-
ing by two, and multiplying by the difference in time per the for-
mula ((B1+B2)/2)x(A2−A1), where column A contains the time
in minutes and column B contains the blood glucose measure-
ment at that time. This formula was applied to the full duration
of the blood glucose test and values were summed to calculate
total AUC.

Microbiota sample collection and sequencing

Fecal samples were collected from cages prior to beginning the
high fat diet (pre-treatment: 14 days after animals had been

established in our facility) and at the end of the 10-week treat-
ment (post-treatment). Fecal pellets were removed from the bot-
tom of cages using forceps and stored at −80◦C until process-
ing. Samples were processed frozen using the QIAamp Fast DNA
Stool Mini Kit according to the manufacturer’s instructions (Qia-
gen, Venlo, Netherlands). Samples were then shipped to the Uni-
versity of Wisconsin-Madison where DNA was quantified using a
Qubit Fluorometer (Invitrogen, San Diego, CA, USA) and stored at
−80◦C. DNA was diluted to a maximum concentration of 5 ng/μL
(due to variation in DNA extraction yield, concentration range =
0.37–5 ng/uL).

PCR (polymerase chain reaction) was performed using uni-
versal bacterial primers flanking the 16S rRNA V4 region (Kozich
et al. 2013). One PCR reaction was performed for each sample.
Each PCR reaction included 5 μL of diluted DNA (total DNA range
= 1.87–25 ng), 0.4 μM of each primer, 12.5 μL of 2X HotStart
ReadyMix (KAPA Biosystems, Wilmington, MA, USA) and 6.5 μL
of water for a total of 25 μL. Cycling conditions included initial
denaturation at 95◦C for 3 min, 25 cycles of 95◦C for 30 s, 55◦C
for 30 s, 72◦C for 30 s, and a final extension at 72◦C for 5 min.

PCR products were purified by gel extraction from 1.0% low-
melt agarose gel (Gold Biotechnology, Olivette, MO, USA) using a
ZR-96 Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine,
CA). Samples were quantified by Qubit Fluorometer and pooled
at equal molarities. The pool plus 5% PhiX control DNA was
sequenced on an Illumina MiSeq with a MiSeq 2 × 250 bp v2 kit
(Illumina, San Diego, CA, USA) using custom sequencing primers
(Kozich et al. 2013).

Microbiota sequence clean-up

All sequences were demultiplexed on the Illumina MiSeq.
Sequences were processed using mothur v.1.39.5 (Schloss
et al. 2009) following the MiSeq standard operating procedure
(accessed on Feb 19, 2018). To cluster sequences into operational
taxonomic units (OTUs), the average neighbor method was used
to cluster sequences with 97% similarity. The SILVA database
(release 128) was used for sequence alignment and classifica-
tion, with the consensus confidence threshold set to 80% (Quast
et al. 2013). Samples were normalized to 1907 sequences, which
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corresponded to the sample with the lowest number of gen-
erated sequences. This cutoff was selected based on the sam-
ple with the lowest number of sequences that resulted in nor-
malized samples with Good’s coverage of ≥95% for all samples,
which indicated sufficient sequencing (Good 1953). Fastq files
were submitted to the NCBI’s Short Read Archive and are pub-
licly available under accession number PRJNA554503. Mothur
logfiles and output files are available at https://github.com/edn
achiang/Stevia/.

Statistical analysis

AUC was evaluated using SPSS with a 1 × 4 analysis of variance
(ANOVA) test followed by a least significant difference alpha
post hoc test. Data for caloric intake, AUC and body weight are
reported as mean ± standard error of the mean (SEM), with P-
values reported in the figure legends. P-values < 0.05 were con-
sidered significant. All physiological data were evaluated using
SPSS with a 1 × 4 ANOVA followed by a least significant differ-
ence alpha post hoc test.

Mothur outputs were imported into R version 3.5.1 (Ihaka
and Gentleman 1996) using the phyloseq package (McMurdie
and Holmes 2013). All data visualizations were created using
the ggplot2 (Wickham 2016), grid (R Core 2018) and extrafont
(Chang 2014) packages unless otherwise noted. All code to repli-
cate our microbiota analyses and generate figures is available at
https://github.com/ednachiang/Stevia/. We removed four indi-
viduals that did not have both a pre- and post-treatment sample
due to inability to collect a sample or PCR failure. This ensured
sample consistency throughout the analyses because we per-
formed paired tests.

Phylum- and family-level relative abundances were com-
puted using the phyloseq (McMurdie and Holmes 2013) and dplyr
(Wickham 2017) packages, grouping samples by treatment and
time. Only phyla and families with an average relative abun-
dance >0.1% were considered.

To determine whether samples with low DNA concentration
(<1 ng/uL) result in sequence data that are significantly differ-
ent from samples with high DNA concentrations, we performed
a robust two one-sided test (RTOST) of equivalence (rtost, equiv-
alence package (Robinson 2016)) (Yuen and Dixon 1973; Yuen
1974). The RTOST is a nonparametric test with a null hypothesis
that two means are not equivalent and an alternative hypothesis
that two means are equivalent. We used the RTOST to compare
the OTU table of each low DNA concentration sample against
the mean OTU table of high DNA concentration samples in the
same experimental group (Skarlupka et al. 2019).

