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SUMMARY   Stevia is a readily available, non-caloric sugar alternative with demonstrated 
non-carcinogenic and non-genotoxic activity. Stevia is gaining worldwide popularity as a 
non-nutritive sweetener, with the global stevia market growing about 8% yearly since 2016. 
However, recent findings suggest that some non-stevia sweeteners may cause adverse health 
consequences by altering the gut microbiome’s composition and diversity, raising concerns 
about stevia. Growth and adhesion are fundamental processes in the microbiome, and 
previous observations suggest that stevia may impact these processes. Therefore, we 
investigated the effects of commercial stevia on growth, adhesion, and biofilm formation of 
Escherichia coli MG1655. E. coli growth and biofilm formation was not significantly 
inhibited when treated with 1%, 10% or 20% (v/v) stevia (p > 0.05), compared to the untreated 
control. Attachment was not inhibited in any growth condition. These findings suggest that 
low to medium concentrations of stevia (≤20% v/v) do not affect E. coli surface-based biofilm 
formation, or planktonic growth. 
 
 
INTRODUCTION 

tevia is used to describe a group of active compounds (steviol glycosides) extracted 
from Stevia rebaudiana, a shrub native to South America, and is produced by a number 

of companies including Cargill Inc., PureCircle, and Ingredion Inc. (1). It is used worldwide 
as a non-nutritive sweetener (NNS) in a variety of food products. Stevia is mainly used as a 
plant-derived, relatively safe sweetener that has been demonstrated to be non-carcinogenic 
and non-genotoxic at recommended intake levels (2). However, recent evidence suggests that 
NNSs (in particular stevia, sucralose, and saccharin) can affect the gut microbiome (3, 4). 
Some investigations demonstrate that stevia, in particular, can alter the microbiome by 
selectively inhibiting the growth of some commensal populations and reducing microbiome 
diversity in mice (5, 6), and humans (7). NNS-mediated microbiome alterations observed in 
other, non-stevia sweeteners have been shown to have serious health implications including 
glucose intolerance (8) (a condition with an estimated 70% lifetime conversion rate to 
diabetes mellitus in adult humans (9)), obesity (10), and mouse immunity (showing increased 
cytokine production and lymphocyte numbers in the murine gut (11)). While these effects 
have not been documented as an effect of stevia, it has also not been studied as extensively 
as other NNSs. Increasing usage of stevia as an NNS thus raises interest in the possible effects 
of stevia on commensal gut bacteria. 

A number of commensal characteristics can have implications on host health. While the 
majority of commensal studies to date have focused on commensal diversity and composition 
(12), there is evidence that other commensal characteristics can have host health implications 
as well, including gut immune dysfunction and regulation of homeostasis (12, 13). For 
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example, low growth and absolute count of commensals have been associated with Crohn’s 
disease (13). Commensal interactions (i.e. biofilm formation and intestinal quorum sensing) 
are associated with microbiome recovery and homeostasis following antibiotic treatment (14). 
Therefore, this study investigated whether off-the-shelf commercial stevia has any effect on 
Escherichia coli MG1655 (E. coli) growth and biofilm formation, to guide future research 
into possible effects of stevia on the microbiome. 
 
METHODS AND MATERIALS 

Strains and media. E. coli K-12 MG1655 (CGSC#:6300) was purchased from the Yale Coli 
Genetic Stock Centre. NOW® BetterStevia® Organic Liquid (60mL) was used in all 
subsequent bacterial assays. E. coli was first streaked on Luria Bertani (LB) agar (1% 
peptone, 0.5% yeast extract, 1% NaCl, 2% agar). Isolated colonies were then cultured in LB 
broth (1% peptone, 0.5% yeast extract, 1% NaCl) overnight. Turbid cultures were then 
standardized to an OD600 of 0.05 in liquid M9 medium (10% M9 salts, 0.2% 1M MgSO4, 
0.01% 1M CaCl2, 0.2% D-Glucose) supplemented with either 0%, 1%, 10%, 20% or 40% 
(v/v) NOW® BetterStevia® Organic Liquid (stevia) and grown overnight for subsequent 
assays. M9 minimal medium was used in this study as it provides the nutrient-deprived 
conditions necessary for biofilm formation, while still allowing for bacterial growth (15). 
 
