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S. mutans induces developmental and morphological defects in C.
elegans despite prior L. casei exposure
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Abstract

Imbalances between pathogenic and commensal bacteria cause microbial dysbiosis that disrupts host development.
Streptococcus mutans' virulence factors promote human oral cell colonization, leading to dysbiosis if unchecked. When
grown with the probiotic Lacticaseibacillus casei, a competitive relationship ensues. Using Caenorhabditis elegans, two
assays quantified the effects of these bacteria on egg production and worm growth. Worms exposed to S. mutans exhibited

fewer offspring, egg defects, delayed development, and twisted pharynx and dumpy phenotypes. L. casei did not prevent
these effects.
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Figure 1. Developmental effects of bacterial treatments on C. elegans egg production, larval growth, and
morphology:

(A) Number of eggs recorded for each bacterial treatment in Assay 1. A Kruskal-Wallis test (H = 12.47, df = 2, p = 0.001)
indicated a significant difference between S. mutans and OP50 treatments (p = 0.001). (B) Number of L4 recorded across
bacterial treatments in Assay 1. The Kruskal-Wallis test (H = 22.47, df = 2) showed significant differences between S.
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mutans and OP50 (p < 0.001), and between S. mutans and L. casei (p = 0.013). (C) DIC images of eggs from S. mutans
treatments. C1 and C2 show round eggs at different developmental stages. C3 shows an example of an oval egg. (D) DIC
images of control eggs from OP50 treatments. D1 and D2 show a normal oval shape and embryo development. (E) Images
of adult worms treated with S. mutans. E1 and E2 show twisted pharynx phenotypes. E3 shows a dumpy worm with
reduced body length. (F) Images of adult worms from the OP50 control. F1 and F2 display normal pharynx morphology,
and F3 shows normal body size and shape. The size bars are 20 pm long in C, D, E1 and F1, 40 pm in E2 and F2, and 200
pm in E3 and F3. *** indicates p < 0.001 and ** indicates p < 0.05.

Description

The term microbial dysbiosis describes an imbalance of the microbiome, and this imbalance can facilitate cancer
progression (Whisner and Aktipis, 2019). Streptococcus mutans (S. mutans), a cariogenic bacterium, utilizes its capacity
for adherence, acid production, and acid tolerance to collaborate with other bacteria to invade host cells; thereby
promoting oral squamous cell carcinoma and other extra-oral diseases (Han and Wang, 2013, Tsai et al., 2022). Its
pathogenic potential is attributed to virulence factors, described as molecules that aid microorganisms during colonization
or when damaging the host's cells (Sharma et al., 2017). In contrast, Lacticaseibacillus casei (L. casei) exhibits probiotic
properties shown to assist in restoring microbial homeostasis for the intestinal flora (Fijan, 2014, Chang et al., 2018). The
protective and restorative effects of L. casei on the gut microbiota have been recently demonstrated in C. elegans and
human intestinal cells (Bae et al., 2025, Kang et al., 2025, Zhou et al., 2018). However, an article by Chianca and
colleagues (2022) reported that L. casei may present virulence properties that aid biofilm formation in carious lesions. S.
mutans and L. casei engage in a competitive relationship when grown together, as observed in mixed culture (Wen et al.,
2010) and in the oral cavity of gnotobiotic rats (Michalek et al., 1981). The intricacies of this relationship are not fully
understood, leaving a knowledge gap regarding their impact on cell cycle disruptions and the underlying molecular
pathways. The nematode C. elegans is an excellent research model to test the effects of these bacteria because of its short
life cycle, self-propagation, transparency, and the high homology between its genes and human genes. The current
understanding of genes and cellular processes in C. elegans can help determine the specifics of the virulence factor effects.