The ratio of Firmicutes/Bacteroidetes (F/B ratio) was calcu-
lated by dividing the relative abundance of Firmicutes by that of
Bacteroidetes. Normality was evaluated using quantile–quantile
plots and the Shapiro test (qqnorm, qqline, shapiro.test, stats pack-
age (R Core 2018)) to inform what statistical tests would be
appropriate. Comparisons within each treatment between pre-
and post-treatment timepoints were performed using paired
Wilcoxon rank sum tests (wilcox.test, stats package (R Core 2018)).
Comparisons between treatments in post-treatment samples
were performed using Kruskal–Wallis tests and post hoc compar-
isons were performed using Wilcoxon rank sum tests with false
discovery rate correction using the Benjamini–Hochberg proce-
dure (kruskal.test and pairwise.wilcox.test, stats package (R Core
2018)). To compare F/B ratios in post-treatment samples between
high fat diets (high fat, saccharin and stevia treatments) and low
fat diet (low fat treatment), we used the Wilcoxon rank sum test
(wilcox.test, stats package (R Core 2018)).

We evaluated within-sample diversity (alpha diversity) using
the Chao richness metric and Shannon weighted diversity index,
which were calculated in mothur (summary.single) (Schloss et al.
2009). Prior to selecting a statistical test, we evaluated normal-
ity using quantile–quantile plots and the Shapiro test (qqnorm,
qqline, shapiro.test, stats package (R Core 2018)). Because Chao
values were not normally distributed, comparisons within each
treatment between pre- and post-treatment timepoints were
performed using paired Wilcoxon rank sum tests (wilcox.test,
stats package (R Core 2018)). Comparisons between treatments
were completed using Kruskal–Wallis tests and post hoc compar-
isons were performed using Wilcoxon rank sum tests with false
discovery rate correction using the Benjamini–Hochberg proce-
dure (kruskal.test and pairwise.wilcox.test, stats package (R Core
2018)). As Shannon values were normally distributed, compar-
isons within each treatment between pre- and post-treatment
timepoints were performed using paired Student’s t-tests (t.test,
stats package (R Core 2018)). Comparisons between treatments
were completed using analysis of variance tests and post hoc
comparisons were performed using Tukey’s honest significant
differences tests (aov and TukeyHSD, stats package (R Core 2018)).

We visualized between-sample diversity (beta-diversity)
using Bray–Curtis dissimilarity (distance, phyloseq package
(McMurdie and Holmes 2013)) and principal coordinate anal-
ysis (PCoA) ordinations (ordinate and plot ordination, phyloseq
(McMurdie and Holmes 2013) and ggplot2 (Wickham 2016) pack-
ages). To evaluate significance between different samples, we
performed permutational multivariate analysis of variance (PER-
MANOVA) (adonis, vegan package (Oksanen et al. 2014)) with
false discovery rate correction using the Benjamini–Hochberg
procedure (p.adjust, stats package (R Core 2018)). Due to the
observed differences in sex, we analysed sexes separately in
subsequent tests. To identify OTUs that contributed to differ-
ences in between-sample diversity, we performed similarity per-
centages analyses (SIMPER; simper, vegan package (Oksanen et al.
2014)) and determined significance using Kruskal–Wallis tests
(kruskal.test, stats package (R Core 2018)) with false discovery
rate correction using the Benjamini–Hochberg method (p.adjust,
stats package (R Core 2018)). OTUs were deemed significant at
adjusted P < 0.05, and a trend at 0.10 < adjusted P < 0.05. SIM-
PER results were visualized in heatmaps using plot heatmap (phy-
loseq (McMurdie and Holmes 2013) and ggplot2 (Neuwirth 2014;
Wickham 2016) packages).

RESULTS

Stevia does not change caloric consumption on high fat
diet or rescue high fat diet-induced glucose intolerance

Neither consumption of saccharin nor stevia led to a change in
caloric consumption (Fig. 2A). Over the 10 weeks of sweetener
treatment, stevia mice consumed an average of 1244 ± 44 kcalo-
ries per animal. This was not significantly different than other
mice on a high fat diet, with the high fat treatment group con-
suming an average of 1312 ± 140 kcalories and saccharin treat-
ment mice consuming 1309 ± 203 kcalories (Fig. 2A). Compared
to groups on a high fat diet, the group of mice on a low fat diet
consumed significantly more water (P < 0.001); however, this
may be due to the higher fiber content of their feed. There was
no difference in liquid consumption by groups on high fat diets.