Growth curves. Three independent overnight cultures of E. coli in LB-broth were diluted to 
an OD600 of 0.05 with M9 and subsequently supplemented with either 0%, 1%, 10%, 20%, or 
40% (v/v) stevia (n=3 biological replicates). 200µL of each culture was plated in duplicate in 
a flat-bottom 96-well plate and subsequently incubated at 37°C for 16 hours in an automatic 
BioTek Epoch 2 microplate reader. Growth curves were generated by measuring OD600 every 
10 minutes. 
 
Biofilm assay. Three independent overnight cultures of E. coli grown in LB-broth were 
diluted to an OD600 of 0.05 with M9 and subsequently supplemented with either 0%, 1%, 
10%, 20%, or 40% (v/v) stevia. 100µL of the diluted cultures were plated in a flat-bottom 96-
well plate and grown for 48hrs at 37°C without shaking (n=3 biological replicates). Media 
was aspirated after 24hrs of incubation and 100µL of fresh M9, supplemented with either 0%, 
1%, 10%, 20%, or 40% (v/v) stevia, was added in order to prevent well desiccation and 
replenish nutrients available for growth and biofilm formation. After 48hrs of incubation, the 
supernatant was discarded, and the extracellular biofilm matrix was stained with 125µL of 
0.1% crystal violet (Fisher Scientific catalog number: C581-25) for 15 minutes at room 
temperature. Excess crystal violet was washed away with dH2O, and biofilms were 
solubilized in 125µL of 30% acetic acid in water. The solubilized biofilm and crystal violet 
stain were transferred to a new 96-well flat bottom plate, and an OD550 reading was taken 
with a spectrophotometer to quantify biofilm formation.  
 
Biofilm attachment assay.  E. coli cells were grown in a 96-well flat-bottom plate in M9 
supplemented with either 0%, 1%, 10%, 20%, or 40% (v/v) stevia for 48hrs as described 
previously in our biofilm assay using 3 biological replicates (n=3). The OD600 of the wells 
was subsequently taken as previously described, and the supernatants containing planktonic 
bacteria were then discarded. The remaining adherent biofilm-forming bacteria were 
resuspended in 200µL of M9 media supplemented with the appropriate concentration of 
stevia. Subsequent OD600 of the resuspended wells was measured. To approximate the 
proportion of well-adherent cells in the biofilm assay, the ratio of resuspended cell absorbance 
to whole-well absorbance was calculated.  
 
Statistical Analysis. Student’s t-tests were performed in order to analyze experimental data.  
The results are expressed as mean ± standard deviation of at least three biological replicates, 
as indicated by n. A P value <0.05 was considered as statistically significant. 
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RESULTS 

Stevia concentration does not inhibit planktonic growth of E. coli. Conflicting results on 
the effect of stevia derivatives on the growth of E. coli exist, ranging from bacteriostatic (6) 
to bactericidal (16). In a 1997 paper from Tomita et al., a colony forming assay demonstrated 
that fermented stevia extract concentrations of 40% (v/v) reduced the colony formation of 
eight different pathogenic E. coli strains, implying that stevia extract reduces E. coli viability 
in a dose-dependent manner (16). In a 2018 paper by Wang et al., the growth of E. coli HB101 
incubated with Rebaudioside A (Reb A, one of several key components in stevia extract) was 
assessed (6). It was found that 2.5% (w/v) Reb A reduced the number of E. coli HB101 CFUs 
by 83% but did not significantly impact E. coli K-12 CFUs. As these studies investigated 
different E. coli strains, in addition to testing different compounds, a general effect on the 
effects of stevia on E. coli growth or viability cannot be established. We adapted these 
experiments to determine the growth effects of commercial stevia on E. coli. 

We sought to analyze the dose-dependent effect of stevia on growth of E. coli over a 
period of 16 hours by incubating cells in liquid M9 minimal media containing either 1%, 
10%, 20% or 40% (v/v) commercial stevia, compared to a single control condition: growth 
in 0% (v/v) stevia (Figure 1). While stevia concentrations greater than 10% (v/v) may not be 
physiologically relevant, our overall experimental aim is to determine any possible effects of 
stevia on E. coli.  