To investigate the effects of S. mutans and L. casei on C. elegans, two assays were performed using E. coli OP50 as the
control. Assay 1 tested the effects of each bacterium by growing synchronized worms on duplicate NGM plates. Assay 2
evaluated whether feeding on L. casei prior to transfer to S. mutans conferred any protective effect, using triplicate plates
for each treatment. Worms were assessed over four days, and their developmental stages were examined using differential
interference contrast (DIC) microscopy. Notably, worms grown on S. mutans exhibited delayed larval development and
morphological abnormalities such as dumpy and twisted pharynx phenotypes (Fig. 1B, 1E), and L. casei did not prevent
such defects. To quantify these observations, statistical analyses were performed to compare developmental outcomes
across treatments.

In assay 1, two independent-samples Kruskal-Wallis tests were used to evaluate whether bacterial treatments affected the
number of eggs laid and the number of L4 larvae present. The test for egg counts showed a significant difference among
the three treatments (H = 12.47, df = 2, p = 0.001), with pairwise comparisons indicating a significant reduction in egg
production in the S. mutans treatment compared to OP50 (Fig. 1A). The test for L4 counts (H = 22.47, df = 2) also showed
a significant overall effect, with post-hoc comparisons revealing differences between S. mutans and both L. casei and
OP50 (p = 0.013 and p < 0.001, respectively; Fig. 1B). While the fraction of eggs that hatched was lower for worms
grown on S. mutans (see extended data), the lower number of L4 larvae was not only caused by an egg hatching defect.
The eggs laid on day 0 should have all hatched by day 1. Therefore, for each plate, the number of L4 worms observed by
day 3 was divided by the number of L1 plus L2 larvae observed on day 1. A Kruskal-Wallis test on these ratios again
showed a significant difference between S. mutans and both L. casei and OP50 (p < 0.001 for both). These findings
suggested that worms exposed to S. mutans produced fewer eggs and experienced delayed progression to the L4 stage
compared to worms grown on OP50 or L. casei.

In assay 2, we evaluated whether feeding on L. casei prior to transfer to S. mutans offered any advantage compared to pre-
feeding on OP50. Each treatment had a sample size of n = 15 measurements. The mean number of eggs was 50 + 18 for
the S. mutans (OP50) treatment and 51 + 19 for the S. mutans (L. casei) treatment. The mean number of L4s was 12 + 7
and 12 + 8 for the same treatments, respectively. Two independent-samples t-tests were conducted to compare these
means. The resulting p-values (p = 0.883 and p = 0.66, for eggs laid and L4 present, respectively) exceeded the 0.05
significance threshold, indicating no significant differences between the groups. Corresponding test statistics (¢t = 0.149, df
= 27.9 for eggs; t = 0.438, df = 27.5 for L4s) were both below 1, showing that any observed differences were smaller than
the within-group variability. We also calculated the fraction of worms reaching L4 compared to the number of hatched
larvae on day 1 (as described in the previous paragraph) and again found no difference (t = 0.44, df = 28, p = 0.66). These
results suggested that prior feeding on L. casei did not confer a measurable benefit when worms were subsequently
exposed to S. mutans.

Worms exposed to S. mutans laid fewer eggs, and some exhibited morphological defects. These defects were visible in
DIC images, where some eggs from S. mutans-treated worms had abnormal round shapes (Fig. 1C1-2), in contrast to the
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normal oval-shaped eggs from OP50-treated worms (Fig. 1D). Additionally, some adult worms grown with S. mutans
exhibited the twisted pharynx and dumpy phenotypes (Fig. 1E). The shorter worms were 80% as long as the control
worms, and their widths varied from 80 - 160 pm, making them either small or dumpy based on the characteristics of
small and dumpy worms in Cho et al., 2021. We observed a few worms grown on S. mutans with eggs inside that
contained embryos further developed than normal, to the 2-fold or 3-fold stage, but none of the eggs had hatched. These
adults with retained eggs were of a normal width, 82 + 2 pm (n = 3) compared to 84 + 2 pm (n = 4) for control worms, so
the retained eggs did not make the worms wider or appear dumpy.