Weight gain and glucose tolerance were analysed separately
for males and females as male mice tend to be heavier than
females. Diet was the strongest driver of weight gain, as all ani-
mals on a high fat diet gained more weight compared to those

https://github.com/ednachiang/Stevia/
https://github.com/ednachiang/Stevia/
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Figure 2. Physiological effects of stevia treatment. (A) Caloric intake over 10 week treatment indicates that animals on a high fat diet ate significantly more calories than

those on a low-fat diet, and that addition of stevia or saccharin to the drinking water of mice on a high fat diet did not influence caloric intake. Graph displays aggregate
data of both males and females. ∗ P < 0.05 vs low fat. (B) Mice in the low fat group have significantly lower body weight than any of the mice in the experimental
treatments (P < 0.0001). No significant difference was observed between groups on a high fat diet (high fat, saccharin, stevia). (C) Area under the curve (AUC) analysis of
glucose tolerance tests in aggregate. All animals on a high fat diet showed elevated AUC when administered a glucose tolerance test (P < 0.0001 males, 0.003 females),

and addition of NAS to the drinking water did not significantly affect the AUC vs high fat diet alone. Low fat was significantly lower than all other groups.

on the low fat diet (ANOVA, P < 0.0001 and 0.003 for males and
females respectively). NAS addition to a high fat diet did not
lead to a change in body weight as there was no difference in
body weight between the high fat, saccharin and stevia groups
(Fig. 2B).

Following treatment, glucose tolerance tests were conducted
on all animals and the AUC was used to quantify the glucose
response. There was no difference in AUC in the low fat group
between baseline and the low fat group post-treatment (Fig. 2C).
However, there was a significant difference between the low fat
group and all groups on the high fat diet when AUC was com-
pared among all groups post-treatment (P < 0.0002) (Fig. 2C). Ste-
via did not have a significant effect on glucose response, with
no differences observed between high fat, saccharin and stevia
groups (81 300 ± 3300, 76 200 ± 2800 and 85 800 ± 3400 mg-
min/dL, respectively) (Fig. 2C).

Sequence coverage and taxonomy of microbiota
analysis

We collected 79 fecal samples, of which 76 were successfully
sequenced using Illumina MiSeq. This generated a total of 1 855
724 raw sequences for an average of 24 417 ± 3.447 sequences per
sample (mean ± SEM; range = 2388–157 433). Sequence clean-up
in mothur resulted in a total of 1 536 889 sequences for an aver-
age of 20 222 ± 2858 sequences per sample (range = 1907–130
721). After normalization, the range of reads in our samples was

1863–1937. All samples had Good’s coverage ≥95%, which indi-
cated sufficient sequencing (Good 1953).

A total of 431 OTUs were identified among all samples. Sam-
ples were dominated by the phyla Firmicutes (45.85 ± 1.54%;
mean ± SEM) and Bacteroidetes (42.88 ± 1.57%), with smaller
contributions from the Verrucomicrobia (6.12 ± 0.90%), Teneri-
cutes (4.30 ± 0.57%), Proteobacteria (0.55 ± 0.07%) and Actinobac-
teria (0.29 ± 0.06%) (Figure 3).

Low DNA concentration does not bias sample
composition

Because low DNA concentration is known to bias microbiota
sequencing (Multinu et al. 2018), we tested samples with
<1 ng/uL DNA against other replicate samples with >1 ng/uL
DNA. Five of the 76 samples were identified with low DNA con-
centration (Supplementary Table S5, see online supplementary
material), all belonging to the post-treatment stevia samples
(two males and three females). Using the robust RTOST of equiv-
alence, we compared the OTU table of each low DNA concentra-
tion sample against the OTU table of its high DNA concentration
counterpart(s). In both females and males, the RTOST was sig-
nificant (all P < 0.001), allowing for a rejection of the null hypoth-
esis and the acceptance of the alternative hypothesis that each
low DNA concentration sample is statistically equivalent to the
high DNA concentration samples within the same group. We fur-
ther confirmed our RTOST results by examining the taxonomic
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Figure 3. Mean relative abundance of phyla in samples categorized by treatment and time. Illustrated phyla have an average relative abundance >0.1% across all
samples. Samples are categorized by treatment (horizontal) and colored by time, with pre-treatment samples as white and post-treatment samples as gray. Phyla are

listed in order of highest to lowest average relative abundance and error bars represent the standard error. An increase in F/B ratio can be seen in all groups on a high
fat diet in the post-treatment measurement. Annotations above the boxplots represent comparisons between pre- and post-treatment samples within each of the
four treatment groups: an asterisk represents adjusted P < 0.05, a plus sign represents adjusted P = 0.05, and ‘ns’ represents adjusted P > 0.05 as compared by paired
Wilcoxon ranked sums tests.

composition of samples at the phylum and family levels (Supple-
mentary Figures S2 and S3, respectively, see online supplemen-
tary material) and found that the phyla and family compositions
in the low DNA concentration samples are similar to those in the
high DNA concentration samples.

To visually confirm our RTOST results, we examined the tax-
onomic composition of samples at phylum- and family-levels
(Supplementary Figures S2 and S3, respectively). The phyla and
families in low DNA concentration samples are very similar
to those in high DNA concentration samples. Combined, these
results provide strong evidence that the microbiota of low DNA
concentration samples do not represent contamination from the
extraction kit, but rather represent the murine microbiota.