Significant growth inhibition (p=0.0061) was observed at the highest concentration tested 
(40% v/v) compared to the untreated control (0% v/v). Surprisingly, we observed a slight 
increase in growth relative to the control at 1% (v/v) stevia. However, growth at 10% stevia 
concentration (v/v) was comparable to the control, shown by overlapping growth curves over 
the 16-hour time period. These results demonstrate that only a very high concentration of 
stevia has an inhibitory effect on E. coli planktonic growth. 

FIG. 1 Stevia concentration does not inhibit planktonic growth of E. coli. Growth curve comparisons of E. coli MG1655 
grown in M9 minimal medium with 0% (control), 1%, 10%, 20%, and 40% (v/v) concentrations of stevia was performed 
using three biological replicates (n=3). Bacterial growth OD600 was measured every 10 minutes over 16 hours. Error bars 
represent the mean ± standard deviation.  
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Biofilm formation is not impacted by the presence of stevia. To investigate stevia effects 
in a community setting, we examined the effect of stevia treatment on E. coli biofilm 
formation. Biofilm formation is closely related to growth, as biofilm maturation is effectively 
three-dimensional growth, shaped by community interactions and quorum sensing (17), key 
processes in the host microbiome (18). A 2017 study by Abdul Razak et al. showed that 10% 
stevia treatment reduced the solid-surface adherence and biofilm forming ability of 
Streptococcus spp. (19). The importance of microbial adherence, biofilm formation, and a 
lack of evidence into stevia-mediated biofilm effects led us to investigate E. coli biofilm 
formation (18). To this end, we investigated biofilm formation of E. coli incubated in differing 
concentrations of commercial stevia. To validate growth effects of previous studies (16) we 
chose to incubate E. coli in 0%, 1%, 10%, 20%, and 40% (v/v) concentrations of commercial 
stevia extract.  

Crystal violet (CV) generally measures the quantity of extracellular polymeric substance 
(EPS), associated with biofilm formation (20). CV assays were used to determine the effect 
of stevia on E. coli biofilm formation. Biofilms were comparable to the control (0% v/v) at 
all concentrations except the 40% (v/v) condition where a significant reduction (p<0.0043) 
was observed (Figure 2a). As crystal violet stains cells non-selectively, we performed a 
rudimentary attachment assay to ensure that absorbency correlated to adherent cells and not 
to planktonic cells. We observed an increase in the proportion of cells attached from low (1% 
v/v) to high (40% v/v) stevia concentrations (Figure 2b). Slightly higher attachment was 
observed at 0%, 20%, and 40% stevia, while slightly lower attachment was observed at 1% 
and 10% stevia (Figure 2b). However, none of these differences were significant (p>0.05). 
Therefore, stevia at very high concentrations of 40% (v/v) impacts E. coli surface growth, 
without significantly inhibiting attachment capabilities.  
 

FIG. 2 Stevia inhibits E. coli biofilm formation only at very high concentrations, without affecting E. coli well-
adherence. (A) Biofilm formation of E. coli MG1655 grown in M9 minimal media with 0% (control), 1%, 10%, 20%, and 40% 
(v/v) concentrations of stevia was measured by crystal violet absorbance (OD550). Absorbance was measured following a 48hr 
incubation in a 96-well plate at 370C, with a media change at 24hrs for three biological replicates (n=3). (B) Ratio of plate-
adherent biofilm-forming cells to total cells, found after 48hr incubation. E. coli MG1655 was grown in a 96-well plate for 
48hrs (as in Figure 2A), after which the OD600 was measured. The supernatant (containing planktonic bacteria) was discarded, 
the remaining plate-adherent cells were resuspended in fresh M9 media, and the OD600 was again measured. The plotted graph 
shows the ratio of absorbance of plate-adherent cells to total cell absorbance for three biological replicates (n=3). A p value less 
than 0.005 is indicated by **. Error bars represent the mean ± standard deviation. 
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DISCUSSION 

Previous studies have shown that NNSs can affect the gut microbiome, altering the microbial 
physiology in a manner that can have implications on host health (8, 10, 11). Yet, the effect 
of stevia has not been studied extensively in the context of microbial communities, or in the 
context of microbial model organisms (i.e. E. coli). In this study, we aimed to understand 
whether stevia has any effect on E. coli growth and biofilm formation. To validate prior 
growth findings, we used similar stevia concentrations as in previous studies (16). 