The effects of S. mutans on C. elegans reproduction were not unique to this bacterial strain. C. elegans usually responds to
bacterial pathogens by increasing the expression of genes involved in detoxification and antimicrobial responses (Irazoqui
et al., 2010, Tran et al., 2024). Changes in egg laying and brood size have been reported when C. elegans was exposed to
various pathogenic bacteria or toxins (Mishra et al., 2022, Rae et al., 2010, Bashir et al., 2021, Sivamaruthi et al., 2015,
Yamamuro et al., 2011). The round-egg morphology can be caused by defects in ovulation (Rose et al., 1997, Obinata et
al., 2010) or a defective eggshell (Zhang et al., 2005). One result that was observed for both assays was the delay in
progression through the larval stages for worms growing on S. mutans treatments. Similar findings have been reported for
Pseudomonas aeruginosa CF18 and Escherichia coli mutants (Mirza et al., 2023, Zhang et al., 2019). These bacteria
caused slowing of larval development by inducing mitochondrial dysfunction that resulted in ROS and iron imbalance
(Mirza et al., 2023). For the adult phenotypes, mutations in biosynthetic pathways for actin cytoskeleton organization
(Axdng et al., 2007) and collagen production (Cho et al., 2021) have been linked to the twisted pharynx and dumpy
phenotypes, respectively. Future studies are required to examine subsequent worm generations to assess the long-term
effects of S. mutans exposure and to clarify the underlying mechanisms.

In summary, S. mutans negatively affected C. elegans development regardless of prior feeding on L. casei. The negative
effects observed after S. mutans exposure included reduced egg counts, egg morphological defects, and dumpy and
twisted pharynx phenotypes for the adults. This project further supports using C. elegans as a model organism for
microbial dysbiosis research by employing the oral pathogen S. mutans. It is the first examination of S. mutans in C.
elegans, laying the groundwork for identifying molecules causing cellular aberrations that may be associated with human
diseases.

Methods

‘Worm and Bacteria Maintenance

Escherichia coli OP50 (from the Caenorhabditis Genetics Center) was grown at 36°C in Luria-Bertani Broth (BD
#240110). Streptococcus mutans (ATCC 25175) and Lacticaseibacillus casei (ATCC 393) were grown at 36°C in Brain
Heart Infusion Broth (BD #237500) and MRS Broth (BD #288130), respectively. Liquid cultures were grown weekly;
agar plates were struck for single colonies every 2—3 weeks and stored at 4°C.

C. elegans N2 (wild-type hermaphrodite, obtained from the Caenorhabditis stock center, CGC) was grown on NGM
plates seeded with E. coli OP50 at 20°C. Ten L4 worms were transferred to fresh 100 mm NGM plates every 3 days.
NGM plates were made following the standard lab preparation (Stiernagle, 2006).

Bacterial Preparation for NGM Plating

Streptococcus mutans: 1 mL liquid culture was added to 99 mL BHI and grown at 36°C with shaking. After centrifugation
(5000 x g, 6°C, 10 min), the pellet was resuspended in 5 mL BHI. Then, 100 pL was plated per 60 mm NGM plate.

L. casei: 1 mL of culture was centrifuged at 13,000 rpm for 1 min in two 1.5 mL tubes. This was repeated four times until
a thick pellet formed. In the final spin, 0.1 mL supernatant was left in the tube with the pellet. The pellet was resuspended,
and 100 pL plated per 60 mm NGM plate.

E. coli OP50 was plated using the standard seeding protocol (Stiernagle, 2006). All plates were incubated overnight at
room temperature.

Assay 1

On day 0, 30 young adults were transferred to a clean NGM plate. Then, 5 worms were placed on each 60 mm treatment
plate containing bacteria (2 plates per strain) and allowed to lay eggs for 6 hours at 20°C. Adults were removed, and eggs
were counted (day 0). Plates were incubated overnight. Larval stage (L1-L4), egg count, and censored (missing) worms
were recorded daily for 3 days, until most control worms reached adulthood. L4 counts were based on the number of
worms observed in the L4 stage or older on day 3. To calculate the fraction of hatched worms that reached the 1.4 stage by
day 3, for each plate the number of .4 worms observed on day 3 was divided by the number of L1 plus L2 larvae
observed on day 1. The censored worms only affected the L4 results, and they accounted for 1.1% of the total number of
worms in this assay.
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Assay 2