High fat diet drives phyla-level differences more than
NAS treatment

To examine how each treatment influenced the microbiota,
we compared phyla relative abundances in pre- versus post-
treatment samples. We found differences in the dominant phyla

Firmicutes and Bacteroidetes (Fig. 3). The relative abundance
of Firmicutes was significantly higher in saccharin and stevia
post-treatment samples when compared to their respective pre-
treatment samples (paired Wilcoxon, adjusted P = 0.035 and
0.018, respectively). However, there was no change in low fat
(adjusted P = 0.121) or high fat samples (adjusted P = 0.179). The
relative abundance of Bacteroidetes was significantly higher in
pre-treatment high fat, saccharin and stevia samples when com-
pared to their respective post-treatment samples (adjusted P =
0.019, 0.010 and 0.018, respectively). The opposite was true of low
fat samples (adjusted P = 0.011).

We also observed differences in the less dominant phyla:
Verrucomicrobia, Tenericutes, Proteobacteria and Actinobacte-
ria (Fig. 3). The relative abundance of Verrucomicrobia in high
fat and saccharin pre-treatment samples was lower than that
of the respective post-treatment samples (adjusted P = 0.018
and 0.026, respectively). However, the opposite was found in
low fat samples (adjusted P = 0.011) and there was no change
in stevia samples (adjusted P = 0.64). The relative abundance
of Tenericutes decreased in post-treatment samples compared
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to pre-treatment samples. This change was significant in high
fat (adjusted P = 0.018), saccharin (adjusted P = 0.010) and
stevia (adjusted P = 0.010) groups. Low fat samples demon-
strated a trend of decreased Tenericutes in post-treatment sam-
ples compared to pre-treatment (adjusted P = 0.050). The oppo-
site was observed for Proteobacteria, whose relative abundance
increased over the course of treatment in pre- compared to post-
treatment samples (adjusted P = 0.010 (low fat), 0.010 (high fat),
0.010 (saccharin) and 0.018 (stevia)). Actinobacteria in high fat,
saccharin and stevia treatments had higher relative abundance
in post- versus pre-treatment (all adjusted P = 0.010) but there
was no change in low fat samples (adjusted P = 0.64).

Both stevia and saccharin alter F/B ratio

We then performed additional analyses on the phyla Firmicutes
and Bacteroidetes because the ratio of these two taxa have been
correlated with obesity (Ley et al. 2006; Koliada et al. 2017; Riva
et al. 2017). We focused our analysis on post-treatment sam-
ples to identify differences caused by low versus high fat diets.
The F/B ratio was significantly higher in high fat diet samples
after treatment (1.81 ± 0.10; mean ± SEM) compared to low fat
diet samples (0.61 ± 0.07) (Wilcoxon test, P = 4.72e-08). Within
high fat diet treatments, the F/B ratio was significantly higher in
post-treatment saccharin and stevia samples compared to their
respective pre-treatment samples (Paired Wilcoxon test, both
adjusted P = 0.016); however, there was no difference in high fat
samples (adjusted P = 0.25). In contrast, the F/B ratio decreased
in the low fat group when comparing pre versus post samples
(Paired Wilcoxon test, adjusted P = 0.018).

OTU richness differs between post-treatment low fat
and high fat diet samples

Within-sample diversity (alpha diversity) was evaluated using
two metrics: Chao richness (Chao 2016) and Shannon’s index
(Shannon 1948). We used Chao richness to estimate the number
of all OTUs in samples from individual mice at pre- and post-
treatment timepoints and found that post-treatment groups
were significantly different (Kruskal–Wallis, P = 0.004) while
pre-treatment groups were not (P = 0.473) (Fig. 4). Within post-
treatment samples, low fat diet had significantly higher Chao
richness compared to high fat diet, saccharin or stevia groups
(Wilcoxon, respective adjusted P = 0.007, 0.004 and 0.009). When
comparing pre- and post-treatment samples within each treat-
ment, only the high fat group had a significant change in Chao
richness (Paired Wilcoxon, adjusted P = 0.016).

We also evaluated within-sample diversity using Shannon’s
index, a weighted diversity metric that considers both the pres-
ence/absence and the relative abundance of OTUs. No signifi-
cant differences were detected, suggesting that differences in
within-sample diversity were driven by the number of unique
OTUs rather than their relative abundances.

Between-sample diversity differs by sex and treatment

To determine the contribution of different categorical factors to
between-sample diversity (beta diversity), we calculated Bray–
Curtis dissimilarity, performed multifactorial PERMANOVA sep-
arately for each treatment, and tested for time, sex and indi-
vidual (to account for paired samples). In all treatments, time
was significant and explained the most variability in between-
sample diversity (PERMANOVA, all P = 0.002; R2 = 0.202 (low fat),
0.484 (high fat), 0.437 (saccharin) and 0.481 (stevia)) (Fig. 5A). In

low fat, saccharin and stevia samples, sex was significant and
explained less variability than time (low fat P = 0.002, R2 = 0.143;
saccharin P = 0.029, R2 = 0.099; stevia P = 0.029, R2 = 0.111). Sex
was a trend in high fat samples (P = 0.057, R2 = 0.084). Individ-
uals (to account for paired samples) were not significant in any
treatment (all P > 0.363).