Growth curves revealed growth similar to the no-stevia control at all concentrations, 
except the 40% stevia condition. It is possible that the increased growth of E. coli in 1% (v/v) 
stevia was due to cells simultaneously metabolizing both glucose and stevia, or cells 
metabolizing stevia following glucose depletion, causing the observed increase in growth (7). 
While the ability of E. coli to metabolize stevia has not been researched, a previous study has 
shown that human fecal microflora are able to completely metabolize key stevia molecules 
(stevioside, and rebaudioside A) in vitro (7), suggesting that this increased growth could be 
attributed, in part, to E. coli metabolizing stevia. However, optical density is not sufficient to 
evaluate bactericidal or bacteriostatic effects of compounds. A growth curve should be 
accompanied by live/dead staining, measuring metabolically active cells, or plating on rich 
media to determine whether the lack of growth is due to dead cells or dormant cells.  

Stevia-mediated increased growth was likely offset by the presence of a toxic compound 
in the media, inhibiting growth in a dose-dependent manner at concentrations above 1%. 
NOW® BetterStevia® contains 11% organic cane alcohol (equivalent to 11% ethanol) as a 
solvent (22). Previous studies have shown that concentrations of ethanol as low as 4% (v/v) 
can reduce the survival of E. coli by half (23). Mechanisms that mediate this effect include 
disruptions in cell division (24), protein and fatty acid composition differentiations (25), and 
variations in membrane composition that impact associated processes such as nutrient uptake 
(26). At our treatment conditions, stevia concentrations of 1%, 10%, 20% and 40% (v/v) 
correspond to a final ethanol concentration of 0.1%, 1.1%, 2.2%, and 4.4%, respectively. This 
study aimed to test off-the-shelf commercial stevia, often prepared with an alcoholic solvent. 
Future studies should aim to conduct a pure alcohol or cane alcohol vehicle control to 
determine possible stevia-only growth effects. The reduced growth of E. coli at high 
concentrations of stevia suggests an inhibitory effect on planktonic growth, although whether 
these effects are bacteriostatic or bactericidal are yet to be resolved.  

We next sought to evaluate the effects of stevia on biofilm formation, a key process of 
gut microbiota physiology that mediates cellular responses including modulation of the 
immune response in the intestinal mucosa (27). Studies have shown that disruption of gut 
biofilms can result in the development of inflammatory diseases such as inflammatory bowel 
disease, attributed to the release of planktonic bacteria with biofilm-related phenotypes (28). 
Biofilm production was inferred to be significantly inhibited at only 40% (v/v) stevia, with 
minor non-significant reductions observed at other concentrations, measured with a CV assay. 
In general, CV measures EPS production without distinguishing between live or dead 
bacteria, thus limiting definitive interpretation of biofilm effects. Nonetheless, multiple 
biological replicates yielded similar results, reinforcing our initial finding that biofilm 
production is only inhibited at 40% (v/v) stevia treatment. Inhibited biofilm formation may 
be attributed to 40% (v/v) stevia inhibiting growth from the aforementioned toxicity or 
metabolic changes in response to stevia, reducing the total amount of viable cells capable of 
producing EPS.  