Worms were grown on OP50- or L. casei-NGM for ~two generations. On day 0, 15 young adults from each were cleaned
on empty plates. Then 5 worms were transferred to each of six 60 mm S. mutans-NGM plates (3 from OP50 and 3 from L.
casei groups). After 6 hours at 20°C, adults were removed, and eggs were counted. Days 1-3 followed the same procedure
as Assay 1. L4 counts were based on the number of worms observed in the L4 stage or older on day 3. The fraction of
hatched worms that reached the L4 stage by day 3 was calculated as described for Assay 1. Triplicates ensured equal
treatment plate counts across all assays. Censored worms accounted for 3.2% of the worms in this assay.

Statistical Analysis

Independent-samples Kruskal-Wallis tests were performed using IBM SPSS Statistics to analyze the number of eggs and
L4 worms and the fraction of hatched worms that reached the L4 stage quantified in assay 1. The p values reported were
adjusted using the Bonferroni correction. The t-tests were run using the Art of Stat app (https://artofstat.com/web-apps) to
compare the mean number of eggs and L4 worms and the fraction of hatched worms that reached the L4 stage in assay 2.
Average values in the text are shown with the standard error.

DIC Microscopy

To examine and photograph the internal structures of eggs and worms, an inverted Olympus IX70 microscope was used
with differential interference contrast (DIC) optics. Samples were immobilized on a 2% agarose pad stored in 10 mM
levamisole in M9 buffer. M9 buffer was made following the standard lab preparation as reported in Stiernagle 2006. Using
a dissecting microscope and an eyelash mounted on a toothpick (or a flattened platinum wire), individual worms or eggs
were transferred from NGM plates to the pad. M9 buffer was added to surround the samples, and a coverslip was placed
on top. Prepared slides were observed with DIC. Images were taken with an Olympus DP12 camera, and the contrast was
improved using levels in Apple Preview 11.0. Worm dimensions were measured using Adobe Photoshop 27.0.0 and the
custom measurement scale. Images were cropped, labeled and organized into panels using Adobe Illustrator 29.6.1.

Reagents
Strains

Organism Strain Source Medium Notes
Caenorhabditis N2 (wild-type, NGM plates seeded with
clegans hermaphrodite) CGC OP50 Used for all assays
Escherichia coli OP50 CGC  |LB Broth (BD #240110) | Sténdard food source for C.

elegans
Streptococcus ATCC 25175 ATCC | BHI Broth (BD #237500) Used as treatment in assays 1
mutans and 2
Lactllcaselbaallus ATCC 393 ATCC |MRS Broth (BD #288130) Used as treatment in assays 1
casei and 2
Reagents
Reagent Description Source Notes
Luria-Bertani (LB) Nut'rlent-nch medium for E. BD #244620 Grown at 36°C for OP50
Broth coli growth culture.
Brain Heart Infusion . Grown at 36°C with
(BHI) Broth Medium for S. mutans growth | BD #237500 shaking,
MRS Broth Medium for L. casei growth | BD #288130 Grown at 36°C with
shaking.
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NGM (Nematode Agar-based growth medium | Standard lab preparation Maintenance and
Growth Medium) for C. elegans (Stiernagle, 2006) treatment plate base
Levamisole .Paralyt}c' ag?nt for Sigma, 10 mM in M9 buffer U?Ed during DIC
immobilization microscopy.
M9 Buffer Saline buffer Stapdard lab preparation Worm handling and
(Stiernagle, 2006) microscopy
Agarose Used to create microscopy Fisher, BP160, 2% in M9 buffer |Sample preparation for

pads with levamisole DIC
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Extended Data
Description: The average number of eggs, larval stages 1-4, and censored (C) worms for each day for Assays 1 and 2 are
shown with the standard errors.. Resource Type: Dataset. File: Ana Thesis Data Tables.pdf. DOI: 10.22002/fpsac-8dr06
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