Because sex was significant in most treatments, we com-
pared sex differences in pre- and post-treatment samples. Sex
was significantly different in pre-treatment samples (adjusted
P = 0.001, R2 = 0.344) (Fig. 5B) but not post-treatment samples
(adjusted P = 0.166, R2 = 0.041). However, when examining post-
treatment samples separately within each treatment, sex was
significantly different in saccharin samples (adjusted P = 0.040,
R2 = 0.311) but not in other treatments (all adjusted P = 0.172).

To compare the effects of different treatments on between-
sample diversity, we examined all post-treatment samples and
found that treatment led to significantly different between-
sample diversity (adjusted P = 0.001, R2 = 0.474). Specifically, low
fat was significantly different from all high fat diet treatments
(high fat adjusted P = 0.002, R2 = 0.482; saccharin adjusted P =
0.002, R2 = 0.445; stevia adjusted P = 0.002, R2 = 0.459). Within
high fat diets, there was no significant difference between high
fat and saccharin or stevia samples (adjusted P = 0.188 and 0.351,
respectively) (Fig. 5C). However, saccharin and stevia were sig-
nificantly different (R2 = 0.122, adjusted P = 0.039). Given the
observed sex-driven differences, we also performed these post-
treatment comparisons separately for each sex. The aforemen-
tioned results were all true for each sex, except for the compar-
ison between saccharin and stevia. Saccharin and stevia groups
had significantly different between-sample diversity in females
(adjusted P = 0.048, R2 = 0.297) but not males (adjusted P = 0.444,
R2 = 0.150).

Few OTUs shape the overall bacterial community
between treatment groups

To determine which OTUs significantly contributed to the dif-
ferences in between-sample diversity, we performed SIMPER
analyses. We examined sexes separately due to the aforemen-
tioned sex-driven differences and identified significantly differ-
ent OTUs in pre- versus post-treatment samples within each
treatment. In females, nine significant OTUs were identified,
with one additional OTU identified as a trend (Supplementary
Figure S3A). In males, 10 significant OTUs were identified (Sup-
plementary Figure S3B). Only three OTUs were shared between
the sexes (Supplementary Tables S2 and S3, see online sup-
plementary material). These three OTUs belonged to the phy-
lum Firmicutes and their most resolved taxonomic classifica-
tions were to the family Lachnospiraceae and the genera Rumini-
clostridium and Lactococcus.

We next identified OTUs in post-treatment samples that
were significantly different between treatments. While females
had eight significant OTUs, males had no significant OTUs
although seven were identified as trends (Fig. 6A and B). Of
these OTUs, five were shared between the sexes (Supplementary
Tables S4 and S5, see online supplementary material). The most
resolved taxonomic classification of these shared OTUs were to
the families S24–7 and Lachnospiraceae and the genera Akker-
mansia, Ruminiclostridium and Lactococcus. In both sexes, almost
all different OTUs were identified in comparisons between low
fat samples and high fat diet samples, suggesting these differ-
ences were primarily driven by diet rather than treatment.
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Figure 4. Chao richness is different in post-treatment samples. Samples from individual mice at pre- and post-treatment timepoints are separated by time (horizontal)
and colored by treatment. Chao richness estimates the number of all OTUs in a sample. Pre-treatment samples were not significantly different (‘ns’; Kruskal–Wallis,

P = 0.473). In post-treatment samples, samples labeled ‘a’ are significantly different from those labeled ‘b’. Post-treatment high fat, saccharin and stevia samples had
significantly lower richness than that of low fat (Wilcoxon, adjusted P < 0.01). When comparing pre- and post-treatment samples within each treatment, richness
decreased for high fat samples (Paired Wilcoxon, adjusted P = 0.016) but not for low fat (adjusted P = 0.432) or NAS treatments (saccharin adjusted P = 0.074, stevia
adjusted P = 0.313).

In females, a comparison of low fat versus high fat groups
identified seven significant OTUs (29.75%; % of variation in
between-sample diversity explained by these OTUs) (Fig. 6A).
The low fat group compared to the saccharin group had four
significant OTUs (26.36%), while low fat and stevia groups had
six significant OTUs (28.06%) and one trending OTU (significant
and trending OTUs = 32.28%) (Fig. 6A). Comparison between sac-
charin and stevia identified one significant OTU (6.04%) and one
trending OTU (significant and trending OTUs = 24.09%), which
were respectively classified to the genera Lactococcus and Akker-
mansia (Fig. 6A).

In males, comparison of low fat versus high fat groups iden-
tified five OTUs trends (19.81%) (Fig. 6B). Low fat and saccharin
groups also had five OTUs (18.66%), three of which were shared
with the low fat versus high fat comparison (Fig. 6B). Low fat and
stevia had seven OTUs (28.97%), while saccharin and stevia had
one OTU (genus Lactococcus) (6.77%) (Fig. 6B).