Additionally, the air-liquid interface is a substantial component of the biofilm in addition 
to solid-liquid interfaces (29). The CV assay is inherently limited as the washing step and 
media change step could inadvertently disrupt the air-liquid or solid-liquid biofilm. To 
address the proportion of adherent biofilm cells remaining, a rudimentary plate-attachment 
assay was performed by calculating the absorbance ratio of plate-adherent cells (following 
the removal of supernatant with planktonic cells) to total cells in the well (adhered and 
planktonic), following a 48-hour incubation. The trend observed in our attachment assay did 
not correlate with the decrease in biofilm formation seen at 40% (v/v) stevia treatment. 
Instead, we observed an inverse relationship between CV staining and the ratio of adhered 
cells. Across bacterial populations, the EPS composition can differ significantly with multiple 
polysaccharides and is widely complex containing a variety of proteins, glycoproteins, and 
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glycolipids (30). Thus, as CV staining targets negatively charged molecules found within the 
EPS, compositional differences result in a lack of sensitivity and specificity of the dye when 
performing biofilm quantification via EPS production (20). In addition, the presence of 
ethanol from the stevia product potentially caused additional solubilization of the biofilm in 
conjunction with the 30% acetic acid, possibly resulting in further discrepancy between the 
observed inverse relationship between CV staining and ratio of adhered cells (31). Previous 
studies have also shown that EPS production in E. coli is not required as a prerequisite for 
successful surface attachment but rather induced post-attachment, as opposed to bacterial 
species such as S. epidermidis (32). In this context, the initial attachment phase of biofilms 
may be captured without detectable amounts of EPS production, and thus potentially 
contributing to the observed discrepancy. It is possible that increasing stevia concentration 
promotes greater attachment to the surface (although data is insignificant), but also inhibits 
biofilm maturation, resulting in an overall decrease in EPS production. In total, these factors 
may serve as an explanation for the observed discrepancy between increasing attachment yet 
lower biofilm formation. Therefore, stevia treatments lower than 40% (v/v) may cause subtler 
effects that are unable to be captured due to the limitations of the CV assay, particularly at 
20% (v/v) stevia with known inhibitory growth effects as shown in our earlier findings.  
 
Conclusions Based on our findings, we conclude that commercial stevia does not inhibit the 
growth or biofilm formation of E. coli. Altogether, only the 40% (v/v) stevia condition, which 
is unlikely to be physiologically relevant, had a negative effect on the growth and biofilm 
formation of E. coli.  
 
Future Directions A major limitation in this study is the lack of vehicle controls. While this 
study aimed to investigate the effect of commercially available stevia, liquid preparations of 
stevia are made with an alcohol solvent. Repeating these investigations using powdered 
stevia, or by using liquid stevia compared to an alcohol-only control would generate clearer 
conclusions about the effect of stevia itself.  

It has been previously noted that different brands of stevia extract vary in their 
composition, with some brands containing over 99% Reb A, and others containing less than 
20% Reb A (33). For the purposes of this study, only NOW® BetterStevia® organic liquid 
sweetener was used. Future studies could investigate other brands of stevia, or the effects of 
a single stevia molecule, similar to the work of Nettleton et al. investigating the effect of only 
Reb A on the mouse microbiome (5).  

The CV assay is inherently limited as it does not distinguish between live or dead cells, 
and relies upon the non-specific uptake of the dye into the extracellular matrix (31). This 
makes repeated CV assays variable and poorly reproducible due to variations in cell viability 
and extracellular matrix composition (31). There are also variables that can introduce batch 
variability (including incubation time and temperature), further clouding the results (31). 
Future studies should validate CV biofilm assays by measuring cell viability (e.g. CFU), or 
by using a separate biofilm assay to corroborate results (e.g. Tetrazolium Salt Assay, Total 
organic carbon assay (31). 

This investigation aimed to shed light on possible mechanisms by which stevia could 
dysregulate the gut microbiome, using a model organism. Future studies should investigate 
the effect of stevia on other human microbiome species (e.g. Enterobacter spp., Lactobacillus 
spp.), or on microbial co-cultures (similar to the co-culture work investigating sucralose, a 
different NNS, by Corder et al. (4). The European Food Safety Authority (EFSA) has 
recommended a daily intake of 388 milligrams of stevia equivalents per kilogram of body 
weight per day, based on long-term (2 year) rat carcinogenicity studies (34). It has been shown 
that human digestive enzymes are not able to degrade stevioside into steviol (21), suggesting 
that the microbiome would be exposed to the majority of host-consumed stevia. However, it 
is unlikely that the gut microbiome would be exposed to stevia levels as high as the ones used 
in this investigation (i.e. 10%, 20%, 40%), especially in hosts following EFSA intake 
recommendations. Future studies should investigate the effects at stevia concentrations that 
model in vivo conditions, to better understand stevia-mediated microbial interactions that 
would happen in a typical stevia consuming host. Studies should also aim to confirm the 
observed pro-growth effect of 1% (v/v) stevia exposure found in the present study. 
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