DISCUSSION

This study presents the first in vivo characterization of the effect
of stevia on the gut microbiota using amplicon sequencing and
extends our understanding of stevia’s effect on glucose intoler-
ance. We found that stevia was unable to rescue high fat diet-
induced glucose intolerance or alter caloric intake, weight gain
or liquid consumption in mice. Differences in microbiota within-
and between-sample diversity were driven primarily by differ-
ences in low versus high fat diet, rather than NAS supplemen-
tation. Together, these results suggest that on a high fat diet,
stevia consumption produces similar physiological and micro-
biological results as other NAS such as saccharin.

Diet was the strongest driver of weight gain, caloric intake
and glucose tolerance. Mice on a high fat diet gained signifi-
cantly more weight, consumed more calories and had higher
glucose intolerance compared to mice on a low fat diet (Fig. 2).
Addition of the sweeteners to the drinking water did not influ-
ence total caloric intake or total liquid consumption by the
groups on a high fat diet.

There were no differences in glucose intolerance between
the three high fat diet treatments (high fat, saccharin and ste-
via). Our results are in contrast to previous work that demon-
strated a distinct increase in glucose intolerance by saccharin
compared to a high fat diet alone (Suez et al. 2014). However,

rodent and human models of NAS consumption have produced
mixed results: saccharin consumption causes increased weight
gain in some studies while others report that saccharin relieves
weight gain and exerts anti-hyperglycemic effects in both diet
(Mitsutomi et al. 2014) and genetically induced models of obesity
(Bailey et al. 1997). These seemingly contradictory results have
been attributed to differences in methodology and animal hus-
bandry, which are hypothesized to cause changes in microbiome
composition and function, thus leading to discrepancies in glu-
cose tolerance (Suez et al. 2015). An individual’s inflammatory
phenotype (Rodriguez-Palacios et al. 2018) and diet (Zeevi et al.
2015; Desai et al. 2016) may also influence how they respond to
NAS-induced microbiota changes, thereby leading to different
effects of NAS in human populations. It should also be noted
that due to small sample sizes, we have low power to detect dif-
ferences that may exist; therefore, we caution readers that the
lack of evidence for a difference cannot be taken to be mean that
there is no difference.

We concentrated our phyla-level microbiota analyses on the
Firmicutes and the Bacteroidetes as the ratio of these two taxa
has been used in obesity studies. While the relative contribu-
tion of the F/B ratio remains controversial in the pathophysiol-
ogy of obesity (Schwiertz et al. 2010), some studies have corre-
lated a higher F/B ratio with obesity (Ley et al. 2006; Koliada et al.
2017; Riva et al. 2017), an increased capacity for energy harvest
(Turnbaugh et al. 2006) and a greater ability to absorb fatty acids
(Semova et al. 2012). We found that F/B ratio was significantly
higher in high fat diet samples than in low fat diet samples,
consistent with previously published mouse studies (Xiao et al.
2017), though there is some controversy surrounding the attri-
bution of decreased Bacteroidetes to a high fat diet (Cani et al.
2008; Duncan et al. 2008; Daniel et al. 2014). The F/B ratio in the
low fat group decreased from pre-treatment to post-treatment.
However, within groups on a high fat diet, only saccharin and
stevia groups increased their F/B ratio despite mice in the high
fat group having similar body weights. The differences in F/B
ratios could also be attributed to factors other than chow caloric
or fat content, such as nutrient composition or bacterial load.
Our results highlight the controversial relationship between F/B
ratio and obesity as we did not identify a clear link between F/B
ratio and weight.

Similar to the effect of diet on host physiology, we found that
microbiota diversity was most strongly influenced by diet. High
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Figure 5. Between-sample diversity is different between time, sex and treatment.

Bray–Curtis dissimilarity is visualized on principal coordinate analysis (PCoA)
ordinations. (A) All 72 samples from 36 individuals are displayed, with treatment
represented by color and time (pre-treatment or post-treatment) represented by

shape. With each treatment, all pre-treatment samples are significantly different
from post-treatment samples (PERMANOVA, all adjusted P = 0.002). Notably, low
fat post-treatment samples cluster distinctly from all other post-treatment sam-
ples. (B) Only 36 pre-treatment samples are displayed, with sex distinguished

by shape. Sex is significantly different in pre-treatment samples (adjusted P =
0.001). (C) Only post-treatment samples from high fat diets (high fat, saccharin
and stevia) are displayed (n = 26), with treatment represented by color and sex
represented by shape. There is no significant difference between all high fat and

all saccharin samples (adjusted P = 0.188) nor between all high fat and all stevia
samples (adjusted P = 0.351). However, all saccharin and all stevia samples are
significantly different (adjusted P = 0.039). When considering sex-driven differ-
ences, saccharin and stevia were significantly different in females (adjusted P =
0.048) but not males (adjusted P = 0.444).

fat diet caused a significant decrease in within-sample richness
compared to the low fat diet; however, there was no difference
in within-sample richness between groups on a high fat diet.
Likewise, between-sample diversity was significantly different
between high fat and low fat diet treatments, but there was
no difference in between-sample diversity within high fat diet

treatments. Furthermore, we identified only two OTUs that sig-
nificantly contributed to differences in between-sample diver-
sity of high fat diet post-treatment samples. Of these OTUs, one
classified to the genus Akkermansia, which is thought to protect
against high fat diet-induced obesity and is typically inversely
associated with obesity (Cani and de Vos 2017). However, it has
been suggested that increased Akkermansia abundance due to a
high fat diet may help to counteract the inflammation induced
by a high fat diet (Xiao et al. 2017). This is consistent with our
finding that the vast majority of significant OTUs in this study
contributed to differences between low fat samples and samples
from groups on a high fat diet. These results highlight the influ-
ential impact of diet on the microbiota and indicate that stevia
does not rescue high fat diet-induced changes to the microbiota.

In addition to diet, we also found that sex was an important
driver of between-sample diversity. Sex was significantly differ-
ent in pre-treatment samples and in saccharin post-treatment
samples. Within all post-treatment samples, saccharin and ste-
via were distinct in females but not males. A similar result
was found when identifying OTUs that significantly contributed
to differences in between-sample diversity. We identified sig-
nificant OTUs when comparing different post-treatment sam-
ples in females, but not males. Such sex-specific effects are in
agreement with previous research that found differences in both
baseline microbiota composition and in response to a high fat
diet between male and female mice (Bridgewater et al. 2017).
Our observed sex-specific effects of NAS on the microbiota high-
lights a need to consider sex-mediated microbiota differences
and encourages the continued use of both males and females in
microbiota studies utilizing animal models.

Another important experimental design consideration we
identified was acclimation time or feed lots. We observed differ-
ences between low fat pre- and post-treatment samples, which
suggest that at the beginning of the experiment, an individual’s
gut microbiota had not yet reached a steady state despite being
fed a low fat diet for 2 weeks. Alternatively, if the low fat diet
consisted of different lots over the 10 week experiment, these
changes could be attributed to variation in lot.

We identified few OTUs in females and males that signifi-
cantly contributed to differences in between-sample diversity.
These OTUs explained <33% of this diversity, suggesting that
analyses at higher taxonomic levels may be more appropriate
in identifying differences between samples. We note that the
SIMPER test used to generate these results does not account
for compositional bias, so our findings do not represent differ-
ences in absolute abundance. Our results are in contrast with
previous work that identified at least 40 OTUs that contributed
to dysbiotic signatures in male saccharin-fed mice (Suez et al.
2014). This discrepancy is likely due to differences in experi-
mental and statistical methodology. We note that this previous
study did not indicate the supplier for their mice, so there is a
possibility that our study used mice from a different supplier.
Additionally, the previous study analysed changes in relative
abundances whereas our study tested contributions to between-
sample diversity.

We examined differences between the two NAS treatments
(saccharin and stevia) and identified only two OTUs that con-
tributed to differences between saccharin and stevia post-
treatment samples. One Lactococcus species had higher relative
abundance in stevia compared to saccharin samples; this was
significant in females and a trend in males. There are conflicting
reports of Lactococcus in association with diseases such as obe-
sity. One study found Lactococcus to not differ between fecal sam-
ples from obese and non-obese human patients (Million et al.
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Figure 6. Mean relative abundances of OTUs that significantly contribute to between-sample diversity. OTUs were identified using SIMPER and classification is shown
for the most resolved taxonomic level. The heatmaps represent comparisons of treatment groups in post-treatment samples for females (A) and males (B). Annotations
represent significant results for the following comparisons: A = low fat versus high fat, B = low fat versus saccharin, C = low fat versus stevia, D = saccharin versus
stevia. Uppercase letters represent significance (adjusted P < 0.05) and lowercase letters represent a trend (0.10 > adjusted P > 0.05). Females had eight significant OTUs

while males had seven trending OTUs. Almost all significant OTUs were identified in comparisons between low fat and high fat diet samples. Two OTUs contributed
to differences between saccharin and stevia samples: one Lactococcus species and one Akkermansia species.

2012). In contrast, a study of diet-induced lean and obese mice
found Lactococcus relative abundances to be significantly higher
in obese individuals (Clarke et al. 2013). Lactococcus in mice is
also positively correlated with leptin, a hormone that controls
hunger, and inflammatory markers associated with weight gain.
Given the contrasting results about Lactococcus and obesity, the
potential effect of its higher relative abundance in the stevia
group is unclear. We also identified an Akkermansia OTU that
was a trend in only females and had higher relative abundance
in saccharin compared to stevia. Akkermansia is known to pro-
vide protective benefits to the host by strengthening the intesti-
nal barrier (Reunanen et al. 2015; Derrien, Belzer and de Vos
2017). It is also negatively associated with diseases such as type
2 diabetes and obesity (Everard et al. 2013; Schneeberger et al.
2015); however, in some instances Akkermansia has higher rel-
ative abundances in patients with these diseases (Collado et al.
2012; Qin et al. 2012). Nevertheless, Akkermansia has not been
positively correlated with diseases or pathogenic markers and
has also been found to be underrepresented due to saccharin
treatment (Suez et al. 2014).

Additional taxa of interest include those identified in culture-
based studies that examined human gut microbes capable
of degrading stevia glycosides: members of the family Bac-
teroidaceae (Gardana et al. 2003; Kunova et al. 2014). We did not
detect OTUs classified to Bacteroidaceae that significantly con-
tributed to differences between stevia and other groups. This
result could be due to the effects of the high fat diet overwhelm-
ing the effects of stevia supplementation.

In conclusion, our results demonstrate that stevia supple-
mentation does not prevent high fat diet-induced changes in
glucose tolerance and the microbiota. We found that stevia sup-
plementation had similar effects on the host and its micro-
biota to saccharin, suggesting that stevia performs similarly to
other NAS when administered on a high fat diet. We also identi-
fied sex-specific changes in the microbiota, highlighting a need

to study both males and females in animal microbiota stud-
ies. Our study demonstrates that diet is a strong driver of host
physiology and microbiota diversity. To better understand the
microbiota’s response to stevia, future work should also employ
omics-based approaches to identify functional changes within
the microbiota. Our study is the first analysis employing ampli-
con sequencing to examine the in vivo response of the murine
gut microbiota to stevia supplementation; this work contributes
to our understanding of the effect of stevia and NAS supplemen-
tation on high fat diet-induced changes in host physiology and
microbiota diversity.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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Schneeberger M, Everard A, Gómez-Valadés AG et al. Akkerman-
sia muciniphila inversely correlates with the onset of inflam-
mation, altered adipose tissue metabolism and metabolic
disorders during obesity in mice. Sci Rep 2015;5:16643.

Schwiertz A, Taras D, Schafer K et al. Microbiota and SCFA in lean
and overweight healthy subjects. Obesity 2010;18:190–5.

Semova I, Carten JD, Stombaugh J et al. Microbiota regulate
intestinal absorption and metabolism of fatty acids in the
zebrafish. Cell Host Microbe 2012;12:277–88.

Shannon CE. A Mathematical Theory of Communication. Bell
Syst Tech J 1948;27:379–423.

Skarlupka JH, Kamenetsky ME, Jewell KA et al. The ruminal bac-
terial community in lactating dairy cows has limited varia-
tion on a day-to-day basis. J Anim Sci Biotechnol 2019;10:66.

Suez J, Korem T, Zeevi D et al. Artificial sweeteners induce
glucose intolerance by altering the gut microbiota. Nature
2014;514:181–6.

Suez J, Korem T, Zilberman-Schapira G et al. Non-caloric artificial
sweeteners and the microbiome: findings and challenges.
Gut Microbes 2015;6:149–55.

Surgeon General. The Surgeon General’s call to action to prevent and
decrease overweight and obesity. (Services USDoHaH, ed.) U.S.
Department of Health and Human Services, Public Health
Service, Office of the Surgeon General, Rockville, MD. 2001.

Turnbaugh PJ, Backhed F, Fulton L et al. Diet-induced obesity is
linked to marked but reversible alterations in the mouse dis-
tal gut microbiome. Cell Host Microbe 2008;3:213–23.

Turnbaugh PJ, Ley RE, Mahowald MA et al. An obesity-associated
gut microbiome with increased capacity for energy harvest.
Nature 2006;444:1027.

van der Wielen N, Ten Klooster JP, Muckenschnabl S et al. The
Noncaloric Sweetener Rebaudioside A Stimulates Glucagon-
Like Peptide 1 Release and Increases Enteroendocrine
Cell Numbers in 2-Dimensional Mouse Organoids Derived
from Different Locations of the Intestine. J Nutr 2016;146:
2429–35.

Vrieze A, Van Nood E, Holleman F et al. Transfer of Intesti-
nal Microbiota From Lean Donors Increases Insulin Sensitiv-
ity in Individuals With Metabolic Syndrome. Gastroenterology
2012;143:913–916.e917.

https://CRAN.R-project.org/package=RColorBrewer


Becker et al. 13

Wang Q-P, Browman D, Herzog H et al. Non-nutritive sweeten-
ers possess a bacteriostatic effect and alter gut microbiota in
mice. PLoS One 2018;13:e0199080.

Wickham H. ggplot2: Elegant graphics for data analysis. New York:
Springer-Verlag, 2016.

Wickham HF, Romain; Henry, Lionel; Müller, Kirill. dplyr: A Gram-
mar of Data Manipulation. 2017.

Xiao L, Sonne SB, Feng Q et al. High-fat feeding rather than obe-
sity drives taxonomical and functional changes in the gut
microbiota in mice. Microbiome 2017;5:43.

Yuen KK, Dixon WJ. The approximate behaviour and perfor-
mance of the two-sample trimmed t. Biometrika 1973;60:
369–74.

Yuen KK. The two-sample trimmed t for unequal population
variances. Biometrika 1974;61:165–170.

Zeevi D, Korem T, Zmora N et al. Personalized Nutrition by Pre-
diction of Glycemic Responses. Cell 2015;163:1079–94.

Zhao L, Zhang F, Ding X et al. Gut bacteria selectively pro-
moted by dietary fibers alleviate type 2 diabetes. Science
2018;359:1151–6.


